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Abstract 

Breast cancer is the most common cancer affecting women worldwide. Investigating metabolism in breast 
cancer may accelerate the exploitation of new therapeutic options for immunotherapies. Metabolic 
reprogramming can confer breast cancer cells (BCCs) with a survival advantage in the tumor 
microenvironment (TME) and metabolic alterations in breast cancer, and the corresponding metabolic 
byproducts can affect the function of tumor-associated macrophages (TAMs). Additionally, TAMs 
undergo metabolic reprogramming in response to signals present in the TME, which can affect their 
function and breast cancer progression. Here, we review the metabolic crosstalk between BCCs and 
TAMs in terms of glucose, lipids, amino acids, iron, and adenosine metabolism. Summaries of inhibitors 
that target metabolism-related processes in BCCs or TAMs within breast cancer have also served as 
valuable inspiration for novel therapeutic approaches in the fight against this disease. This review provides 
new perspectives on targeted anticancer therapies for breast cancer that combine immunity with 
metabolism. 
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1. Introduction 
According to the latest statistics, breast cancer 

remains the most frequently diagnosed cancer 
worldwide despite advances in treatment, and 
women aged 20-59 years with advanced stages of the 
disease still face a significant risk of mortality. 
Approximately 287,850 new cases of invasive breast 
cancer and 51,400 new cases of ductal carcinoma in 
situ among U.S. women were reported in 2022, and 
the incidence of female breast cancer continues to 
increase at a rate of approximately 0.5% per year [1-3]. 
Currently, breast cancer has replaced lung cancer with 
the highest incidence of cancer worldwide, with 
approximately 2 million cases registered worldwide, 
and this number is expected to increase to more than 3 
million by 2040[1]. 

Breast cancer is highly heterogeneous, and the 
tumor microenvironment (TME) actively contributes 
to this heterogeneity. Moreover, the TME serves as a 
key player in the multi-process steps of breast cancer 
malignant progression; therefore, the introduction of 
immunotherapy to target the TME has a very high 
potential to personalize the treatment of breast cancer 
patients and improve prognosis[4, 5]. It is estimated 
that the TME represents 50% of the breast cancer 
mass, as it is an ecosystem of tumor cells, stroma, and 
infiltrating immune cells[6]. The breast cancer 
microenvironment components cooperate to suppress 
anti-tumor immunity and promote breast cancer 
progression and metastasis of breast cancer[7]. 
Among various cells in the TME, tumor-associated 
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macrophages (TAMs) are the predominant cells 
originating from circulating monocytes[8]. 
Macrophage function is influenced by the TME and is 
reflected in phenotypic heterogeneity and 
plasticity[9]. Macrophage function is defined as 
classically activated (M1) anti-tumorigenic or 
alternatively activated (M2) pro-tumorigenic [10, 11]. 
During breast cancer growth, TAMs, like M2-type 
macrophages, promote tumor growth, angiogenesis, 
metastasis, and escape immune surveillance[12]. 
Transforming TAMs from a pro-tumor M2 type to an 
anti-tumor M1 state is one of the main objectives of 
breast cancer immunotherapy[13]. Many studies have 
highlighted the importance of TAMs in the prognosis 
and treatment of breast cancer and have called for a 
better understanding of the interactions between 
TAMs and breast cancer cells (BCCs)[14-16]. 

Cancer metabolic reprogramming serves as a 
bridge between intracellular stress and cancer 
behavior, which is a typical sign of the malignant 
progression of cancer. It confers a growth advantage 
to tumor cells and influences immune cell 
differentiation and function, thereby promoting 
cancer progression[17-19]. Similarly, metabolic 
reprogramming of TAMs in the TME can affect their 
function via different pathways [20]. It has been 
previously reported that in breast cancer, both tumor 
cells and TAMs undergo metabolic changes and can 
engage in a dialogue between them to coordinate the 
complex process of cancer progression[21]. Thus, 
advancing breast cancer treatment from both immune 
and metabolic standpoints: gaining insight into the 
metabolic reprogramming of tumor cells and TAMs, 
as well as the metabolic crosstalk between them, holds 

the potential to uncover pivotal breakthroughs in 
breast cancer research and pave the way for 
innovative therapeutic possibilities.  

