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Abstract

Amino acid metabolism plays a critical role in the progression and development of breast cancer. Cancer cells,
including those in breast cancer, reprogram amino acid metabolism to meet the demands of rapid proliferation,
survival, and immune evasion. This includes alterations in the uptake and utilization of amino acids, such as glu-
tamine, serine, glycine, and arginine, which provide essential building blocks for biosynthesis, energy production,
and redox homeostasis. Notably, the metabolic phenotypes of breast cancer cells vary across molecular subtypes and
disease stages, emphasizing the need for patient stratification and personalized therapeutic strategies. Advances
in multi-level diagnostics, including phenotyping and predictive tools, such as Al-based analysis and body fluid
profiling, have highlighted the potential for tailoring treatments to individual metabolic profiles. Enzymes, such as
glutaminase and serine hydroxymethyltransferase, often upregulated in breast cancer, represent promising thera-
peutic targets. Understanding the interplay between amino acid metabolism and breast cancer biology, alongside
the integration of personalized medicine approaches, can uncover novel insights into tumor progression and guide
the development of precision therapies. This review explores the metabolic pathways of amino acids in breast can-
cer, with a focus on their implications for personalized treatment strategies.
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Introduction Luminal B (HER2-positive) and HER2-positive types are

Breast cancer, a heterogeneous and multifaceted dis-  highly aggressive due to amplification or overexpression
ease, represents one of the most prevalent malignancies ~ Of the HER2 gene, but targeted therapies against HER2
affecting women worldwide (Bray et al., 2024). Based on ~ have dramatically improved prognosis in this subtype.
gene expression profiles and the presence of specific ~ Triple-negative breast cancer (negative for ER, PR and
biomarkers, breast cancer can be classified into the fol- ~ HER2) accounts for about 10%-15% of breast cancers
lowing major molecular subtypes: Luminal A, Luminal ~ and is characterized by strong aggressiveness and high
B (HER2-negative), Luminal B (HER2-positive), HER2- recurrence rate, and its lack of clear targeted therapeutic
positive, and basal-like tumor breast cancers (mainly  targets hasled to poor prognosis and shorter overall sur-
triple-negative, TNBC). In addition to surgical treatment, ~ VivalinTNBCpatients (Loibletal.,2024). Molecular typing
endocrine therapy (hormone therapy) is the main treat- of breast cancer has become an important basis for the

ment for Luminal A, Luminal B (HER2-negative) type. development of individualized treatment plans, and with
the progress of targeted therapy and immunotherapy,
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the survival rate and quality of life of patients have been
significantly improved. However, ongoing research is still
needed to address challenges such as treatment resist-
ance and recurrence to further optimize breast cancer
treatment strategies. To address these limitations, criti-
cal biological processes such as nutrient metabolism are
being investigated in breast cancer with the aim of dis-
covering novel targeted therapies.

One of the hallmarks of cancer metabolism is the
reprogramming of nutrient uptake and utilization to
meet the energy and biosynthetic needs of cancer cells
(You et al., 2023). To meet the requirements of rapid pro-
liferation and replication, breast cancer cells require
a large supply of macronutrients and therefore their
energy and biosynthetic requirements are extremely
high. In fact, to provide precursors to biosynthetic path-
ways, cancer cells reprogram their metabolism as well
as upregulate the uptake and catabolism of certain
nutrients (Jiao et al., 2023). Metabolism of amino acids,
nutrients vital to the survival of all cell types, is one of
the mechanisms that cancer cells exploit to match their
needs. Amino acids are essential not only for biosynthe-
sis, energy production, and maintaining redox balance in
malignant cancer cells but also as key metabolites that
support immune cell activation and promote antitumor
activity within the tumor microenvironment (Lieu et al.,
2020).

This metabolic reprogramming has been widely
reported in breast cancer, where alterations in amino
acid transport and metabolism are closely linked to
tumor growth and survival. Breast cancer cells exhibit
increased uptake and utilization of specific amino acids
(e.g., glutamine, serine, and arginine), which are not only
substrates for protein synthesis, but also play key roles in
cellular signaling, energy production, and maintenance
of redox balance (Parida et al., 2022; Tombari et al., 2023).
These metabolic adaptations are often driven by onco-
genes and tumor suppressors, including c-Myc, mTOR,
and p53, which orchestrate the expression and activity
of key enzymes and transport proteins involved in amino
acid metabolism (Colombero et al., 2021; Shajahan-Haq
etal., 2014).

Key transporters, such as SLC1AS5 (also known as
ASCT?2) and SLC7AS5 (LAT1), facilitate glutamine and
essential amino acid uptake, respectively, and are upreg-
ulated in various breast cancer subtypes. These trans-
porters, as well as enzymes such as glutaminase (GLS)
and phosphoglycerate dehydrogenase (PHGDH), contrib-
ute to the metabolic flexibility and adaptability of can-
cer cells, allowing them to thrive in nutrient-deficient
tumor microenvironments (Sullivan et al., 2019; Vidula
et al,, 2023). In addition, interactions between amino
acid metabolism and signaling pathways, such as the
mTOR pathway, further emphasize the importance of
reprogramming amino acid metabolism in regulating
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breast cancer cell growth, proliferation, and survival. In
addition to supporting anabolic processes, amino acid
metabolism in breast cancer is closely linked to the reg-
ulation of oxidative stress and apoptosis. For example,
glutamine is a precursor for the synthesis of glutathione,
a major cellular antioxidant that helps to mitigate oxi-
dative damage and promote cell survival. The depend-
ence of breast cancer cells on specific amino acids and
their metabolic pathways highlights potential thera-
peutic opportunities. Targeting amino acid transporters,
enzymes, and related signaling pathways is expected to
lead to the development of novel anti-cancer strategies.

The aim of this review is to provide an overview of the
importance of amino acid metabolism in breast can-
cer, to explore how metabolic reprogramming supports
tumor growth and survival, and to discuss the poten-
tial for therapeutic interventions targeting these meta-
bolic pathways. By delving into the intricate relationship
between amino acid metabolism and breast cancer biol-
ogy, we can better understand the complexity of the dis-
ease and find new avenues for treatment.

Amino acid metabolism in breast cancer
Glutamine metabolism

Glutamine is the most abundant circulating amino acid
and plays a critical and diverse role in cancer cells, pro-
viding not only a nitrogen source for amino acid and
nucleotide biosynthesis but also a carbon source to
replenish the TCA cycle and lipid biosynthetic pathways
(Altman et al., 2016; Yoo et al., 2020) (Fig. 1). Rapidly pro-
liferating cancer cells then exhibit increased glutamine
uptake and glutamine dependence, termed “glutamine
addiction” (Quek et al., 2022). In fact, cancer cells main-
tain high intracellular biosynthesis levels by accelerat-
ing the intracellular glutamine metabolism to replenish
metabolic intermediates into the TCA cycle, a process
known as glutamine anaplerosis. Glutamine can be con-
verted to glutamate by glutaminase (GLS), which is then
catalyzed by glutamate dehydrogenase (GLUD) or ami-
notransferase to generate o-ketoglutarate (a-KG) into
the TCA cycle, thus providing cells with energy and inter-
mediate metabolites (Wang et al., 2020b). GLS is a key
enzyme in glutamine catabolism and serves as the rate-
limiting step in the glutamine anaplerosis pathway (Jin
etal., 2023). There are two main isoforms of this enzyme:
kidney-type GLS (GLS1) and liver-type GLS (GLS2), both
of which are localized in mitochondria (Feng et al., 2024).
These isoforms have markedly different expression pat-
terns. GLS1 is typically upregulated in cancer and is
associated with tumor growth and proliferation, playing
a critical role in many types of cancer. On the other hand,
GLS2 expression is usually suppressed and can act as a
tumor suppressor depending on the environmental con-
text (Sun et al., 2020). However, it has been demonstrated
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Figure 1. Glutamine metabolic pathways. Glutamine is transported into the cell via transporters SLC1A5 and SLC7A5. Once inside
the cell, glutamine can be converted into glutamate by glutaminase (GLS or GLS2). Glutamate then contributes to the production of
a-ketoglutarate (a-KG) via glutamate dehydrogenase (GLUD) or aminotransferases, feeding into the tricarboxylic acid (TCA) cycle.
This pathway is critical for producing energy, biosynthetic precursors, and maintaining redox balance. Therapeutic Targets: Inhibition
of glutaminase by compounds such as BPTES, compound 968, and CB-839 can reduce glutamine metabolism, potentially impairing
cancer cell growth. SLC1AS5 and SLC7AS inhibitors include GPNA, Benzylserine, V-9302, and 1,25(0H),D. Inhibitors such as BCH and
JPH203 target SLC7AS. Targeting SLC7A11 with inhibitors like Anti-xCT, Metformin, Erastin and Niclosamide disrupts cystine and
glutamate balance, impacting cancer cell survival. The figure was created with BioRender.com.

that knocking down GLS2 in breast cancer cells can
reduce cell growth and glutamine metabolism-related
phenotypes (Dias et al., 2020). When breast cancer cells
with high GLS2 expression and low GLS1 expression are
injected into the flanks of NOD/SCID mice, there is a sig-
nificant increase in the number of metastatic lesions in
the lungs, indicating that GLS2 may promote breast can-
cer metastasis, potentially dependent on low GLS1 levels,
although the specific mechanism remains unclear (Dias
etal., 2020). The expression of GLS varies among different
molecular subtypes of breast cancer. GLS2 levels are rel-
atively high in Luminal A and Luminal B breast cancers,
while GLS1 levels are higher in TNBC, with a significant
negative correlation between the expressions of GLS1
and GLS2. Both glutaminase isoforms have low expres-
sion in HER2-positive breast tumors (Vidula et al., 2023).
Compared to ER-positive breast cancer, HER2-positive
breast cancer and TNBC show higher levels of glutamate
and lower levels of glutamine (Masisi et al., 2021), sug-
gesting that these subtypes may have higher glutamine
influx and active glutaminolysis. The expression of GLS
isoforms in breast cancer can be regulated by different
genes. c-Myc is a key driver of maintaining the glutami-
nolysis phenotype and can enhance the expression of

mitochondrial GLS leading to uncontrolled proliferation
of tumor cells (Gao et al., 2009). Additionally, ErbB2 acti-
vation can upregulate GLS1 expression in breast can-
cer cells through a mechanism controlled by the NF-«xB
pathway rather than by c-Myc, promoting glutamine uti-
lization in cancer cells (Qie et al.,, 2014). The expression
of the GLS2 gene is partially driven by the transcription
factor GATA3, a major regulator of luminal differentia-
tion, suggesting that high levels of GLS2 may be intrinsi-
cally linked to the luminal cell state (Lukey et al.,, 2019).

