
Abstract. Background/Aim: Trastuzumab and tamoxifen are
two of the most widely prescribed anti-cancer drugs for
breast cancer (BC). To date, few studies have explored the
impact of anticancer drugs on metabolic pathways in BC.
Metabolomics is an emerging technology that can identify
new biomarkers for tracking therapy response and novel
therapeutic targets. Materials and Methods: We employed
ultra-high-performance liquid chromatography-quadrupole
time of flight mass spectrometry (UHPLC-QTOF-MS) to
investigate changes in MCF-7 and SkBr3 cell lines treated
with either tamoxifen, trastuzumab or a combination of both.
The Bruker Human Metabolome Database (HMDB)
metabolite library was used to match spectra and the
MetaboScape software to assign each feature with a putative
metabolite name or molecular formula for metabolite
annotation. Results: A total of 98 metabolites were found to
significantly differ in abundance in MCF-7 and SkBr3
treated cells. Moreover, the metabolic profile of the
combination medication is similar to that of tamoxifen alone,
according to functional enrichment analysis. Conclusion:
Tamoxifen/trastuzumab treatment had a significant effect on

pathways essential for the control of energy-production,
which have previously been linked to cancer progression,
and aggressiveness

Cancer is considered the second leading cause of death after
heart disease with the number of cases estimated to grow to
over 13.1 million by 2030 (1). Worldwide, breast cancer
(BC) is the second leading cause of cancer-related death,
after lung cancer, among women (2-5). This cancer type is
recognized as a heterogeneous and multifaceted disease with
a varied range of pathological, clinical, and molecular
characteristics. BC is hormone-responsive and classified into
three subtypes based on specific estrogen (E), progesterone
(P), and human epidermal growth factor molecular
biomarkers. The main hormones involved in the regulation
of tumor growth or regression and cellular function are
estrogen and progesterone. After malignant transformation,
because the mammary glands contain unique receptor sites,
the cells may maintain all or some of the normal complement
of receptor sites (6-9). With respect to the retained receptor
sites, breast tumors are classified as one of the estrogen- or
progesterone-positive or -negative receptor (ER-/PR-
positive/-negative) subtypes. Experimental breast tumor
models demonstrate evidence of PR estrogen regulation,
indicating that PR is present in approximately 59% of ER-
positive metastatic tumors (10, 11). Clinical studies have
shown that women with hormone receptor-positive tumors
have successfully survived therapy with adjuvant hormone
and/or chemotherapy regimens (12, 13). Human epidermal
growth factor receptor (HER2) is a third molecular target
that belongs to the transmembrane receptor tyrosine kinase
family. It plays an essential role in the mediation of growth
and progression of breast cancer cells (14). Worldwide,
approximately 20% of BC overexpress the HER2 receptor

79

This article is freely accessible online.

Correspondence to: Mohammad H. Semreen (PhD), Professor,
Department of Medicinal Chemistry, College of Pharmacy, University
of Sharjah, 27272, Sharjah, United Arab Emirates. Tel: +971
556295892, e-mail: msemreen@sharjah.ac.ae; and Nelson C. Soares
(PhD), Assistant Professor, Department of Medicinal Chemistry,
College of Pharmacy, University of Sharjah, 27272, Sharjah, United
Arab Emirates. Tel: +971 65057763, e-mail: nsoares@sharjah.ac.ae 

Key Words: Untargeted metabolomics, MCF-7, SkBr3, breast cancer
cells, UHPLC-trapped ion TIMS-QTOF, tamoxifen, trastuzumab.

CANCER GENOMICS & PROTEOMICS 19: 79-93 (2022)
doi:10.21873/cgp.20305

Untargeted Metabolomics of Breast Cancer Cells MCF-7 
and SkBr3 Treated With Tamoxifen/Trastuzumab

BASMA M. SHARAF1, ALEXANDER D. GIDDEY2, HASAN ALNISS1,3, 
HAMZA M. AL-HROUB3, RAAFAT EL-AWADY1,3, MUATH MOUSA4, 

AHMED ALMEHDI4,5, NELSON C. SOARES1,3 and MOHAMMAD H. SEMREEN1,3

1College of Pharmacy, University of Sharjah, Sharjah, United Arab Emirates; 
2Department of Integrative Biomedical Sciences, Faculty of Health Sciences, 

University of Cape Town, Cape Town, South Africa; 
3Sharjah Institute for Medical Research, University of Sharjah, Sharjah, United Arab Emirates;

4Research Institute of Science and Engineering, University of Sharjah, Sharjah, United Arab Emirates; 
5Department of Chemistry, College of Sciences, University of Sharjah, Sharjah, United Arab Emirates



and this is associated with proliferation of certain aggressive
BC cells. This means that targeted treatment, including anti-
HER2 antibodies (such as trastuzumab), either alone or in
conjunction with chemotherapy (15-17), helps patients with
HER2-amplified breast cancer. Various treatment techniques
are used to treat BC, including surgical resection,
postoperative radiation, chemotherapy, endocrine therapy and
directed antibody therapy. Hormonal therapy is the first and
safest option with which to start in the case of hormone
receptor-positive-based BC (18). Despite remarkable
achievements, 30% of patients will experience relapse with
distant metastatic sites in the brain, bone, and lung. This
highlights an urgent need to find more effective drug
therapies for BC (19, 20).  