This paper reviews the importance of the 
metabolic dialogue between BCCs and TAMs in the 
biological progression of breast cancer. The first part 
focuses on describing the dialogue between breast 
cancer cells undergoing metabolic reprogramming 
and TAMs, emphasizing that breast cancer cells 
undergoing metabolic reprogramming affect the 
polarization of TAMs and, thus, cancer progression 
during dialogue with TAMs. We then summarized 
the dialogue between TAMs undergoing metabolic 
reprogramming and BCCs. The second section 
provides an overview of the current metabolic drugs 
that target BCCs and TAMs. A summary of these 
drugs is presented in Table 1. This review provides a 
better understanding of how metabolism regulates 
breast cancer progression and a solid background for 
the precise design of new targeted metabolic agents 
for breast cancer based on a combined immune 
approach. 

2. Metabolism 
2.1 Breast cancer cells undergo metabolic 
reprogramming in dialogue with TAMs 

Tumor cells appropriately regulate their 
metabolism to maintain a high proliferation rate and 
adapt to survive in unfavorable microenvironments. 
In this regard, the crosstalk between BCCs 
undergoing metabolic reprogramming and TAMs is 
closely related to breast cancer progression. 

 

Table 1: Drugs for targeting metabolism  

Agent Cell type Targeted metabolic 
type 

Active Clinical stages Ref. 
Galloflavin breast cancer cell glycometabolism Inhibit biological energy metabolism Preclinical tests [126] 
Machilin A breast cancer cell glycometabolism Inhibit lactate dehydrogenase Preclinical tests [127] 
L-NMMA breast cancer cell amino acid 

metabolism 
Inhibition of NOS reduces tumor growth Preclinical tests [128] 

TVB-2640 
 

breast cancer cell lipid metabolism Inhibition of FASN Phase 1/2 [129-130] 

Terbinafine breast cancer cell lipid metabolism Targeting SQLE inhibits synthetic cholesterol Phase 1/2/3 [131-132] 
Simvastatin tumor-associated macrophage lipid metabolism Regulating the cholesterol-related LXR/ABCA1 axis 

promotes the M2 to M1 conversion 
Phase 1 [136] 

Chloroquine tumor-associated macrophage glycometabolism Reprogram the metabolism of TAMs from oxidative 
phosphorylation to glycolysis 

Phase 1/ 2 [138] 

Glufosinate tumor-associated macrophage amino acid 
metabolism 

Lower glutamine levels and increase succinic acid 
and glycolysis 

Preclinical tests [140-141] 

MnTE-2-PyP5+ tumor-associated macrophage REDOX metabolism Decreased activation of STAT3 inhibits 
IL4-stimulated M2 macrophage polarization 

Preclinical tests [142] 

GB111-NH2 tumor-associated macrophage REDOX metabolism Increasing ROS level leads to cell apoptosis and 
proliferation 

Preclinical tests [143] 

GW9662 tumor-associated macrophage lipid metabolism Inhibition of PPARγ Preclinical tests [144-145] 
EI-05 tumor-associated macrophage lipid metabolism Promotes lipid droplet formation of TAMs Preclinical tests [147] 
TMP195 tumor-associated macrophage lipid metabolism Inhibiting IIa histone deacetylases (HDACs) Preclinical tests [148] 
Tefinostat (CHR-2845) tumor-associated macrophage lipid metabolism Inhibiting IIa histone deacetylases (HDACs) Preclinical tests [149] 
2-DG tumor-associated macrophage glycometabolism Inhibit glycolysis Phase 1/2 [86] 
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Figure 1: Glucose metabolism of BCCs crosstalk with TAMs. TAMs can enhance the aerobic glycolysis of BCCs through non-coding RNA HISLA, TGF-β, and 
miR-503-3p, while lactate produced by BCCs' aerobic glycolysis polarizes TAMs toward the M2 type, promoting cancer progression. (Sketch created using Biorender.com.) 

 

2.1.1 Glucose metabolism in BCCs 
Cancer cells drive carcinoma progression via 

distinct metabolic pathways. Aerobic glycolysis is 
closely associated with breast cancer progression. The 
state of "aerobic glycolysis" or the Warburg effect is 
typical of glucose metabolic reprogramming in breast 
cancer[22]. Specifically, this refers to the phenomenon 
in which cancer cells prioritize glycolysis even under 
aerobic conditions, thereby rapidly increasing 
biosynthesis, inhibiting apoptosis, and improving 
their survival rate. The self-activated metabolic 
reprogramming of cancer cells supports their 
sustained proliferation and malignant progression. 
The glycolytic switch is directed by hypoxic or 
normoxic activation of HIF-1α- transcription and is 
implemented in hostile tumor microenvironments 
[23]. The enhanced glycolytic activity of breast cancer 
cells is associated with pro-tumor immunity[24]. 
There is substantial evidence that immune cells 
infiltrating the TME can interact with tumor cells, 
affecting tumor progression and the efficacy of 
existing anticancer therapies[25, 26]. The following 
sections describe the metabolic dialogue between 
BCCs undergoing glycolysis and TAMs (Figure 1). 

