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Key Points

e Aberrant metabolic pathways present in breast
cancer contribute to  breast cancer
heterogeneity.

» Differences in glycolytic upregulation among
breast cancer subtypes can be attributed to
GLUT expression.

e Choline metabolism in breast cancer is
strongly associated with tumor grades.

e Metabolic profiling of breast cancers can be
used for clinical breast cancer diagnosis and
prediction of recurrence or metastasis.

* Breast cancer metabolism has heterogeneous
and adaptive characteristics from a spatial and
temporal basis.

e Metabolic adaptability confers chemotherapy-
resistant phenotypes and promotes tumor
evolution.

1 Introduction

Despite advances in screening, therapy, and sur-
veillance that have improved patient survival
rates, breast cancer is still the most commonly
diagnosed cancer and the second leading cause
of cancer mortality among women [1]. Breast
cancer is a highly heterogeneous disease rooted
in a genetic basis, influenced by extrinsic stim-
uli, and reflected in clinical behavior. The diver-
sity of breast cancer hormone receptor status
and the expression of surface molecules have
guided therapy decisions for decades; however,
subtype-specific treatment often yields diverse
responses due to varying tumor evolution and
malignant potential. Although the mechanisms
behind breast cancer heterogeneity is not well
understood, available evidence suggests that
studying breast cancer metabolism has the
potential to provide valuable insights into the
causes of these variations as well as viable tar-
gets for intervention.

2 Aberrant Metabolic
Pathways Present in Breast
Cancer Contribute to Breast
Cancer Heterogeneity (Fig. 1)

In order to sustain tumorigenic proliferation, can-
cer cells exploit diverse metabolic pathways. The
diversity of hormone receptors present within
breast cancer cells is classified into different sub-
types. Breast cancers with hormone-positive
receptors such as estrogen receptors (ER) and
progesterone receptors (PR) rely on their respec-
tive hormones for growth. Patients with HER2+
breast cancer have overexpression of human epi-
dermal growth factor receptor 2 (HER?2). Patients
negative for all three receptors are considered to
have triple-negative breast cancer (TNBC)—the
most heterogeneous molecular profile. This
diversity, in turn, reflects the different metabolic
phenotypes of breast cancer. Some of these core
metabolic aberrations have fundamental effects
on breast cancer tumorigenicity and offer ratio-
nale behind the aggressiveness of specific sub-
types. Tumor evolution results in the
reprogramming of cell metabolism in order to
adapt to support cell proliferation. Specific muta-
tions in oncogenes and tumor-suppressor genes
are hypothesized to cause metabolic reprogram-
ming within different breast cancer subtypes.
Although several mutations are commonly seen
in breast cancers, they appear in various combi-
nations that are reflective of the diverse metabolic
behaviors of breast cancers. For example, muta-
tions in BRAF, KRAS, and HRAS were found to
be metabolic regulators of TNBC [2]. These
genetic alterations are known to regulate gluta-
mine metabolism, which renders cancer cells
dependent on glutamine for proliferation and sur-
vival [3, 4]. The BRCA1l mutation is a good
example of how genetic alterations lend to spe-
cific metabolic phenotypes that promote tumori-
genesis. A study by Martinez-Outschoorn et al.
showed that loss-of-function mutations in the
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BRCAI tumor-suppressor gene resulted in the
production of hydrogen peroxide and oxidative
stress in epithelial breast cancer cells and stromal
fibroblasts [5]. This loss of function also causes
elevated expression of monocarboxylate trans-
porter 4 (a functional marker of oxidative stress
and glycolytic activity) to shuttle L-lactate out of
cells.

Furthermore, the loss of caveolin-1 in
cancer-associated fibroblasts is associated with
elevated production of reactive oxygen species
(ROS) and increased glycolysis in stromal
cells, both of which play a fundamental role in
tumorigenesis [6]. This encourages therapeutic
targeting of cancer-associated fibroblasts that
favor cancer progression [7]. Mutations in
BRCA]I are marked by high rates of prolifera-
tion and substantial cellular inflammation. This
study suggests that antioxidant agents present
promising therapies for BRCAI-mutated
breast cancer.