Glutamine-derived glutamate is primarily converted
into a-KG through two main pathways. The first pathway
involves the reversible deamination of glutamate cata-
lyzed by GLUD1/2, which produces a-KG and releases
ammonium. The GLUD pathway generates NADH and
NADPH, which participate in the TCA cycle, control of
ROS levels, and lipid synthesis (Yoo et al., 2020). The sec-
ond pathway involves transaminases (such as glutamate-
oxaloacetate transaminase (GOT), glutamate-pyruvate
transaminase (GPT), and phosphoserine aminotrans-
ferase (PSAT)) that convert glutamate into a-KG without
producing ammonia. GOT transfers nitrogen from glu-
tamate to oxaloacetate, producing aspartate and a-KG.
GPT transfers nitrogen from glutamate to pyruvate,



producing alanine and a-KG. PSAT, which is part of the
serine biosynthesis pathway, transfers nitrogen from
glutamate to 3-phosphohydroxy pyruvate, producing
phosphoserine and a-KG. The transaminase pathway
also generates other amino acids such as aspartate, ala-
nine, and serine, which contribute to various cellular
functions (Jin et al., 2023). Thus, these two pathways are
in competition within the cell. Interestingly, research has
shown that mammary epithelial cells shift between pro-
liferative and quiescent states during development, the
menstrual cycle, pregnancy, and carcinogenesis (Coloff
et al., 2016). Mammary epithelial cells in different states
use different glutamate metabolism pathways: highly
proliferative breast tumors exhibit high transaminase
and low GLUD expression, preferring to convert glu-
tamate to a-KG via transaminases to synthesize non-
essential amino acids, whereas quiescent cells rely more
on GLUD to produce a-KG (Coloff et al., 2016).

Among the four main breast cancer subtypes, the
highly proliferative basal-like tumors typically exhibit
high levels of GPT2 and PSAT1 expression, while GLUD1/2
expression is relatively low (Sun et al., 2020). In con-
trast, ER-positive breast cancers show increased GLUD
expression, explaining their relative independence from
glutamine (Sun et al., 2020). Additionally, luminal breast
cancers have lower glutamine dependency, partly due
to the luminal transcription factor GATA3, which can
directly induce high expression of glutamine synthetase
(GS), catalyzing the ATP-dependent reaction for de novo
glutamine synthesis (Issaq et al., 2019; Kim et al., 2021).
Furthermore, GOT2 is also overexpressed in TNBC, pro-
moting cell proliferation by increasing the production of
aspartate and a-KG. The BRCA1 protein suppresses GOT2
expression at the transcriptional level, but this inhibi-
tory mechanism is weakened due to the frequent BRCA1
deficiency observed in TNBC (Hong et al., 2019).

Finally, a-KG derived from glutamine in tumor cells
typically participates in the TCA cycle in two ways,
depending mainly on oxygen supply and mitochondrial
function. Under aerobic conditions, tumor cells with
normal mitochondrial function can use a-KG in the TCA
cycle, thereby providing energy and biosynthetic precur-
sors for cell growth and proliferation. Conversely, under
hypoxic conditions or when mitochondrial function is
impared, a-KG primarily participates in lipid synthesis
through reductive carboxylation (Cluntun et al., 2017).

Serine metabolism

Among amino acids, serine is the second most con-
sumed after glutamine. Serine is an important non-
essential amino acid that can be obtained from the diet
or synthesized de novo from the glycolysis intermediate
3-phosphoglycerate (3-PG) (Wu et al., 2017) (Fig. 2). It
serves multiple purposes in tumor cells: it is used for
protein synthesis, acts as a precursor for glycine and
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cysteine in the synthesis of sphingolipids and phospho-
lipids, and is involved in the folate-mediated one-carbon
pathway, where it is cleaved to produce glycine and
one-carbon units for the synthesis of porphyrins, thymi-
dylate, purines, glutathione, and S-adenosylmethionine
(SAM) (Barnabas et al., 2021). Serine metabolism not
only provides essential precursors for the synthesis of
proteins, nucleic acids, and lipids within tumor cells but
also contributes to maintaining redox balance by sup-
plying reducing power.

PHGDH is the first enzyme in the serine biosynthe-
sis pathway. It diverts the glycolytic pathway by cata-
lyzing the conversion of 3-phosphoglycerate (3-PG)
to 3-phosphohydroxypyruvate (3-PHP). 3-PHP is then
transaminated to 3-phosphoserine by phosphoserine
aminotransferase 1 (PSAT1) and subsequently dephos-
phorylated to serine by phosphoserine phosphatase
(PSPH) (Barnabas et al., 2021) (Fig. 2). Serine and glycine
are involved in one-carbon metabolism, supporting the
production of NADPH and the biosynthesis of nucleo-
tides and glutathione. Additionally, serine metabolism is
intricately linked to the TCA cycle, as the TCA interme-
diate 0-KG is produced during the PSAT1 transamination
reaction and can enter the cycle or support other met-
abolic pathways. Furthermore, reductive carboxylation,
driven by isocitrate dehydrogenase, can regenerate a-KG
from citrate under hypoxic or nutrient-limiting condi-
tions, sustaining serine biosynthesis and maintaining
redox balance through NADPH production. This inter-
play highlights the metabolic flexibility required for cel-
lular proliferation and survival under stress conditions.

Studies have found an increase in serine synthesis
within breast cancer tissues, along with an upregula-
tion of the serine transporter protein SLC1A4 (Pollari et
al., 2011; Possemato et al., 2011). In breast cancer cells
with LKB1 deficiency, there is an upregulation of PSATT,
PSPH, and serine hydroxymethyltransferase (SHMT1/2),
all of which are involved in the de novo serine synthe-
sis pathway (SSP) (Kottakis et al., 2016). While tradition-
ally associated with epithelial cell adhesion, E-cadherin
upregulates SSPin breast cancer, providing essential met-
abolic precursors for biosynthesis and oxidative stress
resistance (Lee et al.,, 2024). This enables E-cadherin®
breast cancer cells to grow faster and metastasize more
efficiently. Inhibiting PHGDH, specifically disrupts these
processes, impairing cell proliferation and metastatic
potential, making it a promising therapeutic target for
E-cadherin® breast cancers (Lee et al., 2024). Mutant p53
(mutp53), rather than wild-type p53, directly enhances
the expression of all SSP enzymes in breast cancer cells,
promoting de novo serine synthesis. This effect is more
pronounced under conditions of low amino acid availa-
bility, thereby facilitating breast tumor cell proliferation.
Additionally, mutp53 can promote glucose uptake, which
also provides nutrients for serine synthesis via glycolysis.
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NADH and producing energy. IDH2, utilizing NADP~, facilitates the bidirectional metabolism of isocitrate and a-KG, promoting
the reductive carboxylation of a-KG to citrate under specific conditions such as hypoxia or mitochondrial dysfunction. In the
cytoplasm, IDH1, which also relies on NADP*, catalyzes the same reductive carboxylation reaction, supporting redox balance and
lipid biosynthesis. The therapeutic inhibitor NCT-503 targets PHGDH, disrupting serine biosynthesis and impeding tumor growth
by exploiting the dependence of cancer cells on this pathway. This highlights the metabolic crosstalk between serine/glycine
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figure was created with BioRender.com.

When glucose is scarce, mutp53 upregulates the expres-
sion of the gluconeogenesis enzyme PCK2, ensuring suf-
ficient Ser/Gly production. This might enhance serine
production by ensuring substrate availability and divert-
ing carbon units from glycolysis to SSP (Tombari et al.,
2023).

The overexpression of PHGDH and PSAT1 is signif-
icantly associated with poor clinical outcomes and
malignant phenotypes in breast cancer. This overexpres-
sion can turn into a targetable metabolic vulnerability in
specific contexts. For example, TNBC and HER2-positive
breast cancer cells where isocitrate dehydrogenase 2

(IDH2) is highly expressed, the serine biosynthesis path-
way becomes indispensable for sustaining their meta-
bolic demands and aggressive phenotypes (Barnabas et
al., 2021). IDH2 plays a key role in the TCA cycle, convert-
ing isocitrate to a-KG, and also drives the reductive car-
boxylation of a-KG to citrate (Fig. 2). Inhibiting PHGDH
or PSAT1 in IDH2-high cells significantly disrupts the
TCA cycle by reducing the availability of a-KG and other
intermediates, thereby impairing mitochondrial respira-
tion and energy production. Notably, PHGDH inhibitors
effectively suppress the growth of IDH2-overexpressing
breast tumors in pre-clinical models, indicating that



targeting PHGDH could be a promising approach for
TNBC with IDH2 overexpression (Barnabas et al., 2021).
Moreover, PHGDH, as the first key enzyme in SSP, is over-
expressed in both TNBC and BLBC, partly due to copy
number amplification, and its catalytic activity is crucial
for tumor proliferation (Possemato et al., 2011). The sus-
tained ectopic expression of PHGDH in the breast epi-
thelial cell line MCF10A disrupts acinar morphology and
induces further phenotypic changes, leading to malig-
nant transformation (Locasale and Cantley, 2011). It has
also shown that the heterogeneity of PHGDH expression
is closely related to the dissemination and metastatic
potential of breast cancer cells. Approximately 67% of
breast cancers exhibit homogeneously high PHGDH
expression, while 33% show heterogeneous or low
expression. Tumors with homogeneously high PHGDH
expression tend to have higher tumor staging (pT), but
interestingly, lymph node staging (pN) is higher in tum-
ors with heterogeneous or low PHGDH expression (Rossi
etal., 2022). When PHGDH is highly expressed in primary
breast cancer, it can enhance tumor cell proliferation
through its catalytic function; conversely, when expres-
sion is heterogeneous or low, it promotes integrin avf3
sialylation, thereby enhancing tumor metastasis and
invasiveness (Rossi et al., 2022). Therefore, the presence
of PHGDH heterogeneity in primary tumors can be con-
sidered a marker of tumor aggressiveness.