Glycolysis-related products of BCCs affect the polarization 
of TAMs 

The immunosuppressive TME blocks immuno-
therapy for cancer, and metabolic modulation of the 
TME is a promising strategy to improve 
immunotherapy[27]. Aerobic glycolysis in BCCs 

promotes the aggressiveness of tumor cells and 
initiates a positive regulatory circuit that enhances 
tumor progression by regulating the inflammatory 
TME[28]. Tumor cell-derived lactate plays an 
important signaling role in tumor growth promotion, 
both as a byproduct of aerobic glycolysis and as a 
"whistle-blower" for cancer cell proliferation. Cancer 
cells release lactic acid to create an acidic environment 
due to insufficient oxygen supply and increased 
glucose metabolism. A previous study showed that G 
protein-coupled receptor 132 (GPR132), a membrane 
receptor in macrophages, senses and responds to 
lactate signals in BCCs. Furthermore, lactate activates 
macrophage GPR132 to promote an M2-like pheno-
type, which in turn promotes cancer cell adhesion, 
migration, and invasion via the lactate-GPR132 
axis[29]. In breast cancer, tumor cells undergo 
glycolysis, leading to a decrease in the pH of their 
TME, which activates the G protein-coupled receptors 
(GPCRs)-mediated signaling pathway in TAMs, 
prompting TAMs to polarize toward the M2 
phenotype[30]. In addition, lactic acid produced by 
the ectopic expression of the transcription factor ZEB1 
in an acidic tumor environment induces TAMs 
polarization to M2 by stimulating the PKA/CREB 
signaling pathway, which promotes the “Warburg 
effect,” breast cancer cell proliferation, migration, and 
chemical resistance both in vitro and in vivo[31]. The 
activation of ERK/STAT3, a major signaling molecule 
in the lactate signaling pathway secreted by BCCs, can 
also promote M2-type polarization. It has been 
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suggested that tumor growth and angiogenesis can be 
reduced by eliminating lactate-induced M2 
macrophage polarization by inhibiting ERK/STAT3 
signaling[32]. Lactic acid derived from BCCs can also 
transform TAMs into an M2-like phenotype by 
activating Notch signals in macrophages and 
increasing the secretion of CC chemokine ligand 5 
(CCL5) in TAMs. Interestingly, a large amount of 
CCL5 produced by lactic acid-stimulated TAMs 
promotes glycolysis in BCCs, forming a positive 
metabolic feedback loop[33]. Therefore, disrupting 
the metabolic cycle is a significant therapeutic target 
that should be considered in future breast cancer 
treatments. 

Generally, cancer cells have higher levels of 
glycolytic enzymes and glycolytic transporter 
proteins than normal cells do, which correspondingly 
produce high lactate levels and promote malignant 
progression [34]. For example, recent studies have 
shown that the high expression of sodium/glucose 
symporters (SGLT1) in BCCs mediates high levels of 
glycolysis. The resulting lactic acid metabolites can 
regulate TAMs polarization to M2 through the HIF1 
α/STAT3 pathway, promoting the resistance of 
ER-positive BCCs to tamoxifen[35]. Similarly, the 
overexpression of GLUT3 in BCCs can promote the 
formation of a pro-inflammatory microenvironment 
through lactic acid-mediated CXCL8 production, 
which induces the activation of TAMs and enhances 
the invasive ability of BCCs[28]. In summary, lactate 
is a key metabolic player in the tumor immune 
response, and excessive lactate secretion by BCCs 
undergoing glycolysis can promote TAMs polari-
zation, thus exacerbating tumor immune escape. This 
suggests that this approach can be used as a 
breakthrough in revealing new strategies for treating 
breast cancer. 

TAMs affect aerobic glycolysis in BCCs through 
non-metabolic pathways 

The metabolic reprogramming of tumor cells can 
also be modulated by immune cells in the TME. An 
increasing number of studies have indicated that 
TAMs in the TME can affect the aerobic glycolysis of 
tumor cells in different ways, thereby affecting the 
occurrence and development of breast cancer. Recent 
studies have shown that myeloid lncRNA HISLA is 
encapsulated in extracellular vesicles (EVs) secreted 
by TAMs, preventing the interaction between PHD2 
and HIF-1 α and inhibiting the hydroxylation and 
degradation of HIF-1 α, thereby enhancing the aerobic 
glycolysis of BCCs. Moreover, lactate secreted by 
tumor cell glycolysis has an upregulatory effect on 
HISLA in macrophages, which can form a positive 
feedback loop between tumor cells and TAMs. 

