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Background: Breast cancer (BC) has the highest incidence rate among female malignant tumors. Adjuvant
chemotherapy is commonly used to reduce micrometastasis in postoperative patients. However, monitoring
the efficacy of chemotherapy in BC is a major challenge in clinical practice. In this study, 'H nuclear
magnetic resonance (NMR) metabonomics was performed to explore the serum metabolic characteristics of
BC patients before and after adjuvant chemotherapy.

Methods: In this study, we collected serum samples from 51 healthy controls and 61 BC patients before
and after chemotherapy for 'H NMR metabolomic analysis, and tested the performance of each metabolite
and combination segment by the receiver operating characteristic (ROC) curves.

Results: Nine metabolites, namely glutamine, citrate, creatine, glycerophosphatidylcholine/
phosphatidylcholine, glycine, 1-methylhistidine, lactate, pyruvate and formate had significant changes in
BC patients before chemotherapy compared with healthy controls. Lactate, pyruvate, 1-methylhistidine and
formate were found to be inversely regulated by chemotherapy. ROC analysis showed that a combination
of the four metabolites had good prediction for chemotherapy efficacy with area under the curve of 0.958,
sensitivity of 98.36% and specificity of 91.30%. There was no significant correlation between chemotherapy-
related metabolites and clinical indicators of cancer patients, indicating that they can be used to evaluate the
chemotherapy efficacy of patients with different clinical indicators.

Conclusions: Effectively, dynamic and non-invasive metabolic markers for the evaluation of the efficacy of
chemotherapy were identified in this study.
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Introduction

Breast cancer (BC) has the highest incidence and mortality
among women (1). According to the 2020 report of
International Agency for Research on Cancer (IARC), BC
has surpassed lung cancer to become the tumor type with
the highest incidence rate in the world, accounting for
11.7% of the 2.3 million new cases (2). The incidence of BC
in China is relatively low compared with other countries,
but the absolute mortality rate is high because of the high
population (3).

BC is highly heterogeneous and each BC subtype
[including luminal A, luminal B, human epidermal growth
factor receptor 2 (HER2) and triple-negative] is characterized
by different clinical response and prognosis due to the unique
molecular characteristics of the subtypes (4). Adjuvant
chemotherapy is a commonly used treatment method after
surgery for all molecular subtypes of BC, as it can effectively
reduce the risk of micrometastasis and improve the survival
rate of patients (5,6). Findings from a retrospective cohort
study on the impact of chemotherapy on the prognosis of
elderly BC showed that patients receiving chemotherapy
had better overall survival (OS) and breast cancer specific
survival (BCSS) prognoses. Subjects with HER2" or
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multiple lymph node metastases exhibited a better
response to chemotherapy (7). Combination of hormone
therapy and chemotherapy significantly reduces the risk
of hormone receptor expression in patients with recurrent
BC (8). In addition, a combination of trastuzumab and
chemotherapy significantly improves the OS of metastatic
BC patients with over-expressed HER2 (9). Iriple negative
breast cancer (TNBC) is a BC characterized by negative
expression of estrogen receptor (ER), progesterone receptor
(PR) and HER? receptors, which is highly invasive and has
a poor prognosis (10). Chemotherapy is the main treatment
method for TNBC. Therefore, exploring the patient’s
responses to chemotherapy and evaluating drug efficacy
are crucial for determining the choice of chemotherapy
regimens.

Chemotherapy efficacy is generally evaluated based on a
S-year survival period. Some biochemical indicators, such as
carcinoembryonic antigen (CEA) and cancer antigen 15-3
(CA15-3), are often used as auxiliary evaluation indicators.
However, due to the low sensitivity of those indicators, its
clinical application is limited (11). Currently, there is no
effective method to dynamically and noninvasively monitor
the efficacy of chemotherapy.