Aspartate-asparagine metabolism

Aspartate is a non-essential amino acid in the body,
and L-aspartate (L-Asp) is its predominant form. The
growth and proliferation of most cells depend on the
autonomously synthesized aspartate, which is primar-
ily synthesized in the mitochondria (Garcia-Bermudez
et al., 2018). Aspartate transaminase (AST) or aspartate
aminotransferase, also known as AspAT/ASAT/AAT or
(serum) glutamic oxaloacetic transaminase (GOT, SGOT)
catalyzes the reversible transfer of an amino group
between glutamate and oxaloacetate, producing aspar-
tate and a-KG (Fig. 3A). Aspartate is then converted into
asparagine by asparagine synthetase (ASNS), with the
amino group provided by glutamine (Ling et al., 2023).
Aspartate also participates in the biosynthesis of NAD
through aspartate oxidase. Aspartate is also a crucial
substrate for the de novo synthesis of pyrimidines and
plays a significant role in oxidative phosphorylation
(Rabinovich et al., 2015). Moreover, aspartate plays a role
in the urea cycle, facilitating the clearance of ammonia
from the body. Numerous studies have shown that L-Asp
is essential for cell proliferation, and in cancer cells, most
L-Asp is derived from mitochondrial glutamine metab-
olism, making it a limiting metabolite for cancer cell
growth (Gorgoglione et al., 2022) (Fig. 3B). Besides its met-
abolic role, aspartate can serve as a signaling molecule
that promotes metastasis aggressiveness. In metastatic
breast cancer cells colonizing the lung, aspartate binds
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and activates the NMDA receptor to boost the transla-
tional regulation of collagen synthesis which is crucial
for lung metastasis formation (Doglioni et al., 2025).
Notably, a study investigating plasma metabolic
markers in breast cancer patients and healthy controls
revealed a significant association between aspartate
levels and the presence of breast cancer. The findings
demonstrated that aspartate not only effectively distin-
guishes breast cancer patients from healthy controls but
also enables differentiation between early-stage breast
cancer (stages I-II) and healthy individuals. Moreover,
the sensitivity and specificity of aspartate as a diagnostic
marker for breast cancer were found to approach 100%,
highlighting its potential as a highly accurate biomarker
for early detection (Xie et al., 2015). In breast cancer tis-
sues, the levels of aspartate and its related metabolites
(asparagine and nucleosides) were significantly higher
than in non-tumor tissues. Breast cancer cells also
showed a significantly higher level of aspartate metab-
olism compared to normal breast cells, and the activity
of GOT was notably altered (Xie et al., 2015). These find-
ings suggest that the metabolic needs of breast tumor
cells require the absorption of aspartate from the blood-
stream, leading to a decrease in serum aspartate levels
and an increase in aspartate levels in tumor tissues as a
critical metabolic feature of breast cancer. Additionally,
the levels of aspartate are regulated by asparagine syn-
thetase. Overexpression of insulin-like growth factors 1
and 2 (key regulators of breast cancer development) in
breast cancer tissues leads to increased expression of
asparagine synthetase, which, in turn, alters the levels of
asparagine and aspartate (Xie et al., 2015). Furthermore,
the loss of p53 can upregulate the expression of ASNS,
affecting the balance of asparagine and aspartate both
inside and outside the tumor cells, thereby sustaining
the survival and proliferation capacity of the tumor cells.
Removing asparagine can significantly inhibit tumor cell
proliferation and induce apoptosis (Deng et al., 2020).

Arginine metabolism

Arginine plays a crucial role in various cellular biological
processes, including cell proliferation, cell signaling, and
immunity. Arginine in cells can be replenished through
dietary intake rich in arginine or synthesized de novo from
citrulline and aspartate (Wei et al., 2020). This synthesis
occurs through a two-step catalysis by argininosuccinate
synthase 1 (ASS1) and argininosuccinate lyase (ASL) (Fig.
3B). Arginase 1 (Argl) then breaks down arginine into orni-
thine and urea (Sun and Zhao, 2022). The enzyme ornith-
ine transcarbamylase (OTC) converts ornithine back into
citrulline in the mitochondria, allowing for recycling (Sun
and Zhao, 2022). Abnormalities in ASS1, ASL, or OTC can
affect intracellular arginine storage. Therefore, arginine is
also considered a “semi-essential” or “conditionally essen-
tial” amino acid. Normal cells do not completely depend
on external arginine. However, in many cancer cells,
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of arginine via ADI-PEG20 and the degradation of asparagine via L-ASNase are depicted, demonstrating potential strategies to starve
cancer cells of essential amino acids, thereby suppressing tumor growth. AST: aspartate transaminase; ASNS: asparagine synthetase;
Gln: glutamine; ASNase: asparaginase; P-5-C: pyrroline-5-carboxylate; OAT: ornithine aminotransferase; ASS: argininosuccinate
synthase; ASL: argininosuccinate lyase; NOS: Nitric oxide synthase; NO: nitric oxide; ARG: arginase. The figure was created with
BioRender.com.

including breast cancer, the transcription of ASS1 is sup-
pressed, causing these cells to lose the ability to synthe-
size arginine (Qiu et al., 2014). As a result, the cells become
addicted to external arginine, a phenomenon referred to
as arginine auxotrophic cells.

More than 60% of breast cancer biosamples show
low or absent ASS1 levels. This low ASS1 abundance
is significantly correlated with lower survival rates
in breast cancer (Qiu et al., 2014). Arginine starvation
in arginine auxotrophic breast cancer cells induces
ASNS, depletes aspartate in these tumor cells, and
disrupts their malate-aspartate shuttle. The fate of
arginine-starved cells is influenced by mitochondrial
dysfunction and intracellular aspartate depletion.
Supplementing aspartate, inhibiting ASNS, or depleting

mitochondria in these breast cancer cells can provide
protection. Additionally, in a breast cancer xenograft
mouse model, dietary arginine restriction reduced the
growth of ASS1-deficient breast cancer tumors in mice
(Sullivan et al., 2018). This suggests that breast can-
cer patients with ASS1 deficiency might be candidates
for arginine starvation therapy. Furthermore, in TNBC
cells, arginine depletion can inhibit the translation of
the typical endoplasmic reticulum (ER) stress marker,
binding immunoglobulin protein (BiP), through riboso-
mal stalling. This triggers an atypical ER stress response
that disrupts protein homeostasis and plays a crucial
role in inhibiting TNBC cell growth, indicating that BiP
acts as a protective agent in arginine depletion-induced
growth inhibition (Vidal et al., 2023).
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Large neural amino
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Figure 4. Tryptophan metabolism pathway and its regulation in cancer cells. The enzyme indoleamine 2,3-dioxygenase (IDO1/2) and
tryptophan 2,3-dioxygenase (TDO) convert tryptophan into N-formyl-L-kynurenine, which is further metabolized into L-kynurenine
(L-Kyn) by arylformamidase (AFM). L-Kyn undergoes multiple conversions via kynureninase (KYNU) to alanine, and through
kynurenine monooxygenase (KMO) and KYNU into 3-hydroxykynurenine (3-HK) and 3-hydroxyanthranilic acid (3-HAA), leading to
the production of NAD*, a key molecule in cellular energy metabolism. Tryptophan is also converted into serotonin (5-HT) through
the intermediate 5-hydroxytryptophan (5-HTP) by tryptophan hydroxylase (TPH). Tryptophan degradation through IDO1/2 can be
inhibited by several drugs, including Indoximod, Epacadostat, and Navoximod, which are shown to block the immunosuppressive
effects of kynurenine accumulation in cancer cells. The figure was created with BioRender.com.

Arginine can be metabolized into nitric oxide (NO) and
citrulline by nitric oxide synthase (NOS) and into ornith-
ine and urea by arginase (ARG). Breast cancer cells rely
on ARG2 for ornithine synthesis, while normal cells use
ornithine aminotransferase (OAT). Knocking down ARG2
in breast cancer cells significantly inhibits cell prolif-
eration and causes G,/M arrest, without compensation
through the OAT pathway (Roci et al., 2019). Similarly,
knocking out ASL in TNBC cells leads to a delayed G,/M
transition. NO produced by NOS from arginine has a dual
role in cancer signaling. On one hand, NO is considered
an anti-tumor agent due to its antioxidant capacity and
free radical scavenging properties. On the other hand,
increasing evidence suggests that NO promotes tumor
angiogenesis, metastasis, and anti-apoptotic processes
(Chen et al., 2021; Keshet and Erez, 2018). Elevated NO
production can induce S-nitrosylation of EGFR, thereby
activating various oncogenic signaling pathways,
including c-Myc, Akt, and mTOR (Switzer et al.,, 2012).
Additionally, NO can directly inhibit the catalytic activity
of the demethylase KDM3A, thereby altering the histone
methylation pattern and regulating the expression levels
of various oncogenes (Hickok et al., 2013).

Tryptophan metabolism

Tryptophan is an essential amino acid in the human
body and must be obtained from the diet to maintain
cell function. The metabolic pathways of tryptophan
in the body are relatively complex and mainly include
the following three processes: (i) the production of

indole and its derivatives; (ii) the formation of seroto-
nin (5-hydroxytryptamine (5-HT)) involving tryptophan
hydroxylase 1 (TPH); and (iii) more than 95% of free Trp
is catalyzed by three rate-limiting enzymes, indoleamine
2,3-dioxygenase 1 (IDO1), IDO2, and tryptophan
2,3-dioxygenase 2 (TDO2) to produce kynurenine (Xue et
al., 2023) (Fig. 4). In the human body, enzymes related
to tryptophan metabolism exhibit tissue specificity, and
their expression is tightly regulated. For example, IDO1 is
expressed in various tissues throughout the body, while
TDO?2 is primarily expressed in the liver. The bioactive
metabolite kynurenine, produced by these enzymes, may
affect cancer development by modulating immune sur-
veillance or oncogenic signaling (Platten et al., 2019).
Compared to healthy controls, breast cancer patients
exhibit significantly lower levels of kynurenine, trypto-
phan, and their ratio in plasma, suggesting an increased
breakdown of tryptophan in these patients. In hor-
mone receptor-negative breast cancer patients, the
plasma tryptophan levels are lower, and the kynure-
nine/tryptophan ratio is higher compared to hormone
receptor-positive cancers, while this ratio is lower in lob-
ular carcinoma than in any other histological subtype
(Onesti et al., 2019). The expression of TDO2 and IDO1
is upregulated in breast cancer, with high levels of TDO2
closely linked to poor patient prognosis (D’Amato et al.,
2015; Jacquemier et al., 2012). Moreover, elevated TDO?2
expression in clinical samples of TNBC correlates with
higher disease grades, estrogen receptor-negative sta-
tus, and reduced overall survival. In TNBC cells, TDO2
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is overexpressed in a nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB) dependent man-
ner, activating the endogenous kynurenine receptor aryl
hydrocarbon receptor (AhR) by increasing kynurenine
production. Pharmacological inhibition or genetic sup-
pression of TDO2 or AhR enhances the sensitivity of TNBC
cells to apoptosis and reduces the proliferation, migration,
and invasion of TNBC cells. In a mouse model of breast
cancer with TNBC cells treated with a TDO2 inhibitor,
there was a significant reduction in the number of met-
astatic lung nodules, indicating that TDO2 enhances the
metastatic capacity of TNBC cells (D’Amato et al., 2015).
Interestingly, kynurenine and xanthurenic acid produced
by the TDO-dependent kynurenine pathway can drive
AhR activity in TNBC cells. In turn, activated AhR can
promote TDO expression to form a positive feedback loop
and promote the migration of breast cancer cells (Novikov
et al.,, 2016). IDO1 regulates the cell cycle distribution
and exhibits anti-apoptotic effects in breast cancer cells.
IDO1-positive breast tumors in immunocompetent mice
show significantly higher levels of spontaneous lung
metastasis compared to IDO1-negative tumors, while the
opposite was observed in immunodeficient mice, con-
firming the immunosuppressive role of IDO1 in sponta-
neous metastasis formation (Levina et al., 2012).