Therefore, glycolysis and chemotherapy resistance in 
breast cancer can be effectively inhibited by blocking 
HISIA expression in TAMs[36]. In addition, TGF-β 
secreted by TAMs binds to a receptor on the surface of 
BCCs to inhibit the abundance of the transcription 
factor STAT1, thereby decreasing the abundance of 
the metabolic enzyme succinate dehydrogenase in 
tumor cells. In this case, succinate accumulation by 
tumor cells enhances the stability of HIF-1α, and the 
metabolism of BCCs is reprogrammed to a glycolytic 
state[37]. Interestingly, the upregulation of 
macrophage-derived exosome miR-503-3p can also 
promote glucose uptake and the malignant behavior 
of BCCs and inhibit the oxygen consumption rate and 
ATP value of BCCs. In contrast, a decrease in exocrine 
miR-503-3p can inhibit the glycolysis of BCCs and 
promote the oxidative phosphorylation of mitochon-
dria by up-regulating DACT2 and inactivating 
Wnt/β-catenin signaling pathway, providing a new 
and effective strategy for breast cancer treatment[38]. 
In summary, TAMs can promote cancer progression 
by controlling glucose metabolism in BCCs. Their 
existence may partly explain the limited efficacy of 
anti-glycolytic therapy and open up new avenues for 
discovering new targets for treating breast cancer. 

2.1.2 Lipid metabolism in BCCs 
Lipids are a group of substances closely related 

to metabolic diseases. These molecules include 
phospholipids, triglycerides, cholesterol, cholesteryl 
esters, and sphingolipids[39]. During tumor cell 
growth, in addition to glucose metabolism and energy 
supply, cells require a large amount of lipids for fat 
synthesis, biofilm construction, and maintenance of 
their functions[40, 41]. In BCCs, lipid production in 
tumor cells must be balanced with other metabolic 
needs[39, 40, 42]. Several common lipid-related 
metabolic networks exist, including fatty acid 
metabolic pathways and networks, arachidonic acid 
metabolic pathways and networks, cholesterol, and 
sphingolipid metabolic pathways and networks[43]. 
Recently, numerous studies have demonstrated that 
lipid metabolism between tumor cells and 
tumor-infiltrating immune cells, as well as 
communication and metabolic changes in lipid 
metabolites, play crucial roles in regulating 
immunosuppression[44-47] (Figure 2a). 

Lipid metabolism of BCCs affects TAMs polarization 
Enzymes or related products of tumor cell lipid 

metabolism can polarize macrophages toward the M2 
type and promote the development of breast cancer. 
Analysis of these data suggests that fatty acid (FA) 
biosynthesis is the most important process in the early 
stages of breast cancer is the process of fatty acid (FA) 
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biosynthesis metabolism[48]. Increased levels of 
saturated FAs, associated with reduced membrane 
fluidity, have also been reported in invasive breast 
cancer[49]. Although increased levels of fatty acid 
synthase (FASN) in tumor cells lead to increased 
secretion of polyunsaturated FAs into the TME, TAMs 
increase their lipid levels through CD36 uptake of 
these polyunsaturated FAs. Furthermore, enhanced 
lipid accumulation promotes TAMs activation and 
polarization[37, 50].  

Prostaglandin E2(PEG2) is a metabolite of 
arachidonic acid produced by COX2, and numerous 
studies have shown that PGE2 derived from tumor 
cells can polarize TAMs toward the M2 type [51-53]. 
Sphingolipid metabolism is essential for lipid 
metabolism in BCCs. Sphingolipid synthase 2 (SMS2) 
is a key enzyme in nerve sphingolipid synthesis that 
plays a crucial role in the integrity and function of the 
plasma membrane. Deng et al. found that a 
conditioned medium of triple-negative breast cancer 
(TNBC) cells effectively stimulates the polarization of 
BMDMs into M2-type macrophages. SMS2 inhibitors 
significantly attenuate this process, suggesting that 
high SMS2 expression is associated with high-density 
infiltration of M2-polarized macrophages[54]. Addi-
tionally, tumor apoptosis-derived sphingosine-1- 

phosphate(S1P), a sphingolipid, is involved in tumor 
progression by promoting angiogenesis; moreover, it 
promotes macrophage polarization toward a TAM- 
like phenotype [55]. Similarly, tumor cell-derived 
lipid glucoceramides polarize macrophages toward a 
pro-tumor phenotype by inducing an ER stress 
response in macrophages, leading to the activation of 
STAT3 and the production of XBP1 mediated by IRE1 
splicing, both acting synergistically to polarize 
macrophages toward a pro-tumor phenotype[56]. 
Therefore, inhibiting the progression of lipid 
metabolism in tumor cells using relevant lipid 
metabolism inhibitors and inducing the polarization 
of macrophages toward an anti-tumor phenotype is 
an important therapeutic strategy. 

