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and Dorota Bartusik-Aebisher 2

1 Department of Diagnostic Imaging and Nuclear Medicine, Medical College of Rzeszów University,
35-959 Rzeszów, Poland; wguz@ur.edu.pl

2 Department of Biochemistry and General Chemistry, Medical College of Rzeszów University,
35-959 Rzeszów, Poland; rpodgorski@ur.edu.pl (R.P.); dbartusikaebisher@ur.edu.pl (D.B.-A.)

3 Department of Photomedicine and Physical Chemistry, Medical College of Rzeszów University,
35-959 Rzeszów, Poland; zbober@ur.edu.pl (Z.B.); atruszkiewicz@ur.edu.pl (A.T.)

4 Department of Densitry, Faculty of Medical Sciences in Zabrze, Medical University of Silesia,
40-055 Katowice, Poland; agamach@onet.pl (A.M.P.)

5 Department of Internal Medicine, Angiology and Physical Medicine, Center for Laser Diagnostics and
Therapy, Faculty of Medical Sciences in Zabrze, Medical University of Silesia, 40-055 Katowice, Poland

* Correspondence: daebisher@ur.edu.pl (D.A.); akawczyk@gmail.com (A.K.-K.)

Abstract: The aim of the study was to investigate the effect of Trastuzumab on the MCF-7 and
CRL-2314 breast cancer cell lines. Additionally, an attempt was made to optimize magnetic resonance
spectroscopy (MRS) for cell culture studies, with particular emphasis on the impact of treatment with
Trastuzumab. The research materials included MCF-7 and CRL-2314 breast cancer cell lines. The
study examined the response of these cell lines to treatment with Trastuzumab. The clinical magnetic
resonance imaging (MRI) system, OPTIMA MR360 manufactured by GEMS, with a magnetic field
induction of 1.5 T, was used. Due to the nature of the tested objects, their size and shape, it was
necessary to design and manufacture additional receiving coils. They were used to image the tested
cell cultures and record the spectroscopic signal. The spectra obtained by MRS were confirmed by
NMR using a 300 MHz NMR Fourier 300 with the TopSpin 3.1 system from Bruker. The designed
receiving coils allowed for conducting experiments with the cell lines in a satisfactory manner. These
tests would not be possible using factory-delivered coils due to their parameters and the size of the
test objects, whose volume did not exceed 1 mL. MRS studies revealed an increase in the metabolite
at 1.9 ppm, which indicates the induction of histone acetylation. Changes in histone acetylation play
a very important role in both cell development and differentiation processes. The use of Trastuzumab
therapy in breast cancer cells increases the levels of acetylated histones. MRS studies and spectra
obtained from the 300 MHz NMR system are consistent with the specificity inherent in both systems.

Keywords: MRS; Trastuzumab; breast cancer

1. Introduction

Magnetic resonance imaging (MRI) is an essential tool in the arsenal of both physicians
and scientists in the natural sciences. It provides invaluable services in imaging both the
structures of the human body and in showing changes occurring at the cellular level. The
acquired spectroscopic spectra make it possible to track chemical changes, analyze the com-
position of the tested objects or changes occurring in cells in response to pharmacological
treatment. Magnetic resonance spectroscopy (MRS) was used in this study to illustrate the
effect of the drug Trastuzumab on breast cancer cells.

Breast cancer is the most common type of cancer among women [1–3], affecting over
two million women each year. At the beginning of 2021, according to data from WHO,
breast cancer is the most frequently diagnosed cancer in the world. It is diagnosed every
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year in approximately 12% of women worldwide. Early diagnosis [4] and the implementa-
tion of an appropriate treatment regimen as well as therapy monitoring [5] are important.
We must pay attention to the importance of HER receptors in the pathogenesis of breast
cancer. The HER receptor family includes the following receptors: HER1, HER2, HER3,
HER4. Too many copies of the ERBB2 gene encoding the HER2 protein result in its over-
expression in cancer cells [6–9]. Overexpression of the HER2 receptor is found in 15%
of breast cancer cases. Overexpression of the HER2 receptor influences the course and
treatment of breast cancer, results in a worse prognosis, and significantly influences the
aggressiveness of the cancer. Signaling pathways also influence the effectiveness of treat-
ment. Herceptin-based therapies are part of many treatment regimens. Immunotherapies
used in treatment are most often based on monoclonal antibodies, such as Trastuzumab
of the IgG1 class, which has a therapeutic effect against the positive domain of the HER2
receptor [10]. Due to the fact that breast cancer includes several subtypes, they are char-
acterized by different receptor expression. Breast cancer with HER2 overexpression is
an increasingly common type of cancer, therefore HER2-targeted therapy is necessary in
the commonly used treatment of this type of cancer. The implementation of tests using
a generally available and safe diagnostic method, i.e., MRS, will allow for the monitoring
of the therapy and assessing its effectiveness. In this paper, we present spectroscopic
studies of the most frequently used drug, Trastuzumab, and studies using this drug in
therapy in breast cancer cell lines. Trastuzumab is an IgG1 antibody that has therapeutic
activity against the positive domain of the HER2 receptor. Currently, it is believed that the
biological drug Trastuzumab is effective only in patients whose cancer overexpresses the
HER2 receptor. This humanized antibody against the extracellular domain of the HER2
receptor binds to the membrane-bound subdomain IV of the extracellular portion of the
HER2 protein. By connecting to the receptor, it inhibits the transmission of division sig-
nals to the cell nucleus, thereby slowing down the development of cancer. When HER2
is overexpressed, cancer cells multiply at a higher rate due to the higher growth factor.
Moreover, they show greater drug resistance. The main indications for the implementation
of treatment with Trastuzumab are the treatment of breast cancer with overexpression of
the HER2 receptor, palliative treatment, early stage of cancer, breast cancer with metastases,
and gastric cancer with metastases. The monoclonal antibody Trastuzumab is a mirror
image of the protein receptor that can attach to the receptor and thus block the growth
factor, slowing down the development of the tumor. In the case of overexpression, there
is a chance of a positive response to therapy with Trastuzumab. The use of Trastuzumab
improved the results of breast cancer treatment. However, a large proportion of patients
after Trastuzumab treatment develop primary resistance [11]. Figure 1. The presentation of
factors with influence on developing of Trastuzumab resistance. Despite improved results
in breast cancer treatment with Trastuzumab, most patients with metastases experience
disease progression due to primary or acquired resistance. In Trastuzumab-treated patients
with locally advanced or metastatic HER2+ breast cancer, an objective response rate (ORR)
of only 65% was observed [12].

Nuclear magnetic resonance spectroscopy (MRS) is a technique used mainly in clinical
trials to study brain tumors, metabolic changes in cancer, but also multiple sclerosis, stroke,
Alzheimer’s disease, and others. Thanks to this method, we can obtain information about
the biochemical composition of the examined area by assessing the concentration of se-
lected metabolites. MRS allows obtaining information about the biochemical composition
by assessing the concentration of selected metabolites. The introduction of pulsed MR
spectroscopy sequences into clinical trials makes it possible to obtain a spectrum of the
brain. MRS, unlike MR imaging, shows the distribution of metabolites, not only morpho-
logical and functional information. The obtained spectrum carries information about the
concentration of metabolites, the range of which is expressed in ppm (parts per million),
and carries information about the chemical shift. The use of the MRS technique to study
cell cultures and the assessment of their metabolism after therapy provides the potential
to transfer research from in vitro to in vivo. The aim of the study was MRS research using
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a 1.5 T magnetic resonance imaging device in cell cultures and the examination of their
metabolites before and after Trastuzumab treatment.
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2. Results

Taking into account the fact that an MRS examination is a relatively low-resolution
examination, it was necessary to ensure the correctness of the research method. For this
purpose, spectra were recorded in the MRS and NMR systems. Figures 2 and 3 below show
the obtained spectra.
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Figure 3. MR Spectra (a) and NMR Spectra (b) of L-Histidine.

All MRS examinations were performed using the SV sequence and a constructed
single-channel coil for examining small objects. First, MRS tests were performed on
a sample containing 1 mg of Trastuzumab dissolved in 1 mL of clean water (Figure 2).

Analyzing the images, one can see a high agreement between the spectra obtained by
the MRS and NMR methods. The lack of a signal in the vicinity of 5.2 ppm and 4.8 ppm
for Figure 2 and 4.8 ppm for Figure 3 needs to be explained. To obtain spectra using the
MRS method, water attenuation must be turned on. This is performed in both the MR
system and the SAGE 7.7.1 software used for analysis. This software eliminates water
using a digital method. A characteristic feature of such filtering is the fact that the water
peak area is strongly suppressed. The signal of both water and all spectrum components
located near the water point is attenuated. The above statements correlate perfectly with
the obtained spectra and are consistent with the specificity of both systems.

The MRS of cancer cells offered rapid access to the metabolic content in cell samples
before and after treatment with Trastuzumab. Single-voxel MRS with an engineered
single-channel coil (Figure 4) showed the ability to detect cellular composition in small
samples with a 1.5 T MRI scanner. MRS tests were performed for the drug components:
D-Trehalose dihydrate > 99%, L-histidine > 99% (TLC) (Figure 4), Polysorbate 20. Optimal
concentrations of 1 mg/1 mL of pure water were prepared.