2.1 Differences in Glycolytic
Upregulation Among Breast
Cancer Subtypes Can

Be Attributed to Glucose
Transporter (GLUT)

Expression

First postulated by Otto Warburg in 1927 [8] and
firmly established in the literature thereafter, a
hallmark of cancer malignancy is an upregulation
in aerobic glycolysis even in the presence of oxy-
gen, known as the Warburg effect [9, 10]. Lactate
dehydrogenase A, a key enzyme of the Warburg
effect that catalyzes the conversion of pyruvate to
lactate, has been a studied target in several can-
cers [11-13]. Breast cancer tumors are no excep-
tion to the Warburg effect; however, there are
variations in glycolytic rates and metabolite-
related protein expression among breast cancer
subtypes that correlate with tumor aggressive-
ness. Previous in vitro studies have first observed
that the glucose-dependent MCF-7 cell line is
more sensitive to FX11, a lactate dehydrogenase
A inhibitor, than the non-glucose-dependent

MDA-MB-453 cell line [11]. Another in vitro
study found that noninvasive breast cancer cell
lines showed a significantly lower rate of glucose
intake compared to more aggressive, metastatic
cells [14]. Higher rates of glucose uptake are
accompanied by altered gene expression and
translation of metabolism-related proteins as well.
Glucose transporter (GLUT) expression has been
studied extensively in breast cancer. GLUTs are
integral transmembrane proteins that facilitate
glucose delivery across the plasma membrane.
They serve as a rate-limiting step that controls the
amount of glucose accessible to the cell [15].
Studies have shown that different isoforms of
GLUTs have been detected and/or overexpressed
in breast cancer cells. Different GLUT expression
patterns are found to be associated with various
pathological grades and tumor aggressiveness in
patient-derived samples. Choi et al. discovered
that GLUT]1, one of the isoforms of the GLUT
family, had the highest expression in the TNBC
subtype and tumors with high histologic grade
[16]. As a result of increased glucose uptake, the
increased rate of glycolysis subjects the cell to
intracellular lactic acidosis—Ileading to cell death.
Interestingly, the same group showed that TNBC
had the highest expression of carbonic anhydrase
IX, an enzyme that prevents acidosis and provides
TNBC with an acid-resistant phenotype [16], sug-
gesting that aggressive breast cancer subtypes
adopt metabolic phenotypes able to suppress
apoptosis. GLUT1 overexpression has also been
linked to invasiveness in breast cancer [17].

The link between metabolic reprogramming
and protein expression offers an adaptive advan-
tage that contributes to a level of aggression spe-
cific to certain subtypes of breast cancer like
TNBC, making them characteristically resilient
and harder to treat.

2.2 Choline Metabolism in Breast
Cancer Is Strongly Associated

with Tumor Grades

The deregulation of choline metabolism and ele-
vated levels of choline-containing compounds are
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frequently observed in breast cancer progression
[18-21]. Choline plays an important role in sup-
plying methyl groups through its metabolism and
is essential for cellular structure as a precursor of
phospholipids. Choline metabolism in breast tis-
sue is distributed between two central pathways:
(1) the biosynthesis of phosphatidylcholine
(PtdCho) known as the Kennedy pathway and (2)
the oxidation to betaine, a methyl group donor in
many methylation reactions. A study by Katz-
Brull et al. revealed that breast cancer cells exhib-
ited a higher choline transport rate compared to
normal breast cells, and a majority of the choline
was converted to phosphocholine (Pcho) through
the Kennedy pathway while around approxi-
mately 25% was oxidized to betaine [19].
Although levels of phospholipid-related metabo-
lites are enhanced in most breast cancers [22], sig-
nificantly higher levels of Pcho were found to be
associated with ER tumors and the more aggres-
sive histologic grade 3 tumors [23]. Because of
this, choline-containing compounds have often
been seen as biomarkers for breast tumor malig-
nancy. Oncogenic expression of choline kinase
(CK), the enzyme responsible for the conversion
of choline to Pcho, is responsible for elevated lev-
els of Pchoinbreast cancer cells [19]. Furthermore,
CK also showed a strong association with high
histologic grade and ER— subtypes [24]. For this
reason, CK is an attractive antitumor target for
subsequent studies. Whether or not choline
metabolism represents an agent of disease pro-
gression or merely a marker for transformation
has still not been defined. CK inhibitors blocking
choline metabolism have shown promising antitu-
mor results. A study by Rodriguez-Gonzalez et al.
discovered that blocking the enzyme had no effect
on normal cells but disrupted phospholipid pro-
duction in tumor cells—resulting in apoptosis due
to the accumulation of cytotoxic ceramide, the
simplest class of sphingolipids [25].