Trastuzumab and tamoxifen are two of the most widely
prescribed anti-cancer drugs for BC. These treatments have
an impact due to of the variation in their mechanisms of
action. Trastuzumab is a humanized version of the 4D5
murine monoclonal antibody whose key mode of action is
linked to its ability to directly target and bind to the
extracellular HER2 domain and inhibit the HER2 pathway
continuously (21, 22). In HER2-positive tumors, there is a
concomitant up-regulation of the PI3K-Akt survival pathway
and of nuclear factor ĸB (NF-ĸB), a potent pro-inflammatory
mediator that protects against apoptotic stimuli (23). In
addition, HER2 is also controlled by Survivin, a member of
the apoptosis inhibitor family for whom up-regulation in
human malignancies is associated with chemotherapy
resistance. The blockage of HER2 contributes to inhibition
of survival pathways, which in turn induces tumor apoptosis
(24, 25). Other biological activities of HER2 include
antibody-dependent cellular cytotoxicity activation,
extracellular domain cleavage inhibition, intracellular
signaling abrogation, angiogenesis reduction, and reduced
deoxyribonucleic acid (DNA) repair, which all together
contribute to the stasis and death of tumor cells (26).
Tamoxifen, on the other hand, has been reported to exert
antiproliferative activity through competitive inhibition of
the binding of 17β-estradiol (E2) to ER (27); this anti-
estrogen property is believed to be the underlying main
mechanism through increased matrix metalloproteinase-9
(MMP-9) activity and endostatin production in breast cancer.
Furthermore, a novel mechanism has been demonstrated in
which tamoxifen may have an anti-tumor effect on breast
cancer by lowering extracellular transforming growth factor-
β1 (TGF-β1) released by breast cancer cells, through a post-
translational regulation involving matrix metalloproteinase
activity. This is an additional method by which tamoxifen
operates as an anti-tumor and anti-angiogenic agent in breast
cancer (28). Notably, by influencing both tumor cell survival
and tumor angiogenesis, TGF-ß1 acts as a tumor promoter
(29). To a certain degree, the mechanism of action of these
two medications is understood, however in order to fine tune

any therapeutic drug treatment and/or suggest an alternative
protocol, it is important that we obtain comprehensive
molecular signatures of the action and effect of these anti-
cancer drugs during the cell’s physiological response. 

Metabolomics is an emerging field in biomedical research
which enables us to investigate the contents of a biological
matrix at the molecular level. Within this context,
metabolites are downstream biochemical products in the
“omics” cascades, and altered metabolism is often referenced
as a hallmark of cancer (30). Indeed, reprogrammed
metabolism is a vital component of tumor growth and
development. For example, it is well-established that cancer-
associated metabolic changes include the Warburg effect and
glutamine addiction (31-33). Liquid Chromatography with
tandem mass spectrometry (LC-MS/MS) based untargeted
metabolomics is an emerging mass spectrometry approach
that can measure thousands of metabolites/molecular features
in an unbiased manner and reveal precise information
regarding metabolic signatures. Such discoveries could play
a significant role in elucidating the molecular bases of cancer
growth, progression, and treatment outcomes.  

Nevertheless, only a few studies have explored in detail
the impact of anticancer drugs on breast cancer cell
metabolism. In our previous study, we investigated the effect
of the anticancer medications tamoxifen and/or paclitaxel on
the metabolic profile of two BC cell lines with different
hormone levels (MCF-7 and MDA-MB-231), using gas
chromatography-mass spectrometry (GC-MS) which showed
that the major metabolites effected were related to energy
production pathways (34, 35). The metabolic profiling of
MCF-7 cells treated with tamoxifen, cisplatin, and
doxorubicin was investigated previously using proton
nuclear magnetic resonance (1H NMR). The NMR results of
this investigation showed that the concentration of
phosphocholine (breast cancer biomarker) was higher in
control cells compared to treated cells, whereas MCF-7
control and treated cells showed equal concentrations of
betaine (the main osmolyte in cells), but betaine was absent
in non-tumor MCF-10A cells (36).

Herein, our approach is the first to investigate the influence
of the anticancer drugs, tamoxifen and/or trastuzumab on the
metabolic signature of human breast cancer cell lines (MCF-
7 ER-, PR-positive, HER2 negative and SkBr3 ER-, PR-
negative, HER2 positive) with different hormonal status (ER,
PR and HER2) using TIMS-QTOF MS analysis.

Materials and Methods
Reagents. High purity (>99%) tamoxifen and trastuzumab were
purchased from Merck (Darmstadt, Germany). Cell lines (MCF-7
and SkBr3) utilized in this study were provided by the Radiobiology
and Experimental Radio Oncology Lab, University Cancer Center
Hamburg, Hamburg, Germany. Formic acid (FA) was obtained from
Fisher Chemical (Geel, Belgium, UK). Methanol (≥99.9%),
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acetonitrile and deionized Water, LC-MS CHROMASOLV were
purchased from Honeywell (Wunstorfer Strasse, Seelze, Germany). 