2.1.3 Amino acid metabolism in BCCs 
Increasing evidence suggests that amino acid 

metabolism is active in cancer cell growth, signaling, 
oxidation, and immunosuppression in the TME. 
Among these, 15 amino acids are significantly 
elevated in breast cancer samples compared to normal 
samples and can be used as markers for the early 
diagnosis of breast cancer[57]. Arginine, glutamine, 
and tryptophan play instrumental roles in BCCs and 
TAMs (Figure 2b). 

 

 
Figure 2: Other metabolism of BCCs crosstalk with TAMs. (a) Lipid metabolism. Fatty acid levels, including increased polyunsaturated fatty acids via FASN in BCCs, 
influence TAMs via CD36 and promote TAMs polarization toward M2. Arachidonic acid-derived PGE2 from BCCs also polarizes TAMs toward the M2 type. Sphingolipid 
glucoceramides from BCCs induce an ER stress response in macrophages, activating STAT3 and XBP1 mediated by IRE1 splicing, promoting TAMs' pro-tumor phenotype. 
Apoptosis-derived S1P promotes TAMs-like polarization in macrophages. (b) Amino acid metabolism. Overexpression of glutamine transporters, such as SLC1A5, SLC7A5, and 
SLC3A2, in BCCs directly affects glutamine metabolism, producing specific subtypes of inflammatory infiltrates and influencing TAMs toward a pro-carcinogenic phenotype. (c) 
Iron metabolism. TAMs-secreted TGF-β1 inhibits iron sagging in BCCs, enhancing cell proliferation, metastasis, and cisplatin resistance. TAMs-affected BCCs activate the 
JAK2/STAT3 axis to induce TAMs to secrete more TGF-β1, forming a feedback loop. (Sketch created using Biorender.com.) 
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Amino acid metabolism affects the function and polarization 
of TAMs 

Glutamine is the most abundant amino acid in 
the blood, and cancer cells preferentially take up 
glutamine compared to immune cells within the 
TME[58]. A previous study has shown that glutamine 
depletion increases M1 type and decreases M2 type 
expression and TAM function [59]. Oh et al. found 
that JHU083, a glutamine antagonist targeting tumor 
cells, promotes the polarization of tumor-suppressing 
macrophages. This suggests that targeting glutamine 
metabolism can reprogram tumor cell metabolism 
and enhance the anti-tumor phenotype of TAMs, thus 
inhibiting cancer progression[60]. Previous studies 
have also reported that the overexpression of 
glutamine transporters in tumor cells, such as 
SLC1A5, SLC7A5, and SLC3A2, can directly influence 
glutamine metabolism and lead to the generation of 
distinct subtypes of inflammatory infiltrates. This 
increase in glutamine uptake by BCCs may be 
associated with the presence of specific subtypes, such 
as CD68+ macrophages[61]. 

2.1.4 Iron metabolism in BCCs 
Iron metabolism disorders are closely associated 

with cancer, and macrophages play a crucial role in 
iron metabolism[62]. Studies have shown that TAMs 
secrete factors that regulate iron metabolism in BCCs. 
For example, TGF-β1 secreted by TAMs regulates HIF 
and inhibits iron sagging by regulating the 
GGT1/GSH/Gpx4 axis in TNBCs, thereby enhancing 
TNBCs proliferation, metastasis, and resistance to 
cisplatin. Interestingly, TAMs-affected TNBCs can 
activate the JAK2/STAT3 axis to induce TAMs to 
secrete more TGF-β1, forming a feedback loop. Thus, 
dialogue between BCCs and TAMs can ensure a 
continuous active state of HIF in TNBCs. When HIF is 
depleted, the proliferative and invasive capacity of 
TNBCs can be restored by treatment with the iron sag 
inhibitor Liproxstatin-1[63] (Figure 2c). 

2.2 Metabolic reprogramming of TAMs affects 
breast cancer progression 

TAMs are essential components of TME. To 
survive in harsh tumor environments, TAMs must 
also undergo metabolic adaptations. These metabolic 
adaptations cause changes in one's functional 
phenotype, affecting both the "promoting" and 
"inhibiting" ends of the breast cancer spectrum. In 
addition to TAMs undergoing metabolic adaptation, 
some products produced by BCCs can affect TAMs' 
metabolism and cancer progression.  