Metabonomics, as a new type of omics after genetics,
transcriptomics and proteomics, is a field involved in
research on cancer phenotype (12). Metabonomics involves
identification of tumor markers in biological fluids through
high-throughput, non-invasive analytical technologies to
explore the role of metabolic changes on the pathogenesis of
cancer. Yu ez al. conducted a study to evaluate the metabolites
in the urine of chemotherapy patients through capillary
electrophoresis mass spectrometry (CE-MS), and the results
showed that the levels of glycine, cysteine, histidine, cystine,
and tryptophan in chemotherapy-sensitive patients were
significantly reduced compared with subjects who had low
response to chemotherapy (13). Giskeodegird ez /. studied
the relationship between metabolite profiles of advanced
BC tissues and the 5-year survival rates of patients. The
findings showed significant metabolic differences in tumor
tissue between surviving and non-surviving cancer patients.
High levels of lactate and glycine are associated with poor
prognosis in ER-positive BC patients (14). Small molecular
substances in tissues or body fluids have been used to
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construct individual unique fingerprints, identify healthy
controls and cancer groups, and evaluate the response of
diseases to treatment (15-17).

In the present study, nuclear magnetic resonance
(NMR)-based metabonomics combined with multivariate
analysis was used to evaluate the serum metabolic profiles of
postoperative BC patients before and after chemotherapy.
The aim of the study was to identify the biomarkers for
predicting the efficacy of chemotherapy and verify the
predictive value of the metabolic markers. The results
of the study provide a potential, long-term dynamic
monitoring index for evaluation of chemotherapy efficacy
in BC subjects. We present this article in accordance with
the STARD reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-23-2352/rc).

Methods
Participants

A total of 51 healthy controls and 61 BC patients (13 of the
61 BC patients were luminal A; 35 were luminal B; 8 were
HER2" and 58 were TNBC) received surgical treatment
participated in our study. Of the 61 postoperative patients,
46 patients received postoperative adjuvant chemotherapy
and had good curative effects clinically evaluated by
S-year survival. The inclusion criteria were as follows: all
patients were pathologically diagnosed with BC; all patients
received regular chemotherapy after surgery. Thirteen
patients received letrozole-based therapy, seven received
monoclonal antibody-based therapy, and the remaining
patients received anthracycline-based and taxane-based
therapy. Clinical data of all patients were complete and
corresponding immunohistochemical examinations were
performed. All the patients had no recurrence within
5 years after chemotherapy. Sixty-one serum samples were
collected from 61 patients (before chemotherapy), and
46 serum samples were collected at the end of the third
postoperative chemotherapy cycle (after chemotherapy).
The BC patient samples were obtained from the breast
surgery cases of the First Affiliated Hospital of Guangdong
Pharmaceutical University during 2018-2022. Fifty-one
participants from the healthy control group did not have
cancer or metabolic diseases and underwent regular routine
check-ups. The study was approved by the Medical Ethics
Committee of the First Affiliated Hospital of Guangdong
Pharmaceutical University (2020, No. 29) and informed
consent was obtained from all individual participants. The
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study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). Tumor node metastasis (TINM)
of tumors was statistically based on the 8th edition of the
American Joint Committee on Cancer (AJCC) American
Cancer Society staging. The details of the patients are
shown in Table 1.

Samples collection and storage

All patients fasted for 12 hours before sample collection
to avoid dietary influence. Fasting peripheral blood was
collected in 3 mL of anticoagulant-free vacuum blood
collection tubes, left for 30 minutes, centrifuged at 1,500 rpm
at 4 °C for 10 minutes to obtain the supernatant, and then
stored at -80 °C until batch NMR analysis was performed.

Serum preparation and 'H NMR spectroscopy

Serum samples stored at -80 °C were thawed and centrifuged
at 12,000 rpm for 10 minutes at 4 °C. 300 pL of supernatant
was added to a 5 mm NMR tube, then 150 pL of PBS
(0.2 mol/L Na,HPO,/NaH,PO,, pH=7.4) and 100 pL of
D,O were added for dilution. The sample was stored at 4 °C
before testing.

NMR metabonomics analysis was performed on a
Bruker AVANCE III 500 MHz superconducting NMR
spectrometer (Bruker, Inc., Switzerland). Spectra were
collected using a standard pulse sequence of Carr-
Purcell-Meiboom-Gill [CPMG, recycle delay-90-
(1-180-1),-acquisition]. The experimental temperature
was set to 298 K and the total spin-echo time was 100 ms
(2n1). A spectral width of 10 kHz was used to acquire 128
data points for each sample. Topspin 4.0 (Bruker BioSpin,
Germany) software was used for manual phase and baseline
correction of all the NMR samples. The lactate peak was
scaled at a chemical shift of 81.33. In order to facilitate
subsequent analysis, the AMIX software (V4.0.2, Bruker
BioSpin) was used to divide the spectra in the range 50.5-
9.0 (excluding 84.7-5.2 to remove the effect of residual
water peak) into integration intervals in terms of 0.004 ppm.