Cell lines and culture conditions. The two BC cell lines (MCF-7
and SkBr3) utilized in this study were cultured as monolayers in
DMEM medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin (Sigma Aldrich, St. Louis, MO, USA).
All cultures were incubated at 37˚C in a humidified atmosphere of
5% CO2.

Treatment of cells with anticancer drugs. Two million cells (per
type) were seeded in 75 cm2 tissue culture flasks and incubated for
24 h. The cells were then treated with tamoxifen (5 μM) and/or
trastuzumab (2.5 μM) for 24 h. Control cells were treated with
vehicle dimethyl sulfoxide (DMSO at 0.5%) for 24 h. Following
incubation, cells as pellets were collected by trypsinization and
washed twice with phosphate-buffered saline solution (PBS) before
re-suspending in 1 ml PBS for further analysis. Finally, cells were
collected as pellets again by centrifugation at 1,200 rpm for 10 min
at room temperature. Triplicate flasks were prepared for each treated
cell line for each analysis. To negate the effect of circadian rhythms
on the response of cells to treatment, cells were kept under the same
conditions throughout the incubation period and the cell collection
was performed concurrently for all samples. 

Sample metabolite extraction. Two million cells per flask were used
for each sample to avoid the effect of variable cell numbers. A
volume of 1 ml of the extraction solvent (methanol + 0.1% formic
acid) was added to each microcentrifuge tube tube containing the
cells which quenched cellular metabolic activity. The cells were
vortexed for 2 min to ensure the quantitative extraction of
metabolites and then stored in ice for 1 h. 

After this, the insoluble cell matrices were subjected to
intermittent ultrasonication using the COPLEY sonicator or
QSONICA SONICATOR (Qsonica, Newtown, CT, USA) under
30% amplifier and for 30 sec with an ice bath employed throughout
the process. Following that, cells debris were centrifuged (15,000
rpm, 10 min, 24˚C) to precipitate and separate cell wall and other
cellular components except the metabolites and the supernatants
containing cellular metabolites were collected and transferred to LC
glass vials for drying the solvent in the EZ-2 Plus (GeneVac,
Ipswich, UK) at 37±1˚C. Dried samples with the needed metabolites
were resuspended with 200 μl (water + 0.1% formic acid), and
vortexed for 2 min to be mixed totally. Finally, the samples were
filtered for HPLC use using a hydrophilic nylon syringe filter of
0.45 μm pore size and returned to the insert within LC glass vials
to be analyzed by Q-TOF MS. 

Tandem mass liquid chromatography (Q-TOF MS). The TimsTOF
Mass Spectrometer and Elute UHPLC and autosampler (Bruker,
Billerica, MA, USA) were employed for separation and detection of
the cell metabolites. The system was equipped with trapped
quadrupole time-of-flight mass spectrometer, solvent delivery systems
pump (Elute UHPLC Pump HPG 1300), autosampler (Elute UHPLC)
and thermostat column compartment (Elute UHPLC). Computer
operating system was Windows 10 Enterprise 2016 LTSB and the Data
Management Software was Bruker Compass HyStar 5.0 SR1 Patch1
(5.0.37.1), Compass 3.1 for otofSeries, otofControl Version 6.0.

Metabolites were analysed in auto MS/MS positive scan mode
within the range of 20-1,300 m/z utilizing electrospray ionization

(ESI). The ESI source with dry nitrogen gas was 10 l/min and the
drying temperature equal to 220˚C. The capillary voltage of the ESI
was 4,500 V with 2.2 bar nebulizer pressure. For MS2 acquisition
the collision energy was set at 20 eV and end Plate Offset as 500
V. A Hamilton® Intensity Solo 2 C18 column (100 mm × 2.1 mm ×
1.8 μm) was utilized for the separation of metabolites and sodium
formate was used as calibrant for external calibration step. For
metabolite analysis, solvent A (Water + 0.1% FA) and solvent B
(Acetonitrile + 0.1% FA) were used in gradient elution mode. The
gradient program used a flow rate of 0.250 ml/min with 99A:1.0B
from 0.00-2.00 min, 99A:1.0B to 1.0A:99B from 2.00-17.00 min,
1.0A:99B from 17.00-20.00 min, 1.0A:99B to 99A:1.0B from
20.00-20.10 min, flow rate of 0.350 ml/min with 99A:1.0B from
20.10-28.50 min, flow rate of 0.250 ml/min, with 99A:1.0B from
28.50-30 min giving a total run time of 30 min with a maximum
pressure of 14993 pounds per square inch (PSI). The autosampler
temperature was set at 8˚C and the column oven temperature at
35˚C. A total volume of 10 μl was injected into the QTOF MS. 