2.2.1 Lipid metabolism in TAMs 
TAMs can influence cancer progression by 

reprogramming lipid metabolism, which also 

involves FAs, arachidonic acid (AA), and cholesterol 
(CHOL) pathways. In contrast to tumor cells, the lipid 
metabolism of TAMs can lead to both pro- and 
anti-tumor effects. Lipid metabolic reprogramming of 
macrophages by stimuli, products, or secreted factors 
is an important feature of TAMs that can affect the 
regulation of TAMs in the TME and thus influence 
cancer progression[64] (Figure 3). 

Studies have shown that lipid accumulation and 
the pro-tumor function of TAMs are closely linked. It 
has been reported that caspase-1 can cleave 
peroxisome proliferators activate receptor γ (PPARγ) 
at aspartate 64. PPAR γ can translocate to the 
mitochondria and interact with medium-chain 
acyl-CoA dehydrogenase (MCAD). This attenuates 
MCAD activity and inhibits fatty acid oxidation, 
leading to lipid droplet accumulation in TAMs and 
promoting their differentiation into a pro-tumor 
phenotype[65]. Fatty acid-binding protein (FABP) is a 
central regulator of metabolic processes. Different 
forms of FABPs have varying effects on breast cancer 
growth and metastasis. Zhang et al. suggested that 
epidermal FABP (E-FABP) is highly expressed in 
macrophages; it could prevent breast cancer 
development, and E-FABP in the tumor stroma 
promotes IFN-β by upregulating lipid droplet 
formation. IFN-β signaling could further enhance the 
recruitment of tumoricidal effector cells into the 
tumor stroma to generate antitumor activity [66]. In 
contrast, A-FABP is a novel tumor-promoting factor. 
A-FABP, which is highly expressed in TAMs of mouse 
and human breast cancer cells, enhances IL-6/STAT3 
signaling by regulating the NF-κB/miR-29b pathway, 
thereby promoting breast cancer growth and 
metastasis[67]. In addition to lipid accumulation, 
alterations in AA metabolism in TAMs have 
significant implications for tumor development. AA is 
a critical precursor of eicosanoids, such as PGE2, 
leukotrienes, and other products of lipoxygenase 
(LOX) and cyclooxygenase (COX)[68]. The 
PGE2-COX2 axis plays an important role in TAMs’ 
lipid metabolism. COX-2 in TAMs promotes 
epithelial-mesenchymal transition in BCCs by 
triggering matrix metalloproteinase-9 expression 
(MMP-9)[69]. Furthermore, TAMs increase COX-2 
expression via the PI3K/Akt/mTOR pathway, which 
enhances endocrine resistance in breast cancer[70]. 
Recent studies have shown that MPGES-1-derived 
PGE2 inhibits CD80 expression in TAMs, thereby 
suppressing the antitumor immune response in breast 
cancer[71]. The COX2/mPGES1/PGE2 pathway 
regulates PDL1 expression in TAMs, and PGE2 
inhibitors reduce immunosuppression at tumor 
sites[72]. Shi et al. found that 27-HC synthase 
CYP27A1 was highly expressed in TAMs at the CHOL 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4921 

level. In addition to promoting the proliferation of 
BCCs, the CHOL metabolite 27-HC secreted by TAMs 
stimulates TAMs to secrete chemokines that cause 
CCR2+ and CCR5+ monocytes to migrate toward the 
tumor site and polarize into M2-type macrophages. 
These relatively independent processes ultimately 
contribute to the development of breast cancer[73]. In 
addition, the phenotype of macrophages is mediated 
by cell signaling factors that mediate metabolic 
reprogramming. Recent studies have found that when 
Hedgehog (HH) signaling is inhibited in M2 
macrophages, metabolic and bioenergetic energy is 
shifted from oxidative phosphorylation and fatty acid 
oxidation to glycolysis. Moreover, it can impair their 
immunosuppressive function, thereby inhibiting the 
M2 phenotype, promoting the M1 phenotype, and 
inhibiting tumor growth[74]. 

Interestingly, there is evidence that BCCs in TME 
have a "contradiction" with TAMs in lipid 
metabolism, and they have opposite lipid metabolism 
reprogramming during tumor progression. 