Multivariate and ROC analysis

Screening of different metabolites between groups was
performed by using supervised orthogonal partial least
squares discriminant analysis (OPLS-DA). The integrated
data of metabolites were imported into the MetaboAnalyst
5.0 (https://www.metaboanalyst.ca/) for multivariate
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Table 1 Clinical data of healthy control, breast cancer patients before and after chemotherapy involved in the study

Characteristics Control (n=51) BC patients before chemotherapy (n=61) BC patients after chemotherapy (n=46)

Age (years) 41.02+1.65 55.54+1.61* 51.37+1.65
Menopausal status
Post 10 (19.61) 38 (62.30)* 24 (52.17)
Pre 41 (80.39) 23 (37.70) 22 (47.83)
Tumor size
Tis 7 (11.48)
T, 14 (22.95) 14 (30.43)
T, 32 (52.46) 24 (52.17)
T, 2 (3.27) 2 (4.35)
T, 6 (9.84) 6 (13.04)
Node status
Node negative 38 (62.3) 26 (56.52)
Node positive 23 (37.7) 20 (43.48)
Clinical stage
0 7 (11.48)
| 8 (13.11) 8(17.39)
I 32 (52.46) 30 (65.22)
M 8 (13.11) 8(17.39)
[\ 6 (9.84)
Molecular type
Luminal A 13 (21.31) 7 (15.22)
Luminal B 35 (57.38) 28 (60.87)
HER2-positive 8 (13.11) 7 (15.22)
Triple-negative 5(8.20) 4 (8.70)
CEA (ug/L) 1.46+0.11 4.45+1.12* 1.93+0.14*
CA15-3 (U/mL) 8.59+0.51 17.11+1.56*** 12.95+0.89"

The values were described with mean + SEM or frequency (%). P value by Student’s t-test and Chi-squared test (control vs. before
chemotherapy: *, P<0.05; **, P<0.01; ***, P<0.001; after vs. before chemotherapy: *, P<0.05). BC, breast cancer; Tis, tumor in situ; HER2,
human epidermal growth factor receptor 2; CEA, carcinoembryonic antigen; CA15-3, cancer antigen 15-3; SEM, standard error of mean.

analysis. All metabolites were tested for significance using
Student’s #-test in SPSS 22.0 software. The associated
metabolic pathways were mapped manually based on the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways through CorelDRAW (Corel Inc., Canada)
software. The receiver operating characteristic (ROC)
curves was generated by using GraphPadPrism (Version
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8.0.1, China), and the corresponding area under the curve
(AUC), specificity and sensitivity were calculated.

Statistical analysis

All calculations were based on GraphPad Prism (Version 8.0.1,
China) software and SPSS (IBM Corp., NY, USA) software.
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Figure 1 Representative serum 'H NMR spectra from (A) control, (B) BC patients before chemotherapy and (C) BC patients after
chemotherapy (the range of §6.0-9.0 is magnified by 100 times). 1, lipids (mainly LDL/VLDL); 2, leucine/isoleucine; 3, valine; 4, lactate;

5, alanine; 6, acetate; 7, glycoprotein; 8, glutamate; 9, acetoacetate; 10, pyruvate; 11, glutamine; 12, citrate; 13, creatine; 14, GPC/PC;

15, TMAO; 16, taurine; 17, o,B-glucose; 18, glycine; 19, isoinositol; 20, tyrosine; 21, 1-methylhistidine; 22, phenylalanine; 23, formate.

NMR, nuclear magnetic resonance; BC, breast cancer; LDL/VLDL, low density lipoprotein/very low density lipoprotein; GPC/PC,

glycerophosphatidylcholine/phosphatidylcholine; TMAO, trimethylamine oxide.

Results

A total of 112 subjects were enrolled to this study, including
51 healthy controls and 61 BC patients. Out of the 61 BC
patients, 46 patients received postoperative chemotherapy.
Menopause status was significantly different between
the control subjects and BC patients. The levels of CEA
and CA15-3 were up-regulated in BC patients before
chemotherapy compared with the healthy controls, but
they significantly reduced after chemotherapy, indicating
the efficiency of adjuvant chemotherapy for BC patients.
Details on tumor size, lymph node status, clinical stage and
molecular subtypes of BC patients are presented in Table 1.
Serum 'H NMR spectra of healthy controls and BC patients
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before and after chemotherapy were acquired (Figure I). The
metabolites in the three groups were concentrated in the
80.5-9.0 peak region. A total of 23 endogenous metabolites
were identified according to Human Metabolome Database
(http://hmdb.ca/) and previous studies (18,19).