Data analysis and statistical approach. Data processing.
Processing and statistical analysis were performed using
MetaboScape® 4.0 software (Bruker Daltonics). Bucketing in T-
ReX 2D/3D workflow, the parameters set for molecular feature
detection were as follows: minimum intensity threshold equal to
1,000 counts along with minimum peak length of 7 spectra for
peak detection, using peak area for feature quantitation. The mass
recalibration was done within a retention time range between 0-
0.3 min. Only those features present in at least 3 of 12 samples
(per cell type) were considered. On the other hand, the MS/MS
import method was set to be done by average. The parameters for
data bucketing were assigned as follows: Retention time range
started at 0.3 min and ended at 25 min, while mass range started
at 50 m/z and ended at 1,000 m/z. 

The MetaboScape software’s powerful capability is known by
creating bucket statistics and box plot with statistics for each metabolite
displayed by compound ID of the selected bucket across the analysis
included in the current experiment. The bucket statistics allows rapid
review of the distribution of metabolite intensities among groups, while
the box plot differentiates between groups, showing median and mean
values and 25% and 75% quartiles within a separate box for each
metabolite. Two-tailed independent students t-test was used to identify
significantly altered metabolites for each drug compared to DMSO.
Consequently, a volcano plot was constructed showing the statistical
significance and fold change for dysregulation of cellular metabolites
for each condition. Additionally, a one-way analysis of variance
(ANOVA) was used for multiple group comparison and to compare the
drugs with investigating their interaction. The threshold for significance
was p<0.05. Venn diagrams were generated using (http://bioi
nformatics.psb.ugent.be/webtools/Venn/). Functional Enrichments
were constructed using metaboanalyst (https://www.meta
boanalyst.ca).

All data, including the raw QGD files, have been deposited in the
Metabolomics Workbench repository (https://www.metabolomics
workbench.org/) with data ID 2782. 

Results 

This study investigated the influence of the anticancer
drugs, tamoxifen and/or trastuzumab on the metabolic
profile of human breast cancer cell lines (MCF-7and
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SkBr3) with different hormone response statuses (ER, PR
and HER2), and this is summarized in Figure 1. The TIMS-
QTOF MS base peak chromatogram (BPC) of the detected
compounds in the MCF-7 and SkBr3 BC cells are shown
in Figure 2A and B, respectively. All the experiments were
performed in three biological replicates and each metabolite
extract was analysed in duplicate by LC-QTOF MS which
generated a dataset of 15,482 features across 24 samples
(48 LC-TIMS-QTOF analyses). The parameters set for
valid identification were as followed: First, we
characterized the unknown compounds obtained from Q-
TOF MS by two main characteristics which are MS/MS
spectra and retention time (RT), but the MS/MS spectra
was the minimum criteria of selection for the next step.
Then, for the set of compounds that fulfilled the
characteristics and showing either MS/MS alone or MS/MS
with RT, we performed annotation using the Human
Metabolome Database (HMDB-4.0) spectral library. So that
all selected compounds were matched to this library.

Where multiple features matched to a given database
entry, these metabolites were after that filtered by using that
entry of each metabolite with the highest annotation quality
score (AQ score) among other entries of the same
metabolite, i.e., which best fit with the greatest number of
factors such as: retention time, MS/MS, m/z values, analyte
list and spectral library. Meaning that we chose only one
entry of the repeated metabolite having the same ID and
name with different p-values by utilizing the above-
mentioned factors. This was easily achieved by using the
bucket table in MetaboScape software. After filtration, there
remained a total of 236 distinct, identified metabolites.
Finally, only the compounds registered in the HMDB 4.0
and the significant values with p<0.05 were included in the
metabolite datasets, and that generated 52 metabolites in
MCF-7 and 46, in SkBr3 cell lines after data mining (Table
I and Table II).

Using one-way ANOVA, we observed a significant
difference between the metabolic profiles of treated MCF-7
and SkBr3 BC cells compared to untreated cells.
Additionally, we explored the impact of the drug treatment
on individual metabolites using both Student’s t-test and one-
way ANOVA in MCF-7 and SkBr3 BC cells.

Our results indicate that different drug treatments had a
different impact on the metabolic profile of both MCF-7 and
SkBr3. The differences arise from the fact that each cell line
exhibits distinct pathological and clinical features as they
possess different hormonal statuses and receptor types for
drug targets (37, 38). 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 (39).
Moreover, MCF-7 cell lines represent luminal-like BC and
SkBr3 cell lines represent basal-like BC.

Discussion

Drug treatment effects on MCF-7 cell lines. Our statistical
analysis indicated that in MCF-7 a total of 52 metabolites
were significantly different from control cells (Table I). Herein
we highlight the overlapping of 18 metabolites that were
differentially abundant upon treatment with tamoxifen and/or
trastuzumab (Figure 3A). Interestingly, treatment of MCF-7
cells with tamoxifen and/or trastuzumab was found to
significantly affect metabolites, such as 2-hydroxyadenine, 5-
methylthioadenosine, glutathione, deoxyguanosine, guanosine,
niacinamide, adenosine monophosphate, trimethylamine, L-
tryptophan (Table I). 

