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Abstract: In recent years, diabetes-associated breast cancer has become a significant clinical challenge.
Diabetes is not only a risk factor for breast cancer but also worsens its prognosis. Patients with
diabetes usually show hyperglycemia and hyperinsulinemia, which are accompanied by different
glucose, protein, and lipid metabolism disorders. Metabolic abnormalities observed in diabetes can
induce the occurrence and development of breast cancer. The changes in substrate availability and
hormone environment not only create a favorable metabolic environment for tumorigenesis but also
induce metabolic reprogramming events required for breast cancer cell transformation. Metabolic
reprogramming is the basis for the development, swift proliferation, and survival of cancer cells.
Metabolism must also be reprogrammed to support the energy requirements of the biosynthetic
processes in cancer cells. In addition, metabolic reprogramming is essential to enable cancer cells to
overcome apoptosis signals and promote invasion and metastasis. This review aims to describe the
major metabolic changes in diabetes and outline how cancer cells can use cellular metabolic changes
to drive abnormal growth and proliferation. We will specifically examine the mechanism of metabolic
reprogramming by which diabetes may promote the development of breast cancer, focusing on
the role of glucose metabolism, amino acid metabolism, and lipid metabolism in this process and
potential therapeutic targets. Although diabetes-associated breast cancer has always been a common
health problem, research focused on finding treatments suitable for the specific needs of patients
with concurrent conditions is still limited. Most studies are still currently in the pre-clinical stage and
mainly focus on reprogramming the glucose metabolism. More research targeting the amino acid
and lipid metabolism is needed.
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1. Background

Diabetes mellitus (DM) has always been one of the most common health conditions. In
2022, more than 11% of the US population was diagnosed with DM [1]. Meanwhile, breast
cancer (BC) has the highest incidence among women’s cancers [2]. Epidemiology studies
have shown that DM increased BC risk in women by up to 20% [3] and raised its mortality
rate significantly [4]. There are two main types of DM: Type 1 and Type 2. T1IDM, also
known as insulin-dependent DM, is caused by a lack of insulin production which hinders
glucose uptake in the body. On the other hand, T2DM is described as insulin independent.
It usually happens later in life when cells develop insulin resistance due to a sedentary
lifestyle and poor dietary habits. Between 90% and 95% of DM belongs to T2DM.

The insulin resistance in DM causes hyperinsulinemia and hyperglycemia, further
disrupting the body’s regular metabolism. On the other hand, metabolic reprogramming
occurs in cancer cells to enhance nutrient absorption, hence supporting their rapid prolifer-
ation rate. Recent therapeutic target research has focused on the similarities between the
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metabolic reprogramming of DM and BC, with the three main focuses being glucose, amino
acid, and lipid metabolism [5]. Given the high prevalence of both diseases and the evident
metabolic linkage between them, it is essential to discover a breakthrough treatment for
this patient group. This review summarizes the mechanism of metabolic reprogramming
that DM promotes the occurrence/development of BC and the corresponding therapeutic
metabolic reprogramming strategy (MRS) for DM-associated BC.

2. MRS Targeting Glucose Metabolism

It is shown that hyperglycemia and hyperinsulinemia in DM promote BC progres-
sion [5]. Hyperglycemia supports BC cell growth by providing sufficient glucose for aerobic
glycolysis, known as the “Warburg effect”. Under aerobic glycolysis, a large amount of
lactate is produced to generate enough ATP to support rapid cancer cell proliferation [6].
Hyperinsulinemia in DM also promotes BC cell growth. Besides inducing glucose uptake,
insulin plays a vital role in activating mTOR via the PI3K/AKT pathway. Activating
mTORC1/2 increases mRNA translation, cellular growth, and cell proliferation and en-
hances cell survival [7]. Within the pathway, Akt and phospholipase Cy play a key role in
BC patient with diabetic conditions [8]. Many components of the metabolic pathway, such
as transporters and kinases, have been found to have significant therapeutic potential as
MRS targets for DM-associated BC. The possible target in glucose metabolism pathway for
metabolic reprogramming of breast cancer is summarized in Figure 1.
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Figure 1. Potential targets of glucose metabolism pathway in metabolic reprogramming of breast
cancer. @ Metformin’s mechanism of action in BC includes inhibiting GLUT1, inhibiting mTORC1,
and shifting mitochondrial oxidative phosphorylation to aerobic glycolysis to increase the effect of
MCT4i. ® GLUT1 and GLUT2 inhibitors inhibit the glucose influx to cancer cells. © Downregulation
of the transporter using transcriptional co-regulator RIP140, shRNA, and miRNA. There are no
inhibitors of GLUT3, GLUT4 and GLUT12 suitable for BC yet. ® SGLT2 inhibitors inhibit the influx
of glucose into BC cells. There is no selective SGLT1 inhibitor for BC yet but downregulation of the
transporter by siRNA is found to be effective to inhibit BC growth. & MCT1i inhibits the bidirectional
transport of lactate. MCT4i inhibits lactate export, triggers intracellular acidification, and inhibits cell
growth. ® IR and IGF-1R antagonists inhibit binding of insulin and IGF, thus inhibiting the mTOR
signaling pathway which induces tumorigenesis. They also inhibit glucose uptake in cells. @ IGFIR
triggers the PI3K/AKT and MAPK pathway which induces Cyr61 transcription and promotes BC
growth. Antibody 093G9Y is a potential therapy inhibiting Cyrs61.

2.1. Metformin

Metformin is best known as a diabetic drug, but it has also been proved useful as a treat-
ment in BC. It has two main mechanisms to carry out its anti-diabetic and anti-tumorigenic



J. Pers. Med. 2023, 13, 157

3 0f24

effect: the AMPK-dependent and -independent pathway. In the AMPK-dependent pathway,
AMPK increases glucose uptake and reduces gluconeogenesis, thus improving glycemic
control. Moreover, it inhibits mTORC1, which induces BC cell proliferation. For the
AMPK-independent pathway, metformin regulates oncogenes and tumor suppressor genes.
Anti-tumorigenic effects targeting the reactive oxygen species, NF-kB, and cell cycle reg-
ulatory proteins are also carried out [9]. However, despite the encouraging results of
metformin on BC from preclinical research, several clinical trials on BC patients without
DM show no significant improvement in patient survival [10,11]. Further clinical trials are
required on DM-associated BC patients to better understand its therapeutic potential.

Recent studies have shown that when metformin is used in combination with other
therapeutic drugs, its effectiveness will be improved. For example, glucagon-like peptide-
1 receptor agonist exendin-4 (Ex-4), another anti-diabetic drug, has been proven to be
effective for BC when used in combination with metformin [12] by inhibiting NF-«B [13]
and modulating different RNA gene expression [12].

MCT4 inhibitor is another potential drug candidate that can be used in combination
with metformin. As lactate is produced from aerobic glycolysis in cancer cells, MCT4
maintains intracellular pH balance by exporting lactate out of cells. A novel MRS uses met-
formin and NF-«kB inhibitor to further enhance the rate of aerobic glycolysis and increase
the amount of lactate produced. With the addition of an MCT4 inhibitor, lactate accumula-
tion decreases intracellular pH and achieves cytotoxicity by intracellular acidification [14].
Another study has shown that BC chemotherapies, such as paclitaxel and doxorubicin, have
a lower efficacy in diabetic patients under metformin treatment as a large amount of lactate
produced is pumped out of cells by MCT4, hence inducing extracellular acidosis, which
inhibits doxorubicin’s uptake. MCT4 inhibitors can potentially improve chemotherapy
response in DM-associated BC patients by regulating the extracellular pH [15].

2.2. GLUT Inhibitor

Glucose is one of the most important energy sources of BC cells, especially under
the hyperglycemic condition in DM patients. Therefore, regulating glucose transporters
is another research direction for DM-associated BC. Fourteen glucose transporters have
currently been discovered [16]. This review will focus on GLUT1-4 and GLUT12, commonly
expressed in BC, showing therapeutic potential in BC patients with concurrent DM.

GLUT1 is well known to be upregulated in BC cell lines [17] and plays a significant
role in glucose uptake in BC tissues. The oncogenic factors in DM, such as insulin, glucose,
INF-v, and oxidative stress, are found to be mediated by GLUT1 to produce its effect [18].
A recent study has confirmed the effectiveness of GLUT1 inhibitors in hindering the growth
of triple-negative breast cancer (TNBC), one of the deadliest subtypes of BC, by inhibiting
glucose influx to undergo glycolysis [19]. Given the great potential of a GLUT1 inhibitor
in BC, there are numerous ongoing studies about the inhibition of GLUT], involving both
synthetic agents, natural compounds and registered drugs such as metformin [20].

GLUT2, as a low-affinity glucose transporter, works well in high glucose concentra-
tions [21]. It is also found to be present in some BC cell lines. Natural compounds, including
phloretin and cytochalasin B, are effective as GLUT2 inhibitors to reduce glucose uptake in
BC cell lines such as MDA-MB-231 [22] and MCF-7 [23].

GLUT3 is also a transporter in numerous cancer cells, especially under hypoxic condi-
tions [17]. New findings have pointed out that downregulation of it can inhibit glycolysis
and proliferation of BC [24]. It is a poor prognostic factor of BC [25].

GLUT4 is an insulin-dependent transporter [26]. It translocates to the membrane only
in the presence of insulin. GLUT4 inhibition induces metabolic reprogramming, shifts
glycolysis to oxidative phosphorylation, and lowers BC’s proliferation rate under hypoxic
conditions [27]. However, studies have shown that the downregulation of GLUT4 worsens
DM progression as it hinders glucose uptake and causes peripheral insulin resistance and
poorer glycemic control [28]. Recent studies have shown that, different from BC, it is impor-
tant to increase the expression of GLUT4 via pharmaceutical and dietary means to improve
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the diabetic condition [29]. Therefore, despite the success of GLUT4 inhibition therapy in
BC, GLUT4 may not be a suitable drug target for BC patients with concurrent DM.

GLUT12, an insulin and glucose-sensitive transporter, was first found in BC cell
lines [30]. Lowering the expression of GLUT12 has been proven to inhibit TNBC cell
proliferation by decreasing glucose uptake and inhibiting aerobic glycolysis [31]. More
importantly, GLUT12 plays an essential role in BC progression under hyperglycemic
conditions by detecting high glucose environments and assisting in the migration of MCF-7
cells [32]. However, GLUT12, the same as GLUT4, is an insulin-sensitive glucose transporter.
A high level of GLUT12 is essential to maintain insulin sensitivity in diabetic patients [33],
contraindicating the fact that inhibiting GLUT12 helps treat BC cells. Therefore, GLUT12
may not be a suitable target for DM-associated BC.

2.3. SGLT Inhibitor

Sodium-glucose cotransporter-2 (SGLT2) is a key transporter located in the proximal
convoluted tubules of the kidneys [34]. It is responsible for glucose reabsorption and
plays an essential role in the glycemic control of our body [34]. As its name suggests, the
transporter exports glucose from the cell to circulation with the help of sodium ions to create
an electrochemical gradient [35]. Given its importance in glycemic control, several SGLT2
inhibitors are already approved by FDA and used in DM patients, including canagliflozin,
ipragliflozin, empagliflozin, dapagliflozin, and ertugliflozin. They work by inhibiting
glucose reabsorption in the kidney and increasing renal glucose excretion [36].

SGLT2 inhibitors are also found to be effective in treating BC via various mechanisms.
Although SGLT?2s are typically expressed in renal cells, several studies have discovered
their presence in BC cells [37,38]. Ipragliflozin can inhibit glucose and sodium influx
into cells, hyperpolarize cancer cells’” membranes, and hinder cancer cell growth [37].
Other SGLT?2 inhibitors, Canagliflozin and Dapagliflozin, can inhibit BC proliferation by
inducing nutrient deficiency and cell cycle arrest [38]. Dapagliflozin is also an effective
agent in ameliorating hyperinsulinemia, which causes BC progression in DM patients [39].
However, the inhibitors’ effect is limited to BC with a specific mutation, namely Pten-driven
EMT6 tumors and HRAS-driven Ac711 tumors [40]. Several clinical trials are ongoing to
determine the safety and efficacy of SGLT2 inhibitors when used in combination with other
BC chemotherapy (Table 1). Although more preclinical and clinical research is required,
SGLT?2 inhibitors have considerable potential as MRS for DM-associated BC.

Besides the SGLT2 inhibitor, we should not neglect the potential role of SGLT1 in-
hibitors in the therapy for DM-associated BC. SGLT1 mainly facilitates glucose transport in
the small intestine and kidney [41]. Compared to the SGLT2 inhibitor, the SGLT1 inhibitor
is a less popular study topic due to its minor contribution to glycemic control [34]. How-
ever, the SGLT1 inhibitor is a beneficial agent in enhancing the SGLT2 inhibitors’ effect in
glycemic control of diabetic patients [41]. There are several dual inhibitors of SGLT1 and
SGLT2, including LX4211 and Sotagliflozin. LX4211 shows satisfactory results in improving
glycemic control in phase 1 clinical trials [42]. In phase 3 studies of Sotagliflozin, although it
has been proven to be a safe drug, an insignificant anti-diabetic effect is shown [43]. When
it comes to BC, overexpression of SGLT1 is found in tamoxifen-resistant ER-positive BC.
The transporter increases glycolytic flux and lactate production via aerobic glycolysis which
induces a tumor-associated macrophage. The macrophage then promotes cell growth via
EGFR/PI3K/ Akt signaling, releasing immunosuppressive factors [44]. In line with the
previous study, there is other evidence suggesting that high expression of SGLT1 correlates
to a high growth rate of TNBC [45]. Knocking down SGLT1 is proven effective in inhibiting
BC growth, including subtypes such as TNBC [45] and HER2+ BC [46]. SGLT1 is a potential
therapeutic target for DM-associated BC. However, discovery of more selective SGLT1
inhibitors against BC cells is required. More in-depth studies are necessary to determine
the safety and efficacy of using SGLT1 and SGLT2 inhibitors in combination.
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Table 1. Ongoing clinical trials of SGLT2 targeting BC.
. Study - .
Title Status Conditions Interventions Phases NCT Number
Results
Alpelisib, Fulvestrant and
Dapagliflozin for the Treatment . . Metastatic BC . .
of HR+, HER2-, PIK3CA Mutant Recruiting No Results Available HER?2-negative BC Dapagliflozin 10 Mg Tab Phase 2 NCT05025735
Metastatic Breast Cancer
A Phase 1b/2 Study of BC
Serabelisib in Combination with Endometrial Cancer Serabelisib Phase 1
crabe s . .0 . © . Unknown status ~ No Results Available Lung Cancer . . S se NCT04073680
Canagliflozin in Patients with Canagliflozin 300 mg Phase 2
Advanced Solid Tumor Colorectal Cancer
anced >0 Umors Head and Neck Cancer
Dietary Supplement:
Ketogenic Diet
Preventing High Blood Sugar in BC Dietary Supplement: Low
People Being Treated for Recruiting No Results Available BC Stage IV Carbohydrate Diet Phase 2 NCT05090358
Metastatic Breast Cancer Metastatic BC Drug: Alpelisib
Drug: Fulvestrant
Drug: Canagliflozin
Study of Safety and Efficacy of
Dapagliflozin + Metformin XR Alpelisib
Versus Metformin XR in Fulvestrant
Participants With HR+, HER2-, Recruiting No Results Available BC Metformin XR Phase 2 NCT04899349
Advanced Breast Cancer While Dapagliflozin + metformin XR
on Treatment with Alpelisib Dapagliflozin




J. Pers. Med. 2023, 13, 157

6 of 24

2.4. MCT Inhibitor

Monocarboxylate transporter (MCT) 1 & 4 are one of the leading research directions of
BC therapy. Due to the Warburg effect, cancer cells shift their metabolism from oxidative
phosphorylation to aerobic glycolysis, producing lactate for energy production. Under the
hyperglycemic condition of DM, MCT plays a crucial role in maintaining the balance of
lactate and the pH of cells [47]. Both MCT1 & 4 are upregulated in BC [48,49].