OPLS-DA models were constructed to identify the
metabolic changes in BC patients and to screen the
biomarkers caused by chemotherapy (Figure 24,2B). Cross-
validation (CV) was performed to evaluate the validity of
the OPLS-DA models (Figure 2C,2D). The differential
metabolites were obtained based on variable important
in projection (VIP) values (Figure 2E,2F). Based on the
VIP value (VIP >1), it was found that citrate, GPC/PC,
formate, pyruvate, acetate, glycine, creatine, glutamine,
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valine, 1-methylhistidine, lactate and phenylalanine had
great contributions to the classification of healthy controls
and BC patients before chemotherapy. Compared with
BC patients before chemotherapy, chemotherapy caused
significant changes in the metabolites of formate, alanine,
acetate, 1-methylhistidine, pyruvate, glycoprotein and
lactate (VIP >1).

Sequentially, an unpaired Student’s #-test was conducted
on the metabolites with VIP >1 (Figure 3). Among the
12 metabolites mentioned above, 11 showed statistical
significance in BC patients compared with the healthy
control group. The serum levels of acetate, glutamine,
glycine, citrate, creatine, GPC/PC and 1-methylhistidine
were significantly reduced, whereas valine, lactate, pyruvate
and formate were significantly up-regulated. It was found
that the serum metabolic characteristics of BC patients
showed significant differences after chemotherapy. The
levels of lactate, acetate, pyruvate, and formate were down-
regulated, whereas 1-methylhistidine was up-regulated by
chemotherapy. Chemotherapy restored lactate and pyruvate
to the levels of the healthy group. It was noted that acetate
reduced in BC patients before chemotherapy, but it further
decreased after chemotherapy, indicating that chemotherapy
did not regulate the metabolic disorder of acetate in BC.
Therefore, it was concluded that chemotherapy has a reverse
regulatory effect on the four metabolites of lactate, pyruvate,
I-methylhistidine and formate, which were considered
potential biomarkers associated with BC chemotherapy.

Heatmaps were generated to show the metabolic
differences between the controls and BC patients before
chemotherapy (Figure 44), as well as the metabolic difference
between BC patients before and after chemotherapy
(Figure 4B). Warm color and cold color represented higher
and lower serum metabolite levels, respectively. The
metabolic changes and the chemotherapy-related biomarkers
were visually observed, which was consistent with the
findings in Figure 3.

ROC curves were generated to show the predictive
abilities of the identified metabolites and their combinations
for BC diagnosis (Figure 5) and chemotherapy efficacy
(Figure 6). In this study, nine metabolites had good
predictive significance for BC (AUC value >0.66), including
pyruvate, 1-methylhistidine, lactate, glutamine, glycine,
creatine, formate, citrate and GPC/PC. ROC analysis
showed that the AUC value of these nine metabolites
was 0.967 (Figure 57), which was similar to the predictive
ability of the combination of these nine metabolites and age
(Figure 5K). The values of the four chemotherapy-related
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metabolites in predicting the chemotherapy efficacy were
also evaluated. It was showed that a combination of the
four metabolites of lactate, pyruvate, 1-methylhistidine and
formate had a good predictive ability for chemotherapy
with AUC of 0.958, sensitivity of 98.36% and specificity of
91.30% (Figure 6E).

The correlations between chemotherapy-related
metabolic markers (lactate, pyruvate, 1-methylhistidine and
formate) and clinical indicators (lymph node metastasis,
clinical stage and tumor size) were also evaluated
(Table S1). By comparing the changes of these four
chemotherapy-related metabolic markers in patients with
different clinical indicators, we found that there was no
significant difference in the concentration of these four
metabolites between the lymph node metastasis negative
and positive groups. Similarly, tumor size and clinical
staging did not significantly affect these four metabolites.
This result indicates that the metabolic changes caused by
chemotherapy are mainly related to the therapeutic effect
of chemotherapy, and there is no significant correlation
with these clinical indicators. Therefore, the chemotherapy
related metabolic markers screened in this experiment can
be used to evaluate the chemotherapy efficacy of patients
with different clinical indicators. In addition, Figure 7 shows
the metabolic pathways involved in the aforementioned
metabolic changes. It was found that choline metabolism,
glycolysis, serine-glycine metabolism, TCA cycle
and glutamine changed in the serum of BC patients.
Chemotherapy significantly regulated the metabolism in
glycolysis, formate, and 1-methylhistidine.