Indoleamine (2,3)-dioxygenase (IDO) is an extrahepatic
enzyme that is over-expressed in many cancers as a strategy
for immune escape, a critical aspect of cancer development and
progression. This leads to alteration in tryptophan metabolism
due to IDO activity, which is linked to cancer proliferation
(40). IDO catalyzes the initial, rate-limiting step of tryptophan
catabolism through degradation of tryptophan into kynurenine
(KYN), leaving less tryptophan available for other metabolic
processes (41, 42). The significant up-regulation of L-
tryptophan caused by the treatment of MCF-7 cells specifically
may highlight a potential change in tryptophan catabolism and
the tryptophan-kynurenine pathway. It is also notable that there
was a subgroup of four metabolites that were exclusively
dysregulated upon combined-drug treatment (i.e., sphinganine,
guanosine monophosphate, uridine-5 monophosphate,
adenosine diphosphate) (Figure 3A and Table I). 

According to functional enrichment analysis of drug
treatment responsive metabolites in the MCF-7 cell line,
tamoxifen had a substantial effect on several amino acids like
methionine, D-arginine and D-ornithine as well as purines and
the metabolism of multiple types of fatty acids (Figure 4A).
In addition, our study indicated that trastuzumab therapy had
a major impact on β-oxidation of short, long and very long
chain fatty acids, pantothenate, cardiolipin and coenzyme A
(Co-A) biosynthesis, and metabolism of purine, thiamine and
phenylacetate (Figure 4B). On the other hand, exploring the
proposed therapeutic effect of trastuzumab and tamoxifen as
a combination treatment revealed that metabolism of
pyrimidine, tyrosine, purine, fatty acids, selenoamino acid,
nicotine and nicotinamide, sphingolipid, and thiamine were all
significantly influenced, similarly to that seen in the effects of
separate tamoxifen and trastuzumab treatment (Figure 4C). In
addition to the effect on certain pathways including
pyrimidine, purines and β-oxidation of very long chain fatty
acids, drug combination treatment had a significant impact on
trehalose degradation, lactose synthesis and degradation and
nucleotide, sugar, and sphingolipid metabolism (Figure 4C). 

Drug treatment effects on SkBr3 cell line. Our statistical
analysis also established that the SkBr3 metabolome was
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altered by treatment with tamoxifen and/or trastuzumab with
46 metabolites found to be significantly different from the
control cells (Table II). We noticed that several metabolites
were inversely changed with different drug treatments. For
example, isovalerylcarnitine decreased with tamoxifen and
tamoxifen + trastuzumab combination treatment, however, it
was increased upon trastuzumab treatment (Table II).
Contradictorily, a few metabolites’ direction of change was
consistent when treated with different drugs, such as cytidine
which increased with all drug treatments, and guanosine was
consistently decreased. Furthermore, when SkBr3 cells were
treated with tamoxifen and/or trastuzumab, the levels of 15
metabolites were significantly altered (Figure 3B) including
spermine, uridine, glutathione, hypoxanthine, pyroglutamic
acid, guanosine, adenosine monophosphate, niacinamide, L-
arginine, cytidine, cytidine monophosphate, adenosine and
inosine (Table II).

It is noteworthy that the levels of 1-methylnicotinamide
and doxylamine changed only when cells were treated with
trastuzumab (Table II). Moreover, ten metabolites showed
changed abundance uniquely when treated with tamoxifen
alone and these included biotin, methylmalonic acid,
isoguanine, sphingosine, L-valine, threonine, guanosine
monophosphate and uracil (Table II and Figure 3B). There
was a group of 4 metabolites that was exclusively altered as

a result of the proposed combination therapy and included 2-
hydroxyadenine, S-adenosylhomocysteine, L-fucose and L-
tyrosine (Figure 3B and Table II). Specifically, the regulation
of spermine, a natural amino acid involved in a variety of
roles in cell growth and differentiation (including DNA
synthesis and stability, and transcription regulation) was
altered when SkBr-3 cells were treated with tamoxifen
and/or trastuzumab (43).

Polyamines are produced at higher levels in cancer cells
compared to normal cells due to enhanced biosynthesis. For
example, in a number of tumors including breast cancer,
ornithine decarboxylase (ODC), a central rate-limiting
enzyme in the polyamine synthetic pathway, is usually over-
expressed (44, 45). This leads to alteration in spermine levels
due to ODC activity. The significantly lower levels of
spermine in SkBr3 cells after the combined treatment may
highlight a potential change in spermine production and
uptake via the polyamine transporter and ODC inhibition
(46, 47).