When performing the analysis, you can see a very low level of the signal coming from
the water thanks to the automatic use of digital signal filtering.

Then, the same concentrations were prepared in D2O and experiments were performed
using a 300 MHz NMR from Bruker (Billerica, MA, USA). This spectrum was used as
a standard for the spectrum obtained by MRS. The use of pure water instead of D2O in the
MRS method was dictated by the fact that the cells were cultured in H2O and there was
a need to obtain such a spectrum.
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Figure 4. Representative 1H MRS of cells MCF-7 samples before treatment. The cells were properly
cleaned by washing with PBS. There was no residual drug or culture medium left before preparing
them for spectroscopy: 1—glutamine; 2—creatine; 3—total choline; 4—taurine; 5—glycine; 6—PCho;
7—GPC; 8—alanine.

2.1. MCF-7 Cells

The representative 1H MRS of MCF-7 cells before treatment is presented in Figure 4
The processed spectra were prepared for metabolite identification and analysis in untreated
MCF-7 cells. For the identification of basic metabolites in the MRS of MCF-7 cells, the
Bruker Human Metabolome Database (HMDB) metabolite library was used to match the
spectra. The contributions of the metabolites were found to be more significant than the
contribution of the other expected molecular cancer markers. In untreated MCF-7 cells, we
detected: glutamine, creatine, total choline, taurine, glycine, PCho, GPC, and alanine. MRS
studies are extremely useful in the detection of similar groups of glutamine, creatine, total
choline, taurine, glycine, PCho, GPC and alanine in vitro. Herein, there is a known problem
with the numbers of overlapping peaks. In this situation, the identification of large numbers
of metabolites can be difficult. MRS is acquired as one dimensional (1D) spectroscopy.
However, two dimensional (2D) spectroscopy studies can help to overcome these prob-
lems. The use of 2D MRS in metabolomics is usually restricted to the characterization of
unidentified compounds from the 1D spectra.

Shown in Figure 4, the colored spectra are images of elements superimposed on the
basic spectrum, which represents the MCF-7 culture before treatment (black). These spectra
were obtained as a result of work on this project and the scanning of choline, creatinine
and glutamine solutions. The reason for such actions was the need to visualize these
compounds in the system used to conduct the research. The 1.5 T system has a relatively
low resolution for imaging such complex solutions. The peak heights of the spectra have
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been intentionally increased due to the need to show them more precisely against the
background of the basic spectrum.

Changes in the spectrum were noticed after Trastuzumab treatment (Figure 5). Our
analysis of the MCF-7 cells after treatment with Trastuzumab was found to be different
from the untreated cells. Moreover, ten metabolites showed unique changes in abundance
when treated with Trastuzumab.
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3—total choline; 4—taurine; 5—glycine; 6—PCho; 7—GPC; 8—alanine; 9—Trastuzumab;
9a—pylosorbate 20; 9b—L-Histidine; 9c—D-Trehalose. (b) Spectrum of Trastuzumab.

In Figure 5a, the spectroscopic spectrum is presented, which constitutes the superim-
posed elements of the spectra of choline, creatine, and glutamine on the basic spectrum,
which represents the MCF-7 culture after treatment (black). In Figure 5b, the spectrum of
Trastuzumab obtained as a result of MRS scanning in a 1.5 T MR system is shown. You can
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see that the drug peaks stand out in the cell culture signal. The Trastuzumab signal is lower
due to its concentration.

Table 1 shows a summary of the detected metabolites before and after treatment
with Trastuzumab. We used MRS as the first screening for MCF-7 cells before and after
treatment. Sample preparation was relatively simple when compared to other analytical
methods. However, metabolite screening requires maximum sensitivity with a broad
compound coverage, thus we built a suitable coil and optimized the parameters of the
MRS measurements.

Table 1. Identified MRS signals. All the experiments were performed in three replicates and each
sample was analyzed three times.

Detected Cellular Composition Untreated MCF-7 Treated
MCF-7

Glutamine; x x

Creatine x x

Total Choline x x

Taurine x x

Glycine x x

PCho x -

GPC x x

Alanine x x

Pylosorbate 20 - x

L-Histidine - x

D-Trehalose - x

Trastuzumab - x
x: present; -: absent.

2.2. CRL-2314 Cells

Based on the results regarding their number, it can be concluded that the treatment of
CRL-2314 cells with the drug Trastuzumab (0.024 mg/mL) did not have the expected effect.
Moreover, we can observe that total cell number did not change or increased. It may be
related to the fact that Trastuzumab binds to the HER2 receptor, and CRL-2314 cells express
this receptor poorly, hence the negligible effect of the therapy.

After a 2-fold Trastuzumab dose increase and 24 h of incubation, a significant increase
in viable cells and total cells was noted. A dose that was successively doubled up to
0.048 mg/mL resulted in a decrease in viable cells and total number of cells. The existing
effect proves the inhibition of cell growth and a reduction in their number, and thus
confirms the therapeutic effect (Table 2).

Table 2. The number of viable CRL-2314 cells before and after Trastuzumab treatment.

Sample Viable Cells/mL Viability [%] Total Cells/mL

CRL-2314 9.7 × 105 ± 0.3 × 105 93.1 1.04 × 106 ± 0.03 × 106

CRL-2314 + 0.012 mg Trastuzumab 1.43 × 106 ± 0.05 × 106 93.3 1.54 × 106 ± 0.05 × 106

CRL-2314 + 0.024 mg Trastuzumab 2.43 × 106 ± 0.08 × 106 89.6 2.72 × 106 ± 0.08 × 106

CRL-2314 + 0.048 mg Trastuzumab 2.1 × 106 ± 0.07 × 106 95.3 2.21 × 106 ± 0.07 × 106

The dosage of Trastuzumab is coupled to the efficiency of treatment as well as to
changes in metabolites. Trastuzumab treatment shows perturbations in mitosis and necrosis
with low doses, and increased levels of cell cycle arrest and apoptosis as the dose increases.
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Spectroscopic examinations were performed simultaneously. The spectra obtained are
presented in the figure below (Figure 6).
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On the basis of the presented spectra (Figure 3), an increase in the signal was observed
at 1.9 ppm, which proves the induction of histone acetylation. In scientific publications,
we can find confirmation that SNHG14 lncRNA promotes breast cancer and Trastuzumab
resistance by regulating PABPC1 expression through H3K27 acetylation [13]. Moreover,
the applied therapies may increase acetylation and disturb the stability of HER2 [13].

The analysis of the obtained spectra allowed us to determine the ratio of choline and
creatinine. Based on the obtained results, the ratio of choline to creatinine was determined
for CRL-2314 breast cancer cells before and after treatment with Trastuzumab dissolved in
the culture medium. The obtained results are shown in the figure below (Figure 7).
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In the second step, a solution of Trastuzumab in an injection was prepared, results
regarding the number of cells are presented in Table 3.

Table 3. The results of the number of CRL-2314 cells before and after the application of the therapy
with the use of the drug dissolved in the culture medium.

Sample Viable Cells/mL Viability [%] Total Cells/mL

CRL-2314 1.08 × 107 ± 0.03 × 107 96.3 1.12 × 107 ± 0.03 × 107

CRL-2314 + 0.012 mg Trastuzumab 1.71 × 107 ± 0.06 × 107 98.9 1.73 × 107 ± 0.03 × 107

CRL-2314 + 0.024 mg Trastuzumab 1.07 × 107 ± 0.03 × 107 98.1 1.09 × 107 ± 0.03 × 107

CRL-2314 + 0.048 mg Trastuzumab 8.09 × 106 ± 0.25 × 106 98.7 8.2 × 106 ± 0.25 × 106

The same doses of Trastuzumab were used as in the previous step, but they prepared in
liquid for injection unlike in step 1. Based on the abundance measurements, a slight increase
in viable cells and total cells was noticed after the 0.12 mg/mL dose, which indicates the
activation of cell growth. Then, after applying a double dose and 24 h of incubation, another
increase in the number of cells was noticed, which confirms the previous step of using too
low a dose. However, after using the drug dose of 0.048 mg, an evident therapeutic effect
was noticed. This is also confirmed by the spectroscopic spectra (Figure 8).
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The analysis of the obtained spectra allowed us to determine the ratio of choline and
creatinine. The obtained results are shown in the figure below (Figure 9).
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Our results indicate that Trastuzumab treatments had an impact on the metabolic
profile of breast cancer cells. However, there were differences between MCF-7 and CRL-
2314 cells. The differences arise from the fact that the cell lines exhibit pathological and
clinical features, as they possess different hormonal statuses and receptor types for drug
targets [14,15]. MCF-7 cells are known to express high levels of estrogen receptors and are
reliant on estrogens for their growth. In contrast, SkBr3 cells are estrogen-independent and
estrogen receptors are not expressed [16].