MCT1 is a bidirectional lactate transporter. A few MCT1 inhibitors (MCT1i) have
already undergone phase I/1I clinical trials for solid tumors. As a sole agent, MCT1 is found
to have no direct toxicity toward BC cells. The blockage of the lactate import of MCT1
is more effective under glucose deprivation, as cancer cells will switch back to glucose
for energy production when there is a lack of lactate [50]. It is also shown that MCT1i’s
effect may be compromised by the upregulation of MCT4, a lactate exporter. Therefore,
combination therapy may be required to improve MCT1i’s efficacy [51]. A recent study
suggests that inhibiting lactate import by MCT1i while depleting BACH1 proteins, which
increases lactate catabolism, is effective as a TNBC therapy. As DM-associated BC cells rely
heavily on aerobic glycolysis and lactate metabolism, the combination therapy forces cells
to reprogram their metabolism to oxidative phosphorylation, which is less favorable for
the rapid proliferation rate [52].

The MCT4 inhibitor (MCT4i) is also a popular candidate for DM-associated BC. As
mentioned above, upregulation of MCT4 compromises the efficacy of MCT1i; therefore, a
combination of MCT1i and MCT4i may be required [50]. As a lactate exporter, it is essential
to note that MCT4 regulates intracellular and extracellular pH. We demonstrated that
under the hyperglycemic condition, it can be used in combination with metformin and
NF-kB inhibitors to achieve intracellular acidification [14]. It can also prevent extracellular
acidification and inhibit the expression of acidity-sensitive immune checkpoint protein,
hence acting as immunotherapy [53]. Although MCT4i has excellent therapeutic potential,
some studies have shown that inhibition of MCT4i will increase the risk of endothelial
injury and cardiovascular complications [54]. MCT#4 inhibition may also induce resistance
toward traditional BC chemotherapy such as tamoxifen [55]. More research is required to
ensure its safety and efficacy in DM-associated BC.

2.5. Insulin Growth Factor Receptor (IGF1R) Antagonist and Insulin Receptor (IR) Antagonist

Insulin-like growth factor (IGF) and insulin are peptide hormones that regulate our
growth and metabolism. Subunits of their respective receptors, IGF-1R, IR-A, and IR-B,
form heterodimeric hybrid receptors. With their similar amino acid sequence, they are
known to bind to each other’s receptors [56]. Besides glycemic controls, insulin could
cause tumorigenesis and trigger the downward cascade involving the mTOR signaling
pathway [57]. Therefore, insulin treatment in DM has always been controversial due to its
potential risk of inducing cancer [58,59]. In more recent research, we found that the cysteine-
rich 61 (Cyr61) elevation plays a key role in tumorigenesis. Once IGF-1 binds to IGF1R, it
triggers the PI3K/AKT and MAPK signaling pathway, inducing the production of Cyr61.
As IGF-1 is an essential growth factor, there are concerns that inhibiting IGFIR may affect
other organs. It is suggested that targeting specific tumorigenic molecules along the IGF1
signaling pathway, such as Cyr61, will be a safer and more effective potential therapy [60].
Inhibition of Cyr61 signaling is proved to be effective in hindering BC growth [61]. An
anti-Cyr61 antibody, 093G9Y, is proved to be an effective approach to inhibiting Cyr61
in vivo [62].

In DM-associated BC, hyperinsulinemia is one of the key factors which promotes cell
proliferation and BC growth. IGF1R and IR are well-anticipated potential therapies for
DM-associated BC. However, regulating IGF1R shows disappointing results in clinical trials.
According to a review, most treatments show no improvement compared to the standard
of care. Some hypothesized that an increase in insulin receptor expression compromises
the drug’s efficiency [63]. With an increasing number of BC MRS targeting IR, e.g., anti-
idiotypic antibodies [64], combined therapy of IGF1R and IR antagonists may be able to
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optimize the therapeutic effect [65]. New findings indicated that combinations of IGF1R/IR
with androgen receptor antagonist or anti-PD-L1, are effective in hindering migration and
progression of TNBC cells [66,67]. However, IGF1R and IR therapies can cause worrying
side effects. It is shown that low levels of IGF in the blood could lead to metabolic syndrome,
insulin resistance, and glucose intolerance. Like insulin, IGF can also promote glucose
uptake in many cell types. Antagonizing its receptor may further worsen the metabolic
disturbance of DM patients [68]. IR also produces worrying side effects for DM patients.
When IR antagonist S961 is used as a sole agent to treat BC, it results in hyperinsulinemia,
hyperglycemia, and increased BC tumor size, possibly due to elevated amounts of insulin
targeting the IGFIR that is not inhibited [65]. It is still unclear if the antagonist of IGF1R and
IR is suitable for DM-associated BC. More research is required to investigate the potential
side effects of IGF1R and IR antagonists on BC patients with DM.

3. MRS under Amino Acid Metabolism

Besides glucose, amino acids also play an essential role in the metabolism of DM
and BC. There are 20 amino acids (AA) in total which can be divided into two groups:
essential and non-essential AA. Essential AAs cannot be synthesized in our body and must
be retrieved from the diet, and vice versa for non-essential AAs [69]. Each AA has their
specific role in DM-associated BC. Certain AA can provide additional energy to support
the rapid cancer cells proliferation. Some of them can also trigger cell signaling pathways
which cause malignant cell proliferation. This review will focus on several AAs relevant
to DM-associated BC therapies [70]. Table 2 summarizes the clinical trials of amino acid
pathway treatment.

3.1. Leucine

Leucine is an essential AA that is involved in the pathogenesis of T2DM. Leucine
can be obtained from a protein diet and act as an activator of mMTORC1. Excessive protein
in the diet for an extended period may lead to insulin resistance and T2DM due to early
-cell apoptosis [71]. P70 S6 kinase 1 (S6K1) is activated correspondingly, leading to
insulin secretion. The activation of mTORC1 also increases cell proliferation, growth,
and tumorigenesis by various signaling molecules such as the elF4E-binding protein 1,
suggesting leucine as a linkage between DM and BC [70].

L-type amino acid transporter (LAT1) inhibitor is a popular potential therapy for
BC. LAT1 is a cancer prognostic marker in which a higher level corresponds to poorer
survival [72]. Some also suggest that leucine can act as a nutrient source for energy
production in cancer cells, augmenting the supply of glucose. Therefore, the increased
expression of the transporter can explain the resistance of ER+ BC to chemotherapy [73].
A novel selective LAT1 inhibitor, JPH203 (Figure 2(®), effectively inhibits cell prolifera-
tion in estrogen-deprived BC [74]. JPH203 can also increase the sensitivity of BC cells
to radiotherapy by inhibiting leucine uptake [75]. An approved drug ASCT2 inhibitor,
Benzylserine, which manifests LAT1 inhibiting ability, also inhibits BC growth, further
proving the therapeutic potential of inhibiting LAT1 [76]. However, there are still a lot
of uncertainties regarding the use of LAT1 inhibitors in DM-associated BC. Nevertheless,
some have proved that inhibiting leucine uptake and lowering its concentration in cells
can prevent the progression of insulin resistance and DM [77]. Most agree that inducing
leucine uptake benefits DM patients as it compensates for their 3 cell dysfunction and
insulin resistance [78,79]. Leucine-rich diet is one way to increase the supply of leucine [80].
Further studies must be carried out to confirm the role of leucine in DM-associated BC.
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Table 2. Table of clinical trials related to DM-associated BC potential therapies targeting the amino acid pathway.
Title Status Study Results Conditions Interventions Phases NCT Number
Areinine Metabolism in Pediatric Other: Stable isotope infusion, oral
1 & . Recruiting No Results Available Type 2 Diabetes glucose ingestion, intravenous Not Applicable NCT05477134
Type 2 Diabetes A
arginine bolus
SOAR-2: Intervening in Obesity Through Obesi g?&;d g&et lement: Low
2 Reduction of Dietary Branched Chain Withdrawn No Results Available Diab ty b }2, d P}’IP. - ids (BCAA) di Early Phase 1 NCT04424537
Amino Acids iabetes ranched-chain amino acids (BCAA) diet
Dietary Supplement: Low protein diet
. . . Glutamine
3 "]l;r%etlp gCGlg?amme Il\/[et(z:ibohslr'n to Prevent Recruiting No Results Available Diabetic Biological: Bio collection NCT04353869
iabetic Cardiovascular Complications Cardiovascular Complications
i . Aging
Effect of L‘argmme on Mlcroglrculangn, ) ) Sarcopenia L-arginine )
4 Myogenesis and Angiogenesis Associated With Completed No Results Available Tyoe 2 Diabet Maltodextri Not Applicable NCT04112875
Aging, Sarcopenia and Diabetes ype s Sabeies altodextrin
ging, 3 Microcirculation
The Effect of Pharmaceutical Grade L-glutamine Drue: L-elutamin
5 (Endari) on Glycemic Control in Patients With Unknown status No Results Available Diabetes Mellitus, Type 2 Ot}lig.' Ng E—al t c Phase 1 NCT03947879
Diabetes Mellitus Type I er: No L-glutamine
Solid Tumor
Clear Cell Renal Cell
: . - Carcinoma . CB-
6 &Vﬁy{’f CB 83.9b(.Telf,gl.e“aSt‘a/3 t‘;‘SC‘i.‘SbTma“o“ Terminated Has Results TNBC Br“gj %‘? 839 0 Phase 1 NCT03875313
ith Talazoparib in Patients With Solid Tumors Colorectal Cancer rug: Talazoparil ase
CRCIRCCI
ccRCC
L . - Breast Cancer . i
7 %ulfa?ralfjlg? ui'\n]%e;cre?én% Ogll()nctiis nt Recruiting No Results Available Chronic Pain Due to Bmg: ls_)illfaialazme Phase 2 NCT03847311
equirements east Cancer Patients Malignancy (Finding) rug: Placebos
ONC201 With a Methionine-Restricted Diet in Drug: Akt/ERK Inhibitor ONC201
8 Patients with Metastatic Triple Negative Terminated Has Results TNBC Dietary Supplement: Phase 2 NCT03733119
Breast Cancer Methionine-Restricted Diet
Study of Eryaspase in Combination with Eryaspase (L-asparaginase encapsulated
9 Chemotherapy Versus Chemotherapy Alone for ~ Terminated No Results Available TNBC geﬁ(ziggﬁiceus) g}ﬁ:zg % NCT03674242
the Treatment of TNBC (TRYbeCA-2) Carboplatin
Cancer b Suopl
Methionine-Restricted Diet to Potentiate the : Lung Cancer ietary Supplement: .
10 Effects of Radiation Therapy Suspended No Results Available Prostate Cancer Methionme vestricted diet Not Applicable NCT03574194
BC
11 St.Udy (.)f Arginine and Nitric Oxide in Patients Completed No Results Available Ketosis Prone Diabetes D}etary Supplement: Cltru'lhne Not Applicable NCT03566524
with Diabetes Dietary Supplement: Alanine
12 Effect of BKR-013 on Average Daily Completed No Results Available Type 2 DM Other: BKR-013 or Placebo Not Applicable NCT03382015

Glucose Levels
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Table 2. Cont.
Title Status Study Results Conditions Interventions Phases NCT Number
DM, Type 1
Autoimmune Diseases
Exercise Snacks and Glutamine to Improve DM . Drue: Glutamine vs. Placebo
13 Glucose Control in Adolescents with Unknown status No Results Available Endocrine System Diseases & . ) Not Applicable NCT03199638
Other: E PP
Type 1 Diabetes Glucose Metabolism Disorders er: bxercise
Immune System Diseases
Metabolic Diseases
A Window of Opportunity Study of Methionine . . BC . . .
14 Deprivation in Triple Negative Breast Cancer Terminated No Results Available TNBC Dietary Supplement: hominex-2 Phase 2 NCT03186937
Study of CB-839 in Combination w/Paclitaxel in
Participants of African Ancestry and Drug: Paclitaxel
15 Non-African Ancestry with Advanced Triple Completed Has Results TNBC Drug: CB-839 Phase 2 NCT03057600
Negative Breast Cancer (TNBC)
Arginase Inhibition and Microvascular . . . Phase 1
16 Endothelial Function in Type 2 Diabetes Completed No Results Available Type 2 DM Other: N-hydroxy-nor-L-arginine Phase 2 NCT02687152
17 Treqtment of Type 2 Diabetes Completed No Results Available DM, Type 2 Dictary Supplement: Arginine and fish - njot Applicable NCT02462863
An Extension Protocol to Evaluate Dose I%/ﬁgli\/[/[eettifgrrrrrrxlllg
18 Compearisons of Leucine-Metformin Completed Has Results Type 2 DM High Metformin Phase 2 NCT02435277
Combinations in Type 2 Diabetic Patients Metformin
. . Drug: Glutamine
19 Il;Iovel "{ypeTzlelabgtes Mellitus Completed No Results Available Diabetes (Pharmacological doses) Phase 1 NCT02351323
reventive therapies Behavioral: Lifestyle change
Dose Comparisons of Leucine-Metformin k/([)vszet_formin
20 Combinations on Blood Glucose Levels in Type Completed Has Results Type 2 DM Mie d gf[gtl%grmin Phase 2 NCT02151461
2 Diabetic Patients High Metformin
Solid Tumors
TNBC
Non-Small Cell Lung Cancer
Renal Cell Carcinoma
Mesothelioma
Fumarate Hydratase
(FH)-Deficient Tumors
Succinate Dehydrogenase . CR_
(SDH)-Deficient Bﬁﬁg: cBes
i ibi -839 i Gastrointestinal Stromal Drus: CBE
21 Stu.d y of the Glutaminase Inhibitor CB-839 in Completed No Results Available Tumors (GIST) rug: ¢ Phase 1 NCT02071862
Solid Tumors Succinate Dehydrogenase Drug: CB-Erl
yarog Drug: CBD

(SDH)-Deficient
Non-gastrointestinal Stromal
Tumors

Tumors Harboring Isocitrate
Dehydrogenase-1 (IDH1) and
IDH2 Mutations

Tumors Harboring
Amplifications in the

cMyc Gene

Drug: CB-Cabo




J. Pers. Med. 2023, 13, 157

10 of 24

Table 2. Cont.