According to the functional enrichment analysis of the
significantly dysregulated metabolites in SkBr3 cell line,
tamoxifen showed a very strong impact on pyruvaldehyde
degradation, cardiolipin biosynthesis, phosphatidyletha-nolamine
biosynthesis, pyrimidine metabolism, phosphatidylcholine
biosynthesis, β-oxidation of long chain fatty acid,
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Figure 1. The full study process of exploring the influence of the anticancer drugs, tamoxifen and/or trastuzumab on the metabolic signature of
human breast cancer cell lines (MCF-7 and SkBr3) with different hormonal status (ER, PR and HER2) using TIMS-QTOF MS analysis.
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Figure 2. The TIMS-QTOF MS base peak of the detected compounds in the MCF-7 treated cell and SkBr-3 treated cell with (a) Control. (b)
Tamoxifen 5 μM. (c) Trastuzumab 2.5 μM and (d) Tamoxifen 5 μM + trastuzumab 2.5 μm. (A) The TIMS-QTOF MS of MCF-7 cells. (B) The TIMS-
QTOF MS of SkBr-3 cells.



phosphatidylinositol phosphate metabolism and glutathione
biosynthesis (Figure 5A). On the other hand, trastuzumab had a
significant effect on other metabolic pathways including the

metabolism of purine and amino acids such as arginine, proline,
glycine, serine and phospholipid biosynthesis (Figure 5B). Like
tamoxifen, trastuzumab was found to have an impact on
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Table I. Summary MCF-7 metabolites that respond to drug treatment referred to Venn diagram.

Drug treatment                                                                           Number of metabolites                                                             Metabolites

Tamoxifen (X)                                                                                     18(X, Z, Y)                                                                        Spermine
                                                                                                                                                                                                2-Hydroxyadenine 

Tamoxifen and Trastuzumab (Z)                                                                                                                                                  Isoguanine
                                                                                                                                                                                                       Glutathione 
                                                                                                                                                                                                   Deoxyguanosine
Trastuzumab (Y)                                                                                                                                                                            Guanosine 
                                                                                                                                                                                             5-Methylthioadenosine 
                                                                                                                                                                                                  L-Acetylcarnitine 
                                                                                                                                                                                                      Niacinamide 
                                                                                                                                                                                          Adenosine monophosphate 
                                                                                                                                                                                                   Trimethylamine 
                                                                                                                                                                                                 Isovalerylcarnitine 
                                                                                                                                                                                                         Cytidine 
                                                                                                                                                                                                       D-Arginine 
                                                                                                                                                                                                     L-Tryptophan 
                                                                                                                                                                                                        Adenosine
                                                                                                                                                                                                  IL-phenylalanine
                                                                                                                                                                                                          Inosine
Tamoxifen (X)                                                                                         4(X, Y)                                                                 Ursodeoxycholic acid 
Trastuzumab (Y)                                                                                                                                                                          Glutaric acid 
                                                                                                                                                                                            Cytidine monophosphate 
                                                                                                                                                                                                        Threonine
Tamoxifen (X)                                                                                         5(X, Z)                                                                          Xanthosine 
                                                                                                                                                                                                        Riboflavin 
Tamoxifen and Trastuzumab (Z)                                                                                                                                               3-Methylindole 
                                                                                                                                                                                       2-Ethyl-2-hydroxybutyric acid 
                                                                                                                                                                                             5-Aminopentanoic acid
Tamoxifen and Trastuzumab (Z)                                                            6(Z, Y)                                                                              Uracil 
                                                                                                                                                                                                          Uridine 
                                                                                                                                                                                                     Hypoxanthine 
Trastuzumab (Y)                                                                                                                                                                            L-Leucine 
                                                                                                                                                                                                   Phosphoric acid 
                                                                                                                                                                                                          Adenine
Tamoxifen (X)                                                                                           4(X)                                                                     Phenylacetaldehyde 
                                                                                                                                                                                          Pyrrolidonecarboxylic acid
                                                                                                                                                                                                     L-Methionine 
                                                                                                                                                                                                    Aspartyl-lysine
Trastuzumab (Y)                                                                                       11(Y)                                                                             Xanthine 
                                                                                                                                                                                                    Cinnamic acid 
                                                                                                                                                                                                     Glycylproline 
                                                                                                                                                                                                         Pyridine 
                                                                                                                                                                                                         L-Valine 
                                                                                                                                                                                                       Metoprolol 
                                                                                                                                                                                                       L-Carnitine 
                                                                                                                                                                                                Phenylacetylglycine 
                                                                                                                                                                                                  Glycyl-L-leucine 
                                                                                                                                                                                                 1-Methyladenosine 
                                                                                                                                                                                               3,5-Dimethoxyphenol
Tamoxifen and Trastuzumab (Z)                                                               4(Z)                                                                            Sphinganine 
                                                                                                                                                                                          Guanosine monophosphate 
                                                                                                                                                                                           Uridine-5 monophosphate 
                                                                                                                                                                                                            ADP



spermidine and spermine biosynthesis, betaine, selenoamino
acid, aspartate and methionine metabolism and the urea cycle
(Figure 5A and B). 

Moreover, the functional analysis of combined drug
treatment revealed a substantial effect on purine, phenylalanine,
tyrosine, arginine, proline, glycine, serine, nicotine, nicoti-

namide, methionine, and glutathione metabolism, and
phosphatidylcholine biosynthesis. The combined drug treatment
also uniquely effected catecholamine, methylhistidine, and
ubiquinone biosynthesis (Figure 5C).