In addition, IDO1 is also upregulated in cancer-
associated immune cells, such as dendritic cells and
macrophages, which promotes immune evasion by
depleting tryptophan in the tumor microenvironment,
particularly at the immunological synapse (Meireson
et al.,, 2020). Tryptophan depletion activates the GCN2
stress response in cytotoxic T cells, leading to reduced
proliferation, impaired cytokine production, functional
exhaustion, and susceptibility to apoptosis. Additionally,
regulatory T cells (Tregs) are promoted, further enhanc-
ing immune tolerance (Sarangi, 2024). Kynurenine rein-
forces the immunosuppressive phenotype by activating
AhR on T cells. Together, these mechanisms inhibit effec-
tive anti-tumor immunity, enabling tumors to evade
immune surveillance.

Other amino acids

Breast cancer cells can become dependent on exog-
enous methionine, accelerating tumor proliferation.
Methionine restriction inhibits the progression of
breast cancer in mice by reducing cell proliferation and
increasing apoptosis (Strekalova et al., 2015). Leucine,
isoleucine, and valine as branched-chain amino acids
(BCAAs) can activate mTORC1 signaling, which stim-
ulates protein translation, growth, and survival, and
involved in breast cancer progression (Jung et al., 2021).
Inhibiting the breakdown of BCAAs can suppress breast
cancer cell migration, invasion, and N-cadherin expres-
sion. Additionally, it can inhibit tumor growth and lung
metastasis in mice (Chi et al., 2022).

The role of mitochondria in breast cancer

Mitochondria play a central role in cancer metabo-
lism, serving as metabolic hubs for energy production,
biosynthesis, and redox homeostasis. In breast cancer,
mitochondrial functions are closely linked to amino
acid metabolism, contributing to tumor growth and
adaptation under stress conditions. For instance, glu-
taminolysis, a key mitochondrial metabolic pathway,
converts glutamine-derived glutamate into a-KG, which
fuels the TCA cycle (Wang et al., 2020b). This process
provides intermediates necessary for energy produc-
tion, biosynthetic precursors, and redox balance to sup-
port the rapid proliferation of cancer cells. Additionally,
mitochondrial-dependent tryptophan metabolism gen-
erates metabolites, such as kynurenic acid, which sup-
press anti-tumor immune responses (Liu et al., 2024b;
Triplett et al., 2018). Similarly, mitochondrial utilization
of arginine-derived intermediates supports anabolic
pathways, including nucleotide, protein, and polyamine
synthesis, while promoting metabolic vulnerabilities in
arginine-auxotrophic tumors (Liu et al., 2024a).

Beyond metabolic roles, mitochondria are essential for
maintaining bioenergetics in breast cancer cells. Under
conditions of metabolic stress, such as hypoxia or nutri-
ent deprivation, oxidative phosphorylation (OXPHOS)
becomes critical for ATP production and survival, par-
ticularly in TNBC (El-Botty et al., 2023). Moreover, mito-
chondrial dynamics, including fusion, fission, and
biogenesis, enhance metabolic plasticity, enabling can-
cer cells to adapt to stress, resist apoptosis, and promote
metastasis (Hsu et al., 2024). Dysregulation of these pro-
cesses can drive metastatic progression and therapeutic
resistance. Future research integrating mitochondrial
biology with precision medicine approaches could pave
the way for novel therapies targeting metabolic vulnera-
bilities in breast cancer.

Clinical application of amino acid metabolic
reprogramming in breast cancer

Clinical diagnostic imaging

Currently, the clinical application of *F-fluorodeoxy
glucose positron emission tomography (FDG-PET) tech-
nology has been widely used for whole-body staging of
malignant tumors, detection of recurrent diseases, and
monitoring of treatment response. ®F-FDG is mainly
based on the avid uptake of glucose by tumors, mak-
ing it a tumor tracer. However, the main limitation of
BF-FDG-PET is that some inflammatory diseases and
benign tumors also have a high uptake rate of ¥F-FDG
(Alcin et al., 2023). Due to amino acid reprogramming in
breast cancer cells, the use of natural or synthetic amino
acid radiotracers for molecular imaging holds promising
potential for application.



Anti-1-amino-3-¥F-fluorocyclobutane-1-carboxylic
acid (**F-FACBC) is a synthetic L-leucine analog mainly
transported by SLC7AS5 and SLC1AS. The uptake of anti-
8F-FACBC is not only associated with the malignancy of
breast tumor cells but also shows a high uptake rate in
an in situ breast cancer mouse model (Liang et al., 2011).
¥F-Fluciclovine PET/CT imaging in patients with breast
lesions indicates that the uptake in breast cancer is
significantly higher than in benign lesions and normal
breast tissue. It may also be used to detect unsuspected
axillary lymph node metastases in breast cancer, includ-
ing micrometastases (<2 mm) in lymph node lesions
(Tade et al., 2016).

(4S)-4-(3-**F-fluoropropyl)-L-glutamic acid (BAY 94-9392,
also known as ®F-FSPG) is a glutamate derivative specif-
ically transported by the xC-transporter. It has demon-
strated excellent tumor visualization in preclinical animal
models. However, in a study imaging five breast cancer
patients using *F-FSPG PET, three cases could be visually
identified, while two cases of breast cancer lesions over
7 cm were missed but could be detected by conventional
imaging methods (Baek et al., 2012).

Leveraging the characteristic glutamine addiction of
cancer cells, a natural glutamine analog, **F-(25,4R)4-
fluoroglutamine, has been developed as a potential
tumor imaging tracer. **F-FGIn PET can be used to track
the size of the glutamine pool in breast cancer cells with
different GLS activity levels, serving as a reverse indica-
tor of glutamine catabolism (Zhou et al., 2017). The peak
SUVmax of ¥F-FGIn in breast cancer patients is reached
within 10 min, and tumors and metastatic lymph nodes
in nearly all of the 17 tested breast cancer patients could
be diagnosed using *F-FGIn imaging (Xu et al., 2020).
Using *™Tc-labeled DTPA-bis-methionine (DTPA-bis-
MET) for scintigraphy in breast cancer detection showed
a 96% sensitivity and positive predictive value and a
67.0% specificity (Sharma et al., 2014).

Targeting amino acid transporters

Solute carriers (SLCs) are a group of membrane transport
proteins. To date, the SLC superfamily has been identified
to consist of over 460 transporter proteins classified into
66 distinct families, and about 20% of the SLC superfam-
ily is mainly used to transport neutral amino acids such
as glutamine. Rapidly proliferating cancer cells often
need to upregulate the expression of amino acid trans-
porter proteins to obtain abundant amino acids from the
extracellular environment in order to meet their needs.
Dysregulation of amino acid transporter proteins leads to
metabolic reprogramming of tumors, and different sub-
types of breast cancer exhibit specific amino acid trans-
porter protein profiles. It has been demonstrated that
SLC1AS, SLC6A14, SLC7A11, SLC3A1, SLC7AS, SLC38A2,
and SLC38A5 are significantly expressed in breast cancer
cells (Table 1).
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SLC1A5

SLC1AS5, also known as ASCT2, is a cell surface
sodium-dependent neutral amino acid exchanger. It is
one of the most studied glutamine transporters and is
closely related to the progression of many malignant
solid tumors, including breast cancer (Cormerais et al.,
2018; Wang et al.,, 2020a). In addition to controlling glu-
tamine uptake, SLC1AS can also transport other amino
acids, such as alanine, serine, cysteine, threonine, and
asparagine. SLCIAS is significantly overexpressed in
most subtypes of breast cancer, but different breast can-
cer cell lines show varying degrees of dependence on
SLC1AS activity. When treated with the SLC1AS5 inhibitor
L-y-glutamyl-p-nitroanilide (GPNA), different molecular
subtypes of breast cancer cells, including luminal, basal-
like, and claudin-low, showed significant inhibition of glu-
tamine uptake (van Geldermalsen et al., 2016). However,
GPNA treatment specifically inhibited the growth and cell
cycle progression of basal-like cells. Furthermore, knock-
down of SLC1AS induced rapid cell death in basal-like
triple-negative breast cancer cells in vitro and reduced
xenograft implantation and subsequent growth in mice
but had little effect on luminal cells (van Geldermalsen
et al,, 2016). This indicates that SLC1AS is crucial for the
growth and progression of triple-negative breast cancer,
with less impact on luminal breast cancer.

However, an in vitro study suggested that SLC1A5
might be associated with endocrine therapy failure in
some luminal breast cancers. They found that SLC1A5
was upregulated in endocrine therapy-resistant breast
cancer cells, and inhibition of SLC1AS5 suppressed the
proliferation of breast cancer cells resistant to aro-
matase inhibitors (Chen et al., 2015). Clinical sample
analysis suggested that luminal breast cancer patients
with high SLC1AS5 expression are more likely to experi-
ence relapse after endocrine treatment. Knockdown of
SLC1AS increased the sensitivity of luminal breast can-
cer cells to tamoxifen treatment, possibly by modulat-
ing the expression of the pentose phosphate pathway
enzyme TALDO1, which is crucial for cancer cell growth
and proliferation. Therefore, SLC1A5 and TALDO1 can
be used to predict the prognosis of endocrine therapy in
luminal breast cancer (Alfarsi et al., 2021).