3. Discussion

The MRS of breast cancer has received increased interest by clinicians and researchers
due to the application of MRI to breast cancer. Many hardware and software advances
are now taking place that are improving the quality and reliability of breast MRI and
MRS. For example, we noticed significant improvements in the signal-to-noise ratio that
can be achieved by using multi-channel phased-array coils that are now commercially
available. MRI is a powerful noninvasive clinical technique for the analysis of cancer cell
receptor targeting in vivo and has demonstrated potential for aiding in improvements in
immunotherapy. Using the MRS method, cell destruction tests were performed, and in the
future, there is a possibility to switch these tests into in vivo tests. Due to the fact that in
recent years, we have observed an increasing number of cases of breast cancer, research
may contribute to a better understanding of the drug and the optimization of therapy. This
suggests that this project will provide solutions for filling the gap between Trastuzumab
efficiency and Trastuzumab delivery control. We chose the conventional drug Trastuzumab
for this study to pinpoint its potential to be a more effective drug for breast cancer patients.

Various drugs have been studied for the treatment of the Her-2 receptor; however,
Trastuzumab was the first immunotherapeutic treatment targeting the HER-2 receptor [17,18].
Although Trastuzumab is an efficient drug, resistance to Trastuzumab is a common and
challenging problem. Data show that Trastuzumab reduces breast cancer recurrence
by ~50% [19,20].

MRS helps assess the metabolic status of malignant, benign, and normal breast tissues.
In vivo breast MRS shows high levels of choline-containing metabolites (tCho), indicating
the rapid proliferation of malignant tumors [20,21]. In that research paper, the group
found elevated glycine in the patient based on in vivo MRS. High glycine levels may imply
a worse prognosis [22].
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Amino acids play a key role in the growth of cancer cells. Many studies show changes
in the levels of metabolites in the breast tissues of patients with breast cancer [23]. Some of
the most important amino acids are glucose and glutamine, which enable cell proliferation
and survival [24]. In addition, glutamine allows for the import of essential amino acids,
which in turn prevents apoptosis in cancer cells [25]. In cell cultures carried out under
in vitro laboratory conditions, glutamine is supplied with the culture medium. On the
other hand, in neoplastic tissues in vivo, a much lower level was observed as compared to
the surrounding tissues, which may indicate a greater demand by neoplastic tissue [26]. In
addition to the importance of the amino acid glutamine in the growth and survival of cancer
cells, a decrease in blood glutamine levels has been observed in cancer patients, which may
indicate tumor progression. Cell changes in amino acids may indicate a disturbance in cell
proliferation or cell death. The metabolic changes in cancer cells are the result of oncogenic
changes that affect the cell signaling pathways that lead to cell growth and proliferation.
Increased uptake of amino acids, for example glutamine, can be observed in many types of
cancer [27]. Benzylserine treatment was shown to significantly inhibit the uptake of leucine
and glutamine in MCF-7, HCC1806, and MDA-MB-231 breast cancer cells by disrupting
amino acid homeostasis, leading to cell death [28]. In contrast, HER2 breast cancer with
CDK12 enhancement is resistant to HER2+ targeted therapy [29]. In other studies, NMR
spectra showed that phosphocholine signals were stronger in control samples than in cells
after tamoxifen/cisplatin therapy, after which they decreased significantly [30]. One of
the methods used to assess metabolic changes is MRS. Euceda et al. assessed metabolic
changes during neoadjuvant chemotherapy combined with bevacizumab. Increased levels
of phosphocholine (PCh), glycerophosphocholine (GPC), and taurine (Tau) were noted in
TP1, while the levels of glucose (Glc) and lipids were higher with increasing treatment
duration [31]. According to the Warburg effect, neoplastic cells metabolize glucose to
lactate [32]. In their work, Bathen et al. demonstrated the possibility of using HR MAS
MRS for the differentiation of breast tumor and healthy tissue on the basis of metabolic
profiling [33]. By contrast, Cheng et al. presented the use of MRS for the assessment of breast
cancer with metabolites in the samples. Attention was paid to phosphocholine, lactate, and
lipids, and a correlation between tumor metabolism and the degree of malignancy was
noted. Phosphocholine is regarded as a biomarker of the malignant transformation of breast
cancer [34]. Also, Sitter et al. noticed higher choline and glycine concentrations in tumors
larger than 2 cm compared with smaller tumors based on HR MAS MR spectroscopic
studies [35]. Choi et al. used the HR-MAS MR method to study breast cancer samples
taken from core biopsy, and higher concentrations of Cho, Cr, and Tau were found in
PR-negative tumors than in PR-positive tumors [36]. Moreover, Sitter et al. demonstrated
lower glycine concentrations in patients with a good prognosis (1.1 µmol/g) compared to
patients with a poor prognosis (1.9 µmol/g) [37]. In addition, higher levels of glycine and
lactate could be associated with lower survival rates suggesting that the metabolic status of
the tumor may be helpful in determining patient prognosis [38]. The Demas group showed
an increase in glutamate after the administration of 500 nM CB-839 for 72 h; in this study,
the treatment significantly increased glutamine levels in breast cancer cells [39]. However,
in other studies, increased glucose consumption and lactate excretion were noted after 48 h
therapy of MDA-MB-231 or MCF-10A breast cancer cells with betulinic acid (BA) [40]. In
studies, we can also find reports of the monitoring of the concentration of extracellular
metabolites collected with microdialysis probes from rat brains. Based on the 1H MRS
studies, higher concentrations of lactate and meglumine were found in an animal model of
glioma after anticancer drug administration compared to healthy tissue [41].

The study also evaluated the potential of 1 H NMR to assess plasma metabolism.
Studies have been performed assessing disease progression by evaluating the metabolome
of early and late-stage breast cancer [42–44]. Suman et al., based on the NMR spectrum,
noted changes in more than a dozen metabolites that show differences between early
stage and late-stage breast cancer. They noted an increase in lactate in the early BC group
compared to the control group, and an even greater increase for late BC. Late BC was
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characterized by high glucose levels compared to the early BC group and the control group.
Changes were also observed for glycine, lysine, valine, and other metabolites [45].

Similarly, a comparison of the metabolome of filtered plasma from EBC and MBC
patients showed that Lac showed an inverse correlation with tumor size in EBC [46].

Summing up, the observed increase in metabolites with the progress of treatment
with Trastuzumab in breast cancer cell culture is characteristic of cancer cells. The gly-
colytic phenotype is designed to meet high energy requirements. On the other hand, the
increase in glutamine levels with the use of Trastuzumab treatment indicates a decrease
in glutaminolysis. Glutamine is involved in the biosynthesis of nucleotides, lipids, and
proteins [47]. On the basis of the performed studies, changes in amino acid metabolism
were identified as a possible effect of Trastuzumab therapy in breast cancer cell cultures
overexpressing the HER2 receptor.

The challenge was to determine the optimal growth conditions and viability of the
breast cancer cell culture for MRS measurements. The next challenge was to determine the
optimum concentrations of Trastuzumab–dendrimer–fluorine for treatment in the 3D HBR
device. Previous studies of breast carcinoma report that Trastuzumab alone did not inhibit
growth by more than 30–50% in relation to doses of 10 µg/mL–1000 µg/mL over 72 h [48].
By using Trastuzumab at concentrations of 0.05 µg/mL–1000 µg/L over 72 h, we obtained
MCF-7 cell growth inhibition of 26 ± 3% to 46 ± 5% [49].

In clinical trials, biomarkers allow for better assessment of the therapeutic response
using diffusion-weighted (DW)-MRI apparent diffusion coefficient (ADC) studies, as well
as fluorodexoyglucose (FDG), fluorothymidine (FLT), and fluoromisonidazole (FMISO)-
PET imaging [50]. Numerous studies show the use of 18F-FDG-PET for the monitoring
of cancer cell response to targeted therapies in the Wilms mouse tumor model [51]. In
other studies, we can find a comparison of GlucoCEST MRI and 18F-FDG-PET to assess
the response to chemotherapy and metabolic therapies in breast cancer studies in mice,
with the studies confirming that glucoCEST can be a sensitive technique for monitoring
metabolic pathways [52]. Also, Kristian et al. presented the use of dynamic 18F-FDG-PET
to study glucose distribution in tissues in order to monitor the effects of therapy. Based
on the research, it was found that dynamic PET can detect changes in tumor perfusion
and metabolism after anti-angiogenic therapy in murine models [53]. In other studies,
researchers demonstrated the use of granzyme B-specific (GZP-PET) imaging to monitor
changes in effector cell activation in response to treatment with paclitaxel (PTX) and im-
munological inhibitors in a mouse model of triple-negative breast cancer [54]. Other studies
used integrative high-performance liquid chromatography in conjunction with quadrupole
tandem mass spectrometry (HPLC-QTOF) to assess metabolic changes in MCF-7 cells after
R-metalaxyl and S-metalaxyl therapy [55]. The study of metabolites after treatment with
Trastuzumab is also performed using ultra-high liquid time-of-flight mass spectrometry
(UPLC-TOF-MS) [56]. NMR based studies have shown that the selection of the culture
medium turns out to be important and the concentration of many metabolites will largely
affect the metabolic content [57], and the same was confirmed by liquid chromatography
studies [58]. In addition, it has been shown that, depending on the type of culture, the
activity of the drug T-DM1 is different in 3D culture, most likely due to tumor heterogeneity,
which may contribute to progress in future studies on therapeutic effects and resistance
to therapy [59]. In terms of resistance testing, mucin 1 (MUC1) is a potential target for
overcoming Trastuzumab resistance in breast cancer therapy [60]. The study investigated
the changes in metabolism induced by the BPTES inhibitor in two human breast cancer cell
lines, MCF-7 and MDA-MB231, and the non-cancerous line MCF-10A. NMR spectroscopy
was performed in conjunction with the labeling of isotopes. Metabolism changes induced
by BPTES were found in tumor cell lines, especially under hypoxic conditions, and in addi-
tion, about 30% of metabolites changed compared to the non-tumor line [61]. Sharma, on
the other hand, described the use of MRS to determine the metabolism of breast cancer [62].