The functional enrichment analysis of metabolites of SkBr3
cells showed treatment with tamoxifen and, to a lesser extent,
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Table II. Summary SkBR3 metabolites that respond to drug treatment referred to Venn diagram.

Drug treatment                                                                           Number of metabolites                                                             Metabolites

Tamoxifen (X)                                                                                     19(X, Z, Y)                                                                          Uridine
                                                                                                                                                                                                         Spermine 
Tamoxifen and Trastuzumab (Z)                                                                                                                                                  Glutathione
                                                                                                                                                                                                     Hypoxanthine
                                                                                                                                                                                                 Pyroglutamic acid 
Trastuzumab (Y)                                                                                                                                                                            Guanosine
                                                                                                                                                                                                  L-Acetylcarnitine 
                                                                                                                                                                                                      Niacinamide 
                                                                                                                                                                                          Adenosine monophosphate 
                                                                                                                                                                                                        L-Leucine
                                                                                                                                                                                        L-Arginine sovalerylcarnitine 
                                                                                                                                                                                                      Glutaric acid 
                                                                                                                                                                                                         Cytidine 
                                                                                                                                                                                            Cytidine monophosphate 
                                                                                                                                                                                                     L-Tryptophan
                                                                                                                                                                                                   Phosphoric acid 
                                                                                                                                                                                                   L-Phenylalanine 
                                                                                                                                                                                                          Inosine
Tamoxifen (X)                                                                                        1(X, Y)                                                             Guanosine monophosphate 
Trastuzumab (Y)
Tamoxifen (X)
Tamoxifen and Trastuzumab (Z)                                                            2(X, Z)                                                                     5-Methylcytidine
                                                                                                                                                                                                       L-Tyrosine
Tamoxifen and Trastuzumab (Z)
Trastuzumab(Y)                                                                                       9(Z, Y)                                                                          Xanthosine 
                                                                                                                                                                                                    Cinnamic acid 
                                                                                                                                                                                                      Sphinganine 
                                                                                                                                                                                                         Creatine 
                                                                                                                                                                                          Pyrrolidonecarboxylic acid 
                                                                                                                                                                                         Symmetric dimethylarginine 
                                                                                                                                                                                             5-Aminopentanoic acid 
                                                                                                                                                                                                        Adenosine 
                                                                                                                                                                                                    Aspartyl-lysine
Tamoxifen (X)                                                                                          10(X)                                                                  Alpha-Aspartyl-lysine 
                                                                                                                                                                                                     Succinic acid 
                                                                                                                                                                                                      L-Norleucine
                                                                                                                                                                                                           Uracil 
                                                                                                                                                                                                           Biotin 
                                                                                                                                                                                                         L-Valine 
                                                                                                                                                                                                   Deoxyguanosine 
                                                                                                                                                                                                      Sphingosine 
                                                                                                                                                                                                          Guanine 
                                                                                                                                                                                        Asymmetric dimethylarginine
Trastuzumab (Y)                                                                                        2(Y)                                                                   1-Methylnicotinamide 
                                                                                                                                                                                                      Doxylamine
Tamoxifen and Trastuzumab (Z)                                                               3(Z)                                                                       2-Hydroxyadenine 
                                                                                                                                                                                           S-Adenosylhomocysteine 
                                                                                                                                                                                                         L-Fucose



the combined therapy, effected several metabolites associated
with “pyruvaldehyde degradation” and “cardiolipin
biosynthesis” pathways. It is worth mentioning that
pyruvaldehyde is a powerful glycating agent produced as a side
product during glycolysis. It is highly reactive and induces the
formation of advanced glycation end-products that are
implicated in several pathologies, including cancer and cellular
damage. In cancer, cells rely on glycolysis as a primary source
of energy under aerobic conditions (31, 48). Dysregulation of
cardiolipin metabolism, including biosynthesis, impairs proper
mitochondrial function as it is one of the essential
mitochondrial phospholipids (49). Cardiolipin is involved in
many mitochondrial functions, including bioenergetics,
dynamics, mitophagy, and apoptosis, all of which are involved
in key stages of aggressive cancer progression (e.g.,
migration/invasion and treatment resistance) (50).

Given that tumor cells have a much higher demand for
adenosine triphosphate (ATP) than healthy cells, the results
of our functional enrichment study for metabolites are
consistent with the observation that pathways such as fatty
acid metabolism, glycerol metabolism, cancer cell symbiosis
and glutamine theory (Figure 6), amino acid metabolism, the
urea cycle, ammonia recycling, glycolysis, and
gluconeogenesis, are known to be deregulated in tumor cells
and this was seen in both cell lines. In fact, cancer cells
uncouple glycolysis from the tricarboxylic acid cycle (TCA
cycle), allowing the use of additional fuel sources such as
glutamine and fatty acids to meet their increased metabolic
demands (Figure 7) (51, 52). Through various biochemical
reactions, this cycle produces intermediates which are used
as building blocks for the synthesis of macromolecules, as
well as energy and electron acceptors which are consumed

in cellular processes such as the electron transport chain,
which was deregulated in our study (Figure 4C).