Title Status Study Results Conditions Interventions Phases NCT Number
Arginase Inhibition in : Coronary Artery Disease Drug: N-hydroxy-nor-arginine
22 Ischemia-reperfusion Injury Completed No Results Available Type 2 DM Drug: NaCl Phase 1 NCT02009527
Ph 1 ADI-PEG 20 Plus Doxorubicin; Patients ; ; i .
23 with HER2 Negative Metastatic Breast Cancer Completed No Results Available HER2 Negative Metastatic BC Drug: ADI-PEG 20 Phase 1 NCT01948843
24 L-Arginine, Vascular Response and Mechanisms ~ Completed No Results Available Hypertension Dietary Supplement: L-Arginine Phase 2 NCT01482247
DM Placebo Supplement
25 %lutamme and Insulin Sensitivity in Completed Has Results Type I DM Dietary Supplement: Glutamine Not Applicable NCTO01467063
ype I iabetes Placebo
Prevention of Type 2 Diabetes Mellitus by i\/[etal')olécgly ndron;el Drug: L-arginine
26 L-Arginine in Patients with Completed No Results Available mpaired Liucose folerance - gb Phase 3 NCT00917449
Metabolic ‘Syndrome | Insulin Resistance rug: Placebo
Y Endothelial Dysfunction
Drug: riluzole
Genetic: polymorphism analysis
Procedure:
Riluzole in Women with Stage I, Stage II, or . . Axillary lymph node biopsy
27 Stage ITIA Breast Cancer Withdrawn No Results Available BC Digital image analysis Phase 1 NCT00903214
Needle biopsy
Sentinel lymph node biopsy
Therapeutic conventional surgery
Effect of Arginine on Microcirculation in . Dietary Supplement: L-arginine
28 Patients with Diabetes Completed No Results Available Type 2 DM Placebo Lactose powder Phase 4 NCT00902616
Effects of Glutamine on GLP-1 and Insulin Drug: Sitagliptin .
29 Secretion in Man Completed Has Results Type 2 DM Drug: Placebo Not Applicable NCT00673894
. .. - . Drug: Arginine
N-Acetylcysteine and Arginine Administration . : Type 2 DM . .
30 in Diabetic Patients Terminated No Results Available Hypertension Drug: Acetylcysteine Phase 4 NCT00569465

Drug: Placebo
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Figure 2. Possible MRS target in amino acid metabolism for DM-associated BC. @ In cancer cells,
serine is used for energy production and biomass synthesis during aerobic glycolysis. Inhibiting
enzymes that synthesize serine, such as phosphoglycerate dehydrogenase (PHGDH), may inhibit
breast cancer growth. New inhibitors of PHGDH, such as CBR-5884 and NCT-503, have been devel-
oped and may have potential for use in breast cancer treatment. ® Glutamine and glutamate are
non-essential amino acids that can be synthesized by the body and are involved in both diabetes and
cancer. Glutamine can be converted to alpha-ketoglutarate, which is involved in the tricarboxylic acid

JPH203

cycle, while glutamate is necessary for the synthesis of new amino acids. In breast cancer, reducing the
uptake of glutamine by inhibiting the ASCT2/SLC1Ab5 transporter has been shown to halt mTORC1
signaling and cell cycle progression, potentially inhibiting cancer cell growth. © Cysteine is an
amino acid that is involved in several important pathways in the body, including the metabolism of
methionine and the production of glutathione. It has been proposed as a potential therapy target for
BC, particularly for TNBC. Cysteine deprivation has been shown to cause programmed necrosis in
BC cells that are dependent on cysteine, by inhibiting their ability to produce glutathione and protect
against oxidative stress. Additionally, the cysteine transporter SLC3A1 has been found to regulate BC
tumorigenesis by reducing the ability of cancer cells to survive under oxidative stress. © Arginine is a
semi-essential amino acid that has potential as a target for the treatment of diabetes-associated breast
cancer. Arginine is taken up by cancer cells via cationic amino acid transporters, and enzymes that
break down arginine, such as HuArgl (Co)-PEG5000 and arginine deaminase-PEG 20, have shown
promise in treating solid tumors such as breast, ovarian, and pancreatic cancers. E Asparagine
is a non-essential amino acid that plays a role in cell metabolism and may be a potential target
for the treatment of diabetes-associated breast cancer. Asparagine depletion or inhibition may be
necessary to fully disrupt cancer cell metabolism when using glutamine restriction as a metabolic
targeted therapy. L-asparaginase enzymes, which deplete plasma L-asparagine, have been used to
treat acute lymphoblastic leukemia, but they can cause severe side effects due to their toxicity and
immunogenicity. ® Leucine is an essential amino acid that may play a role in the development of
type 2 diabetes and cancer. Leucine can activate the mTORC1 pathway, which is involved in cell
proliferation, growth, and tumorigenesis. The L-type amino acid transporter (LAT1) is a cancer prog-
nostic marker and a potential target for breast cancer treatment. LAT1 inhibitors such as JPH203 have
been shown to inhibit cell proliferation and increase the sensitivity of breast cancer cells to radiation
therapy. Figure abbreviation: PHGDH: phosphoglycerate dehydrogenase; 3PG:3-Phosphoglyceric
acid; PAST1: Putative achaete scute target 1; PSPH: Phosphoserine phosphatase; SHMT: Serine
hydroxymethyltransferase; GLS: glutaminase; x-KG: a-ketoglutarate; OAA: Oxaloacetic acid; LAT1:
L-type amino acid transporter; ADI: Arginine deiminase; Argl: Arginase 1.
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3.2. Methionine

Methionine is an amino acid that plays a crucial role in protein synthesis, transmethyla-
tion reaction, and formation of metabolic molecules [81]. An increased level of methionine
is often seen in DM. One of its primary intermediates, S-adenosylmethionine, is said to
cause DNA methylation and DM progression [82]. Methionine also induces tumorigenesis
by several mechanisms, via the synthesis of glutathione, formation of polyamine, and
donation of a methyl group which promotes DNA methylation [83].

With the apparent relevance of methionine in both DM and BC, dietary methion-
ine restriction (MR) could be an effective DM-associated BC strategy. One of the most
recent MRS for TNBC involves MR. Dietary depletion of methionine causes BC cells to
rely entirely on the thioredoxin antioxidant pathway instead of the pathway involving
glutathione. Combined with a thioredoxin reductase agent, it exerts antitumor effects
on BC by increasing oxidative cell stress [84]. A review of methionine restrictions also
concluded that reducing the intake of methionine exerts an excellent anti-diabetic effect
by increasing insulin sensitivity in different tissues, reducing inflammatory reactions and
oxidative stress, etc. [82]. Other than dietary intervention, oral recombinant methioninase
(o-rMETase) could also modulate methionine metabolism. Recent studies have confirmed
that o-rMETase is effective in BC, especially in metastasized cancers [85], and reduces
recurrence [86]. It can also prevent the onset of DM [87]. Given its benefits, MRS targeting
methionine metabolism has tremendous therapeutic potential for DM-associated BC.

3.3. Cysteine

Cysteine is an amino acid closely related to methionine. In the methionine metabolism,
methionine can be converted to homocysteine and then to cysteine after a series of reac-
tions [81]. BC cells use cysteine to protect themselves from oxidative stress by producing
glutathione (GSH). Given its elevated level in DM, it can be a potential therapy target for
DM-associated BC [70].

Targeting the cysteine pathway, cysteine deprivation could cause programmed necrosis
in cysteine-addicted basal-type TNBC. Cysteine depletion inhibits BC cells” ability to
produce glutathione, which protects cells against oxidative stress [88]. There are also MRS
targeting BC cells which are independent of cysteine. HDACS inhibitors are found to
sensitize the effect of cysteine deprivation mediated by PKCy [89]. It is also proved that
BC tumorigenesis can be regulated by SLC3A1 (Figure 2©), a cysteine transporter, which
reduces the ability of cancer cells to survive under oxidative stress [90].

Although elevated cysteine level is shown to do more harm than good in BC, it turns
out that a high level of cysteine improves the diabetic condition. Therefore, cysteine
may not be an ideal target for DM-associated BC therapies. Instead of depleting cysteine,
cysteine supplementation is suggested in DM to increase glutathione synthesis. It prevents
macrovascular complications by protecting cells against reactive oxidative species [91-93].

3.4. Glutamine and Glutamate

Glutamine and glutamate are non-essential amino acids that can be synthesized in
our body. Glutamine can be converted to glutamate and vice versa. They are relevant in
both DM and BC yet controversial as a treatment for concurrent DM and BC. Glutamine
plays an important role in gluconeogenesis [94]. In DM, an elevated rate of gluconeoge-
nesis from amino acid is seen under dysregulated glucagon stimulation. It is stated that
increased gluconeogenesis could be a possible mechanism for causing hyperglycemia in
DM. Glutaminase, which catalyzes the breakdown of glutamine, is shown to be beneficial
to the glycemia control of DM patients [95]. However, glutamine supplementation is also
suggested for DM as other studies proved that it improves fasting blood glucose and
reduces cardiovascular risks [96,97].

Glutamine is suggested to be the most consumed AA for cell growth and prolifera-
tion [98]. Besides gluconeogenesis, glutamine can be converted to a-ketoglutarate, which
incorporates into the TCA cycle to compensate for the insufficient energy production by
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aerobic glycolysis. Glutamate is also an essential intermediate for de novo amino acid
synthesis [99]. In BC patients, reducing glutamine uptake is a means to inhibit TNBC
and other BC cell growth. By inhibiting ASCT2/SLC1AS5 (Figure 2(®), a transporter of
glutamine, mTORC1 signaling, and cell cycle progression is halted, thus inhibiting cell
proliferation [100,101]. With the disaccording results on the use of glutamine in DM, more
research has to be conducted to determine whether it is a suitable pharmaceutical target for
DM-associated BC patients.

3.5. Arginine

Arginine is a semi-essential amino acid. It has a substantial potential as a pharmaceuti-
cal target for DM-associated BC. It can be obtained through diet, synthesized endogenously,
or produced from protein turnover. Arginine metabolism is essential as it plays a crucial
role in protein production and the urea cycle, supporting cell growth [102]. By the action of
nitric oxide synthase, arginine can also be converted to nitric oxide (NO), which plays an
important role in tumorigenesis by numerous mechanisms, namely damaging DNA and
promoting mutation on tumor suppressor gene, e.g., p53 and angiogenesis [103].

Recent studies have shown that BC cells take up arginine via the cationic amino acid
transporter (CAT). CAT-1, CAT-2A, and CAT-2B have all been proven to be expressed in
different BC cell lines [104]. With the identification of arginine transporter on BC cells, they
are potential therapeutic targets to inhibit arginine uptake and BC cell growth. Besides its
transporters, the enzymes breaking down arginine also have great potential as a therapy
for BC. Novel agents, such as HuArgl (Co)-PEG5000 and arginine deaminase-PEG 20
(ADI-PEG 20) (Figure 20), have been discovered and proven to be effective when used
against solid tumors such as breast [105], ovarian [106], and pancreatic cancers [107,108].
They break down arginine, causing disrupted metabolism and autophagy. Phase I clinical
trial on ADI-PEG20 has already been carried out and demonstrated great results with its
safety [105]. However, it is still unsure whether arginine is beneficial to BC. Different from
what has been pointed out above, a study has found that arginine supplementation inhibits
BC proliferation as it improves anti-tumor immunity via the activation of T cells [109].
With the combination of 5-fluorouracil and L-arginine supplementation, a synergistic
effect against BC cells is found. They increase the programmed cell death rate and inhibit
metastasis by altering the glycolytic metabolism [110].

Arginine supplementation is also a popular research topic in preventing diabetic
complications. With NO being a well-known vasodilator and regulator of vascular resis-
tance [111], it is hypothesized to be beneficial to microcirculation in DM patients and can
reduce neuropathy incidence. However, the hypothesis was disproved in phase 4 clinical
trial that it produces no significant effect on DM microcirculation [112]. An animal model
has shown that L-arginine supplementation benefits renal function in DM patients and
can enhance insulin sensitivity [113]. A recent study has found that higher arginine intake
regularly may increase the risk of T2DM progression.

Given the controversial view of arginine’s role in DM-associated BC, it is important to
note that NO acts differently in different concentrations. A low NO concentration promotes
tumorigenesis, while a high level of it causes cytotoxicity and apoptosis of cancer cells [103].
More investigations on the dosage and possible contraindications are needed. It is also
essential to clarify the role of arginine in BC patients with concurrent DM.

3.6. Serine

Serine is a non-essential AA that plays a key role in the metabolic reprogramming of
cancer cells. Under the Warburg effect, cancer cells undergoing aerobic glycolysis require
additional metabolism of AA for energy production to support their rapid proliferation
rate. Along with glutamate, serine is a key player in biomass synthesis [98]. In one-carbon
metabolism, serine, derived from glucose, is the donor of the one-carbon unit. The one-
carbon unit is used to produce nucleotides, synthesize ATP and generate NADH/NADPH,
which are all essential to support the rapid growth and proliferation of cancer cells [114].
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The de novo serine synthesis pathway consists of enzymes that are an excellent target for
MRS. Phosphoglycerate dehydrogenase (PHGDH) is the first rate-limiting enzyme in the
pathway. It is proved that suppression of PHGDH inhibits BC growth, especially when
targeting against the ER subtype and cells with high PHGDH levels. Even if we increase
the supply of exogenous serine to cells, the effect of PHGDH suppression remains the
same [115] (Figure 2@®). Suppression of other enzymes present in the de novo synthesis
pathway, namely PSAT1 and PSPH, have also been shown to inhibit BC cell growth [115].
Novel PHGDH inhibitors have been screened out recently, which could play a huge role
in future BC treatment. The newest compounds include CBR-5884 [116], C25 [117], and
NCT-502 and NCT-503 [118]. All compounds have their pros and cons but it is concluded
that most of them still show limited efficacy and selectivity [119]. Therefore, further
investigations are required in the discovery of PHGDH inhibitors.