SLC1AS is associated with the transcriptional regu-
lators MYC and ATF4 in TNBC, and the transcriptional
programs driven by MYC and ATF4 can dynamically reg-
ulate SLC1AS (van Geldermalsen et al., 2016). The tumor
suppressor gene Rb loss can lead to the activation of
its regulated transcription factor E2F-3, which directly
regulates SLC1IAS5 mRNA and protein expression to pro-
mote glutamine uptake (Reynolds et al., 2014). Tumor
suppressor miR-137 belongs to a class of small non-
coding RNAs that block translation and promote deg-
radation of SLC1A5 mRNA by targeting SLC1IAS mRNA,
resulting in increased SLC1AS expression and enhanced
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glutamine metabolism (Dong et al., 2017). The multidrug
resistance-associated gene ABC transporter ABCG2 can
form a complex with SLC1AS in MCF-7 cells to facilitate
glutamine influx and enhance redox regulation, provid-
ing a survival advantage to cancer cells under oxidative
stress (Shi et al., 2024).

Targeting SLC1AS to prevent extracellular glutamine
uptake and metabolism represents a promising direction
for breast cancer therapy. Benzylserine was the first mol-
ecule discovered to inhibit SLC1AS in breast cancer cells,
disrupting intracellular glutamine uptake. However,
it was found to have four additional targets, making it
nonspecific (van Geldermalsen et al., 2018). GPNA can
inhibit the proliferation of TNBC cells, but glutamine
analogs can block multiple glutamine transporters such
as SNAT1 and SNAT2. Due to its lack of specificity, low
affinity, and toxicity, GPNA is not suitable for clinical
use (Broer et al., 2018). The small molecule lead com-
pound V-9302, derived from 2-amino-4-bis (aryl oxy-
benzyl) amino butyric acid, is one of the most effective
inhibitors of active cellular glutamine uptake. It inhib-
its SLC1A5-mediated glutamine uptake in human cells
in a concentration-dependent manner, with potency
increased 100-fold compared to GPNA.V-9302 can reduce
breast cancer cell growth and proliferation, increase cell
death, and enhance oxidative stress, effectively promot-
ing anti-tumor responses both in vitro and in mouse
models (Schulte et al., 2018).

The oncogene ras is mutated in various tumor types,
and Harvey-ras transformed MCF10A human breast
epithelial cells (MCF10A-ras) can serve as a cell model
for early breast cancer progression. A functional nega-
tive vitamin D response element exists in the SLCIAS
gene promoter. The active form of vitamin D, 1,25(0OH),D,
can decrease SLC1AS5 transcript levels and inhibit
glutamine uptake in MCF10A-ras cells (Zhou et al,
2016). MEDI7247, a novel pyrrolobenzodiazepine (PBD)
antibody-drug conjugate targeting SLC1A5, specifically
binds to surface SLC1AS. It is currently in Phase I clinical
trials for relapsed/refractory hematologic malignancies.
However, adverse events related to MEDI7247 have hin-
dered repeated dosing and response durability, leading
to premature termination of the study (Maris et al., 2024;
Wichmann et al., 2023). Although inhibition of SLC1AS5
has shown some anti-tumor effects in vitro and in mouse
models, safe and effective specific inhibitory drugs are
still lacking and require further development.

SLC6A14

SLC6A14, also known as amino acid transporter Bo+
(ATB%*), mediates the unidirectional influx of amino
acids. This transport is driven by the transmembrane
gradients of Na* and Cl- and is coupled with the mem-
brane potential (Nalecz, 2020). SLC6A14 has a broad sub-
strate specificity, capable of transporting all amino acids
except the acidic ones, aspartate and glutamate. Studies

have found that the expression of SLC6A14 is specifically
upregulated in ER-positive breast cancer tissues and
cell lines (Karunakaran et al., 2011). This upregulation
likely supports the increased demand for amino acids,
such as leucine, glutamine, and arginine. Furthermore,
upon treatment with estradiol, which uses luciferase
as a reporter gene, an ER binding site was identified
in the SLC6A14 promoter in ER-positive breast cancer
cells (Karunakaran et al., 2011). Estradiol treatment
enhances SLC6A14 expression in ER-positive cell lines,
and this effect can be reversed by antiestrogen therapy
using tamoxifen (Karunakaran et al., 2011). In spontane-
ous mouse models of breast cancer, enhanced SLC6A14
expression promotes the growth of ER-positive breast
tumors, while SLC6A 14 gene knockout mice exhibit breast
tumors with amino acid starvation, weakened mTOR sig-
naling, and reduced cell proliferation (Babu et al., 2015).
Although endocrine therapy is effective for ER-positive
breast cancer patients and is the standard treatment,
approximately 40% of female patients experience cancer
recurrence due to endocrine therapy resistance. Global
transcriptomic analysis of endocrine therapy-resistant
breast cancer cells revealed that SLC6A14 expression
is downregulated under the control of increased miR-
23b-3p expression, resulting in increased aspartate and
glutamate uptake (Bacci et al., 2019).

The selective blocker of SLC6A14, a-methyl-dl-
tryptophan (a-MT), when used in vitro on ER-positive
MCF7 breast cancer cells, can induce amino acid depri-
vation, inhibit mTOR, and activate autophagy. Prolonged
treatment with o-MT leads to apoptosis, and add-
ing an autophagy inhibitor also induces apoptosis in
aiSLC6Al4-dependent manner. In mouse xenograft
models, a-MT treatment effectively reduced the tumor
growth of ER-positive breast tumors but does not affect
the tumor growth of ER-negative breast cancer cells
(Karunakaran et al., 2011).

SLC6A14 must leave the endoplasmic reticulum and
reach the plasma membrane to function as a trans-
porter, a step mediated by heat shock proteins HSP70
and HSP90beta (Nalecz, 2020). Currently, ganetespib (an
HSP90 inhibitor) has been reported to be used in combi-
nation with various chemotherapeutic drugs in phase II
clinical trials for treating ER-positive and HER2-positive
metastatic breast cancer patients (NCT01560416,
NCT02060253), with encouraging results in HER2+ meta-
static breast cancer. Therefore, besides directly inhibiting
SLC6A14 itself, interfering with the transport of SLC6A14
by inhibiting HSP appears to be a promising strategy
(Jhaveri and Modi, 2015).

SLC7A11

SLC7A11, also known as xCT, is a chloride ion-dependent,
sodium-independent  cystine-glutamate  antiporter
located on the cell surface. SLC7A11 facilitates the
exchange of intracellular glutamate and extracellular



cystine in a 1:1 ratio. Once inside the cell, cystine is
converted to cysteine through a reduction reaction that
consumes NADPH. This cysteine is subsequently used
for the biosynthesis of glutathione (Conrad and Sato,
2012). The single-pass transmembrane protein SLC3A2
forms a heterodimer with SLC7A11 via a disulfide bond,
serving as a chaperone protein that maintains the sta-
bility and proper membrane localization of SLC7A11
(Koppula et al., 2018). SLC7A11 is upregulated in breast
cancer, particularly in those with poor prognosis, such
as ER-negative, claudin-low, and TNBC, which show
higher levels of SLC7A11 mRNA and protein expression.
This expression is closely associated with poor patient
outcomes (Timmerman et al., 2013). SLC7All gene
expression is positively correlated with other amino acid
transporters like SLC3A2, SLC1A5, GLS, and the infiltra-
tion of neutrophils and macrophages, suggesting that
SLC7A11 plays a coordinated role in metabolic regula-
tion and tumor immunity (Nath et al., 2024). The high
uptake of cystine mediated by SLC7A11 in cancer cells,
coupled with glutamate export, makes SLC7A11-high
cancer cells heavily reliant on glutamine and glucose
(Timmerman et al., 2013). Furthermore, the influx of cys-
tine via SLC7A11 promotes GSH biosynthesis, which in
turn aids in the detoxification of lipid peroxides medi-
ated by GPX4, thereby inhibiting ferroptosis, a form of
iron-dependent cell death (Yang et al., 2014).

The proteasome chaperone Gankyrin, which is highly
expressed in TNBC tissues and cells, can form a com-
plex with MDM2 and p53, leading to the ubiquitination
of p53. This increases the expression of SLC7A11, result-
ing in impaired cysteine uptake and reduced GPX4 pro-
duction, thereby enhancing resistance to ferroptosis (Lei
et al.,, 2023). Studies have shown that SLC7A11 plays a
crucial role in the biology of breast tumor stem cells,
leading to the design of various anti-SLC7A11 vaccine
formulations, including DNA plasmid vaccines, virus-
like particles (VLP), and bovine herpesvirus type 4 (BoHV-
4) vaccines (Ruiu et al., 2019). In a breast cancer model
established subcutaneously in BALB/c female mice,
vaccination with anti-SLC7A11 formulations not only
inhibited the growth kinetics of primary tumors but also
reduced lung colonization. Additionally, metformin can
reduce the protein stability of SLC7A11 in breast cancer
cells by inhibiting its UFMylation, leading to increased
intracellular Fe?" and lipid ROS levels, thereby inducing
ferroptosis (Yang et al., 2021a). The development of spe-
cific inhibitors targeting SLC7A11 is still inadequate and
requires further efforts.

SLC7A5

SLC7AS, also known as the neutral amino acid trans-
porter 1 (LAT1), is a sodium-independent transporter
that mediates the efflux of intracellular glutamine to
exchange for large neutral amino acids such as leucine.
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SLC7AS5 exhibits notable subtype specificity in breast
cancer, with high expression in HER2+, ER+, and TNBC,
and is associated with poor patient prognosis (El Ansari
etal., 2018). Gene expression analysis of 80 breast cancer
tissues revealed that SLC7AS expression is positively cor-
related with the expression of the proliferation marker
Ki-67 and the hypoxia-inducible factor Hifla, indicating
a connection between SLC7AS expression, breast can-
cer cell proliferation, and tissue hypoxia (Tornroos et al.,
2022). In MCF-7 cells, SLC7AS expression is significantly
upregulated, and overexpression of SLC7A5 can increase
the expression of phosphorylated AKT, phosphorylated
mTOR, and phosphorylated p70-S6K, promoting the pro-
liferation and cell cycle regulation of MCF-7 cells (Li et
al., 2021). Activation of the AKT/mTORC1 pathway is
crucial for the cell proliferation process and prevents
tumor cell apoptosis. In vivo lung cancer metastasis
model established in BALB/c mice with orthotopic breast
tumors, knocking down SLC7AS led to a reduction in
tumor weight and volume, inhibited lung tumor lesion
formation, and reduced the abundance of CD4* T and
CD8* T cells, indicating that inhibiting SLC7AS alleviated
immune suppression (Huang et al., 2023). Furthermore,
SLC7AS plays a crucial role in endocrine therapy resist-
ance in ER+ patients. LLGL2, a scaffold protein, is over-
expressed in ER+ breast cancer and promotes ER+ breast
cancer cell proliferation by regulating leucine uptake
(Saito et al.,, 2019). Additionally, studies have found that
the estrogen receptor targets LLGL2 expression, and
LLGL2 interacts with SLC7AS and the membrane fusion
regulator YKT6 to form a trimeric complex to regulate
the cell surface levels of SLC7AS (Saito et al., 2019). The
high expression of SLC7AS promotes the proliferation
of ER+ breast cancer cells, leucine absorption, and the
induction of tamoxifen resistance, making SLC7AS5 a
necessary and sufficient condition for developing resist-
ance to tamoxifen therapy.
2-Amino-bicyclo[2.2.1]Jheptane-2-carboxylic acid (BCH)
is a nonspecific and concentration-dependent inhibitor of
L-type amino acid transporters, which does not selectively
inhibit SLC7AS. The addition of BCH to breast cancer cells
can effectively suppress their proliferation and colony for-
mation (Liang et al.,, 2011). Triiodothyronine (T3), a thyroid
hormone, serves as a substrate for SLC7AS, and research-
ers have designed a tyrosine analog based on the struc-
ture of T3 (KYT-0353 or JPH203) that can selectively inhibit
SLC7AS (Oda et al., 2010). In a study, mice with 4T1 subcu-
taneous fat pad tumors were randomly divided into four
groups and injected with a vehicle, anti-PD-1 antibody,
JPH203, or a combination of the two. The results showed
that both the JPH203 group and the anti-PD-1 group were
able to inhibit the growth and lung metastasis of TNBC,
with the combined treatment group showing superior
tumor suppression compared to the single-agent or con-
trol groups (Huang et al., 2023). However, further clinical
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trials are needed to potentially advance the clinical appli-
cation of targeted metabolic therapy.