Leukotrienes are a group of pro-inflammatory lipid 
mediators derived from AA, and 5-lipoxygenase 
(5-LO) is a key enzyme in leukotriene production. In 
TAMs, 5-LO is downregulated through MerTK (a 
receptor tyrosine kinase) after the recognition of 
apoptotic cancer cells, and activation of its 
transcriptional repression through c-Myb.5-LO 
expression deficiency leads to a reduced ability of 
TAMs to recruit T cells and exert anti-tumor effects. 
Therefore, the inhibition of MerTK in the TME may 
enhance the antitumor immune response in treating 
breast cancer. However, in BCCs, enhanced 
expression of 5-LO and its products promotes cell 
proliferation and inhibits apoptosis in cancer cells[75, 
76]. Similarly, Xiang et al. found that, in tumor cells, 
monoacylglycerol lipase (MGLL) promotes growth, 
proliferation, metastasis, and invasion by releasing 
specific fatty acids. Nevertheless, MGLL deficiency 
shifts macrophages toward a pro-tumor phenotype 
via endogenous 2-AG-CB2 cannabinoid signaling[77, 
78]. 

 
 

 
Figure 3: TAMs lipid metabolism controls both "promoting" and "inhibiting" ends of the breast cancer spectrum. (a) Fatty acids. E-FABP in tumor stroma 
promotes IFN-β, enhancing tumoricidal effector cell recruitment and antitumor activity. Inhibited HH signaling in M2 macrophages shifts metabolism from oxidative 
phosphorylation to glycolysis, inhibiting the M2 phenotype and promoting the M1 phenotype, inhibiting tumor growth. Caspase-1 activates PPARγ, inhibiting fatty acid oxidation 
and leading to lipid droplet accumulation in TAMs and promoting their differentiation to a pro-tumor phenotype. High A-FABP expression in TAMs enhances IL-6/STAT3 
signaling, promoting breast cancer development. (b) Arachidonic acid. COX-2 in TAMs promotes epithelial-mesenchymal transition and endocrine resistance in breast cancer 
cells. PGE2 regulates PDL1 expression in TAMs through the COX2/mPGES1/PGE2 pathway, promoting cancer growth and metastasis. (c) Cholesterol. The cholesterol 
metabolite 27-HC secreted by CYP27A1 overexpression in TAMs polarizes CCR2+ and CCR5+ monocytes into M2-type macrophages. (Sketch created using Biorender.com.) 
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Combined with previous studies, we found that 
disrupting the lipid-mediated crosstalk between 
mesenchymal and tumor cells or TAMs by targeting 
enzymes, receptors, or bioactive lipids inhibits the 
pro-tumor function of TAMs in lipid metabolism, 
induces tumor regression, and inhibits cancer 
metastasis is a very promising strategy. The 
implementation of lipid metabolism interventions in 
different cells can result in different effects. Therefore, 
there is an urgent need to explore new approaches to 
more precisely target the metabolic pathways 
between TAMs and tumor cells or other immune cells 
in the microenvironment. The purposeful 
development of relevant targeted inhibitors and 
drugs will lead to a better understanding of the role of 
metabolic reprogramming in tumor therapy. 

2.2.2 Glucose metabolism in TAMs 
Studies have shown that altered glucose 

metabolism patterns in TAMs can lead to immuno-
suppressive functions and ultimately promote tumor 
growth and metastasis (Figure 4a)[79]. The Metabolic 
modes of macrophages in different polarization states 
differ. Therefore, they have varying effects on tumor 
initiation, progression, angiogenesis, and meta-
stasis[80]. Generally, the main metabolic mode of M1 
TAMs is aerobic glycolysis, in which the pentose 
phosphate pathway (PPP) is also enhanced with more 
NADPH. M2 TAMs are more dependent on high 
levels of oxidative phosphorylation, PPP is limited, 
and the main source of NADPH is reduced, which can 
produce IL-10 and vascular endothelial growth factor 
(VEGF) to promote tumor growth, angiogenesis, and 
metastasis [81-84]. In addition, macrophages in 
different polarization states regulate the PPP by 
regulating CARKL. M1-type macrophages can inhibit 
the expression of CARKL, increasing the PPP and 
oxygen consumption rate (OCR) increase.  

M2-type macrophages have a higher level of 
CARKL expression and decreased PPP, subsequently 
restricting the glycolytic process[85]. Key regulatory 
enzymes involved in glucose metabolism in 
macrophages also play vital roles in cancer. Liu et al. 
found that the key glycolytic enzymes hexokinase 2, 
downstream phosphofructokinase, and enolase 1 
were significantly increased in TAMs derived from a 
mouse breast tumor model and breast cancer patients 
[86]. Moreover, pyruvate dehydrogenase 1 (PDK1) 
can regulate macrophage polarization. PDK1 
knockdown can reduce aerobic glycolysis in M1 
macrophages and enhance mitochondrial respiration 
in M2 macrophages[86]. In conclusion, the two arms 
of glucose metabolism regulate the differential 
activation of macrophages, thereby influencing cancer 
progression in the direction of promotion and 