Besides BC, it is also essential to investigate the role of serine in DM patients with
hyperglycemia. Although serine is derived from glucose, it is proven that a high amount
of glucose will not increase the level of serine. A reduced amount of serine is found
in DM patients [120]. Serine intake is found to improve insulin sensitivity and glucose
tolerance. Serine supplementation is, therefore, a suggested therapy to improve their
glucose tolerance [121]. As mentioned above, increasing serine extracellularly would not
alter the effect of PHGDH suppression [115]. A study also indicated that the depletion of
PHGDH can improve glycemic control in mice with obesity [122]. Therefore, combining
serine supplementation and PHGDH suppression/inhibition may be a feasible therapy for
DM-associated BC. However, contradictory findings indicate that chronic D-serine intake
could adversely affect insulin secretion [123].

With the current evidence, targeting serine metabolism has exciting potential in treat-
ing DM-associated BC. However, more research is needed, specifically on discovering novel
drug molecules and investigating their safety in DM patients.

3.7. Asparagine

As a non-essential amino acid, asparagine also plays a significant role in cell
metabolism [124]. It could be a possible target in therapy for DM-associated BC. It acts
as an AA exchange factor that facilitates the acquisition of other AA, namely serine and
arginine, which play a huge role in cell growth and proliferation [125]. Unlike normal cells,
tumor cells cannot synthesize L-asparagine and therefore rely on its external uptake for
their growth. L-asparaginase works through consuming L-asparagine in plasma, which is
necessary for leukemic cell survival. At present, three kinds of bacterial L-asparaginases
are used for treatment, but they all have serious side effects related to high toxicity and im-
munogenicity (Figure 2(®). To lower asparagine levels in the body; it is suggested to inhibit
asparagine synthetase (ASNS) or perform dietary asparagine restriction. Via the method
mentioned above, lowering the asparagine level can inhibit the metastasis of BC [126]. By
inhibiting the expression of asparagine synthetase, it is found to be effective in hindering
BC cells’ growth [127]. However, there is yet a possible pharmaceutical molecule that can
directly and selectively inhibit ASNS. Current research inhibits asparagine production by
downregulating ASNS using small-interfering RNA (siRNA) [126,127]. After decades of
limited progress, a recent study generated a high-resolution image of ASNS which rekin-
dles the hope of discovering a selective ASNS inhibitor [128]. Asparagine is also closely
related to glutamine metabolism. It is important to note that asparagine can compensate for
glutamine depletion. When using glutamine restriction as an MRS, asparagine depletion or
inhibition may be needed to fully disrupt the cancer cell metabolism [129]. However, as our
review focuses on DM-associated BC, it is essential to note that asparagine improves insulin
sensitivity [130]. A reduced level of asparagine has been proven to be associated with
T2DM [131]. More data are needed regarding the status of asparagine in DM-associated BC
patients and how BC therapy may affect concurrent diabetic conditions.
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4. MRS Targeting the Lipid Metabolism

Lipids play an essential role in DM-associated BC. Under diabetic alteration of lipid
metabolism, there is a ready supply of triglyceride and fatty acid (FA) [129]. FA is an
important component for plasma membrane formation and plays a key role in cancer cell
growth. It is a fuel for energy production and favors cell survival [5]. This review will
investigate MRS targeting lipid metabolism in DM-associated BC.

4.1. De Novo FA Synthesis

FA can be produced inside the human body. The de novo FA synthesis is closely
related to glucose metabolism. Pyruvate, a product of aerobic glycolysis, can be converted
to acetyl-CoA and fatty acids under the influence of acetyl-CoA carboxylate and fatty acid
synthase (FASN) [130]. FA is essential for cell membrane formation and is the building block
of other lipids. It also plays a vital role in energy production for BC cells via (3-oxidation.

Targeting the FA metabolism, the FASN inhibitor (FASNi) has excellent potential in
DM-associated BC. An elevated level of FASN is seen in diabetic patients [131]. FASN],
platensimycin, exerts an excellent anti-diabetic effect as it concentrates in the liver. It
alters metabolism by inhibiting lipogenesis and increasing glucose breakdown [132]. It
is also a popular drug candidate for BC, especially against the HER2+ subtype [133].
HER?2 overexpression induces FASN formation, while increasing FASN promotes HER2
signaling, forming a positive feedback [134]. It is also effective in resolving resistance of
BC chemotherapies such as tamoxifen [135]. Its potential further increased with recent
breakthroughs in discovering the mitochondrial priming mechanism of FASN. The classic
FASNI includes Cerulenin, C75, and Orlistat, while novel agents such as TVB-3166 and
TVB-2640 have been found recently [136]. Several specific to BC are going through phase 1
and 2 clinical trials [134]. Combination therapy with pro-apop6totic BH3 mimetic drugs
further increases cancer cells’ sensitivity toward FASNi [137].

4.2. Exogenous FA Uptake

Besides synthesizing FA de novo, our body also obtains FA exogenously. CD36, also
known as a fatty acid translocase, is responsible for the exogenous uptake and release
of FA in numerous tissues such as adipocytes, skeletal muscle, and hepatic cells. It is
known to be a biomarker of DM due to its elevated level. Several studies confirm its role in
causing diabetic complications such as chronic kidney and atherosclerotic diseases [138,139].
Increased CD36 could induce insulin resistance and {3 cell dysfunction [140].

Expression of CD36 is also a poor prognostic marker in BC [141]. It provides FA,
an alternative energy source, for cancer cells to grow and proliferate. CD36 is also the
culprit in the resistance of HER2+ BC therapies [142]. Other than that, numerous findings
indicated that CD36 depletion in cancer cells could inhibit their growth when combined
with approaches that inhibit de novo FA synthesis. For example, using an SCD1 inhibitor
with CD36 depletion prevents the uptake of exogenous monosaturated FA, a substance that
reduces the SCD1 inhibitor’s effectiveness [143]. When using FASNI], there is a compen-
satory effect caused by CD36 upregulation, which desensitizes FASNi’s action to halt cancer
cells from obtaining FA for cell proliferation [144]. With CD36 depletion, it can overcome
resistance in different BC therapies.

Given its relevance in DM and BC, CD36 is a potential MRS target for DM-associated
BC, primarily when combined therapy targets both the de novo FA synthesis and exogenous
FA uptake. It benefits DM and treats BC in a nutrient-rich environment. Table 3 provides a
comprehensive overview of the ongoing clinical trials that are currently being conducted to
study the effects of FASN inhibitors and CD36 inhibitors.
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Table 3. Ongoing clinical trials of FASNi and CD36.

Title Status Study Results Conditions Interventions Phases URL
Nasturtium (Tropaeolum Majus L) Dietary Supplement:
Intake and Biochemical Parameters Completed No Results Available Pre Diabetes Nasturtium Not Applicable NCT05346978
in Pre-diabetic Subjects in ;
- (Tropaeolum majus)
Bogota Colombia
Advanced Breast Carcinoma Anastrozole
iy HER?2 Positive Breast Carcinoma Exemestane
FASN Inhibitor TVB-2640 and Stage III Breast Cancer AJCC v7 FASN Inhibitor
Trastuzumab in Combination with Stage ITIA Breast Cancer AJCC v7 TVB-2640
Paclitaxel or Endocrine Therapy for Recruiting No Results Available Sta%e 11IB Breast Cancer AJCC v7 Fulvestrant Phase 2 NCT03179904
the Treatment of HER?2 Positive Stage IIIC Breast Cancer AJCC v7 Letrozole
Metastatic Breast Cancer Stage IV Breast Cancer AJCC v6 Paclitaxel
and v7 Trastuzumab
CD36 in Nutrient Delivery and . Insulin Resistance : s Phase 1
Its Dysfunction Completed No Results Available Endothelial Dysfunction Sildenafil Citrate Phase 2 NCT03012386
Evaluation of 3-V Bioscience-2640 to
Reduce de Novo Lipogenesis in . . . Phase 1
Subjects with Charsctgris tics of Completed No Results Available Metabolic Syndrome 3-V Bioscience-2640 Phgzg 2 NCT02948569
Metabolic Syndrome
Inhibiting Fatty Acid Synthase to
Improve Efficacy of Completed Has Results BC Omeprazole Phase 2 NCT02595372
Neoadjuvant Chemotherapy
Polymorphisms in CD36 and STAT3 Dietary Supplement:
Genes and Different Dietary : ; Olive oil ;
Interventions Among Patients with Unknown status No Results Available Coronary Artery Disease Nuts Not Applicable NCT02202265
Coronary Artery Disease Control diet
Metabolic and Cardiovascular
Impact of CD36 Deficiency in Completed No Results Available Obesity NCT02126735
African Americans
Proof of Principle Trial to Determine
if Nutritional Supplement Coniugated Linoleic
Conjugated Linoleic Acid (CLA) Completed Has Results BC g Early Phase 1 NCT00908791

Can Modulate the Lipogenic
Pathway in Breast Cancer Tissue

Acid (CLA)
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5. Inmune Dysregulation in Diabetes That Maybe Associated with Cancer Progression

In the presence of a tumor, anti-tumor immune cells mediate inflammatory responses
to kill cancer cells after activating a metabolic switch. Nevertheless, tumors will develop
strategies to avoid such damage. Cancer cells can change the metabolic environment of
tumors through sequestering nutrients (such as glucose, tryptophan, and arginine) and
producing toxic wastes (such as adenosine, lactic acid, and kynurenine). This tumor en-
vironment promotes the depletion of anti-tumor immune cells, the expansion of Tregs,
and the expression of immune checkpoints [145-147]. The establishment of this immuno-
suppressive tumor environment reduces the therapeutic response of cancer patients to
immunotherapy. The metabolic disorder under the condition of diabetes coordinates and
aggravates this process [148]. In addition, diabetes mellitus itself can directly lead to
immune dysregulation. For example, high glucose conditions in diabetes affect protein—
oligosaccharide interactions via competitive inhibition [149]. Moreover, the increase in
blood glucose level will form covalent sugar adducts with some proteins via nonenzymatic
glycation. This can damage humoral immunity in various ways, for example, by changing
the structure and function of immunoglobulins [150-153]. Previous studies have revealed
that T cell function in patients with T2DM is impaired [154-156]. More and more evidence
shows that abnormal metabolism in diabetes not only plays a key role in maintaining cancer
signals of tumor occurrence and survival, but also has a wider significance in regulating
anti-tumor immune response by releasing metabolites and influencing the expression of
immune molecules, for instance, lactic acid, PGE2, and arginine [157]. Therefore, combi-
nation therapy between immunotherapy and metabolic intervention can be employed to
better release the potential of anticancer therapy. Knowledge of immunometabolism allows
novel therapeutic strategies to improve the anti-tumor immune response by targeting the
metabolism of tumor and immune cells, so as to improve immunotherapy.

6. Conclusions

With the current trend of precision medicine, it is of utmost importance to design a per-
sonalized treatment plan for patients according to their specific conditions. Given that there
are two concurrent conditions, DM and BC, it is essential to be aware of the contraindication
of different therapy. With numerous similarities and clear linkages between DM and BC, it
is surprising that there are still countless research gaps waiting for the scientific community
to delve deeper into. This review shows different potential MRS targeting glucose, protein,
and lipid metabolism, with glucose metabolism being the most popular research direction.
Preclinical research of metformin and MCT1 & 4 inhibitors shows promising results when
acting specifically on the metabolic reprogramming of diabetes-associated breast cancer.
It is noteworthy that a lot of therapies may require a combination of drug molecules to
achieve optimal results. Therefore, it is important to carry out further studies to confirm the
best combination and be aware of any side effects from the combination of drugs. Further
research on BC under diabetic conditions in vitro is needed, especially in the direction of
protein and lipid metabolism. There are still many inconsistent findings about whether
the therapies targeting amino acids such as leucine, glutamine, arginine, and serine are
effective for diabetes-associated BC. Existing findings require more in vivo studies to test
for their efficacy and clinical trials to ensure the safety of the therapies.

Funding: This work was supported in part by NIH-NIMHD U54MD007598, NIH/NCI1U54CA14393,
U56 CA101599-01; Department of Defense Breast Cancer Research Program grant BC043180, NIH/
NCATS CTSI UL1TR000124 to ].V. Vadgama; Accelerating Excellence in Translational Science Pilot
Grants G0812D05, NIH/NCI SC1CA200517 and 9 SC1 GM135050-05 to Y. Wu.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.



J. Pers. Med. 2023, 13, 157 18 of 24

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

References

1.  Centers for Disease Control and Prevention. National Diabetes Statistics Report website. 2022. Available online: https:
//www.cdc.gov/diabetes/data/statistics-report/index.html (accessed on 25 November 2022).

2. American Cancer Society. Cancer Facts & Figures. 2022, 10. Available online: https:/ /www.cancer.org/content/dam/cancer-org/
research/cancer-facts-and-statistics /annual-cancer-facts-and-figures /2022 /2022-cancer-facts-and-figures.pdf (accessed on 25
November 2022).