Discussion

Adjuvant chemotherapy is currently one of the routine
treatments for postoperative BC to prevent micrometastasis
and reduce tumor recurrence (20). The clinical efficacy
of chemotherapy is usually evaluated by a 5-year survival
period. Currently, there is no effective method for long-term,
dynamic and non-invasive monitoring of chemotherapy
efficacy. Metabonomics is an omics method for cancer
prognosis and efficacy evaluation based on detecting the
stable and quantifiable metabolites in body fluids (21).
Serum metabolic markers associated with the efficacy of
chemotherapy were identified through a comparison of the
serum metabolic characteristics between the healthy group
and BC patients before and after chemotherapy.

The results showed that a combination of the nine
metabolites, namely pyruvate, 1-methylhistidine, lactate,
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control group: *, P<0.05; **, P<0.01; ***, P<0.001. Compared with breast cancer before chemotherapy: *, P<0.05; " P<0.001.

glutamine, citrate, formate, glycine, creatine and GPC/PC,
showed excellent performance in distinguishing healthy
controls and BC patients, with sensitivity of 96.08%
and specificity of 85.25%. Multivariate and statistical
analyses showed that chemotherapy reversely regulated
the metabolism of lactate, pyruvate, 1-methylhistidine and
formate, and restored the levels of lactate and pyruvate to
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those of control subjects. ROC analysis showed that the
combination of these four metabolites had a good predictive
effect on chemotherapy efficacy (sensitivity of 98.36% and
specificity of 91.30%). It was found that the chemotherapy-
related metabolic markers are not correlated with clinical
indicators, which revealed that they can be used to evaluate
the chemotherapy efficacy of patients with different clinical
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indicators.

Energy metabolism plays an important role in maintaining
the growth and proliferation of cancer cells (22). Cancer
cells exhibit upregulation of hypoxia inducible factor-1a
(HIF-1a) under hypoxic conditions, converting aerobic
phosphorylation into a glycolysis pathway (23). Circulating
glucose undergoes glycolysis to release lactate and
adenosine triphosphate (ATP) to supplement the energy
required for the synthesis of macromolecular substances
such as lipids and nucleic acids (24). The serum level of
lactate in BC patients was up-regulated compared with
the healthy controls. Lactate is considered as a tumor
marker (25). Acidification of the tumor microenvironment
helps to promote tumor progression, invasion and migration
(26,27). After chemotherapy, it was found that serum lactate
level decreased and was regulated back to the normal level.
Pyruvate is the final product of glycolysis and the main
source of carbon flux for tricarboxylic acid (T'CA) cycle.
Jobard ez al. observed high level of pyruvate in metastatic
BC compared with early BC (28). In this study, serum level
of pyruvate in BC patients after chemotherapy was down-
regulated and it had no significant difference compared
with the level in controls. These findings indicated that

© Translational Cancer Research. All rights reserved.

chemotherapy regulates glycolytic metabolic pathways.

Citrate is synthesized through carboxylation of
ketoglutaric acid (a-KG) and subsequently cleaved by citrate
lyase to form acetyl-CoA, which is involved in protein
acetylation, lipid synthesis and TCA cycle (29). The result
showed a decrease in citrate level in BC patients compared
with the level in controls. Citrate is involved in various
physiological processes, such as insulin secretion (30),
immune and inflammatory reactions, and antibacterial
defense (31). Therefore, dysregulation of citrate metabolism
is associated with cancer and inflammation. Although
tumors were surgically removed in the BC patients enrolled
in this study, dysregulated metabolism of citrate indicated
that some metabolic characteristics of tumors still exist.
Notably, there was no significant change in citrate level in
BC patients before and after chemotherapy, indicating that
chemotherapy had no significant regulatory effect on TCA
metabolic pathway.