After drug treatment, cancer cells undergo reprogramming, which changes metabolic
flows. Increased glycolysis, increased production of lactic acid, restructuring of the Krebs
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cycle, and decreased availability of oxygen are observed in the cells. Lactic acid is more
toxic to adjacent normal cells than to a malignant tumor that has developed survival
mechanisms. In addition to lactic acid, CO2 is a significant source of acidic extracellular
pH (pHe) in the tumor microenvironment; in the reaction catalyzed by carbonic anhydrase
(CA), CO2 is hydrated, resulting in the formation of bicarbonate (HCO−3) and H+. Cancer
cells undergo metabolic reprogramming to modify metabolic fluxes in response to high
demands not only for ATP, but also NADPH, NADH, and carbon skeletons [63].

Acetylation neutralizes the positive charge of lysine thereby causing histones to
drift away from DNA, which has a negative charge. Changes in histone acetylation play
a very important role in both the development and differentiation of breast cancer cells.
It has been proven that the use of Trastuzumab therapy in breast cancer cells increases
the levels of acetylated histones. Scientific publications confirm that lncRNA SNHG14
promotes breast cancer tumorigenesis and Trastuzumab resistance by regulating PABPC1
expression through H3K27 acetylation [64]. Moreover, the therapies used may increase
acetylation and disturb the stability of HER2 [65]. MRS in vitro showed the possibility
of obtaining information about the chemical content of breast cancer cells using a 1.5 T
clinical apparatus. This information can be used further for clinical applications, such as
monitoring the response to cancer therapies and improving the accuracy of lesion diagnosis.
Initial MRS studies of breast cancer show promising results, and a growing number of
research groups are incorporating the technique into their breast MRI protocols.

MRS is a key method in metabolomics and the technology continues to improve
allowing NMR spectroscopy to remain involved in future drug research and development
and facilitating the movement toward personalized medicine.

4. Materials and Methods

The MCF-7 cell line (American Type Culture Collection, Manassas, VA, USA) was
purchased from Sigma Aldrich (St. Louis, MO, USA). For the cultivation of this cell line,
EMEM medium (EBSS) + 2 mM. Glutamine + 1% NEAA essential amino acids + 10% FBS
fetal bovine serum were used. The CRL-2314 line and breeding media were obtained
from ATCC (American Type Culture Collection (ATCC®)), P.O. BOX 1549, Manassas,
VA 20108, USA, were purchased through LGC standards (Łomianki, Poland). Sodium
bicarbonate was obtained from Honeywell Fluka, Collagen bovine type Lyophilized Fibrous
Powder from Tendon was provided by Advanced BioMatrix (St, Louis, MO, USA), while
Penicillin-Streptomycin-Neomycin Solution Stabilized, Fetal Bovine Serum (FBS), and
Epidermal growth factor (EGF) were provided by Sigma Aldrich and were used to prepare
the complete growth media for the cells under sterile conditions in an Alpina laminar
chamber. Both cell lines were grown under standard conditions: 37 ◦C, 5% CO2 and
95% humidity.

Human Gland Mammary Adenocarcinoma Cells (MCF-7), is a Her-2 producing cell
line and was commercially available. The Her-2 overexpression of these cell lines was
confirmed using cytometric analysis. Carbon dioxide-independent medium supplemented
with 10% buffered fetal bovine serum (FBS), 1% L-Glutamate, and 1% antibiotic (peni-
cillin/streptomycin) was used. The cells were suspended in a CO2 independent medium
and plated on 6-well tissue culture polystyrene (TCPS) plates. Each well was filled with
2 mL of CO2 independent medium and cultured at 37 ◦C under atmospheric CO2 for 24 h.
The cells were maintained in tissue culture flasks and cultured as monolayers until a density
of 0.5 × 105 cells/mL was achieved.

CRL-2314 cells were cultured in a tissue culture flask in RPMI 1640 medium with
2 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM
HEPES, and 1.0 mM sodium pyruvate, 90% and fetal bovine serum, 10%.

3D cell cultures of MCF-7 and CRL-2314 cells: We used a Hollow Fiber Device to
grow MCF-7 and CRL-2314 breast cancer cell lines in a controlled manner. MCF-7 cells and
CRL-2314 cells (0.5 × 105 cells/mL) were seeded in the Hollow Fiber Device. The bioreactor
(Figure 10) was a closed loop system composed of porous hydrophilic hollow fibers with
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0.1 µm size pores in a polysulfone tube. For this study, we used one fiber in each HFB
cartridge. The polysulfone fiber was coated with 10 mL of collagen solution (1 mg collagen
per 1 mL of phosphate-buffered saline (PBS) and 10 mL of fibronectin solution (10% in
culture media). After the inoculation, the HFB device was perfused using a peristaltic
pump. The flow of medium was adjusted at the rate of 5 mL/min and gradually increased
to 14 mL/min. The pH was maintained between 6.8 and 7.0 in the extracapillary space
throughout the duration of the experiments. The perfusion medium was changed weekly
when the glucose level reached 2 g/L as measured with a glucometer.
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In the experiment, we used the MCF-7 breast cancer cell line (American Type Culture
Collection, Manassas, VA, USA) and the CRL-2314 breast cancer cell line (American Type
Culture Collection, Manassas, VA, USA). Cells were cultured in standard conditions:
temperature 37 ◦C, 5% CO2, and 95% humidity. EMEM medium (EBSS), 2 mM glutamine,
1% essential amino acids NEAA and 10% fetal bovine serum FBS/FCS were used to culture
the MCF-7 cell line.

For the CRL-2314 cell line, the following culture medium was prepared based on
an RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA), Fetal Bovine Serum (FBS) (Biochrom,
Berlin, Germany), and the Penicillin antibiotic (Sigma-Aldrich, St. Louis, MO, USA). The
procedure for preparing the final culture medium for CRL-2314 consisted of heating all of
the components of the medium to a temperature of 37 ◦C, and then preparing the complete
growth medium as follows: 3 mL of Fetal Bovine Serum and 300 µL of Penicilin antibiotic
were added to 27 mL of RPMI-1640 medium. In the last step, the samples were centrifuged
(5 min, 250× g in room temperature) in 1.5 mL Eppendorf tubes (Eppendorf, Hamburg,
Germany) and MRS measurements were carried out.

Cell viability: The number of cells was determined using the Trypan blue exclusion
method. Briefly, MCF-7 cells and HMEC cells are harvested from the HFB device, seeded
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in 6-well microplates, and exposed to 0.4% (w/v) Trypan blue dye solution. The cell
numbers in the HFB device are also determined manually in a hemocytometer chamber.
A commercially available, enzyme-linked immunosorbent assay kit (Sigma-Aldrich, St.
Louis, MO, USA) is used for this purpose. Fresh medium is added to replace the used
medium when the lactate concentration of the reservoir meets or exceeds 1000 lactate
units/mL. When the number of the cells in the cultures reaches or exceeds 109, the following
tissue parameters relevant to cancer development are measured: water density, lactate,
choline, glucose, and collagen content.

In the first step, the CRL-2314 breast cancer cells were tested. Then, a loading dose
of Trastuzumab dissolved in the culture medium (i.e., 0.012 mg/mL) was added, and the
cells were incubated for 24 h. The culture medium was changed sequentially, and the cells
were incubated again for 24 h after which an increase in the number of cells was noticed.
A double dose was then added and incubated again for 24 h.

In the second stage of the study, the same steps were repeated, only Trastuzumab
was dissolved in water for injection. Two million cells were treated with Trastuzumab
at 0.012 mg/mL for 24 h. Following incubation, the cells, as pellets, were collected by
trypsinization and washed twice with a phosphate-buffered saline solution (PBS) before re-
suspending in 1 mL PBS for further analysis. Finally, the cells were collected as pellets again
by centrifugation at 1200 rpm for 10 min at room temperature. The same concentrations in
water for injection were prepared to eliminate the effect of additional cell nutrition during
the applied therapy. First, pure CRL-2314 cells were tested, then a loading dose was added
to the culture and cells were incubated for 24 h (i.e., 0.012 mg/mL). The next step was
0.024 mg/mL and 0.048 mg/mL.