3. Hardefeldt, PJ.; Edirimanne, S.; Eslick, G.D. Diabetes increases the risk of breast cancer: A meta-analysis. Endocr. Relat. Cancer
2012, 19, 793. [CrossRef] [PubMed]

4. Zhao, X.-B.; Ren, G.-S. Diabetes mellitus and prognosis in women with breast cancer: A systematic review and meta-analysis.
Medicine 2016, 95, €5602. [CrossRef] [PubMed]

5. Martin, S.D.; McGee, S.L. Metabolic reprogramming in type 2 diabetes and the development of breast cancer. J. Endocrinol. 2018,
237, R35-R46. [CrossRef] [PubMed]

6.  Warburg, O. On the origin of cancer cells. Science 1956, 123, 309-314. [CrossRef] [PubMed]

7. Dancey, ]. mTOR signaling and drug development in cancer. Nat. Rev. Clin. Oncol. 2010, 7, 209-219. [CrossRef] [PubMed]

8.  Tomas, N.M.; Masur, K.; Piecha, ].C.; Niggemann, B.; Zanker, K.S. Akt and phospholipase Cy are involved in the regulation of
growth and migration of MDA-MB-468 breast cancer and SW480 colon cancer cells when cultured with diabetogenic levels of
glucose and insulin. BMC Res. Notes 2012, 5, 1-7. [CrossRef]

9.  Faria, J.; Negalha, G.; Azevedo, A.; Martel, F. Metformin and breast cancer: Molecular targets. J. Mammary Gland Biol. Neoplasia
2019, 24, 111-123. [CrossRef]

10. Goodwin, PJ.; Chen, B.E.; Gelmon, K.A.; Whelan, T.J.; Ennis, M.; Lemieux, ].; Ligibel, ].A.; Hershman, D.L.; Mayer, LA;
Hobday, T.J.; et al. Effect of Metformin vs Placebo on Invasive Disease-Free Survival in Patients With Breast Cancer: The MA.32
Randomized Clinical Trial. JAMA 2022, 327, 1963-1973. [CrossRef]

11.  Chae, Y.K,; Arya, A.; Malecek, M.K,; Shin, D.S.; Carneiro, B.; Chandra, S.; Kaplan, J.; Kalyan, A.; Altman, ] K.; Platanias, L.; et al.
Repurposing metformin for cancer treatment: Current clinical studies. Oncotarget 2016, 7, 40767—40780. [CrossRef]

12. Tanaka, Y.; Iwaya, C.; Kawanami, T.; Hamaguchi, Y.; Horikawa, T.; Shigeoka, T.; Yanase, T.; Kawanami, D.; Nomiyama, T.
Combined treatment with glucagon-like peptide-1 receptor agonist exendin-4 and metformin attenuates breast cancer growth.
Diabetol. Int. 2022, 13, 480-492. [CrossRef]

13. Iwaya, C.; Nomiyama, T.; Komatsu, S.; Kawanami, T.; Tsutsumi, Y.; Hamaguchi, Y.; Horikawa, T.; Yoshinaga, Y.; Yamashita, S.;
Tanaka, T.; et al. Exendin-4, a Glucagonlike Peptide-1 Receptor Agonist, Attenuates Breast Cancer Growth by Inhibiting NF-«B
Activation. Endocrinology 2017, 158, 4218-4232. [CrossRef] [PubMed]

14. Hao, Q.; Huang, Z,; Li, Q.; Liu, D.; Wang, P.; Wang, K.; Li, ].; Cao, W.; Deng, W.; Wu, K; et al. A Novel Metabolic Reprogramming
Strategy for the Treatment of Diabetes-Associated Breast Cancer. Adv. Sci. 2022, 9, €2102303. [CrossRef] [PubMed]

15.  Singh, S.V.; Chaube, B.; Mayengbam, S.S.; Singh, A.; Malvi, P.; Mohammad, N.; Deb, A.; Bhat, M.K. Metformin induced lactic
acidosis impaired response of cancer cells towards paclitaxel and doxorubicin: Role of monocarboxylate transporter. Biochim.
Biophys. Acta (BBA)-Mol. Basis Dis. 2021, 1867, 166011. [CrossRef] [PubMed]

16. Mueckler, M.; Thorens, B. The SLC2 (GLUT) family of membrane transporters. Mol. Asp. Med. 2013, 34, 121-138. [CrossRef]

17. Szablewski, L. Expression of glucose transporters in cancers. Biochim. Biophys. Acta (BBA)-Rev. Cancer 2013, 1835, 164-169.
[CrossRef]

18. Silva, C.; Andrade, N.; Guimaraes, J.T.; Patricio, E.; Martel, F. The in vitro effect of the diabetes-associated markers insulin, leptin
and oxidative stress on cellular characteristics promoting breast cancer progression is GLUT1-dependent. Eur. J. Pharmacol. 2021,
898, 173980. [CrossRef]

19. Wu, Q.; Ba-Alawi, W,; Deblois, G.; Cruickshank, J.; Duan, S.; Lima-Fernandes, E.; Haight, J.; Tonekaboni, S.A.M.; Fortier, A.M.;
Kuasne, H.; et al. GLUT1 inhibition blocks growth of RB1-positive triple negative breast cancer. Nat. Commun. 2020, 11, 4205.
[CrossRef]

20. Barbosa, A.M.; Martel, F. Targeting Glucose Transporters for Breast Cancer Therapy: The Effect of Natural and Synthetic
Compounds. Cancers 2020, 12, 154. [CrossRef] [PubMed]

21. Uldry, M.; Ibberson, M.; Hosokawa, M.; Thorens, B. GLUT2 is a high affinity glucosamine transporter. FEBS Lett. 2002, 524,
199-203. [CrossRef]

22. Wu, K-H; Ho, C.-T; Chen, Z.-F,; Chen, L.-C.; Whang-Peng, ].; Lin, T.-N.; Ho, Y.-5. The apple polyphenol phloretin inhibits breast
cancer cell migration and proliferation via inhibition of signals by type 2 glucose transporter. J. Food Drug Anal. 2018, 26, 221-231.
[CrossRef]

23. Azevedo, C.; Correia-Branco, A.; Aradjo, J.R.; Guimaraes, ].T.; Keating, E.; Martel, F. The chemopreventive effect of the dietary
compound kaempferol on the MCF-7 human breast cancer cell line is dependent on inhibition of glucose cellular uptake. Nutr.
Cancer 2015, 67, 504-513. [CrossRef] [PubMed]

24. Jacquier, V.; Gitenay, D.; Fritsch, S.; Bonnet, S.; Gyo6rffy, B.; Jalaguier, S.; Linares, L.K.; Cavailles, V.; Teyssier, C. RIP140 inhibits

glycolysis-dependent proliferation of breast cancer cells by regulating GLUT3 expression through transcriptional crosstalk
between hypoxia induced factor and p53. Cell. Mol. Life Sci. 2022, 79, 1-17. [CrossRef] [PubMed]


https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2022/2022-cancer-facts-and-figures.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2022/2022-cancer-facts-and-figures.pdf
http://doi.org/10.1530/ERC-12-0242
http://www.ncbi.nlm.nih.gov/pubmed/23035011
http://doi.org/10.1097/MD.0000000000005602
http://www.ncbi.nlm.nih.gov/pubmed/27930583
http://doi.org/10.1530/JOE-18-0037
http://www.ncbi.nlm.nih.gov/pubmed/29487204
http://doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://doi.org/10.1038/nrclinonc.2010.21
http://www.ncbi.nlm.nih.gov/pubmed/20234352
http://doi.org/10.1186/1756-0500-5-214
http://doi.org/10.1007/s10911-019-09429-z
http://doi.org/10.1001/jama.2022.6147
http://doi.org/10.18632/oncotarget.8194
http://doi.org/10.1007/s13340-021-00560-z
http://doi.org/10.1210/en.2017-00461
http://www.ncbi.nlm.nih.gov/pubmed/29045658
http://doi.org/10.1002/advs.202102303
http://www.ncbi.nlm.nih.gov/pubmed/35023320
http://doi.org/10.1016/j.bbadis.2020.166011
http://www.ncbi.nlm.nih.gov/pubmed/33212188
http://doi.org/10.1016/j.mam.2012.07.001
http://doi.org/10.1016/j.bbcan.2012.12.004
http://doi.org/10.1016/j.ejphar.2021.173980
http://doi.org/10.1038/s41467-020-18020-8
http://doi.org/10.3390/cancers12010154
http://www.ncbi.nlm.nih.gov/pubmed/31936350
http://doi.org/10.1016/S0014-5793(02)03058-2
http://doi.org/10.1016/j.jfda.2017.03.009
http://doi.org/10.1080/01635581.2015.1002625
http://www.ncbi.nlm.nih.gov/pubmed/25719685
http://doi.org/10.1007/s00018-022-04277-3
http://www.ncbi.nlm.nih.gov/pubmed/35501580

J. Pers. Med. 2023, 13, 157 19 of 24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Tsai, T.H.; Yang, C.C.; Kou, T.C; Yang, C.E.; Dai, ].Z.; Chen, C.L.; Lin, C.W. Overexpression of GLUT3 promotes metastasis of
triple-negative breast cancer by modulating the inflammatory tumor microenvironment. J. Cell. Physiol. 2021, 236, 4669-4680.
[CrossRef] [PubMed]

Bryant, N.J.; Govers, R.; James, D.E. Regulated transport of the glucose transporter GLUT4. Nat. Rev. Mol. Cell Biol. 2002, 3,
267-277. [CrossRef] [PubMed]

Garrido, P; Osorio, F.G.; Moran, J.; Cabello, E.; Alonso, A.; Freije, ] M.; Gonzalez, C. Loss of GLUT4 induces metabolic
reprogramming and impairs viability of breast cancer cells. J. Cell. Physiol. 2015, 230, 191-198. [CrossRef]

Stenbit, A.E.; Tsao, T.S.; Li, J.; Burcelin, R.; Geenen, D.L.; Factor, S.M.; Houseknecht, K.; Katz, E.B.; Charron, M.]. GLUT4
heterozygous knockout mice develop muscle insulin resistance and diabetes. Nat. Med. 1997, 3, 1096-1101. [CrossRef]

Alam, F,; Islam, M.A.; Khalil, M.I.; Gan, S.H. Metabolic Control of Type 2 Diabetes by Targeting the GLUT4 Glucose Transporter:
Intervention Approaches. Curr. Pharm. Des. 2016, 22, 3034-3049. [CrossRef]

Rogers, S.; Macheda, M.L.; Docherty, S.E.; Carty, M.D.; Henderson, M.A.; Soeller, W.C.; Gibbs, EIM.; James, D.E.; Best, ].D.
Identification of a novel glucose transporter-like protein-GLUT-12. Am. ]. Physiol. Endocrinol. Metab. 2002, 282, E733-E738.
[CrossRef]

Shi, Y.; Zhang, Y.; Ran, F; Liu, J.; Lin, J.; Hao, X.; Ding, L.; Ye, Q. Let-7a-5p inhibits triple-negative breast tumor growth and
metastasis through GLUT12-mediated warburg effect. Cancer Lett. 2020, 495, 53—65. [CrossRef]

Matsui, C.; Takatani-Nakase, T.; Maeda, S.; Nakase, I.; Takahashi, K. Potential Roles of GLUT12 for Glucose Sensing and Cellular
Migration in MCF-7 Human Breast Cancer Cells Under High Glucose Conditions. Anticancer Res. 2017, 37, 6715-6722. [CrossRef]
Purcell, S.H.; Aerni-Flessner, L.B.; Willcockson, A.R.; Diggs-Andrews, K.A; Fisher, S.J.; Moley, K.H. Improved insulin sensitivity
by GLUT12 overexpression in mice. Diabetes 2011, 60, 1478-1482. [CrossRef] [PubMed]

Hsia, D.S.; Grove, O.; Cefalu, W.T. An update on sodium-glucose co-transporter-2 inhibitors for the treatment of diabetes mellitus.
Curr. Opin. Endocrinol. Diabetes Obes. 2017, 24, 73-79. [CrossRef] [PubMed]

Poulsen, S.B.; Fenton, R.A_; Rieg, T. Sodium-glucose cotransport. Curr. Opin. Nephrol. Hypertens. 2015, 24, 463-469. [CrossRef]
[PubMed]

Padda, I.S.; Mahtani, A.U.; Parmar, M. Sodium-Glucose Transport Protein 2 (SGLT2) Inhibitors; StatPearls Publishing LLC.: Treasure
Island, FL, USA, 2022.

Komatsu, S.; Nomiyama, T.; Numata, T.; Kawanami, T.; Hamaguchi, Y.; Iwaya, C.; Horikawa, T.; Fujimura-Tanaka, Y.; Hamanoue,
N.; Motonaga, R.; et al. SGLT2 inhibitor ipragliflozin attenuates breast cancer cell proliferation. Endocr. J. 2020, 67, 99-106.
[CrossRef] [PubMed]

Zhou, J.; Zhu, J.; Yu, S.J.; Ma, H.L.; Chen, J.; Ding, X.F,; Chen, G.; Liang, Y.; Zhang, Q. Sodium-glucose co-transporter-2 (SGLT-2)
inhibition reduces glucose uptake to induce breast cancer cell growth arrest through AMPK/mTOR pathway. Biomed. Pharm.
2020, 132, 110821. [CrossRef]

Nasiri, A.R.; Rodrigues, M.R,; Li, Z.; Leitner, B.P,; Perry, RJ. SGLT2 inhibition slows tumor growth in mice by reversing
hyperinsulinemia. Cancer Metab. 2019, 7, 10. [CrossRef]

Akingbesote, N.D.; Norman, A.; Zhu, W.; Halberstam, A.A.; Zhang, X.; Foldi, J.; Lustberg, M.B.; Perry, RJ. A precision medicine
approach to metabolic therapy for breast cancer in mice. Commun. Biol. 2022, 5, 478. [CrossRef] [PubMed]

Song, P.; Onishi, A.; Koepsell, H.; Vallon, V. Sodium glucose cotransporter SGLT1 as a therapeutic target in diabetes mellitus.
Expert Opin. Ther. Targets 2016, 20, 1109-1125. [CrossRef]

Zambrowicz, B.; Freiman, J.; Brown, PM.; Frazier, K.S.; Turnage, A.; Bronner, J.; Ruff, D.; Shadoan, M.; Banks, P.; Mseeh, F.; et al.
LX4211, a dual SGLT1/SGLT?2 inhibitor, improved glycemic control in patients with type 2 diabetes in a randomized, placebo-
controlled trial. Clin Pharm. 2012, 92, 158-169. [CrossRef]

Cherney, D.Z.1; Ferrannini, E.; Umpierrez, G.E.; Peters, A.L.; Rosenstock, J.; Carroll, A K.; Lapuerta, P.; Banks, P.; Agarwal, R.
Efficacy and safety of sotagliflozin in patients with type 2 diabetes and severe renal impairment. Diabetes Obes. Metab. 2021, 23,
2632-2642. [CrossRef]

Niu, X.; Ma, J.; Li, J.; Gu, Y; Yin, L.; Wang, Y.; Zhou, X.; Wang, J.; Ji, H.; Zhang, Q. Sodium/glucose cotransporter 1-dependent
metabolic alterations induce tamoxifen resistance in breast cancer by promoting macrophage M2 polarization. Cell Death Dis.
2021, 12, 509. [CrossRef] [PubMed]

Liu, H,; Ertay, A.; Peng, P; Li, J.; Liu, D.; Xiong, H.; Zou, Y.; Qiu, H.; Hancock, D.; Yuan, X,; et al. SGLT1 is required for the survival
of triple-negative breast cancer cells via potentiation of EGFR activity. Mol. Oncol. 2019, 13, 1874-1886. [CrossRef] [PubMed]
Wang, J.; Ji, H.; Niu, X;; Yin, L.; Wang, Y.; Gu, Y; Li, D.; Zhang, H.; Lu, M.; Zhang, F; et al. Sodium-Dependent Glucose Transporter
1 (SGLT1) Stabled by HER2 Promotes Breast Cancer Cell Proliferation by Activation of the PI3K/Akt/mTOR Signaling Pathway
in HER2+ Breast Cancer. Dis. Mrk. 2020, 2020, 6103542. [CrossRef] [PubMed]

Halestrap, A.P.; Wilson, M.C. The monocarboxylate transporter family-role and regulation. IUBMB Life 2012, 64, 109-119.
[CrossRef] [PubMed]

Baenke, F; Dubuis, S.; Brault, C.; Weigelt, B.; Dankworth, B.; Griffiths, B.; Jiang, M.; Mackay, A.; Saunders, B.; Spencer-Dene, B.; et al.
Functional screening identifies MCT4 as a key regulator of breast cancer cell metabolism and survival. J. Pathol. 2015, 237,
152-165. [CrossRef]