3 Different Roles of Estrogen
in Estrogen Metabolism
and ER Binding Promote
Breast Cancer
Tumorigenicity

Endogenous estrogens and their metabolism have
been linked to breast carcinogenesis, especially
in postmenopausal women [26]. 17b-Estradiol
(E2), the main estrogen in breast tissue, acts as
both a ligand for ER and a substrate in metabo-
lism—roles which contribute to estrogen as a
carcinogen. The mechanism of estrogen carcino-
genesis is a combination of ER signaling and
estrogen metabolism.

ERs, when activated, are responsible for the
mediation of many downstream signaling path-
ways that function as transcription factors pro-
moting cancer development [27]. In addition, ER
signaling interacts with growth factor receptors
and other signaling molecules to promote growth
and anti-apoptotic signals [28]. ER activation has
also been shown to promote downstream repro-
gramming in choline metabolism, an aberration
in breast cancer [29].

As a substrate, the metabolism of estrogen
through the 4-hydroxylation pathway produces
specific catechol estrogens and estrogen qui-
nones known to be carcinogenic. Estrogen is
hydroxylated by cytochrome P450 enzymes and
shuttled into three main pathways depending on
the three different carbons hydroxylated: C2, C3,
and C16. The catechol estrogens (2-OH El,
2-OH E2, 4-OH El, 4-OH E2) are either
methylated by catechol-O-transferase (COMT),
thereby reducing their mutational potential, or
oxidized further to semiquinones or quinones.
4-OH catechol estrogen, when oxidized to a
reactive estrogen quinone, leads to DNA damage
by forming unstable DNA adducts between
adenine and guanine nucleotides [30, 31].
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Mutations caused by this mechanism have the
potential to initiate breast cancer or increase can-
cer risk. In contrast, metabolites formed through
the 2-OH pathway form stable DNA adducts and
are anticarcinogenic—dubbing the 2-OH metab-
olites as “the good estrogen” in some cases [32].
Protective mechanisms such as estrogen quinone
conjugation with glutathione via glutathione
S-transferase P (GSTP) help lower the risk of
cancerous mutations by detoxifying the estrogen
quinones [30]. However, estrogenic imbalances
lead to competition between the pathway form-
ing the unstable DNA adducts and the detoxifica-
tion of its cancer-promoting substrates [30].
Accordingly, hormone therapy for breast cancer
has targeted ER+ subtypes with drugs such as
tamoxifen, which acts as a competitive inhibitor
that prevents estrogen from binding to the
ER. Another important class of drugs inhibits
aromatase, an important rate-limiting enzyme
that converts androgens to estrogens, to lower
estrogen levels in the body.

3.1 PHGDH Overexpression
in Serine Biosynthesis Fuels

TCA Anaplerosis

Serine biosynthesis is an essential pathway for
breast cancer progression in specific subsets of
breast tumors. Using RNAi-based loss-of-
function screening, Possemato et al. identified
phosphoglycerate dehydrogenase (PHGDH) in
breast cancer with enhanced protein levels in
70% of aggressive ER— subtypes [33]. PHGDH
catalyzes the committed-limiting step that oxi-
dizes 3-phosphoglycerate (3PG) to
3-phosphohydroxypyruvate (3HP) substrates in
the serine synthesis pathway. Enhanced PHGDH
expression was associated with increased serine
synthesis and glutamine uptake. Suppression of
PHGDH expression led to a significant decrease
in cell proliferation but did not affect intracellu-
lar serine levels; instead, researchers found a
resulting drop in phosphoserine aminotransfer-
ase 1 (PSATI1)-dependent alpha-ketoglutarate
(ax-KG), an output of the serine pathway [33]. In
cancer cells with overexpression of PHGDH, the