Tumors acquire additional glucose, the most common fuel
source in mammalian cells, by regulating high affinity glucose
transporters. Under hypoxic conditions, glycolysis converts
one molecule of glucose into two pyruvate molecules, which
in turn are converted to lactate (53, 54) (see pyruvate
metabolism in Figure 5). In addition to glucose, cancer cells
are dependent on glutamine and fatty acids for the
replenishment of TCA cycle intermediates. It is important to
note that glutamine is now considered an important source of
nutrients especially for MYC-induced cancers such as breast
cancer – and may promote the TCA cycle after being
converted to acetyl-CoA or α-keto acid intermediates. 

Due to the excessive conversion of glucose to lactate,
tumor cells utilize anaplerotic responses to replenish TCA
cycle intermediates, and this is largely achieved through
increased glutaminolysis (55). Glutaminolysis converts
glutamine to glutamate, a known co-substrate for those
transaminases that form alanine and aspartate, respectively
(56). Functional enrichment identified glutamate metabolism
as an enriched term among deregulated metabolites, as
shown in Figure 5A and C.

The third type of fuel source in cancer cells is fatty acids,
which enter the TCA cycle after undergoing ß-oxidation to
generate acetyl-CoA. Acetyl-CoA is the major substrate for
both the fatty acid synthesis pathway and the TCA cycle (53).
Mitochondrial ß-oxidation of long and short chain fatty acids
to generate acetyl-CoA, in addition to ß-oxidation of very short
and very long fatty acids after acetyl-CoA formation, were
found to be among those metabolic pathways deregulated in
our study (Figure 4A, B, C and Figure 5A and C). 
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Figure 3. Venn diagrams comparing the drug responsive metabolites identified in MCF7 and SKBr3 cells treated with tamoxifen 5 μM, trastuzumab
2.5 μM and tamoxifen 5 μM + trastuzumab 2.5 μM. (A) Venn diagrams in MCF7 cells. (B) Venn diagrams in SKBr3 cells. 



Based on the functional enrichment analysis, our findings
showed that tamoxifen and/or trastuzumab treatments had a
significant effect on those energy production pathways
mentioned above which are essential for the control of

energy production and have been linked to cancer
development, progression, and aggressiveness. Furthermore,
the metabolism of amino acids in cancer cells is known to
be impaired, as cancer cells depend on amino acids to sustain
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Figure 4. Metabolomic set enrichment analysis showing the most altered functional metabolism MCF7 cells after treatment with (A) Tamoxifen 5 μM.
(B) Trastuzumab 2.5 μM. (C) Tamoxifen 5 μM and trastuzumab 2.5 μM.



their proliferation by protein anabolism. In addition to their
potential roles in energy generation, amino acids are needed
for cellular redox homoeostasis and nucleoside synthesis,
both of which are known to be disrupted in cancer (47, 57).

Conclusion
Our findings showed that anti-cancer drug treatment had an
important effect on the main metabolic pathways in the
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Figure 5. Metabolomic set enrichment analysis showing the most altered functional metabolism SkBr3 cells after treatment with (A) Tamoxifen 5 μM.
(B) Trastuzumab 2.5 μM. (C) Tamoxifen 5 μM and Trastuzumab 2.5 μM.
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Figure 6. Cancer cell symbiosis and glutamine theory; two theories of cancer metabolism. First theory deposit that cancer cells elaborate survival
through glycogenic step which happen by producing lactate via consuming glucose (Warburg effect), and the neighbor cancer cell consumes the
secreted lactate to produce ATP through the TCA cycle and oxidative phosphorylation which is known by oxidative step. Glutamine theory includes
the conversion of glutamine into glutamate by glutamine synthetase 1, which is further metabolized to α-ketoglutarate by glutamate dehydrogenase
and consumed for ATP synthesis through TCA cycle under oxidative condition (54).

Figure 7. Emerging role of TCA cycle in breast cancer metabolism and fuels driving the TCA cycle (53).



investigated cell lines (MCF-7 and SkBr3). These results are
critical in determining the molecular basis of cancer
development and progression, and impact translational
cancer research by discovering new candidate biomarkers for
tracking treatment response and following therapy
progression among BC patients clinically, then developing
more effective, tailored anticancer therapy accordingly.
Moreover, the newly identified markers might also be new
therapeutic targets and allow the development of new
therapies for triple positive and triple negative BC patients.  

The top enriched classes of metabolites, using mass
spectroscopy were linked to energy production metabolic
pathways such as glycolysis, gluconeogenesis, pyruvaldehyde
degradation and cardiolipin, cholesterol and fatty acid
metabolism. This may show how these energy processing
pathways were disrupted to accelerate cancer progression and
metastasis. However, protein-level research is recommended
to better understand the signaling pathways and molecular
mechanisms involved in drug action. This approach will
eventually lead to predictive molecular markers that may serve
as a prognostic tool to indicate how successful treatments are
in different types of breast cancers (58).
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