At each stage of the experiment, CRL-2314 cells were subjected to an abundance check.
For cell counting, 20 µL of the cell suspension was taken and appropriately diluted in PBS,
then the number of cells was automatically counted using Merck’s Muse Cell Analyzer
count and viability kit. The results of the number and viability of CRL-2314 cells after the
application of the Trastuzumab solution prepared in the medium are shown in Table 1.
Cells were counted using a Muse Cell Analyzer (Merck, St. Louis, MO, USA; Millipore,
Burlington, MA, USA). Cells were counted after applying the individual treatment steps
after 24 h of incubation under standard conditions: 37 ◦C, 5% CO2, and 95% humidity.

Sample metabolite extraction. Two million cells per flask were used for each sample to
avoid the effect of variable cell numbers. The cells were vortexed for 2 min to ensure the
quantitative extraction of metabolites and then stored in ice for 1 h.

Visualization of cellular uptake of Trastuzumab: The MRS studies of the MCF-7 and
CRL-2314 breast cancer cell lines using a clinical scanner with a 1.5 T field were performed.
Before treatment, 1H MR images of MCF-7 and CRL-2314 cells were performed using
a spin echo imaging sequence with TR = 1000 ms, TE = 40 ms, 0.5 mm slice thickness,
a 2 cm × 2 cm field of view, 256 × 256 matrix size, and 10 signal averages. 1H MRS was
acquired using a one-pulse sequence (flip angle 60◦; repetition time (TR) = 800 ms; number
of averages 2; echo time (TE) = 6 ms).

Due to different chemical environments, the proton signals vary for Trastuzumab
alone and Trastuzumab attached to the Her-2 receptor.

An attempt was made to use clinical MRI to monitor the response to Trastuzumab
therapy in in vitro studies of breast cancer cell lines. Trastuzumab (150 mg) in the form
of a powder for the preparation of a solution for infusion was obtained from “Roche
Polska Sp. z.o.o.” (Warsaw, Poland). In addition to Trastuzumab, the 150 mg vial of
Trastuzumab formulation consisted of L-histidine HCl, L-histidine, D-trehalose dihydrate,
and polysorbate 20.

In order to accurately analyze the spectra of Trastuzumab, analyses of the spectra
of the individual components were performed: D-trehalose dihydrate > 99% from Sigma
Aldrich, L-histidine > 99% (TLC) from Sigma Aldrich, and the commercially available
polysorbate 20.
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Elaboration of MRS data acquisition parameters and processing. Data were processed
using the program supplied with the MR scanner—SAGE7.7.1. This is a specialized pack-
age that allows the analysis of spectroscopic tests based on raw data from the MR scanner.
In this system, many operations can be performed that affect the final appearance of the
spectrum. For the purpose of analyzing the spectra included in this work, it was necessary
to attenuate the water signal. As we know, this is a big problem in MRS spectroscopy,
where the level of metabolites of interest can be many times lower than the level of the
water signal—sometimes up to 10,000 times. This package enables water attenuation, but
the attenuation band can be changed. The frequency at which the signal is attenuated is
the frequency of the peak with the highest amplitude—in the case of MRS studies, it is
most often the water signal. Although the level of water attenuation can be changed within
wide limits, it should be remembered that the signal is digitally processed and its conse-
quence is a significant reduction in signals located around the frequency of the main peak,
i.e., approximately 4.7 ppm. In practical applications, the band between 4.5–5.2 ppm is
strongly attenuated, which leads to a significant reduction or complete removal of some
peaks in this range. Therefore, it is important that this tool be used as little as possible. For
the research presented in this work, the attenuation band ranged from 10–40 Hz. The value
of the LB parameter was within the range of 0.3–2 Hz and was selected for the best display
of the spectrum. Increasing this parameter affects the appearance of the spectrum and
smoothes it. An excessive LB value can cause some of the resonance signals to be merged,
which means that the spectrum will have a lower resolution. MR systems are characterized
by a lower homogeneity of the B0 magnetic field compared to NMR systems. The field
is leveled before the test, but only until the optimal value is achieved, which does not
guarantee the best field homogeneity in the area of interest. It was therefore necessary to
fine-tune the field to ensure uniformity. This allowed us to obtain the best possible spectra
of the tested objects. The use of a dedicated coil for research also improved the quality of
the spectra. This is related to the size and shape of the examined object. The presentation
of the MRS results itself, which is possible in several variants, took place in the “Power”
window. Clinical systems are optimized for conducting research on the human body. The
internal temperature of a human being is approximately 37 ◦C. In vitro sample testing
involves recording the MRS signal at temperatures that are as much as 17 degrees Celsius
lower. Omitting this factor may result in the incorrect assignment of spectra. Therefore, it
was necessary to measure the temperature each time with a laboratory thermometer with
a resolution of 0.1 degrees Celsius and to correct this temperature in the SAGE program,
which took these changes into account. Due to the fact that electronic thermometers cannot
be used in the MRI environment, it was necessary to use a mercury thermometer.

Coils: The MRS experiments were performed using the General Electric Healthcare
(Milwaukee, Brookfield, WI, USA) Optima MR360 clinical magnetic resonance system with
a field strength of 1.5 Tesla, software version SV23. This system was equipped with a series
of coils; it is a device for clinical use that allows for the examination of all areas of the human
body. This system; however, does not allow for the testing of such small objects as cell
cultures. To enable data acquisition in this system, it was necessary to create a dedicated
receiving coil. This design was developed for the study of small objects placed in Eppendorf
tubes. Enameled copper wire with a diameter of 1.8 mm was used for matching the coil
with the size and shape of the samples to obtain optimal conditions for RF data acquisition.
This coil allows for obtaining both MR images as well as MRS for spectroscopic analysis
and was connected to the MR system using the factory single-channel coil adapter.

Figure 11 shows the receiving circuit and the main element of the receiving coil,
a solenoid with a diameter of approximately 11 mm. After assembly, the receiving coil
was tuned and tested for frequency response (Figure 12) with a RIGOL type: DSA815
spectrum analyzer. This device allows for the testing of the connected circuit in the 9 kHz
to 1.5 GHz band.
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The prepared transmit–receive (RF) coil was constructed in-house (Figure 12). The
following parameters were used for the SV sequence: voxel size 0.8 cm × 0.8 cm × 0.8 cm,
minimum possible repetition time TR = 1149 ms and minimum echo time TE = 27 ms, and
NEX = 8. The obtained results in the form of raw data files were analyzed using SAGE
7.7.1 software (Figure 13). (GE Medical Systems). In addition, in order to confirm the MRS
spectra, experiments were performed using a 300 MHz NMR Fourier 300 with the TopSpin
3.1 system from Bruker.
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5. Conclusions

The designed receiving coils allowed for conducting experiments with the cell lines
in a satisfactory manner. These tests would not be possible using factory-delivered coils
due to their parameters and the size of the test objects, whose volume did not exceed 1 mL.
The MRS studies revealed an increase in the metabolite at 1.9 ppm, which indicates the
induction of histone acetylation. Changes in histone acetylation play a very important role
in both cell development and differentiation processes. The use of Trastuzumab therapy
in breast cancer cells increases the levels of acetylated histones. MRS studies and spectra
obtained from the 300 MHz NMR system are consistent with the specificity inherent in
both systems.

MRS 1.5 T systems allow for conducting cell culture research to a limited but fully
acceptable extent. Although they are not equal to NMR systems in terms of the resolution
and quality of the spectra, they have an undeniable advantage over them. In MRS, there is
no need to prepare cultures for testing in a destructive manner. This is due to the lower
quality of the obtained spectra, but research on a given culture can be carried out many
times, monitoring the progress of changes occurring in it. In summary, it should be stated
that medium-field MR systems have great potential in the field of MRS research.

Author Contributions: D.A., R.P., A.M.P., A.K.-K., W.G. and D.B.-A.; methodology, D.A., R.P.,
A.M.P., M.O., A.K.-K., W.G., Z.B. and D.B.-A.; software, D.A., R.P., A.M.P., M.O., A.K.-K., W.G., Z.B.
and D.B.-A.; validation, D.A., R.P., A.M.P., A.K.-K., M.O. and D.B.-A.; formal analysis, D.A., R.P.,
A.M.P., W.G., A.K.-K., Z.B., A.T. and D.B.-A.; investigation, D.A., R.P., A.M.P., A.K.-K., M.O. and
D.B.-A.; resources, D.A., R.P., A.M.P., M.O., A.K.-K., M.O. and D.B.-A.; data curation, D.A., R.P.,
A.M.P., A.K.-K., M.O., Z.B., A.T. and D.B.-A.; writing—original draft preparation, D.A., R.P., A.M.P.,
A.K.-K., M.O. and D.B.-A.; writing—review and editing, D.A., R.P., A.M.P., A.K.-K., M.O. and D.B.-A.;
visualization, D.A., R.P., A.M.P., A.K.-K., M.O. and D.B.-A.; supervision, D.A. and D.B.-A.; project
administration, D.A. and D.B.-A.; funding acquisition, D.A., Z.B. and D.B.-A. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bertholdo, D.; Watcharakorn, A.; Castillo, M. Brain proton magnetic resonance spectroscopy: Introduction and overview.