serine synthesis pathway plays an important role
in tricarboxylic acid (TCA) cycle anaplerosis—
supplying a-KG to support cell proliferation
[33]. In addition, suppression of PSATI1 and
phosphoserine phosphatase (PSPH) enzymes
downstream in the serine pathway inhibits cell
proliferation in PHGDH-enhanced cell lines as
well [33]. Subsequent studies have revealed that
in addition to 3PG oxidation, PHGDH also cata-
lyzes the reduction of a-KG to D-2-hydroxyglu-
tarate  (D-2HG) [34], an  established
oncometabolite [35, 36]. D-2HG acted as a com-
petitive inhibitor of a-KG-dependent dioxygen-
ases, resulting in aberrations in histone
methylation and DNA hypermethylation [37].
High levels of D-2HG and N-acetyl-aspartate
were found to accumulate preferentially in ER—
and basal-like tumors, which may contribute to
their aggressive phenotypes [36] in contrast to
the mixed effects on glioblastoma [38] and other
cancers. In vitro experiments revealed that accu-
mulation of D-2HG is associated with increased
cell proliferation and inhibited apoptosis [36];
however, the oncogenic effects of D-2HG on
breast cancer still need to be defined. Because of
its deregulated expression and oncogenic effects,
PHGDH is considered a promising target for
therapy in breast cancers that exhibit PHGDH
overexpression. Although a preliminary PHGDH
inhibitor has been recently developed [39],
PHGDH-targeted therapy is still in its infancy.
Using a novel computational method, Jerby
et al. contributed further evidence that the meta-
bolic profiles of ER+ and ER— subtypes are vastly
different [40]. The stoichiometric analysis
revealed serine metabolism to be coupled with
glutamine uptake [40]. ER+ tumors exhibit a
stronger preference for glutamine biosynthesis
and secretion than ER— tumors [40]. In addition,
their model identified ER+ phenotypes as having
more capacity to convert glucose to lactate than
ER— tumors. Due to higher rates of serine metab-
olism, ER— subtypes are rationalized to prefera-
bly divert 3PG toward serine metabolism via
PHGDH to exploit alternative pathways for gluta-
minolysis [40]. In addition, a high MYC overex-
pression [41, 42], and low thioredoxin-interacting
protein expression, an inhibitor of glucose utiliza-
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Fig. 2 The potential clinical applications of metabolic profiling for breast cancer using patient tumor, plasma, and

serum samples

tion, was found to be a characteristic gene signa-
ture of TNBC and no other subtypes [43].

4 The Clinical Applications
of Metabolic Profiling

Metabolic profiling has garnered much research
interest within the past decade [44]. Although the
mechanisms behind breast cancer transformation
have not been firmly established, changes in
tumor evolution have been investigated through
metabolic variation. The exploitation of these
metabolic signatures has the potential to improve
clinical results through diagnosis confirmation,
early detection, and prediction of disease pro-
gression [45, 46] (Fig. 2).

4.1 Breast Cancer Diagnosis
and Subtyping Using

Metabolomics

Studies have used metabolic profiling for the
general diagnosis of breast cancer—using differ-
ent techniques to build prediction models that
distinguish specific metabolic fingerprints of
breast cancer hormone receptor status, histologic
grade, and axillary lymphatic spread [47-49].
Jove et al. used a combination of random forest
classification and multivariate statistics to iden-
tify combinations of metabolites that were used

to distinguish breast cancer plasma samples from
healthy control samples [47]. On the other hand,
Huang et al. sought out a model more tolerant of
breast cancer heterogeneity by following meta-
bolic pathways rather than metabolite-based bio-
markers for early diagnosis of breast cancer [48].
Other studies have used metabolic profiling to
build models to distinguish breast cancer stages
[49] and levels of malignancy [50].

4.2 Metabolic Profiling
as a Strategy for Prediction

of Recurrence in Breast Cancer

Recurrence after initial therapy causes significant
morbidity and mortality in breast cancer patients.
Current methods for detecting recurrences such
as medical imaging and serum tumor markers are
not considered specific enough to be routinely
recommended; therefore, there is still much room
for improvement. A combination of nuclear mag-
netic resonance (NMR) and mass spectroscopy
(MS) analysis and multivariate statistics on
patient serum samples has been used to explore
potential metabolic profiles sensitive to cancer
recurrence [51]. Asiago et al. developed a predic-
tion model built upon 11 biomarkers that cor-
rectly detected 55% of patients with breast cancer
recurrence an average of 13 months prior to their
clinical diagnosis using serum samples [51].
Although there is vast room for improvement on



96

J.Tanand A. Le

more specific and accurate models for early
detection of recurrence, metabolic profiling of
serum can be viewed as a promising noninvasive
method for breast cancer surveillance.