SLC38A2

The sodium-coupled neutral amino acid transporter,
SLC38A2/SNAT?2 mediates cellular uptake of glutamine
and other small, neutral amino acids. SLC38A2 has been
identified as a highly expressed amino acid transporter in
six breast cancer cell lines, and high levels of SLC38A2 are
associated with poor clinical outcomes in TNBC patients.
Knockdown of SLC38A2 in breast cancer cells regulates
mTORC1 signaling, reduces glutamine consumption in
breast cancer cell lines, sensitizes cells to low-glutamine
conditions, and increases ROS production (Morotti et
al.,, 2021). Compared to patients with metastases to
other organs, breast cancer patients with brain metas-
tases have higher levels of miR-199b-5p in their blood.
Extracellular vesicles from breast cancer cells with high
brain metastatic potential carry elevated levels of miR-
199b-5p. Breast cancer cell-secreted miR-199b-5p tar-
gets SLC1A2 in astrocytes and SLC38A2 and SLC16A7 in
neurons, hijacking neuron-astrocyte metabolic coupling
(Ruan et al,, 2024). This leads to extracellular retention
of glutamate, glutamine, and lactate, thereby promoting
brain metastasis. SLC38A2 is also linked to drug resist-
ance. Paclitaxel-induced endoplasmic reticulum stress
in breast cancer cells promotes ubiquitination and deg-
radation of SLC38A2 by the ubiquitin ligase RNF5, lead-
ing to increased autophagy and cell death. Conversely,
increased SLC38A2 expression promotes tumorigenesis
and reduces paclitaxel responsiveness (Jeon et al., 2015).
Additionally, both in vitro and in mouse xenograft exper-
iments, hypoxia upregulates SLC38A2 expression in an
HIF-1a-dependent manner. Overexpression of SLC38A2
leads to complete resistance to anti-estrogen therapy and
is induced in tamoxifen resistance, contributing to endo-
crine resistance in breast cancer (Morotti et al., 2019).

Pharmacological inhibition of SLC38A2, using sys-
tem A inhibitors such as methylamino-isobutyric acid
(MeAIB), has shown promising results in preclinical
studies, reducing amino acid uptake and tumor cell
viability. 3-(N-methyl (4-methylphenyl)sulfonamido)-N-
(2-trifluoromethylbenzyl)thiophene-2-carboxamide
(MMTC or 57E) has been identified as a potent inhib-
itor of SLC38A2 by FLIPR membrane potential (FMP)
assay (Gauthier-Coles et al., 2022). These findings under-
score the therapeutic potential of targeting SLC38A2 in
breast cancer, particularly in aggressive subtypes and
treatment-resistant cases.

SLC38A5

SLC38AS5 is an amino acid-coupled Na*/H* exchanger
that mediates the influx of glutamine, glycine, serine, and
methionine into cells in a Na*-dependent manner while
exchanging intracellular H*, leading to intracellular

alkalization. SLC38A5 is up-regulated in TNBC cell lines
and promotes macropinocytosis, an endocytic process by
which cancer cells uptake large amounts of extracellular
fluid and its components (Ramachandran et al., 2021).
Interestingly, while SLC38AS5 enhances macropinocyto-
sis, it significantly reduces cell proliferation. As amino
acids enter cancer cells via SLC38A5, H* are exchanged
out of the cell, potentially helping to maintain intracel-
lular pH (Ramachandran et al., 2021). Thus, during the
initial stages of carcinogenesis, SLC38A5 plays a role in
the transport of amino acids to cancer cells, which may
be related to the promotion of macropinocytosis. In the
early stages of tumorigenesis, SLC38A5 facilitates amino
acid transport into cancer cells, possibly linked to its role
in promoting macropinocytosis. As the tumor microen-
vironment becomes acidic, the amino acid transport by
SLC38A5 can reverse, leading to the efflux of amino acids
and Na* in exchange for extracellular H*. In addition,
SLC38A5 is highly expressed in breast cancer tissues and
is associated with lower patient survival rates. Silencing
SLC38A5 inhibits tumor growth in murine breast can-
cer models and increases BC cell sensitivity to cisplatin
(Shen et al., 2024).

Niclosamide, an anti-tapeworm drug, has been shown
to inhibit SLC38A5 activity in breast cancer cells by
blocking H* efflux, resulting in intracellular acidification
(Sennoune et al., 2023). Further studies revealed that
pretreatment of TNBC cells with niclosamide reduces
the protein expression of SLC38A5 and SLC7A11, induces
oxidative stress, lipid peroxidation, and ferroptosis, and
significantly suppresses breast cancer growth in mouse
xenograft models (Mathew et al., 2024). These find-
ings suggest that targeting SLC38AS5, either directly or
through agents like niclosamide, could be a promising
therapeutic strategy for breast cancer.

Targeting key amino acid catabolic enzymes
GLS inhibitors

Glutaminase is highly expressed in breast cancer and is
crucial for tumor growth, with therapeutic efforts tar-
geting glutamine catabolism primarily focusing on GLS.
Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl
sulfide (BPTES) is the first reported specific and selective
inhibitor of GLS1, including KGA and GAC, which induces
cell death by inhibiting glutamine uptake in cancer cells
(Jeong et al., 2013; Robinson et al., 2007). pretreatment
with BPTES in TNBC cell lines can increase sensitiv-
ity to chemotherapeutic drugs cisplatin and etoposide,
inducing apoptosis (Chen et al., 2016). Compound 968 is
another small-molecule specific inhibitor of GLS1, capa-
ble of inhibiting carcinogenic transformation in breast
cancer cells. When combined with adriamycin (ADR),
it can reverse ADR resistance in ADR-resistant MCF-7
cells and synergistically inhibit cell viability (Yang et al.,
2021b). However, the latest research indicates that 968



also has moderate selectivity for GLS2 and inhibits the
growth of BPTES-resistant breast cancer (Lukey et al,
2019). CB-839 (telaglenastat) is a more potent, selective,
and orally bioavailable glutaminase inhibitor. CB-839
inhibits cancer cell proliferation by blocking GLS1 activ-
ity in TNBC cells and interfering with glutamine uti-
lization, glutamate synthesis, oxygen consumption,
and glutathione levels, as well as intermediates in the
tricarboxylic acid cycle (Gross et al., 2014). CB-839 has
also shown good antitumor activity and tolerability in
a mouse breast cancer xenograft model, enhancing
resistance and efficacy when used in combination with
paclitaxel (Gross et al., 2014). However, some studies
suggest that not all TNBC cell lines respond to CB-839
treatment. CB-839-resistant TNBC cells exhibit increased
levels of carnitine palmitoyltransferase 2 (CPT2) protein
and CPT1 activity (Reis et al., 2019). The combined use of
CB-839 and CPT inhibitors can reduce cell proliferation
and migration in CB-839-resistant cells, suggesting that
dual GLS-CPT1 inhibition may be a promising therapeu-
tic strategy for TNBC. Currently, CB-839 is undergoing
phase I/II clinical trials, with patients showing good tol-
erability and no significant side effects observed in pre-
clinical trials (Wicker et al., 2021).

PHGDH inhibitors

In TNBC cells, upregulated PHGDH expression redi-
rects glucose flux toward serine synthesis. Serine is
then converted to glycine to support GSH synthesis,
which helps cancer cells detoxify reactive oxygen spe-
cies (ROS) and resist ROS formation induced by doxoru-
bicin. Inhibiting PHGDH using short hairpin RNA results
in doxorubicin-induced oxidative stress and increases
the sensitivity of breast cancer cells to doxorubicin. This
finding is also validated in mouse tumor models (Zhang
and Bai, 2016). Additionally, silencing PHGDH can reverse
tamoxifen resistance in estrogen receptor-positive breast
cancer cells in vitro (Metcalf et al., 2021). Therefore, com-
bining PHGDH inhibitors with chemotherapy drugs may
have a synergistic effect, offering a new breast cancer
treatment option.

NCT-503 was first reported in 2016 as a noncompeti-
tive, reversible PHGDH inhibitor. NCT-503 was found to
bind specifically to the PHGDH-dependent MDA-MB-468
cell line, reducing the growth and weight of xenograft
tumors in mice without noticeable toxicity (Pacold et
al., 2016). CBR-5884 is another noncompetitive, time-
dependent PHGDH inhibitor that disrupts the oligo-
meric state of PHGDH. CBR-5884 inhibits de novo serine
synthesis in cancer cells and selectively suppresses the
proliferation of breast cancer cell lines with high ser-
ine biosynthesis activity (Mullarky et al., 2016). Through
screening compounds predicted to bind to the allosteric
site of PHGDH and subsequent characterization and val-
idation, the non-NAD* competitive allosteric inhibitor
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PKUMDL-WQ-2101 was successfully identified to effec-
tively reduce PHGDH enzymatic activity (Wang et al.,
2017). PKUMDL-WQ-2101 inhibits de novo serine synthesis
in PHGDH-amplified breast cancer cell lines and shows
anti-tumor activity, reducing the growth of MDA-MB-468
xenograft tumors in mice. However, PHGDH inhibitors
have not yet been tested in human clinical trials. As ser-
ine is a non-essential amino acid, inhibiting de novo ser-
ine synthesis within cancer cells might lead to cellular
tolerance. Thus, studies propose combining dietary ser-
ine and glycine starvation with PHDGH inhibitors, which
show synergistic inhibition of one-carbon metabolism
and cancer growth in both in vitro and in vivo experi-
ments (Tajan et al., 2021).