Neuroimaging Clin. N. Am. 2013, 23, 359–380. [CrossRef]
2. Igarashi, H.; Takeda, M.; Natsumeda, M.; Fujii, Y. Proton magnetic resonance spectroscopy (1H-MRS). No Shinkei Geka. 2021,

49, 438–444.

https://doi.org/10.1016/j.nic.2012.10.002


Int. J. Mol. Sci. 2024, 25, 1719 19 of 21

3. DeSantis, C.E.; Bray, F.; Ferlay, J.; Lortet-Tieulent, J.; Anderson, B.O.; Jemal, A. International Variation in Female Breast Cancer
Incidence and Mortality Rates. Cancer Epidemiol. Biomark. Prev. 2015, 24, 1495–1506. [CrossRef] [PubMed]

4. Ginsburg, O.; Yip, C.H.; Brooks, A.; Cabanes, A.; Caleffi, M.; Dunstan Yataco, J.A.; Gyawali McCormack, V.; McLaughlin de
Anderson, M.; Mehrotra, R.; Mohar, A.; et al. Breast cancer early detection: A phased approach to implementation. Cancer 2020,
126, 2379–2393. [CrossRef]

5. Wild, C.P.; Weiderpass, E.; Stewart, B.W. World Cancer Report: Cancer Research for Cancer Prevention; International Agency for
Research on Cancer: Lyon, France, 2020; Available online: http://publications.iarc.fr/586 (accessed on 17 January 2022).

6. Lambert, J.M. Antibody−Drug Conjugates (ADCs): Magic Bullets at Last! Mol. Pharm. 2015, 12, 1701–1702. [CrossRef] [PubMed]
7. Stender, M.J.; Neuberg, D.; Wood, W.; Slegde, A. Correlation of circulating c-erbB2 extracellular domain (HER-2) with clinical

outcome in patients with mwtastacic breast cancer. Proc. Am. Soc. Oncol. 1997, 16, 541.
8. Sjögren, S.; Inganäs, M.; Lindgren, A.; Holmberg, L.; Bergh, J. Prognostic and predictive value of c-erbB-2 overexpression in

primary breast cancer, alone and in combination with other prognostic markers. J. Clin. Oncol. 1998, 16, 462–469. [CrossRef]
[PubMed]

9. Ng, C.K.; Martelotto, L.G.; Gauthier, A.; Wen, H.C.; Piscuoglio, S.; Lim, R.S.; Cowell, C.F.; Wilkerson, P.M.; Wai, P.; Rodrigues,
D.N.; et al. Intra-tumor genetic heterogeneity and alternative driver genetic alterations in breast cancers with heterogeneous
HER2 gene amplification. Genome Biol. 2015, 16, 107. [CrossRef] [PubMed]

10. Rimawi, M.F.; Schiff, R.; Osborne, C.K. Targeting HER2 for the treatment of breast cancer. Annu. Rev. Med. 2015, 66, 111–128.
[CrossRef]

11. Rexer, B.N.; Arteaga, C.L. Intrinsic and acquired resistance to HER2-targeted therapies in HER2 gene-amplified breast cancer:
Mechanisms and clinical implications. Crit. Rev. Oncog. 2012, 17, 1–16. [CrossRef]

12. Yeo, B.; Kotsori, K.; Mohammed, K.; Walsh, G.; Smith, I.E. Long-term outcome of HER2 positive metastatic breast cancer patients
treated with first-line trastuzumab. Breast 2015, 24, 751–757. [CrossRef] [PubMed]

13. Zhang, H.; Xu, H.B.; Kurban, E.; Luo, H.W. LncRNA SNHG14 promotes hepatocellular carcinoma progression via H3K27
acetylation activated PABPC1 by PTEN signaling. Cell Death Dis. 2020, 11, 646. [CrossRef]

14. Bali, P.; Pranpat, M.; Swaby, R.; Fiskus, W.; Yamaguchi, H.; Balasis, M.; Rocha, K.; Wang, H.G.; Richon, V.; Bhalla, K. Activity
of suberoylanilide hydroxamic Acid against human breast cancer cells with amplification of her-2. Clin Cancer Res. 2005,
11, 6382–6389. [CrossRef]

15. Thompson, E.W.; Reich, R.; Shima, T.B.; Albini, A.; Graf, J.; Martin, G.R.; Dickson, R.B.; Lippman, M.E. Differential regulation of
growth and invasiveness of MCF-7 breast cancer cells by antiestrogens. Cancer Res. 1988, 48, 6764–6768. [PubMed]

16. Ibrahim, E.; Al-Gahmi, A.M.; Zeenelin, A.A.; Zekri, J.M.; Elkhodary, T.R.; Gaballa, H.E.; Fawzy, E.E.; El Sayed, M.E.; Alzahrani,
M.S. Basal vs. luminal A breast cancer subtypes: A matched case-control study using estrogen receptor, progesterone receptor,
and HER-2 as surrogate markers. Med. Oncol. 2009, 26, 372–378. [CrossRef]

17. Le, X.F.; Pruefer, F.; Bast, R. Her-2-targeting antibodies modulate the cyclin-dependent kinase inhibitor p27Kip1 via multiple
signaling pathways. Cell Cycle 2005, 4, 87–95. [CrossRef] [PubMed]

18. Pegram, M.D.; Hsu, S.; Lewis, G.; Pietras, R.; Beryt, M.; Sliwkowski, M.; Coombs, D.; Baly, D.; Kabbinavar, F.; Slamon, D.
Inhibitory effects of combinations of Her-2/neu antibody and chemotherapeutic agents used for treatment of human breast
cancer. Oncogene 1999, 18, 2241–2251. [CrossRef]

19. Piccart-Gebhart, M.J.; Procter, M.; Leyland-Jones, B.; Goldhirsch, A.; Untch, M.; Smith, I.; Gianni, L.; Baselga, J.; Bell, R.; Jackisch, C.; et al.
Herceptin Adjuvant (HERA) Trial Study Team, Trastuzumab after adjuvant chemotherapy in Her-2-positive breast cancer. N.
Engl. J. Med. 2005, 353, 1659–1672. [CrossRef]

20. Shin, D.H.; Koo, M.J.; Kim, J.S.; Kim, J.S. Herceptin-conjugated temperature-sensitive immunoliposomes encapsulating gemc-
itabine for breast cancer. Arch. Pharmacal Res. 2016; Epub ahead of print. [CrossRef]

21. Baltzer, P.A.; Dietzel, M. Breast lesions: Diagnosis by using proton MR spectroscopy at 1.5 and 3.0 T. Radiology 2013, 267, 735–746.
[CrossRef]

22. Wang, X.; Wang, X.J.; Song, H.S.; Chen, L.H. 1H-MRS evaluation of breast lesions by using total choline signal-to-noise ratio as an
indicator of malignancy: A meta-analysis. Med. Oncol. 2015, 32, 160. [CrossRef]

23. Bitencourt, A.G.V.; Pinker, K.; Thakur, S. Elevated glycine detected on in vivo magnetic resonance spectroscopy in a breast cancer
patient: Case report and literature review. BJR Case Rep. 2020, 6, 20190090. [CrossRef]

24. El Ansari, R.; McIntyre, A.; Craze, M.L.; Ellis, I.O.; Rakha, E.A.; Green, A.R. Altered glutamine metabolism in breast cancer;
subtype dependencies and alternative adaptations. Histopathology 2018, 72, 183–190. [CrossRef]

25. Zhang, J.; Pavlova, N.N.; Thompson, C.B. Cancer cell metabolism: The essential role of a nonessential amino acid, glutamine.
EMBO J. 2017, 36, 1302–1315. [CrossRef]

26. Yanagida, O.; Kanai, Y.; Chairoungdua, A.; Kim, D.K.; Segawa, H.; Nii, T.; Cha, S.H.; Matsuo, H.; Fukushima, J.; Fukasawa, Y.; et al.
Human l-type amino acid transporter 1 (LAT1): Characterization of function and expression in tumor cell lines. Biochim. Biophys.
Acta. 2001, 1514, 291–302. [CrossRef]

27. Rivera, S.; Azcon-Bieto, J.; Lopez-Soriano, F.J.; Miralpeix, M.; Argiles, J.M. Amino acid metabolism in tumour-bearing mice.
Biochem. J. 1988, 249, 443–449. [CrossRef]