4.3 Metabolic Fingerprinting

in Breast Cancer Metastasis

Oakman et al. identified a preliminary metabolic
fingerprint from patient serum samples that detected
early and metastatic disease in breast cancer
patients. In their study, higher levels of phenylala-
nine, glucose, proline, lysine, and N-acetyl cysteine
and lower levels of lipids contributed to the meta-
bolic profile of metastatic individuals [52]. Jobard
et al. used similar serum NMR analysis to identify
metabolic profiles between localized and metastatic
breast cancer. They found eight statistically signifi-
cant elevations of metabolite biomarkers in meta-
static disease: histidine, acetoacetate, glycerol,
pyruvate, N-acetyl glycoproteins, mannose, gluta-
mate, and phenylalanine [53]. Although there are
differences in biomarkers between the two studies,
it is notable that the same trends of variation in glu-
cose concentration and lowered lipid levels were
seen between early and metastatic breast cancer
[53]. Defining an accurate metabolic fingerprint
specific across all metastatic breast cancers is a
challenge due to the variability and high mutational
load of metastatic disease. Under changing tumor
microenvironments [54], metastatic breast cancer
cells readily switch between glycolysis and oxida-
tive phosphorylation [55]. The metabolic plasticity
of metastatic breast cancer may contribute to the
inconsistencies of biomarkers across different
tumors. However, studies attempting to identify
these metabolic patterns provide great insights into
the general characteristics of advanced diseases.

4.4 Prediction of Response
to Therapy Based

on Metabolic Phenotypes

Metabolic fingerprinting has also been used to
predict responses to therapy and drug resistance.
Using a combination of NMR and liquid

chromatography-mass spectrometry (LC-MS),
Wei et al. were able to identify four altered
metabolites (threonine, glutamine, isoleucine,
and linolenic acid) as indicators of adjuvant che-
motherapy response within breast cancer [56]. A
prediction model derived from these metabolic
markers was able to distinguish between com-
plete, partial, and no tumor response to chemo-
therapy in a neoadjuvant setting using patient
samples [56]. The model was able to correctly
identify 80% of patients whose tumors did not
show a complete pathologic response to chemo-
therapy [56]. Collectively, these studies highlight
the potential impact of metabolic profiling on the
integration of metabolomics into clinical prac-
tice. Further advancements in profiling could
improve diagnosis and early detection or at least
offer confirmation in the treatment of breast can-
cer quickly and at low cost. Although most of the
prediction models and metabolic phenotypes pre-
sented in these studies are in their preliminary
stages, improvements could make way for more
individualized treatments specific to each patient.

5 Additional Perspectives
on Breast Cancer
Heterogeneity

5.1 Spatial Pathogenesis

Observed in Breast Cancer
Metabolism

Metabolic heterogeneity within a single tumor
adds another layer of complexity when trying to
understand the dynamic processes of breast cancer
metabolism [57]. Several studies have identified
metabolic distinctions between breast tumor
periphery and center. A study by Xu et al. analyzed
the mitochondrial redox states of breast cancer
xenografts of varying aggressiveness. In general,
the researchers found more oxidized metabolic
states in central regions and more reduced states in
peripheral regions of the tumors [58]. The tumors
also exhibited higher glucose uptake and NADH
levels in tumor peripheries compared to the cen-
ters [58]. The authors presumed this was due to
higher substrate availability at the peripheries
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from the tumor microenvironment. Furthermore,
higher degrees of metabolic heterogeneity were
consistently observed in larger and higher staged
tumors [58, 59]. When comparing metabolic pro-
files of clinical breast tumor samples, studies have
observed higher levels of Pcho and phosphoetha-
nolamine in the tumor core compared to tumor
periphery [60]. Lactate and pyruvate were
observed in higher levels in the tumor periphery
compared to the tumor core [61]. Because the
tumor periphery has direct interactions with the
tumor microenvironment compared to the center,
the differences in inputs translate into differences
in metabolic phenotypes. In normal breast anat-
omy, the epithelia receive similar concentrations
of oxygen, growth factors, and nutrients. The ana-
tomic disorganization caused by breast cancer
pathology alters the tumor microenvironment and
intratumoral metabolism [57, 62]. It is unclear
whether these observed differences are solely due
to extrinsic inputs, genetic manifestations, or per-
haps an interplay between both.

5.2  Temporal Pathogenesis
Observed in Breast Cancer
Metabolism: Metabolic
Differences Between Early

Stage and Advanced Stage

Temporal pathogenesis refers to tumor progres-
sion over time, starting from a single cancer cell to
the formation of a primary tumor and then meta-
static spread. The epithelial-to-mesenchymal tran-
sition (EMT) is one of the prerequisites of early
metastasis. It describes the transition in which epi-
thelial cells lose their polarity and cell adhesions
to become mesenchymal cells with migratory
properties. Cancer cells detach from their extracel-
lular matrix (ECM) when they decide to metasta-
size. It has been shown in vivo that mammary
epithelial cells with lost ECM attachment are
unable to survive due to ATP deficiency from glu-
cose deprivation [63]. ECM detachment is also
accompanied by increased ROS [63, 64].
Overexpression of the HER2 oncogene rescued
these cells by restoring glucose uptake and reduc-
ing ROS through the oxidative pentose phosphate