Pinheiro, C.; Albergaria, A.; Paredes, ].; Sousa, B.; Dufloth, R.; Vieira, D.; Schmitt, F.; Baltazar, F. Monocarboxylate transporter 1 is
up-regulated in basal-like breast carcinoma. Histopathology 2010, 56, 860-867. [CrossRef]


http://doi.org/10.1002/jcp.30189
http://www.ncbi.nlm.nih.gov/pubmed/33421130
http://doi.org/10.1038/nrm782
http://www.ncbi.nlm.nih.gov/pubmed/11994746
http://doi.org/10.1002/jcp.24698
http://doi.org/10.1038/nm1097-1096
http://doi.org/10.2174/1381612822666160307145801
http://doi.org/10.1152/ajpendo.2002.282.3.E733
http://doi.org/10.1016/j.canlet.2020.09.012
http://doi.org/10.21873/anticanres.12130
http://doi.org/10.2337/db11-0033
http://www.ncbi.nlm.nih.gov/pubmed/21441439
http://doi.org/10.1097/MED.0000000000000311
http://www.ncbi.nlm.nih.gov/pubmed/27898586
http://doi.org/10.1097/MNH.0000000000000152
http://www.ncbi.nlm.nih.gov/pubmed/26125647
http://doi.org/10.1507/endocrj.EJ19-0428
http://www.ncbi.nlm.nih.gov/pubmed/31776304
http://doi.org/10.1016/j.biopha.2020.110821
http://doi.org/10.1186/s40170-019-0203-1
http://doi.org/10.1038/s42003-022-03422-9
http://www.ncbi.nlm.nih.gov/pubmed/35595952
http://doi.org/10.1517/14728222.2016.1168808
http://doi.org/10.1038/clpt.2012.58
http://doi.org/10.1111/dom.14513
http://doi.org/10.1038/s41419-021-03781-x
http://www.ncbi.nlm.nih.gov/pubmed/34006822
http://doi.org/10.1002/1878-0261.12530
http://www.ncbi.nlm.nih.gov/pubmed/31199048
http://doi.org/10.1155/2020/6103542
http://www.ncbi.nlm.nih.gov/pubmed/32377271
http://doi.org/10.1002/iub.572
http://www.ncbi.nlm.nih.gov/pubmed/22162139
http://doi.org/10.1002/path.4562
http://doi.org/10.1111/j.1365-2559.2010.03560.x

J. Pers. Med. 2023, 13, 157 20 of 24

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.
64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

Benyahia, Z.; Blackman, M.; Hamelin, L.; Zampieri, L.X.; Capeloa, T.; Bedin, M.L.; Vazeille, T.; Schakman, O.; Sonveaux, P. In Vitro
and In Vivo Characterization of MCT1 Inhibitor AZD3965 Confirms Preclinical Safety Compatible with Breast Cancer Treatment.
Cancers 2021, 13, 569. [CrossRef]

Silva, A.; Antunes, B.; Batista, A.; Pinto-Ribeiro, F; Baltazar, F.; Afonso, J. In Vivo Anticancer Activity of AZD3965: A Systematic
Review. Molecules 2021, 27, 181. [CrossRef]

Padilla, J.; Lee, B.S.; Zhai, K.; Rentz, B.; Bobo, T.; Dowling, N.M.; Lee, ]. A Heme-Binding Transcription Factor BACH1 Regulates
Lactate Catabolism Suggesting a Combined Therapy for Triple-Negative Breast Cancer. Cells 2022, 11, 1177. [CrossRef]

Duan, X,; Xie, Y,; Yu, J.; Hu, X; Liu, Z.; Li, N,; Qin, J.; Lan, L.; Yuan, M.; Pan, Z.; et al. MCT4/Lactate Promotes PD-L1 Glycosylation
in Triple-Negative Breast Cancer Cells. J. Oncol. 2022, 2022, 3659714. [CrossRef]

Luo, E.; Wang, D.; Yan, G.; Qiao, Y.; Zhu, B; Liu, B.; Hou, J.; Tang, C. The NF-kB/miR-425-5p/MCT4 axis: A novel insight into
diabetes-induced endothelial dysfunction. Mol. Cell Endocrinol. 2020, 500, 110641. [CrossRef] [PubMed]

Nadai, T.; Narumi, K.; Furugen, A.; Saito, Y.; Iseki, K.; Kobayashi, M. Pharmacological Inhibition of MCT4 Reduces 4-
Hydroxytamoxifen Sensitivity by Increasing HIF-1«x Protein Expression in ER-Positive MCF-7 Breast Cancer Cells. Biol. Pharm.
Bull. 2021, 44, 1247-1253. [CrossRef]

Ekyalongo, R.C.; Yee, D. Revisiting the IGF-1R as a breast cancer target. NPJ Precis. Oncol. 2017, 1, 14. [CrossRef] [PubMed]
Pollak, M. Insulin and insulin-like growth factor signalling in neoplasia. Nat. Rev. Cancer 2008, 8, 915-928. [CrossRef] [PubMed]
Tseng, C.-H. Prolonged use of human insulin increases breast cancer risk in Taiwanese women with type 2 diabetes. BMC Cancer
2015, 15, 846. [CrossRef] [PubMed]

Platts, J. Insulin therapy and cancer risk in diabetes mellitus. Clin. Med. 2010, 10, 509-512. [CrossRef]

Sarkissyan, S.; Sarkissyan, M.; Wu, Y.; Cardenas, J.; Koeffler, H.P.; Vadgama, J.V. IGF-1 Regulates Cyr61 Induced Breast Cancer
Cell Proliferation and Invasion. PLoS ONE 2014, 9, €103534. [CrossRef]

Hellinger, ].W.; Hiichel, S.; Goetz, L.; Bauerschmitz, G.; Emons, G.; Griindker, C. Inhibition of CYR61-5100A4 Axis Limits Breast
Cancer Invasion. Front. Oncol. 2019, 9, 1074. [CrossRef]

Lin, J.; Huo, R.; Wang, L.; Zhou, Z; Sun, Y.; Shen, B.; Wang, R.; Li, N. A novel anti-Cyr61 antibody inhibits breast cancer growth
and metastasis in vivo. Cancer Immunol. Immunother. 2012, 61, 677-687. [CrossRef]

Cao, J.; Yee, D. Disrupting Insulin and IGF Receptor Function in Cancer. Int. ]. Mol. Sci. 2021, 22, 555. [CrossRef]

Wenbin, K,; Xiaoqin, L.; Qiuchan, D.; Xinwen, Z.; Xiaoqin, X.; Fangyuan, S.; Dabao, H.; Shuangjiu, Z. Development of a novel
insulin receptor (IR) antagonist that exhibits anti-breast tumor activity. Hum. Cell 2020, 33, 1204-1217. [CrossRef] [PubMed]
Rostoker, R.; Bitton-Worms, K.; Caspi, A.; Shen-Orr, Z.; LeRoith, D. Investigating new therapeutic strategies targeting hy-
perinsulinemia’s mitogenic effects in a female mouse breast cancer model. Endocrinology 2013, 154, 1701-1710. [CrossRef]
[PubMed]

Hamilton, N.; Mdrquez-Garban, D.; Rogers, B.; Austin, D.; Foos, K.; Tong, A.; Adams, D.; Vadgama, J.; Brecht, M.-L.; Pietras, R.
Dual Therapy with Insulin-Like Growth Factor-I Receptor /Insulin Receptor (IGF1R/IR) and Androgen Receptor (AR) Antagonists
Inhibits Triple-Negative Breast Cancer Cell Migration In Vitro. SPG BioMed 2019. [CrossRef]

Hamilton, N.M.; Marquez-Garban, D.C.; Burton, L.P.; Comin-Anduix, B.; Garcia, A.J.; Vadgama, J.V. Abstract LB-391: Combination
of insulin-like growth factor-1 receptor/insulin receptor (IGF1R/IR) antagonist with anti-PD-L1 antibody blocks triple-negative
breast cancer (TNBC) progression. Cancer Res. 2020, 80, LB-391. [CrossRef]

Aguirre, G.A.; De Ita, ].R.; de la Garza, R.G.; Castilla-Cortazar, I. Insulin-like growth factor-1 deficiency and metabolic syndrome.
J. Transl. Med. 2016, 14, 3. [CrossRef]

Wu, G. Amino acids: Metabolism, functions, and nutrition. Amino Acids 2009, 37, 1-17. [CrossRef]

Zhang, C.; Le, A. Diabetes and cancer: The epidemiological and metabolic associations. In The Heterogeneity of Cancer Metabolism;
Le, A., Ed.; Springer International Publishing: Cham, Switzerland, 2021; pp. 217-227.

Melnik, B.C. Leucine signaling in the pathogenesis of type 2 diabetes and obesity. World ]. Diabetes 2012, 3, 38-53. [CrossRef]
Wang, Q.; Holst, J. L-type amino acid transport and cancer: Targeting the mTORC1 pathway to inhibit neoplasia. Am. . Cancer
Res. 2015, 5, 1281-1294.

Sato, M.; Harada-Shoji, N.; Toyohara, T.; Soga, T.; Itoh, M.; Miyashita, M.; Tada, H.; Amari, M.; Anzai, N.; Furumoto, S.; et al.
L-type amino acid transporter 1 is associated with chemoresistance in breast cancer via the promotion of amino acid metabolism.
Sci. Rep. 2021, 11, 589. [CrossRef]

Shindo, H.; Harada-Shoji, N.; Ebata, A.; Sato, M.; Soga, T.; Miyashita, M.; Tada, H.; Kawai, M.; Kosaka, S.; Onuki, K,; et al.
Targeting Amino Acid Metabolic Reprogramming via L-Type Amino Acid Transporter 1 (LAT1) for Endocrine-Resistant Breast
Cancer. Cancers 2021, 13, 4375. [CrossRef]

Bo, T.; Kobayashi, S.; Inanami, O.; Fujii, J.; Nakajima, O.; Ito, T.; Yasui, H. LAT1 inhibitor JPH203 sensitizes cancer cells to radiation
by enhancing radiation-induced cellular senescence. Transl. Oncol. 2021, 14, 101212. [CrossRef]

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

Krokowski, D.; Han, J.; Saikia, M.; Majumder, M.; Yuan, C.L.; Guan, B.J.; Bevilacqua, E.; Bussolati, O.; Broer, S.; Arvan, P; etal. A
self-defeating anabolic program leads to 3-cell apoptosis in endoplasmic reticulum stress-induced diabetes via regulation of
amino acid flux. J. Biol. Chem. 2013, 288, 17202-17213. [CrossRef]


http://doi.org/10.3390/cancers13030569
http://doi.org/10.3390/molecules27010181
http://doi.org/10.3390/cells11071177
http://doi.org/10.1155/2022/3659714
http://doi.org/10.1016/j.mce.2019.110641
http://www.ncbi.nlm.nih.gov/pubmed/31711985
http://doi.org/10.1248/bpb.b21-00030
http://doi.org/10.1038/s41698-017-0017-y
http://www.ncbi.nlm.nih.gov/pubmed/29152592
http://doi.org/10.1038/nrc2536
http://www.ncbi.nlm.nih.gov/pubmed/19029956
http://doi.org/10.1186/s12885-015-1876-7
http://www.ncbi.nlm.nih.gov/pubmed/26537234
http://doi.org/10.7861/clinmedicine.10-5-509
http://doi.org/10.1371/journal.pone.0103534
http://doi.org/10.3389/fonc.2019.01074
http://doi.org/10.1007/s00262-011-1135-y
http://doi.org/10.3390/ijms22020555
http://doi.org/10.1007/s13577-020-00381-3
http://www.ncbi.nlm.nih.gov/pubmed/32514738
http://doi.org/10.1210/en.2012-2263
http://www.ncbi.nlm.nih.gov/pubmed/23515289
http://doi.org/10.32392/biomed.69
http://doi.org/10.1158/1538-7445.AM2020-LB-391
http://doi.org/10.1186/s12967-015-0762-z
http://doi.org/10.1007/s00726-009-0269-0
http://doi.org/10.4239/wjd.v3.i3.38
http://doi.org/10.1038/s41598-020-80668-5
http://doi.org/10.3390/cancers13174375
http://doi.org/10.1016/j.tranon.2021.101212
http://doi.org/10.1186/s12885-018-4599-8
http://doi.org/10.1074/jbc.M113.466920

J. Pers. Med. 2023, 13, 157 21 of24

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Cheng, Q.; Beltran, V.D.; Chan, S.M.; Brown, ].R.; Bevington, A.; Herbert, T.P. System-L amino acid transporters play a key role in
pancreatic 3-cell signalling and function. J. Mol. Endocrinol. 2016, 56, 175-187. [CrossRef] [PubMed]

Zhang, J.; Xu, Y;; Li, D.; Fu, L.; Zhang, X.; Bao, Y.; Zheng, L. Review of the Correlation of LAT1 With Diseases: Mechanism and
Treatment. Front Chem. 2020, 8, 564809. [CrossRef] [PubMed]

Zhang, Y.; Guo, K,; LeBlanc, R.E.; Loh, D.; Schwartz, G.J.; Yu, Y.-H. Increasing Dietary Leucine Intake Reduces Diet-Induced
Obesity and Improves Glucose and Cholesterol Metabolism in Mice via Multimechanisms. Diabetes 2007, 56, 1647-1654. [CrossRef]
Finkelstein, J.D. Methionine metabolism in mammals. J. Nutr. Biochem. 1990, 1, 228-237. [CrossRef]

Yin, J.; Ren, W.; Chen, S.; Li, Y,; Han, H.; Gao, J.; Liu, G.; Wu, X; Li, T.; Woo Kim, S.; et al. Metabolic Regulation of Methionine
Restriction in Diabetes. Mol. Nutr. Food Res. 2018, 62, €1700951. [CrossRef]

Wanders, D.; Hobson, K.; Ji, X. Methionine Restriction and Cancer Biology. Nutrients 2020, 12, 684. [CrossRef] [PubMed]

Malin, D.; Lee, Y.; Chepikova, O.; Strekalova, E.; Carlson, A.; Cryns, V.L. Methionine restriction exposes a targetable redox
vulnerability of triple-negative breast cancer cells by inducing thioredoxin reductase. Breast Cancer Res. Treat. 2021, 190, 373-387.
[CrossRef]

Lim, H.I; Sun, Y.U.; Han, Q.; Yamamoto, J.; Hoffman, R.M. Efficacy of Oral Recombinant Methioninase and Eribulin on a PDOX
Model of Triple-negative Breast Cancer (TNBC) Liver Metastasis. In Vivo 2021, 35, 2531-2534. [CrossRef]

Lim, H.I; Hamada, K.; Yamamoto, J.; Han, Q.; Tan, Y.; Choi, H.J.; Nam, S.J.; Bouvet, M.; Hoffman, R.M. Oral Methioninase
Inhibits Recurrence in a PDOX Mouse Model of Aggressive Triple-negative Breast Cancer. In Vivo 2020, 34, 2281-2286. [CrossRef]
[PubMed]