The levels of several amino acids, including glutamine,
glycine, creatine and 1-methylhistidine decreased in BC
patients compared with healthy controls. These four amino
acids are nonessential and can be synthesized endogenously.
A recent study reported the low serum levels of amino
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acids in BC patients (32). Glutamine, a nitrogen and
carbon source for the synthesis of lipids and amino acids,
can be converted into glutamate and further converted
into a-ketoglutarate used for ATP synthesis (33). Healthy
cells synthesize glutamine through glutaminase (GLS),
whereas tumor cells cannot meet the energy requirements
for rapid proliferation through synthesis, which leads to the
consumption of serum glutamine (34).

Glycine provides carbon units for single-carbon
metabolism used for synthesis of macromolecules such
as lipids and nucleic acids, and provides energy for the
growth and proliferation of cancer cells (35). Glycine is also
converted to creatine through various pathways. Creatine
is mainly present in cells in the phosphorylated form and
has a high antioxidant capacity. One study has shown that
creatine supplementation therapy alleviates inflammatory
diseases, metabolic disorders and malnutrition (36). The
reduction of creatine reveals metabolic dysregulation in
BC patients, which may be a serum metabolic marker in
BC patients. However, in the serum of BC patients after
chemotherapy, we found a reduction in glycine and creatine,
but the difference was not significant.

The serum level of 1-methylhistidine was significantly
reduced in BC patients. 1-methylhistidine is a metabolite
of histidine metabolism. Methylated histidine is involved
in multiple processes by regulating gene expression and
enzyme activity (37). Administration of histidine to liver
injury model mice reduced the level of inflammatory
factors in liver (38). In the present study, chemotherapy
increased the serum level of 1-methylhistidine compared
with the level before chemotherapy, which showed that
chemotherapy possibly improved inflammation.

GPC/PC is the main component of cell biomembrane,
and they play key roles in cell transmission and cycle
stability (39). Compared with controls, the change of
GPC/PC in BC patients indicates dysregulation of lipid
metabolism. Previous findings have shown that a continuous
decrease in choline stimulates nuclear factor kappa B
(NF-kB) to induce cell survival, leading to inflammation
and tumorigenesis (40). Low levels of choline-containing
metabolites have been detected in the serum of lung cancer
patients (41). In the current study, the serum choline
metabolism remained dysregulated in BC patients after solid
tumor resection, whereas chemotherapy had no significant
regulatory effect on the disorder of choline metabolism
pathway.

The oxidation and synthesis of fatty acids in mitochondria
provide a large amount of ATP for cell growth. Formate is a
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metabolite of short-chain fatty acids and is obtained from the
oxidation of the third carbon of serine in the mitochondria.
In addition, formate can be used for synthesis of serine
through single-carbon metabolism in the cytoplasm (42).
The present results showed that the serum formate level
in BC patients was higher than those after chemotherapy.
Meiser et al. observed higher levels of formate in mice with
intestinal adenoma and BC compared with normal mice,
which is consistent with the findings of this study, indicating
that high levels of formate is a potential marker of oxidative
cancer. A study has also shown that reducing formate levels
can effectively prevent the invasion of cancer cells (43).
The decrease of serum formate level in BC patients after
chemotherapy suggests that chemotherapy may affect
the oxidation energy supply of fatty acids and induce the
apoptosis of residual tumor cells.

Analysis of the relationship between the four
chemotherapy-related metabolites and the clinical
indicators demonstrated that the levels of the four
metabolites were relatively stable in BC patients with
different clinical indicators. This implies that the
metabolic changes caused by chemotherapy mainly reflect
the effects of chemotherapy drugs and are not related to
the clinical indicators. However, there are some limitations
to this paper, such as the small sample size we included.
We will further expand the sample collection to validate
the clinical diagnostic value of chemotherapy-related
metabolic markers.

Conclusions

A metabonomics method based on 'H NMR was used to
study the serum metabolic profiles of healthy control group
and BC patients before and after chemotherapy, and screen
four metabolic markers having good predictive effects on
chemotherapy. It was found that the chemotherapy-related
metabolites of lactate, pyruvate, 1-methylhistidine and
formate were not correlated with the clinical indicators.
However, they were associated with molecular types,
and more sensitive to chemotherapy in Luminal B and
HER?2" types. Therefore, this study identified non-invasive
biomarkers that can be used to monitor the long-term
chemotherapy efficacy of BC.
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