pathway (PPP) [63]. Nicotinamide adenine dinu-
cleotide phosphate (NADPH), a product of the
PPP, serves as a reducing agent able to combat oxi-
dative stress. The study by Schafer et al. also
showed that the treatment of antioxidants alone
was able to rescue matrix-detached cells—identi-
fying oxidative resistance as an important property
needed for metastatic migration [63]. Once cancer
cells detach from the ECM, they will need to sur-
vive the journey in the oxidizing bloodstream.
Many cells will undergo apoptosis in this environ-
ment, but the cells that acquire oxidative resistance
have the adaptive advantage to metastasize.
Although aerobic glycolysis is the most well-
known hallmark of cancer metabolism [10],
research has also identified the importance of oxi-
dative phosphorylation in cancer progression as
well [65]. Increased mitochondrial biogenesis and
respiration have been observed in cancer cell
metastases through the modulation of peroxisome
proliferation-activated receptor gamma coactiva-
tor-la (PGC-la)—a regulator of mitochondrial
biogenesis and energy metabolism [66]. This is
corroborated by the correlation between PGC-1a
expression and formation of distant metastasis
from patient breast tumors and breast cancer cell
lines [66]. These changes in metabolic phenotype
seen in migrating breast cancer cells are examples
that highlight the importance of metabolic plastic-
ity for cancer progression.

5.3 Metabolic Heterogeneity
Influences Effective Breast

Cancer Drug Treatment

In silico modeling of tumor progression by
Robertson-Tessi et al. proposed that early stages
of tumor growth have a stratified composition.
Tumor centers have higher glycolytic activity
and are, therefore, more aggressive compared to
the periphery [67]. It is argued that cancer treat-
ments should decrease or slow selective pres-
sures in cells through the maintenance of less
aggressive cancer cells within a tumor rather
than aiming for eradication [67, 68]. This con-
cept is demonstrated in the antiangiogenic treat-
ment of breast cancer. Antiangiogenic therapies
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Fig. 3 Summary of the different levels of metabolic heterogeneity seen in breast cancer. Metabolic heterogeneity is
demonstrated between molecular subtypes of breast cancer, between tumor core and periphery, in different stages of
cancer progression, and in response to selective pressures from clinical treatment

aim to starve cancer cells of oxygen and nutri-
ents by inhibiting tumor vascularization, creat-
ing pockets of intratumoral hypoxia. Cutting off
nutrient supply in this way may be effective in
stopping cancer cell growth, but it may also
select for cells that are able to alter metabolism
to adapt to hypoxic conditions [54], resulting in
a drug-resistant phenotype. Although antiangio-
genic therapies in breast cancer patients have
been able to lengthen progression-free survival,
data has shown that it does little to improve over-
all patient survival [69]. Aggressive relapse and
enhanced metastasis in treated patients are not
uncommon either [70]. Conley et al. were able to
show that breast cancer xenografts, when treated
with antiangiogenic drugs, developed hypoxia-
driven cancer stem cell stimulation, which pro-
moted tumorigenesis—opposite to the intended
effect [70]. It would seem that the goal of che-
motherapy is to halt tumorigenesis and shrink
existing tumor populations as quickly and effec-
tively as possible by delivering the drug at the
highest dosage allowed. This objective, however,
is a double-edged sword: if treatment is too
aggressive, it puts selective pressure on the cells
to enhance drug-resistant phenotypes that, in

turn, escalate cancer progression. The adaptive
nature of cancer metabolism is a significant
obstacle for creating effective drug therapies. An
effective treatment aims to find the delicate bal-
ance of delivering maximum cytotoxic effects
while avoiding selective resistance.

6 Conclusion

Metabolomics serves as an essential utility in breast
cancer research by offering a perspective that rep-
resents the net interactions between the tumor, the
host, and the environment and within the tumor
itself. The metabolic nuances across different
breast cancer subtypes and treatment timelines can
be taken advantage of when thinking about poten-
tial prognostic markers, prediction models, and
mechanisms involved with breast cancer. Metabolic
heterogeneity in breast cancer can be seen within a
single tumor and in the different stages of the
tumor’s progression (Fig. 3). Understanding these
dynamic processes and applying them to drug dis-
covery and clinical practice have the potential to
improve the lives of not only breast cancer patients
but also all cancer patients.
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