SHMT1/2 inhibitors

SHMT is a key mitochondrial enzyme in serine catabo-
lism. SHMT2, in particular, plays an important role as an
independent prognostic factor for breast cancer patients
(Bernhardt et al., 2017). It converts serine to glycine, pro-
viding a one-carbon unit for the one-carbon cycle and
participating in nucleotide biosynthesis. Due to the poor
pharmacokinetic properties and other limitations of pre-
viously developed serine/glycine synthesis inhibitors,
they have not yet entered clinical trials, indicating the
need for further development of clinically usable drugs
targeting this pathway:.

Pemetrexed, a clinically applied multi-target anti-
folate cytotoxic chemotherapeutic drug, has been effec-
tive in treating breast cancer and metastatic breast
cancer patients previously treated with anthracycline
or taxane, with lower toxicity levels (Zhou et al., 2015).
Pemetrexed acts on the active site of SHMT and com-
petitively inhibits SHMT (Daidone et al., 2011). Another
drug, sertraline, commonly used as an antidepressant,
has been found to directly bind SHMT1 and SHMT2,
making it a promising competitive dual SHMT1/2 inhib-
itor with clinical application potential (Geeraerts et al,,
2021). Sertraline inhibits SHMT1/2 activity and glycine
uptake in breast cancer cells to prevent serine accumus-
lation, thereby demonstrating antitumor activity in a
serine/glycine synthesis-addicted xenograft breast can-
cer mouse model.

L-ASNase

The survival and proliferation abilities of breast cancer
cells are closely associated with asparagine levels. ASNS
catalyzes the production of asparagine from aspartate
and glutamine. Due to the lack of ASNS expression in
some cancer cells, these cells become dependent on
asparagine from serum. L-asparaginase (L-ASNase) has
been identified as the first anti-tumor drug directly tar-
geting asparagine metabolism. L-ASNase hydrolyzes
L-asparagine into L-ammonia and aspartate, thereby
limiting the availability of exogenous L-asparagine
(Brumano et al,, 2018). Breast cancer cells treated with
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L-ASNase exhibit significant cytotoxicity and promote
a p53-dependent mitochondrial apoptosis pathway
(Shahnazari et al., 2022). Currently, L-ASNase is FDA-
approved primarily for clinical trials in leukemia and has
not yet been further studied in breast cancer patients.

ADI-PEG20

Due to the deficiency of ASS1 in breast cancer, the ability
of cancer cells to synthesize arginine decreases, causing
these cells to become dependent on external arginine or
to experience arginine starvation. Arginine deiminase
(ADI) is a microbial enzyme isolated from “Mycoplasma,”
capable of targeting exogenous arginine and metaboliz-
ing it into citrulline, with an effectiveness approximately
300 times that of arginase (Takaku et al., 1992). The anti-
tumor activity of ADI has attracted significant attention
in various tumors. Recombinant pegylated ADI (ADI-
PEG20), a novel ADI, has undergone multiple Phase I/II
clinical trials, demonstrating higher safety and efficacy
(Yang et al., 2010). ADI-PEG20 induces extensive mito-
chondrial dysfunction in various ASS1-deficient breast
cancer cell lines, subsequently inducing autophagy.
ADI-PEG20 induces arginine starvation in breast cancer
xenografts in mice and shows a synergistic effect when
used in combination with doxorubicin (Qiu et al., 2014).
In vitro studies on breast cancer cells have shown that
ADI-PEG20 and doxorubicin have synergistic therapeutic
effects, with liposomal doxorubicin exhibiting reduced
cardiotoxicity. Therefore, a Phase I clinical trial of ADI-
PEG20 and liposomal doxorubicin is being conducted in
patients with HER2-negative metastatic breast cancer or
other advanced solid tumors with ASS1 deficiency (Yao
et al., 2022). Although ADI-PEG20 has shown promising
efficacy in ASSl-deficient breast cancer cells, resist-
ance to ADI in some ASS1-overexpressing breast cancer
cell lines remains a challenge for ADI-based therapy.
Consequently, combining ADI-PEG20 with other chem-
otherapeutic drugs holds promise for effective cancer
treatment.

IDO1 inhibitors

Extensive research has demonstrated that targeting
IDO1 can inhibit the tryptophan metabolism of can-
cer cells, suggesting IDO1 as a viable drug target for
cancer therapy. Indoximod (D-1MT, NLG8189) has gar-
nered widespread attention due to its role in immune
evasion by cancer cells and is one of the most studied
IDO1 inhibitors in preclinical studies. Its mechanism
of action differs from other direct IDO1 enzyme inhibi-
tors and may involve interference with multiple targets
within the IDO pathway. In TNBC cells, Indoximod sig-
nificantly reduces cell viability, and its combination with
TNF-a shows superior effects compared to its use alone,
with the combination therapy significantly upregulating
PD-L1 expression levels (Guney Eskiler and Bilir, 2021). A

Phase II clinical trial (NCT01792050) investigated the effi-
cacy of combining Indoximod with the taxane chemother-
apy drug Docetaxel in treating metastatic ERBB2-negative
breast cancer patients. Unfortunately, the combination
therapy did not show a significant difference in efficacy or
increased toxicity compared to Docetaxel alone, leading
to the premature termination of the study (Mariotti et al,,
2021). Another Phase I/1I trial (NCT01042535) evaluated the
efficacy of Indoximod combined with an adenovirus-p53
transduced dendritic cell vaccine in treating metastatic
breast cancer patients (Soliman et al., 2018). A total of 39
patients were included in the study, and 22 patients who
received at least two cycles of subsequent vaccine ther-
apy were assessed for response. Of these, nine patients
(40%) showed stable or improved disease on imaging.
The combination of the two drugs was well-tolerated,
and although there was potential for chemopotentiation,
the study did not achieve the predefined threshold of a
20% objective response rate.

Epacadostat is an oral, potent, and selective IDO1
inhibitor that prevents immune evasion by enhancing
the proliferation of effector T cells and inhibiting their
conversion into Tregs, thereby exhibiting strong antitu-
mor activity (Hong et al., 2018). The ECHO202 study is a
Phase I/II clinical trial designed to evaluate the efficacy,
safety, and tolerability of epacadostat in combination
with the PD-1 inhibitor pembrolizumab in patients with
advanced or recurrent cancers. In the Phase I trial, of the
62 enrolled patients, only 3 had TNBC. At the end of this
phase, only 1 TNBC patient had stable disease (Mitchell
etal,, 2018). In the Phase Il study, among the 382 patients,
36 had TNBC. This cohort included 1 patient with com-
plete response, 1 with very good partial response, 2 with
partial response, 7 with stable disease, 19 with disease
progression, and 6 whose disease status could not be
assessed. TNBC was not considered for inclusion in Phase
III studies. Following the failure of the ECHO-301 study,
which compared epacadostat plus pembrolizumab to
pembrolizumab alone in patients with advanced mela-
noma and found no significant clinical benefit (Long et
al., 2019), several Phase III trials combining epacadostat
with immune checkpoint inhibitors were either paused
or transitioned to Phase II studies.

Navoximod (GDC-0919) is an oral small-molecule dual
inhibitor of IDO1 and TDO. In preclinical tumor mod-
els, Navoximod, when combined with anti-PD-L1 ther-
apy, more effectively activates tumor-infiltrating CD8*
T cells and inhibits tumor growth in mice compared
to single-agent treatments. In a Phase Ia clinical trial
(NCT02048709) involving 22 patients with solid tum-
ors, including 1 breast cancer patient, Navoximod was
tested. This trial indicated that Navoximod, as a mono-
therapy, generally had good tolerability but limited anti-
tumor activity (Nayak-Kapoor et al., 2018). Subsequently,
in a Phase I study (NCT02471846), the efficacy and safety



of Navoximod combined with the PD-L1 inhibitor ate-
zolizumab were evaluated in patients with advanced
cancers. Among the 152 recruited patients, 25 had breast
cancer. While the combination therapy showed accept-
able safety and tolerability, there was no evidence that it
provided additional clinical benefit compared to atezoli-
zumab alone (Jung et al., 2019).

Dietary interventions

Customizing dietary habits based on individual patient
profiles offers a promising avenue in amino acid metab-
olism and breast cancer therapy. Approaches limiting
amino acids to tumor tissues through modulating their
availability have been tested in preclinical models and
clinical trials (Tajan and Vousden, 2020). Specific amino
acids in circulation can be selectively limited by either
removing them from the diet or utilizing enzymes
designed to degrade the targeted amino acid. For exam-
ple, L-asparaginase encapsulated in erythrocytes to
reduce asparagine in plasma is being tested in com-
bination with chemotherapy in patients with locally
recurrent or metastatic TNBC (NCT03674242). Arginine-
depleting enzyme ADI-PEG20 has been investigated in
combination with doxorubicin in HER2-negative met-
astatic breast cancer in a Phase I trial (NCT01948843).
Specialized dietary interventions have also been shown
to reduce circulating amino acid levels which may affect
therapy response and cancer progression. For example,
ingestion of a plant-based diet that contained lower lev-
els of essential and non-essential amino acids reduced
serum levels of amino acids in patients with meta-
static breast cancer (NCT03045289) (Scales et al., 2024).
A fasting-mimicking diet consisting of a 4-day plant-based
low amino-acid substitution diet is safe and effective as
an adjunct to neoadjuvant chemotherapy in women with
HER2-negative stage II/IIl breast cancer (NCT02126449)
(de Groot et al., 2020). In addition, supplementation with
specific amino acids, such as BCAAs, cysteine, and thea-
nine, has been shown to improve metabolic profiles and
reduce therapy-related side effects in other cancer types
(Kikuchi et al., 2016; Tsuchiya et al., 2016). Importantly,
further research is needed to confirm that patients with
breast cancer could also benefit from this strategy.
Incorporating dietary interventions into treatment
plans requires careful stratification of patients based not
only on the metabolic vulnerabilities of the tumor but also
on the systemic metabolic status of the host. Advanced
metabolomics and genomic analyses could identify which
patients are likely to benefit from specific dietary modi-
fications. Additionally, combining personalized diets with
ongoing therapies, such as chemotherapy or immuno-
therapy, can create synergistic effects to optimize meta-
bolic and immune-related outcomes. Thus, to effectively
modulate diet, it is essential to tailor interventions to the
unique features of both the tumor and its treatment.
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Drug delivery

Because certain amino acid transporters are signifi-
cantly overexpressed on the surface of breast cancer
cells, they can be selected as efficient targets for active
targeting of tumor-specific nanocarriers, enabling the
delivery of modified chemotherapy drugs. Researchers
have designed a paclitaxel nanoparticle (SPG25 NPs) by
conjugating nanoparticles with glutamate as a ligand
for SLC7AS5. This nanoparticle has demonstrated good
antitumor effects both in vitro and in vivo in breast can-
cer cells (Li et al., 2017). In another independent study,
catechol-containing SLC7AS5 ligands L- and D-dopa
were combined with multibranched gold nanoparticles
(AuNPs) to mediate selective photothermal ablation of
breast cancer cell lines, making the cancer cells more
sensitive to the chemotherapy drugs cisplatin and
docetaxel (Ong et al., 2017).