Tashiro, Y.; Han, Q.; Tan, Y.; Sugisawa, N.; Yamamoto, J.; Nishino, H.; Inubushi, S.; Sun, Y.U.; Zhu, G.; Lim, H.; et al. Oral
Recombinant Methioninase Inhibits Diabetes Onset in Mice on a High-fat Diet. In Vivo 2020, 34, 973-978. [CrossRef]

Tang, X.; Ding, C.K.; Wu, J.; Sjol, J.; Wardell, S.; Spasojevic, I.; George, D.; McDonnell, D.P; Hsu, D.S.; Chang, ].T.; et al. Cystine
addiction of triple-negative breast cancer associated with EMT augmented death signaling. Oncogene 2017, 36, 4235-4242.
[CrossRef] [PubMed]

Alothaim, T.; Charbonneau, M.; Tang, X. HDACS6 inhibitors sensitize non-mesenchymal triple-negative breast cancer cells to
cysteine deprivation. Sci. Rep. 2021, 11, 10956. [CrossRef] [PubMed]

Jiang, Y.; Cao, Y.,; Wang, Y.; Li, W,; Liu, X,; Lv, Y,; Li, X.; Mi, J. Cysteine transporter SLC3A1 promotes breast cancer tumorigenesis.
Theranostics 2017, 7, 1036—-1046. [CrossRef]

Jain, S.K.; Velusamy, T.; Croad, J.L.; Rains, J.L.; Bull, R. L-cysteine supplementation lowers blood glucose, glycated hemoglobin,
CRP, MCP-1, and oxidative stress and inhibits NF-kappaB activation in the livers of Zucker diabetic rats. Free Radic. Biol. Med.
2009, 46, 1633-1638. [CrossRef]

Sekhar, R.V.; McKay, S5.V,; Patel, S.G.; Guthikonda, A.P.; Reddy, V.T.; Balasubramanyam, A.; Jahoor, F. Glutathione synthesis is
diminished in patients with uncontrolled diabetes and restored by dietary supplementation with cysteine and glycine. Diabetes
Care 2011, 34, 162-167. [CrossRef]

Tappia, PS.; Xu, YJ.; Rodriguez-Leyva, D.; Aroutiounova, N.; Dhalla, N.S. Cardioprotective effects of cysteine alone or in
combination with taurine in diabetes. Physiol. Res. 2013, 62, 171-178. [CrossRef]

Tapiero, H.; Mathé, G.; Couvreur, P; Tew, K.D., II. Glutamine and glutamate. Biomed. Pharm. 2002, 56, 446-457. [CrossRef]
Miller, R.A.; Shi, Y,; Lu, W,; Pirman, D.A.; Jatkar, A.; Blatnik, M.; Wu, H.; Cardenas, C.; Wan, M.; Foskett, ].K.; et al. Targeting
hepatic glutaminase activity to ameliorate hyperglycemia. Nat. Med. 2018, 24, 518-524. [CrossRef] [PubMed]

Mansour, A.; Mohajeri-Tehrani, M.R.; Qorbani, M.; Heshmat, R.; Larijani, B.; Hosseini, S. Effect of glutamine supplementation on
cardiovascular risk factors in patients with type 2 diabetes. Nutrition 2015, 31, 119-126. [CrossRef] [PubMed]

Hasani, M.; Mansour, A.; Asayesh, H.; Djalalinia, S.; Mahdavi Gorabi, A.; Ochi, F.; Qorbani, M. Effect of glutamine supplementa-
tion on cardiometabolic risk factors and inflammatory markers: A systematic review and meta-analysis. BMC Cardiovasc. Disord.
2021, 21, 190. [CrossRef] [PubMed]

Hosios, A.M.; Hecht, V.C.; Danai, L.V.; Johnson, M.O.; Rathmell, J.C.; Steinhauser, M.L.; Manalis, S.R.; Vander Heiden, M.G.
Amino Acids Rather than Glucose Account for the Majority of Cell Mass in Proliferating Mammalian Cells. Dev. Cell 2016, 36,
540-549. [CrossRef] [PubMed]

Nguyen, T.-L.; Duran, R.V. Glutamine metabolism in cancer therapy. Cancer Drug Resist. 2018, 1, 126-138. [CrossRef]

van Geldermalsen, M.; Wang, Q.; Nagarajah, R.; Marshall, A.D.; Thoeng, A.; Gao, D.; Ritchie, W.; Feng, Y.; Bailey, C.G;
Deng, N.; etal. ASCT2/SLC1A5 controls glutamine uptake and tumour growth in triple-negative basal-like breast cancer.
Oncogene 2016, 35, 3201-3208. [CrossRef] [PubMed]

Jeon, YJ.; Khelifa, S.; Ratnikov, B.; Scott, D.A.; Feng, Y.; Parisi, F; Ruller, C.; Lau, E.; Kim, H.; Brill, L.M.; et al. Regulation of
Glutamine Carrier Proteins by RNF5 Determines Breast Cancer Response to ER Stress-Inducing Chemotherapies. Cancer Cell
2015, 27, 354-369. [CrossRef]

Morris, S.M., Jr. Arginine: Beyond protein. Am. J. Clin. Nutr. 2006, 83, 5085-512S. [CrossRef]

Khan, FH.; Dervan, E.; Bhattacharyya, D.D.; McAuliffe, ].D.; Miranda, K.M.; Glynn, S.A. The Role of Nitric Oxide in Cancer:
Master Regulator or NOt? Int. ]. Mol. Sci. 2020, 21, 9393. [CrossRef] [PubMed]

Too, C.K.L.; Abdelmagid, S.A. 1-Arginine Uptake and Its Role in the Survival of Breast Cancer Cells. In L-Arginine in Clinical
Nutrition; Patel, V.B., Preedy, V.R., Rajendram, R., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 253-268.


http://doi.org/10.1530/JME-15-0212
http://www.ncbi.nlm.nih.gov/pubmed/26647387
http://doi.org/10.3389/fchem.2020.564809
http://www.ncbi.nlm.nih.gov/pubmed/33195053
http://doi.org/10.2337/db07-0123
http://doi.org/10.1016/0955-2863(90)90070-2
http://doi.org/10.1002/mnfr.201700951
http://doi.org/10.3390/nu12030684
http://www.ncbi.nlm.nih.gov/pubmed/32138282
http://doi.org/10.1007/s10549-021-06398-y
http://doi.org/10.21873/invivo.12534
http://doi.org/10.21873/invivo.12039
http://www.ncbi.nlm.nih.gov/pubmed/32871751
http://doi.org/10.21873/invivo.11865
http://doi.org/10.1038/onc.2016.394
http://www.ncbi.nlm.nih.gov/pubmed/27869167
http://doi.org/10.1038/s41598-021-90527-6
http://www.ncbi.nlm.nih.gov/pubmed/34040090
http://doi.org/10.7150/thno.18005
http://doi.org/10.1016/j.freeradbiomed.2009.03.014
http://doi.org/10.2337/dc10-1006
http://doi.org/10.33549/physiolres.932388
http://doi.org/10.1016/S0753-3322(02)00285-8
http://doi.org/10.1038/nm.4514
http://www.ncbi.nlm.nih.gov/pubmed/29578539
http://doi.org/10.1016/j.nut.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/25466655
http://doi.org/10.1186/s12872-021-01986-8
http://www.ncbi.nlm.nih.gov/pubmed/33865313
http://doi.org/10.1016/j.devcel.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26954548
http://doi.org/10.20517/cdr.2018.08
http://doi.org/10.1038/onc.2015.381
http://www.ncbi.nlm.nih.gov/pubmed/26455325
http://doi.org/10.1016/j.ccell.2015.02.006
http://doi.org/10.1093/ajcn/83.2.508S
http://doi.org/10.3390/ijms21249393
http://www.ncbi.nlm.nih.gov/pubmed/33321789

J. Pers. Med. 2023, 13, 157 22 0f 24

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Yao, S.; Janku, F; Koenig, K., Tsimberidou, A.M.; Piha-Paul, S.A.; Shi, N.; Stewart, J.; Johnston, A.; Bomalaski, J;
Meric-Bernstam, F.; et al. Phase 1 trial of ADI-PEG 20 and liposomal doxorubicin in patients with metastatic solid tumors. Cancer
Med. 2022, 11, 340-347. [CrossRef]

Nasreddine, G.; El-Sibai, M.; Abi-Habib, R.]J. Cytotoxicity of [HuArgl (co)-PEG5000]-induced arginine deprivation to ovarian
Cancer cells is autophagy dependent. Investig. New Drugs 2020, 38, 10-19. [CrossRef] [PubMed]

El-Mais, N.; Fakhoury, I.; Al Haddad, M.; Nohra, S.; Abi-Habib, R.; El-Sibai, M. Human Recombinant Arginase I [HuArgI(Co)-
PEG5000]-Induced Arginine Depletion Inhibits Pancreatic Cancer Cell Migration and Invasion Through Autophagy. Pancreas
2021, 50, 1187-1194. [CrossRef] [PubMed]

Bowles, T.L.; Kim, R.; Galante, J.; Parsons, C.M.; Virudachalam, S.; Kung, H.-J.; Bold, R.J. Pancreatic cancer cell lines deficient
in argininosuccinate synthetase are sensitive to arginine deprivation by arginine deiminase. Int. J. Cancer 2008, 123, 1950-1955.
[CrossRef]

Cao, Y,; Feng, Y.,; Zhang, Y.; Zhu, X; Jin, F. L-Arginine supplementation inhibits the growth of breast cancer by enhancing innate
and adaptive immune responses mediated by suppression of MDSCs in vivo. BMC Cancer 2016, 16, 343. [CrossRef]

Jahani, M.; Azadbakht, M.; Norooznezhad, F.; Mansouri, K. L-arginine alters the effect of 5-fluorouracil on breast cancer cells in
favor of apoptosis. Biomed. Pharmacother. 2017, 88, 114-123. [CrossRef] [PubMed]

Stamler, J.S.; Loh, E.; Roddy, M.A.; Currie, K.E.; Creager, M. A. Nitric oxide regulates basal systemic and pulmonary vascular
resistance in healthy humans. Circulation 1994, 89, 2035-2040. [CrossRef] [PubMed]

Jude, E.B.; Dang, C.; Boulton, A.]. Effect of L-arginine on the microcirculation in the neuropathic diabetic foot in Type 2 diabetes
mellitus: A double-blind, placebo-controlled study. Diabet. Med. 2010, 27, 113-116. [CrossRef]

Claybaugh, T.; Decker, S.; McCall, K; Slyvka, Y.; Steimle, J.; Wood, A.; Schaefer, M.; Thuma, J.; Inman, S. L-Arginine Supplementa-
tion in Type II Diabetic Rats Preserves Renal Function and Improves Insulin Sensitivity by Altering the Nitric Oxide Pathway. Int.
J. Endocrinol. 2014, 2014, 171546. [CrossRef]

Newman, A.C.; Maddocks, O.D.K. One-carbon metabolism in cancer. Br. J. Cancer 2017, 116, 1499-1504. [CrossRef]

Possemato, R.; Marks, K.M.; Shaul, Y.D.; Pacold, M.E.; Kim, D.; Birsoy, K.; Sethumadhavan, S.; Woo, H.-K,; Jang, H.G,;
Jha, AK,; et al. Functional genomics reveal that the serine synthesis pathway is essential in breast cancer. Nature 2011, 476,
346-350. [CrossRef]

Mullarky, E.; Lucki, N.C.; Beheshti Zavareh, R.; Anglin, ].L.; Gomes, A.P.; Nicolay, B.N.; Wong, ].C.Y.; Christen, S.; Takahashi, H.;
Singh, PK.; et al. Identification of a small molecule inhibitor of 3-phosphoglycerate dehydrogenase to target serine biosynthesis
in cancers. Proc. Natl. Acad. Sci. USA 2016, 113, 1778-1783. [CrossRef] [PubMed]

Zhang, EM.; Yuan, L.; Shi, X W,; Feng, KR.; Lan, X,; Huang, C.; Lin, G.Q.; Tian, P; Huang, M.; Tang, S.; et al. Discovery of
PHGDH inhibitors by virtual screening and preliminary structure-activity relationship study. Bioorg. Chem. 2022, 121, 105705.
[CrossRef]

Pacold, M.E.; Brimacombe, K.R.; Chan, S.H.; Rohde, ].M.; Lewis, C.A.; Swier, L.J.Y.M.; Possemato, R.; Chen, WW.; Sullivan, L.B.;
Fiske, B.P; et al. A PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit fate. Nat. Chem. Biol. 2016, 12,
452-458. [CrossRef]

Spillier, Q.; Frédérick, R. Phosphoglycerate dehydrogenase (PHGDH) inhibitors: A comprehensive review 2015-2020. Expert
Opin. Ther. Pat. 2021, 31, 597-608. [CrossRef] [PubMed]

Drébkova, P,; Sanderova, J.; Kovafik, J.; Kand'dr, R. An Assay of Selected Serum Amino Acids in Patients with Type 2 Diabetes
Mellitus. Adv. Clin. Exp. Med. 2015, 24, 447-451. [CrossRef] [PubMed]

Holm, L.J.; Buschard, K. L-serine: A neglected amino acid with a potential therapeutic role in diabetes. Apmis 2019, 127, 655-659.
[CrossRef] [PubMed]

Okabe, K.; Usui, I.; Yaku, K.; Hirabayashi, Y.; Tobe, K.; Nakagawa, T. Deletion of PHGDH in adipocytes improves glucose
intolerance in diet-induced obese mice. Biochem. Biophys. Res. Commun. 2018, 504, 309-314. [CrossRef]

Suwandhi, L.; Hausmann, S.; Braun, A.; Gruber, T.; Heinzmann, S.S.; Galvez, E.J.C,; Buck, A.; Legutko, B.; Israel, A,;
Feuchtinger, A.; et al. Chronic d-serine supplementation impairs insulin secretion. Mol. Metab. 2018, 16, 191-202. [CrossRef]
National Center for Biotechnology Information. PubChem Compound Summary for CID 6267, Asparagine. Available online:
https:/ /pubchem.ncbi.nlm.nih.gov/compound/Asparagine (accessed on 25 November 2022).