28. DeBerardinis, R.J.; Cheng, T. Q’s next: The diverse functions of glutamine in metabolism, cell biology and cancer. Oncogene 2010,
29, 313–324. [CrossRef]

https://doi.org/10.1158/1055-9965.EPI-15-0535
https://www.ncbi.nlm.nih.gov/pubmed/26359465
https://doi.org/10.1002/cncr.32887
http://publications.iarc.fr/586
https://doi.org/10.1021/acs.molpharmaceut.5b00302
https://www.ncbi.nlm.nih.gov/pubmed/26027696
https://doi.org/10.1200/JCO.1998.16.2.462
https://www.ncbi.nlm.nih.gov/pubmed/9469329
https://doi.org/10.1186/s13059-015-0657-6
https://www.ncbi.nlm.nih.gov/pubmed/25994018
https://doi.org/10.1146/annurev-med-042513-015127
https://doi.org/10.1615/CritRevOncog.v17.i1.20
https://doi.org/10.1016/j.breast.2015.09.008
https://www.ncbi.nlm.nih.gov/pubmed/26456898
https://doi.org/10.1038/s41419-020-02808-z
https://doi.org/10.1158/1078-0432.CCR-05-0344
https://www.ncbi.nlm.nih.gov/pubmed/2846159
https://doi.org/10.1007/s12032-008-9131-6
https://doi.org/10.4161/cc.4.1.1360
https://www.ncbi.nlm.nih.gov/pubmed/15611642
https://doi.org/10.1038/sj.onc.1202526
https://doi.org/10.1056/NEJMoa052306
https://doi.org/10.1007/s12272-016-0707-y
https://doi.org/10.1148/radiol.13121856
https://doi.org/10.1007/s12032-015-0603-1
https://doi.org/10.1259/bjrcr.20190090
https://doi.org/10.1111/his.13334
https://doi.org/10.15252/embj.201696151
https://doi.org/10.1016/S0005-2736(01)00384-4
https://doi.org/10.1042/bj2490443
https://doi.org/10.1038/onc.2009.358


Int. J. Mol. Sci. 2024, 25, 1719 20 of 21

29. van Geldermalsen, M.; Quek, L.E.; Turner, N.; Freidman, N.; Pang, A.; Guan, Y.F.; Krycer, J.R.; Ryan, R.; Wang, Q.; Holst, J.
Benzylserine inhibits breast cancer cell growth by disrupting intracellular amino acid homeostasis and triggering amino acid
response pathways. BMC Cancer 2018, 18, 689. [CrossRef] [PubMed]

30. Li, H.; Wang, J.; Yi, Z.; Li, C.; Wang, H.; Zhang, J.; Wang, T.; Nan, P.; Lin, F.; Xu, D.; et al. CDK12 inhibition enhances sensitivity of
HER2+ breast cancers to HER2-tyrosine kinase inhibitor via suppressing PI3K/AKT. Eur. J. Cancer 2021, 145, 92–108. [CrossRef]

31. Maria, R.M.; Altei, W.F.; Selistre-de-Araujo, H.S.; Colnago, L.A. Impact of chemotherapy on metabolic reprogramming: Character-
ization of the metabolic profile of breast cancer MDA-MB-231 cells using 1H HR-MAS NMR spectroscopy. J. Pharm. Biomed. Anal.
2017, 146, 324–328. [CrossRef] [PubMed]

32. Euceda, L.R.; Haukaas, T.H.; Giskeødegård, G.F.; Vettukattil, M.R.; Engel, J.; Silwal-Pandit, L.; Lundgren, S.; Borgen, E.; Garred, Ø.;
Postma, G.; et al. Evaluation of Metabolomic Changes during Neoadjuvant Chemotherapy Combined with Bevacizumab in
Breast Cancer Using MR Spectroscopy. Metabolomics 2017, 13, 37. [CrossRef]

33. Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [CrossRef]
34. Bathen, T.F.; Geurts, B.; Sitter, B.; Fjøsne, H.E.; Lundgren, S.; Buydens, L.M.; Gribbestad, I.S.; Postma, G.; Giskeødegård, G.F.

Feasibility of MR Metabolomics for Immediate Analysis of Resection Margins during Breast Cancer Surgery. PLoS ONE 2013,
8, e61578. [CrossRef]

35. Cheng, L.L.; Chang, I.W.; Smith, B.L.; Gonzalez, R.G. Evaluating Human Breast Ductal Carcinomas with High-Resolution
Magic-Angle Spinning Proton Magnetic Resonance Spectroscopy. J. Magn. Reson. 1998, 135, 194–202. [CrossRef] [PubMed]

36. Sitter, B.; Lundgren, S.; Bathen, T.F.; Halgunset, J.; Fjosne, H.E.; Gribbestad, I.S. Comparison of HR MAS MR Spectroscopic
Profiles of Breast Cancer Tissue with Clinical Parameters. NMR Biomed. 2006, 19, 30–40. [CrossRef] [PubMed]

37. Choi, J.S.; Baek, H.M.; Kim, S.; Kim, M.J.; Youk, J.H.; Moon, H.J.; Kim, E.K.; Han, K.H.; Kim, D.H.; Kim, S.I.; et al. HR-MAS
MR spectroscopy of breast cancer tissue obtained with core needle biopsy: Correlation with prognostic factors. PLoS ONE 2012,
7, e51712. [CrossRef]

38. Sitter, B.; Bathen, T.F.; Singstad, T.E.; Fjøsne, H.E.; Lundgren, S.; Halgunset, J.; Gribbestad, I.S. Quantification of metabolites
in breast cancer patients with different clinical prognosis using HR MAS MR spectroscopy. NMR Biomed. 2010, 23, 424–431.
[CrossRef] [PubMed]

39. Giskeødegård, G.F.; Lundgren, S.; Sitter, B.; Fjøsne, H.E.; Postma, G.; Buydens, L.M.; Gribbestad, I.S.; Bathen, T.F. Lactate and
glycine—Potential MR biomarkers of prognosis in estrogen receptor-positive breast cancers. NMR Biomed. 2021, 25, 1271–1279.
[CrossRef] [PubMed]

40. Demas, D.M.; Demo, S.; Fallah, Y.; Clarke, R.; Nephew, K.P.; Althouse, S.; Sandusky, G.; He, W.; Shajahan-Haq, A.N. Glutamine
Metabolism Drives Growth in Advanced Hormone Receptor Positive Breast Cancer. Front. Oncol. 2019, 9, 686. [CrossRef]

41. Guerra, Â.R.; Paulino, A.F.; Castro, M.M.; Oliveira, H.; Duarte, M.F.; Duarte, I.F. Triple Negative Breast Cancer and Breast
Epithelial Cells Differentially Reprogram Glucose and Lipid Metabolism upon Treatment with Triterpenic Acids. Biomolecules
2020, 10, 1163. [CrossRef] [PubMed]

42. Crémillieux, Y.; Salvati, R.; Dumont, U.; Pinaud, N.; Bouchaud, V.; Sanchez, S.; Glöggler, S.; Wong, A. 1H-MRS measurements of
time-varying lactate production in an animal model of glioma during administration of an anti-tumoral drug. NMR Biomed. 2018,
31, e3861. [CrossRef]

43. Jobard, E.; Pontoizeau, C.; Blaise, B.J.; Bachelot, T.; Elena-Herrmann, B.; Trédan, O. A serum nuclear magnetic resonance-based
metabolomic signature of advanced metastatic human breast cancer. Cancer Lett. 2014, 343, 33–41. [CrossRef] [PubMed]

44. Hart, C.D.; Vignoli, A.; Tenori, L.; Uy, G.L.; Van To, T.; Adebamowo, C.; Hossain, S.M.; Biganzoli, L.; Risi, E.; Love, R.R.; et al.
Serum Metabolomic Profiles Identify ER-Positive Early Breast Cancer Patients at Increased Risk of Disease Recurrence in a
Multicenter Population. Clin. Cancer Res. 2017, 23, 1422–1431. [CrossRef] [PubMed]

45. Singh, A.; Sharma, R.K.; Chagtoo, M.; Agarwal, G.; George, N.; Sinha, N.; Godbole, M.M. 1H NMR metabolomics reveals
association of high expression of inositol 1, 4, 5 trisphosphate receptor and Metabolites in breast cancer patients. PLoS ONE 2017,
12, e0169330. [CrossRef]

46. Suman, S.; Sharma, R.K.; Kumar, V.; Sinha, N.; Shukla, Y. Metabolic fingerprinting in breast cancer stages through 1H NMR
spectroscopy-based metabolomic analysis of plasma. J. Pharm. Biomed. Anal. 2018, 160, 38–45. [CrossRef]

47. Richard, V.; Conotte, R.; Mayne, D.; Colet, J.M. Does the 1H-NMR plasma metabolome reflect the host-tumor interactions in
human breast cancer? Oncotarget 2017, 8, 49915–49930. [CrossRef]

48. Kauraniemi, P.; Hautaniemi, S.; Autio, R.; Astola, J.; Monni, O.; Elkahloun, A.; Kallioniemi, A. Effects of Herceptin treatment
on global gene expression patterns in Her-2 amplified and nonamplified breast cancer cell lines. Oncogene 2004, 23, 1010–1013.
[CrossRef]