Ribociclib (RB) is a CDK4 and CDK6 inhibitor that
has been FDA-approved for the treatment of hormone
receptor-positive, HER2-negative metastatic breast can-
cer. Encapsulating RB in liposomes for drug delivery
and combining it with the amino acids L-phenylalanine
(Phe), L-aspartic acid (Asp), and glutamic acid (Glu) for
targeting breast cancer cells that overexpress SLC7A5
has shown that the targeted liposomes inhibit breast
cancer cell activity more effectively and shorten the cell
cycle compared to free drug (Afsharzadeh et al., 2024).
Using specific nanoparticles or liposomes that target
SLC7A5 can enhance drug accumulation in cancer tis-
sues, increasing drug bioavailability while reducing
accumulation in non-cancer tissues to mitigate toxicity.
Further research in preclinical models is necessary to
explore these approaches.

Individualized profiling and patient stratification
Incorporating personalized medicine into amino acid
metabolism research is critical for advancing breast can-
cer treatment strategies. Metabolic, genetic, and molec-
ular phenotyping, combined with patient stratification,
enables the development of tailored therapeutic inter-
ventions. Recent advancements in multi-layered diag-
nostic technologies, such as liquid biopsies, metabolic
imaging, and Al-driven data analysis, offer opportunities
for improved stratification and individualized treatment
planning (Acosta et al., 2022; Janssen et al., 2024). High-
resolution metabolomics can provide quantitative data
on amino acid levels in plasma, tumor tissue, and other
biofluids (Danzi et al., 2023). This method can identify
metabolic vulnerabilities, such as increased glutamine
or serine dependency, guiding therapeutic decisions.
Functional imaging modalities, including PET with radi-
olabeled amino acids (e.g., 18F-FGIn PET) and hyperpo-
larized 13C-MRI, allow for in vivo visualization of amino
acid metabolism, aiding tumor characterization and
monitoring treatment responses (Gallagher et al., 2020).
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Additionally, analyzing circulating tumor DNA (ctDNA)
and circulating tumor cells (CTCs) for mutations in met-
abolic genes can reveal amino acid dependencies of met-
astatic or therapy-resistant clones, offering real-time
stratification data (Alba-Bernal et al., 2024).

Variations in circulating amino acid levels have been
observed between healthy individuals and patients with
breast cancer, as well as among breast cancer subtypes,
suggesting a potential for individualizing profiling (Fan
et al,, 2016; Shen et al., 2013). In this regard, Al inte-
gration considering multi-omics parameters including
metabolomics enhances predictive strategies, while
digital health monitoring can track real-time metabolic
changes (Miller et al., 2019). These innovations may sig-
nificantly improve prognoses by enabling personalized
interventions, facilitating a shift toward therapies tar-
geting specific metabolic and immune vulnerabilities in
breast cancer subtypes.

The distinct characteristics of amino acid metabo-
lism offer a framework for predictive, preventive, and
personalized medicine (3PM), providing insights into
metabolic vulnerabilities and therapeutic opportunities
(Pesta et al., 2024). Stratified amino acid profiling and
metabolic phenotyping aid in identifying specific meta-
bolic reprogramming, supporting patient stratification,
and enabling three distinct levels of prevention: primary,
secondary, and tertiary.

Primary prevention—Early intervention for high-risk
populations

For individuals with modifiable risk factors, such as obe-
sity, chronic inflammation, or preclinical metabolic dis-
orders, amino acid analysis can detect early metabolic
shifts indicative of breast cancer susceptibility (Brown,
2021). Elevated levels of key components in biosynthetic
and redox pathways, such as glutamine or serine, may
signal an increased risk of breast cancer. Dietary and
lifestyle interventions targeting amino acid pathways,
such as serine/glycine restriction or protein intake mod-
ulation, could mitigate these risks (Zhang et al., 2025).
Exercise and weight control can further reduce amino
acid-driven anabolic processes, particularly in popula-
tions with metabolic syndrome or chronic inflammation.

Secondary prevention—Targeting early disease

For patients with non-modifiable risk factors, such as
genetic predispositions (e.g., BRCA mutations) or mito-
chondrial dysfunction, metabolic phenotyping can
identify actionable targets. Tumors with BRCA muta-
tions often depend on glutamine metabolism for growth
and survival. Analyzing pathways involving amino acid
transporters (e.g., SLC1AS5) or enzymes (e.g., GLS) can
guide the use of glutaminase inhibitors, such as CB-839,
for glutamine-addicted breast cancer (Wicker et al.,
2021). Similarly, mitochondrial dysfunction linked to
altered aspartate metabolism can be treated through

interventions targeting compensatory pathways (Cheng
et al., 2018). Thus, early tumor metabolic phenotyping
through CTCs enables stratification based on metabolic
vulnerabilities, promoting personalized prevention and
treatment strategies.

Tertiary prevention—Personalized therapies for aggressive
subtypes
In metastatic or therapy-resistant breast cancer, amino
acid reprogramming is crucial for sustaining tumor
growth and adapting to therapeutic pressures. For
instance, TNBC often exhibits dependency on BCAA
metabolism or upregulation of the serine synthesis
pathway (Huang et al,, 2024; Luo et al.,, 2024). Amino
acid analysis in advanced tumors can guide the appli-
cation of novel therapies, such as PHGDH inhibitors
for serine-dependent cancers or targeting asparagine
metabolism to reduce metastatic spread (Knott et al,,
2018). Furthermore, tryptophan metabolism through the
kynurenine pathway suppresses anti-tumor immunity,
and targeting IDO1 can enhance the efficacy of immune
checkpoint inhibitors in advanced cancers (Triplett et
al.,, 2018). Combining amino acid-targeted drugs with
chemotherapy, radiotherapy, or dietary restrictions can
overcome resistance by disrupting cancer cell survival
mechanisms, such as redox balance or anabolic growth.
By addressing all levels of prevention, these strategies
create a comprehensive framework for improving breast
cancer outcomes and advancing precision medicine.

Conclusion and expert recommendations

Amino acid metabolism plays a pivotal role in breast
cancer biology, significantly influencing tumor growth,
metastasis, and therapy resistance. Dysregulation of
amino acid transporters and subsequent metabolic
reprogramming within cancer cells highlights promis-
ing therapeutic targets. However, a critical challenge lies
in the potential compensatory mechanisms that can-
cer cells may employ, such as upregulating other amino
acid transporters to overcome the inhibition of a spe-
cific transporter, which may limit the long-term efficacy
of single-agent therapies. To address these challenges,
future research should prioritize combination treatment
approaches that simultaneously target multiple amino
acid transporters or metabolic pathways. For instance,
combining metabolic inhibitors with immunotherapy,
chemotherapy, or radiotherapy could yield synergistic
effects by leveraging the vulnerabilities of cancer cells
while minimizing compensatory adaptations.

Another essential direction for research involves
unraveling the interplay between amino acid metab-
olism and the tumor microenvironment, including
stromal cells and immune infiltrates. A deeper under-
standing of this interaction is critical for designing ther-
apies that address both metabolic and immune-related



weaknesses. Furthermore, patient stratification and per-
sonalized medicine represent a critical frontier. Advanced
tools, such as metabolomics, functional imaging, and
genomic profiling, could enable precise classification of
patients based on their unique metabolic phenotypes. It
could guide individualized therapeutic strategies.

Al offers transformative potential in this field by inte-
grating complex datasets, including genomics, transcrip-
tomics, metabolomics, and imaging data, to optimize
patient stratification and treatment plans. Al-driven
systems can identify metabolic biomarkers, predict ther-
apeutic responses, and model potential compensatory
mechanisms in cancer cells. Additionally, Al-based mon-
itoring tools could track dynamic metabolic changes
during treatment, allowing for real-time adjustments to
maximize therapeutic efficacy.

To translate these insights into clinical practice, several
recommendations emerge. Amino acid analysis and met-
abolic phenotyping could be developed as a strategy for
diagnostics to identify metabolic vulnerabilities in breast
cancer patients earlier. Al-assisted predictive models
should be utilized to customize metabolic therapies based
on individual tumor characteristics, taking into account
the heterogeneity of breast cancer subtypes. Clinical
trials should prioritize combining metabolic inhibitors
with immunotherapies, chemotherapies, and radiothera-
pies to evaluate their efficacy in overcoming resistance.
Importantly, therapeutic interventions modulating amino
acid levels can directly impact mitochondrial function
by reducing the availability of substrates critical for the
TCA cycle. Thus, a personalized rehabilitation strategy
addressing mitochondrial health could be particularly rel-
evant for breast cancer patients who undergo amino acid
metabolism-targeted therapies (Golubnitschaja et al,
2024; Pesta et al., 2024). Holistic rehabilitation programs
incorporating dietary interventions, physical activity, and
mitochondrial support nutraceuticals need to be further
assessed as approaches to improve metabolic health and
overall well-being in these cases.

Personalized medicine in amino acid metabolism
researchis essential for addressing the unique challenges
of breast cancer subtypes. Generalized treatments fail to
capture the heterogeneity of these cancers, underscor-
ing the need for patient stratification based on metabolic
phenotypes. Vulnerabilities, such as glutamine or serine
dependence, represent potential targets but are compli-
cated by cancer cells’ ability to adapt via compensatory
pathways. Advances in high-resolution metabolomics,
functional imaging, and liquid biopsy offer opportunities
to detect these weaknesses, while Al-driven integration
of multi-omics data supports the design of tailored ther-
aples. By combining these approaches, we can develop
more effective, individualized treatments that improve
patient outcomes and quality of life. Moving forward,
integrating personalized medicine with amino acid
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metabolism research provides a roadmap to overcome
current limitations and achieve precision oncology for
breast cancer patients.
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