Krall, A.S.; Xu, S.; Graeber, T.G.; Braas, D.; Christofk, H.R. Asparagine promotes cancer cell proliferation through use as an amino
acid exchange factor. Nat. Commun. 2016, 7, 11457. [CrossRef]

Knott, S.R.V.; Wagenblast, E.; Khan, S.; Kim, S.Y.; Soto, M.; Wagner, M.; Turgeon, M.-O.; Fish, L.; Erard, N.; Gable, A.L,; et al.
Asparagine bioavailability governs metastasis in a model of breast cancer. Nature 2018, 554, 378-381. [CrossRef]

Yang, H.; He, X.; Zheng, Y.; Feng, W.; Xia, X.; Yu, X.; Lin, Z. Down-regulation of asparagine synthetase induces cell cycle arrest
and inhibits cell proliferation of breast cancer. Chem. Biol. Drug Des. 2014, 84, 578-584. [CrossRef] [PubMed]

Zhu, W.; Radadiya, A.; Bisson, C.; Wenzel, S.; Nordin, B.E.; Martinez-Marquez, F.; Imasaki, T.; Sedelnikova, S.E.; Coricello, A.;
Baumann, P; et al. High-resolution crystal structure of human asparagine synthetase enables analysis of inhibitor binding and
selectivity. Commun. Biol. 2019, 2, 345. [CrossRef] [PubMed]

Parhofer, K.G. Interaction between Glucose and Lipid Metabolism: More than Diabetic Dyslipidemia. Diabetes Metab. J. 2015, 39,
353-362. [CrossRef]


http://doi.org/10.1002/cam4.4446
http://doi.org/10.1007/s10637-019-00756-w
http://www.ncbi.nlm.nih.gov/pubmed/30887252
http://doi.org/10.1097/MPA.0000000000001891
http://www.ncbi.nlm.nih.gov/pubmed/34714283
http://doi.org/10.1002/ijc.23723
http://doi.org/10.1186/s12885-016-2376-0
http://doi.org/10.1016/j.biopha.2017.01.047
http://www.ncbi.nlm.nih.gov/pubmed/28103504
http://doi.org/10.1161/01.CIR.89.5.2035
http://www.ncbi.nlm.nih.gov/pubmed/7514109
http://doi.org/10.1111/j.1464-5491.2009.02876.x
http://doi.org/10.1155/2014/171546
http://doi.org/10.1038/bjc.2017.118
http://doi.org/10.1038/nature10350
http://doi.org/10.1073/pnas.1521548113
http://www.ncbi.nlm.nih.gov/pubmed/26831078
http://doi.org/10.1016/j.bioorg.2022.105705
http://doi.org/10.1038/nchembio.2070
http://doi.org/10.1080/13543776.2021.1890028
http://www.ncbi.nlm.nih.gov/pubmed/33571419
http://doi.org/10.17219/acem/29223
http://www.ncbi.nlm.nih.gov/pubmed/26467133
http://doi.org/10.1111/apm.12987
http://www.ncbi.nlm.nih.gov/pubmed/31344283
http://doi.org/10.1016/j.bbrc.2018.08.180
http://doi.org/10.1016/j.molmet.2018.07.002
https://pubchem.ncbi.nlm.nih.gov/compound/Asparagine
http://doi.org/10.1038/ncomms11457
http://doi.org/10.1038/nature25465
http://doi.org/10.1111/cbdd.12348
http://www.ncbi.nlm.nih.gov/pubmed/24775638
http://doi.org/10.1038/s42003-019-0587-z
http://www.ncbi.nlm.nih.gov/pubmed/31552298
http://doi.org/10.4093/dmj.2015.39.5.353

J. Pers. Med. 2023, 13, 157 23 of 24

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

Mashima, T.; Seimiya, H.; Tsuruo, T. De novo fatty-acid synthesis and related pathways as molecular targets for cancer therapy.
Br. J. Cancer 2009, 100, 1369-1372. [CrossRef] [PubMed]

De Silva, G.S.; Desai, K.; Darwech, M.; Naim, U.; Jin, X.; Adak, S.; Harroun, N.; Sanchez, L.A.; Semenkovich, C.F.; Zayed, M.A.
Circulating serum fatty acid synthase is elevated in patients with diabetes and carotid artery stenosis and is LDL-associated.
Atherosclerosis 2019, 287, 38-45. [CrossRef]

Wu, M.; Singh, S.B.; Wang, J.; Chung, C.C,; Salituro, G.; Karanam, B.V,; Lee, S.H.; Powles, M.; Ellsworth, K.P.; Lassman, M.E.; et al.
Antidiabetic and antisteatotic effects of the selective fatty acid synthase (FAS) inhibitor platensimycin in mouse models of diabetes.
Proc. Natl. Acad. Sci. USA 2011, 108, 5378-5383. [CrossRef]

Jin, Q.; Yuan, L.X.; Boulbes, D.; Baek, ].M.; Wang, Y.N.; Gomez-Cabello, D.; Hawke, D.H.; Yeung, S.C.; Lee, M.H.;
Hortobagyi, G.N.; et al. Fatty acid synthase phosphorylation: A novel therapeutic target in HER2-overexpressing breast
cancer cells. Breast Cancer Res. 2010, 12, R96. [CrossRef]

Fhu, CW.,; Ali, A. Fatty Acid Synthase: An Emerging Target in Cancer. Molecules 2020, 25, 3935. [CrossRef]

Menendez, J.A.; Mehmi, I.; Papadimitropoulou, A.; Vander Steen, T.; Cuyas, E.; Verdura, S.; Espinoza, I.; Vellon, L.; Atlas, E.;
Lupu, R. Fatty Acid Synthase Is a Key Enabler for Endocrine Resistance in Heregulin-Overexpressing Luminal B-Like Breast
Cancer. Int. |. Mol. Sci. 2020, 21, 7661. [CrossRef] [PubMed]

Menendez, J.A.; Lupu, R. Fatty acid synthase (FASN) as a therapeutic target in breast cancer. Expert Opin. Ther. Targets 2017, 21,
1001-1016. [CrossRef]

Schroeder, B.; Vander Steen, T.; Espinoza, I.; Venkatapoorna, CM.K.; Hu, Z; Silva, EM.; Regan, K.; Cuyas, E.; Meng, X.W.,;
Verdura, S.; et al. Fatty acid synthase (FASN) regulates the mitochondrial priming of cancer cells. Cell Death Dis. 2021, 12, 977.
[CrossRef] [PubMed]

Khaleel, A.A.; Al-Barzinji, R. Soluble CD36 Concentration in Diabetic Hypertensive Patients with Coronary Atherosclerosis. Cell
Mol. Biol. 2022, 68, 109-116. [CrossRef] [PubMed]

Wang, Y.T.; Guo, RK,; Li, Z.C.; Zhang, R,; Li, L.; Li, H.Y.; Zhang, J.L.; Han, Q.Q.; Liu, F. [Association of Serum Soluble CD36 with
Clinical Variables in Diabetic Patients with Chronic Kidney Diseas]. Sichuan Da Xue Xue Bao Yi Xue Ban 2018, 49, 414-419.
Puchatowicz, K.; Ra¢, M.E. The Multifunctionality of CD36 in Diabetes Mellitus and Its Complications-Update in Pathogenesis,
Treatment and Monitoring. Cells 2020, 9, 1877. [CrossRef] [PubMed]

Ligorio, F; Di Cosimo, S.; Verderio, P.; Ciniselli, C.M.; Pizzamiglio, S.; Castagnoli, L.; Dugo, M.; Galbardi, B.; Salgado, R.;
Loi, S.; et al. Predictive role of CD36 expression in HER2-positive breast cancer patients receiving neoadjuvant trastuzumab. J.
Natl. Cancer Inst. 2022, 144, 1720-1727. [CrossRef]

Feng, W.W.; Wilkins, O.; Bang, S.; Ung, M.; Li, ].; An, J.; Del Genio, C.; Canfield, K.; Di Renzo, J.; Wells, W.; et al. CD36-Mediated
Metabolic Rewiring of Breast Cancer Cells Promotes Resistance to HER2-Targeted Therapies. Cell Rep. 2019, 29, 3405-3420.e3405.
[CrossRef]

Zhao, J.; Zhi, Z.; Wang, C.; Xing, H.; Song, G.; Yu, X,; Zhu, Y.; Wang, X.; Zhang, X.; Di, Y. Exogenous lipids promote the growth of
breast cancer cells via CD36. Oncol. Rep. 2017, 38, 2105-2115. [CrossRef]

Drury, J.; Rychahou, PG.; He, D.; Jafari, N.; Wang, C.; Lee, E.Y.; Weiss, H.L.; Evers, B.M.; Zaytseva, Y.Y. Inhibition of Fatty
Acid Synthase Upregulates Expression of CD36 to Sustain Proliferation of Colorectal Cancer Cells. Front. Oncol. 2020, 10, 1185.
[CrossRef] [PubMed]

Luby, A.; Alves-Guerra, M.C. Targeting Metabolism to Control Inmune Responses in Cancer and Improve Checkpoint Blockade
Immunotherapy. Cancers 2021, 13, 5912. [CrossRef]

Ganeshan, K.; Chawla, A. Metabolic regulation of immune responses. Annu. Rev. Immunol. 2014, 32, 609-634. [CrossRef]
Sahoo, O.S.; Pethusamy, K.; Srivastava, T.P,; Talukdar, J.; Alqahtani, M.S.; Abbas, M.; Dhar, R.; Karmakar, S. The metabolic
addiction of cancer stem cells. Front. Oncol. 2022, 12, 955892. [CrossRef] [PubMed]

Wu, Y.; Dong, Y.; Atefi, M.; Liu, Y.; Elshimali, Y.; Vadgama, J.V. Lactate, a Neglected Factor for Diabetes and Cancer Interaction.
Mediators Inflamm. 2016, 2016, 6456018. [CrossRef] [PubMed]

Ilyas, R.; Wallis, R.; Soilleux, E.J.; Townsend, P.; Zehnder, D.; Tan, B.K.; Sim, R.B.; Lehnert, H.; Randeva, H.S.; Mitchell, D.A.
High glucose disrupts oligosaccharide recognition function via competitive inhibition: A potential mechanism for immune
dysregulation in diabetes mellitus. Immunobiology 2011, 216, 126-131. [CrossRef]

Daryabor, G.; Atashzar, M.R,; Kabelitz, D.; Meri, S.; Kalantar, K. The Effects of Type 2 Diabetes Mellitus on Organ Metabolism
and the Immune System. Front Immunol. 2020, 11, 1582. [CrossRef] [PubMed]

Shcheglova, T.; Makker, S.; Tramontano, A. Reactive immunization suppresses advanced glycation and mitigates diabetic
nephropathy. . Am. Soc. Nephrol. 2009, 20, 1012-1019. [CrossRef]

Vrdoljak, A.; Trescec, A.; Benko, B.; Hecimovic, D.; Simic, M. In vitro glycation of human immunoglobulin G. Clin. Chim. Acta
2004, 345, 105-111. [CrossRef] [PubMed]

Lapolla, A.; Tonani, R.; Fedele, D.; Garbeglio, M.; Senesi, A.; Seraglia, R.; Favretto, D.; Traldi, P. Non-enzymatic glycation of IgG:
An in vivo study. Horm. Metab. Res. 2002, 34, 260-264. [CrossRef]

Kumar, N.P; Sridhar, R.; Nair, D.; Banurekha, V.V,; Nutman, T.B.; Babu, S. Type 2 diabetes mellitus is associated with altered
CD8(+) T and natural killer cell function in pulmonary tuberculosis. Immunology 2015, 144, 677-686. [CrossRef]

Moura, J.; Rodrigues, J.; Goncalves, M.; Amaral, C.; Lima, M.; Carvalho, E. Impaired T-cell differentiation in diabetic foot
ulceration. Cell Mol. Immunol. 2017, 14, 758-769. [CrossRef]


http://doi.org/10.1038/sj.bjc.6605007
http://www.ncbi.nlm.nih.gov/pubmed/19352381
http://doi.org/10.1016/j.atherosclerosis.2019.05.016
http://doi.org/10.1073/pnas.1002588108
http://doi.org/10.1186/bcr2777
http://doi.org/10.3390/molecules25173935
http://doi.org/10.3390/ijms21207661
http://www.ncbi.nlm.nih.gov/pubmed/33081219
http://doi.org/10.1080/14728222.2017.1381087
http://doi.org/10.1038/s41419-021-04262-x
http://www.ncbi.nlm.nih.gov/pubmed/34675185
http://doi.org/10.14715/cmb/2022.68.1.14
http://www.ncbi.nlm.nih.gov/pubmed/35809322
http://doi.org/10.3390/cells9081877
http://www.ncbi.nlm.nih.gov/pubmed/32796572
http://doi.org/10.1093/jnci/djac126
http://doi.org/10.1016/j.celrep.2019.11.008
http://doi.org/10.3892/or.2017.5864
http://doi.org/10.3389/fonc.2020.01185
http://www.ncbi.nlm.nih.gov/pubmed/32850342
http://doi.org/10.3390/cancers13235912
http://doi.org/10.1146/annurev-immunol-032713-120236
http://doi.org/10.3389/fonc.2022.955892
http://www.ncbi.nlm.nih.gov/pubmed/35957877
http://doi.org/10.1155/2016/6456018
http://www.ncbi.nlm.nih.gov/pubmed/28077918
http://doi.org/10.1016/j.imbio.2010.06.002
http://doi.org/10.3389/fimmu.2020.01582
http://www.ncbi.nlm.nih.gov/pubmed/32793223
http://doi.org/10.1681/ASN.2008050555
http://doi.org/10.1016/j.cccn.2004.03.026
http://www.ncbi.nlm.nih.gov/pubmed/15193984
http://doi.org/10.1055/s-2002-32140
http://doi.org/10.1111/imm.12421
http://doi.org/10.1038/cmi.2015.116

J. Pers. Med. 2023, 13, 157 24 of 24

156. Richard, C.; Wadowski, M.; Goruk, S.; Cameron, L.; Sharma, A.M.; Field, C.J. Individuals with obesity and type 2 diabetes have
additional immune dysfunction compared with obese individuals who are metabolically healthy. BM] Open Diabetes Res. Care
2017, 5, €000379. [CrossRef]

157. Xia, L.; Oyang, L.; Lin, J.; Tan, S.; Han, Y,; Wu, N.; Yi, P; Tang, L.; Pan, Q.; Rao, S.; et al. The cancer metabolic reprogramming and
immune response. Mol. Cancer 2021, 20, 28. [CrossRef] [PubMed]

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


http://doi.org/10.1136/bmjdrc-2016-000379
http://doi.org/10.1186/s12943-021-01316-8
http://www.ncbi.nlm.nih.gov/pubmed/33546704

	Background 
	MRS Targeting Glucose Metabolism 
	Metformin 
	GLUT Inhibitor 
	SGLT Inhibitor 
	MCT Inhibitor 
	Insulin Growth Factor Receptor (IGF1R) Antagonist and Insulin Receptor (IR) Antagonist 

	MRS under Amino Acid Metabolism 
	Leucine 
	Methionine 
	Cysteine 
	Glutamine and Glutamate 
	Arginine 
	Serine 
	Asparagine 

	MRS Targeting the Lipid Metabolism 
	De Novo FA Synthesis 
	Exogenous FA Uptake 

	Immune Dysregulation in Diabetes That Maybe Associated with Cancer Progression 
	Conclusions 
	References