49. Bartusik, D.; Tomanek, B.; Lattová, E.; Perreault, H.; Fallone, G. Ex vivo assays of CEM cells cultured and treated in the three
dimensional cultures. Biomed. Pharm. 2010, 64, 390–395. [CrossRef] [PubMed]

50. Sorace, A.G.; Elkassem, A.A.; Galgano, S.J.; Lapi, S.E.; Larimer, B.M.; Partridge, S.C.; Quarles, C.C.; Reeves, K.; Napier, T.S.; Song,
P.N.; et al. Imaging for Response Assessment in Cancer Clinical Trials. Semin. Nucl. Med. 2020, 50, 488–504. [CrossRef]

51. Flores, L.G., 2nd; Yeh, H.H.; Soghomonyan, S.; Young, D.; Bankson, J.; Hu, Q.; Alauddin, M.; Huff, V.; Gelovani, J.G. Monitoring
therapy with MEK inhibitor U0126 in a novel Wilms tumor model in Wt1 knockout Igf2 transgenic mice using 18F-FDG PET
with dual-contrast enhanced CT and MRI: Early metabolic response without inhibition of tumor growth. Mol. Imaging Biol. 2013,
15, 175–185. [CrossRef]

https://doi.org/10.1186/s12885-018-4599-8
https://www.ncbi.nlm.nih.gov/pubmed/29940911
https://doi.org/10.1016/j.ejca.2020.11.045
https://doi.org/10.1016/j.jpba.2017.08.038
https://www.ncbi.nlm.nih.gov/pubmed/28915495
https://doi.org/10.1007/s11306-017-1168-0
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1371/journal.pone.0061578
https://doi.org/10.1006/jmre.1998.1578
https://www.ncbi.nlm.nih.gov/pubmed/9799694
https://doi.org/10.1002/nbm.992
https://www.ncbi.nlm.nih.gov/pubmed/16229059
https://doi.org/10.1371/journal.pone.0051712
https://doi.org/10.1002/nbm.1478
https://www.ncbi.nlm.nih.gov/pubmed/20101607
https://doi.org/10.1002/nbm.2798
https://www.ncbi.nlm.nih.gov/pubmed/22407957
https://doi.org/10.3389/fonc.2019.00686
https://doi.org/10.3390/biom10081163
https://www.ncbi.nlm.nih.gov/pubmed/32784479
https://doi.org/10.1002/nbm.3861
https://doi.org/10.1016/j.canlet.2013.09.011
https://www.ncbi.nlm.nih.gov/pubmed/24041867
https://doi.org/10.1158/1078-0432.CCR-16-1153
https://www.ncbi.nlm.nih.gov/pubmed/28082280
https://doi.org/10.1371/journal.pone.0169330
https://doi.org/10.1016/j.jpba.2018.07.024
https://doi.org/10.18632/oncotarget.18307
https://doi.org/10.1038/sj.onc.1207200
https://doi.org/10.1016/j.biopha.2010.02.004
https://www.ncbi.nlm.nih.gov/pubmed/20347572
https://doi.org/10.1053/j.semnuclmed.2020.05.001
https://doi.org/10.1007/s11307-012-0588-5


Int. J. Mol. Sci. 2024, 25, 1719 21 of 21

52. Capozza, M.; Anemone, A.; Dhakan, C.; Della Peruta, M.; Bracesco, M.; Zullino, S.; Villano, D.; Terreno, E.; Longo, D.L.; Aime, S.
GlucoCEST MRI for the Evaluation Response to Chemotherapeutic and Metabolic Treatments in a Murine Triple-Negative Breast
Cancer: A Comparison with[18F]F-FDG-PET. Mol. Imaging Biol. 2022, 24, 126–134. [CrossRef]

53. Kristian, A.; Revheim, M.E.; Qu, H.; Mælandsmo, G.M.; Engebråten, O.; Seierstad, T.; Malinen, E. Dynamic (18)F-FDG-PET
for monitoring treatment effect following anti-angiogenic therapy in triple-negative breast cancer xenografts. Acta Oncol. 2013,
52, 1566–1572. [CrossRef]

54. Napier, T.S.; Hunter, C.L.; Song, P.N.; Larimer, B.M.; Sorace, A.G. Preclinical PET Imaging of Granzyme B Shows Promotion of
Immunological Response Following Combination Paclitaxel and Immune Checkpoint Inhibition in Triple Negative Breast Cancer.
Pharmaceutics 2022, 14, 440. [CrossRef]

55. Zhang, P.; Zhu, W.; Wang, D.; Yan, J.; Wang, Y.; He, L. Enantioselective Effects of Metalaxyl Enantiomers on Breast Cancer Cells
Metabolic Profiling Using HPLC-QTOF-Based Metabolomics. Int. J. Mol. Sci. 2017, 18, 142. [CrossRef]

56. Mao, C.; Wang, M.; Li, L.; Tang, J.H. Circulating metabolites serve as diagnostic biomarkers for HER2-positive breast cancer and
have predictive value for trastuzumab therapy outcomes. J. Clin. Lab. Anal. 2022, 36, 24212. [CrossRef]

57. Chihanga, T.; Hausmann, S.M.; Ni, S.; Kennedy, M.A. Influence of media selection on NMR based metabolic profiling of human
cell lines. Metabolomics 2018, 14, 28. [CrossRef]

58. Daskalaki, E.; Pillon, N.J.; Krook, A.; Wheelock, C.E.; Checa, A. The influence of culture media upon observed cell secretome
metabolite profiles: The balance between cell viability and data interpretability. Anal. Chim. Acta 2018, 1037, 338–350. [CrossRef]

59. Boyer, J.Z.; Phillips, G.D.L.; Nitta, H.; Garsha, K.; Admire, B.; Kraft, R.; Dennis, E.; Vela, E.; Towne, P. Activity of trastuzumab
emtansine (T-DM1) in 3D cell culture. Breast Cancer Res. Treat. 2021, 188, 65–75. [CrossRef] [PubMed]

60. Hosseinzadeh, A.; Merikhian, P.; Naseri, N.; Eisavand, M.R.; Farahmand, L. MUC1 is a potential target to overcome trastuzumab
resistance in breast cancer therapy. Cancer Cell Int. 2022, 22, 110. [CrossRef] [PubMed]

61. Nagana Gowda, G.A.; Barding, G.A., Jr.; Dai, J.; Gu, H.; Margineantu, D.H.; Hockenbery, D.M.; Raftery, D. A Metabolomics Study
of BPTES Altered Metabolism in Human Breast Cancer Cell Lines. Front. Mol. Biosci. 2018, 5, 49. [CrossRef] [PubMed]

62. Sharma, U.; Jagannathan, N.R. Magnetic Resonance Imaging (MRI) and MR Spectroscopic Methods in Understanding Breast
Cancer Biology and Metabolism. Metabolites 2022, 12, 295. [CrossRef] [PubMed]

63. Romero-Garcia, S.; Lopez-Gonzalez, J.S.; Báez-Viveros, J.L.; Aguilar-Cazares, D.; Prado-Garcia, H. Tumor cell metabolism: An
integral view. Cancer Biol Ther. 2011, 12, 939–948. [CrossRef] [PubMed]

64. Dong, H.; Wang, W.; Mo, S.; Liu, Q.; Chen, X.; Chen, R.; Zhang, Y.; Zou, K.; Ye, M.; He, X.; et al. Long noncoding RNA SNHG14
induces trastuzumab resistance in breast cancer by regulating PABPC1 expression via H3K27 acetylation. J. Cell Mol. Med. 2018,
22, 4935–4947. [CrossRef] [PubMed]

65. Meng, Q.; Chen, X.; Sun, L.; Zhao, C.; Sui, G.; Cai, L. Carbamazepine promotes Her-2 protein degradation in breast cancer cells by
modulating HDAC6 activity and acetylation of Hsp90. Mol. Cell Biochem. 2011, 348, 165–171. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11307-021-01637-6
https://doi.org/10.3109/0284186X.2013.813634
https://doi.org/10.3390/pharmaceutics14020440
https://doi.org/10.3390/ijms18010142
https://doi.org/10.1002/jcla.24212
https://doi.org/10.1007/s11306-018-1323-2
https://doi.org/10.1016/j.aca.2018.04.034
https://doi.org/10.1007/s10549-021-06272-x
https://www.ncbi.nlm.nih.gov/pubmed/34091830
https://doi.org/10.1186/s12935-022-02523-z
https://www.ncbi.nlm.nih.gov/pubmed/35248049
https://doi.org/10.3389/fmolb.2018.00049
https://www.ncbi.nlm.nih.gov/pubmed/29868609
https://doi.org/10.3390/metabo12040295
https://www.ncbi.nlm.nih.gov/pubmed/35448482
https://doi.org/10.4161/cbt.12.11.18140
https://www.ncbi.nlm.nih.gov/pubmed/22057267
https://doi.org/10.1111/jcmm.13758
https://www.ncbi.nlm.nih.gov/pubmed/30063126
https://doi.org/10.1007/s11010-010-0651-y

	Introduction 
	Results 
	MCF-7 Cells 
	CRL-2314 Cells 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