inhibition. 
TAMs can also adjust their intracellular 

metabolism to adapt to appropriate polarization 
according to the availability of oxygen and different 
parts of the malignant tissues. Studies have shown 
that TAMs in tumor-anoxic areas can produce 
phenotypes that promote angiogenesis and 
invasion[87]. Moreover, hypoxia can inhibit glucose 
uptake by TAMs, thereby increasing the glucose 
content in the TME, further promoting tumor cells' 
glucose uptake. Reducing TAMs’ glycolytic activity 
under hypoxic conditions favors the growth and 
metastasis of breast cancer [88]. 

In addition, tumor-derived products or related 
signals can affect glycolysis in macrophages, thus 
promoting cancer. Previous studies have shown that 
tumor cells can release cytokines, such as CSF1, IL-34, 
and VEGFA, which can downregulate the glycolysis 
level of TAMs and induce polarization to M2[89]. 
Moreover, in breast cancer, tumor-derived miR-375 
can be used as a novel regulator of macrophage 
metabolism; it can increase the aerobic glycolysis of 
TAMs by inhibiting lactate dehydrogenase, while 
TAM-enhanced aerobic glycolysis can make BCCs 
anti-apoptosis[90] [55]. Recent studies have also 
found that the aberrantly activated HH signaling 
pathway regulates glucose metabolism in TAMs, 
supporting the OXPHOS-promoting M2 phenotype. 
Therefore, inhibition of the HH signaling pathway has 
the advantage of reconfiguring the TME to an 
immune activation state, and the HH signal can 
coordinate metabolic changes in macrophages, 
making the M2 polarization state of immunosup-
pression possible[74]. Interestingly, Slit2, a glyco-
protein secreted by BCCs, has been reported to 
promote polarization of the antitumor phenotype by 
regulating glycolysis in macrophages. This is the first 
study to show that growth and metastasis of breast 
cancer can be inhibited by modulating the metabolic 
activity of macrophages, thereby enhancing anti- 
tumor immunity[91]. 

In summary, TAMs can dynamically adjust their 
metabolic patterns according to different signals or 
interactions and maintain the corresponding polari-
zation phenotype according to different metabolic 
patterns. Metabolic flux and metabolic intervention in 
TAMs may further improve tumor immunotherapy; 
however, selective targeting of TAMs metabolism in 
vivo remains a continuous challenge. 

2.2.3 Amino acid metabolism in TAMs 
The INOS/ARG axis is a regulatory center of 

macrophage immunometabolism. Arginine metabo-
lism is important for crosstalk between TAMs and 
BCCs. Tumor cells prefer to shift from the NO 
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synthesis pathway to the polyamine synthesis 
pathway during arginine metabolism to satisfy their 
growth and proliferation requirements [92]. In TAMs, 
polyamines promote the activity of M2-type macro-
phages, and NO promotes the activity of M1-type 
macrophages. INOS catalyzes NO production by L- 
Arginine and tumor-promoting macrophages pro-
mote cancer progression by altering NO production to 
reduce INOS expression[93]. Therefore, correcting 
arginine metabolism may improve antitumor immu-
nity[94]. Zheng et al. showed that sepiapterin, an 
endogenous biosynthetic precursor of the nitric oxide 
synthase cofactor BH4, reverses the ratio of NO to 
polyamines, normalizes arginine metabolism in BCCs 
and TAMs, and inhibits the growth of breast tumor 
cells [95]. 

Glutamine is an important energy source for 
macrophages and is essential for their physiological 
functions[96]. Studies have shown that pharmaco-
logical glutamine synthetase inhibitors polarize 
M2-type macrophages toward the M1 type. When 
glutamine synthesis in macrophages is inhibited, their 
ability to induce T-cell recruitment is enhanced, and 
their ability to promote cancer cell motility is 

diminished. This shows that increased glutamine 
levels in macrophages are associated with M2-type 
polarization and that targeting glutamine synthetase 
is a potential strategy for treating cancer[60]. In 
addition, tryptophan metabolite receptors on TAMs 
can reduce the aromatic hydrocarbon receptor activity 
(AhR) of TAMs by removing dietary tryptophan, 
thereby enhancing antitumor immunity[97]. Target-
ing amino acid metabolism has been proven to drive 
the development of breast cancer-related therapies, 
both in developing targeted therapeutic strategies for 
tumor cells and TAMs. However, the greatest 
problem currently lies in the paucity of reports on the 
mechanisms of amino acid metabolism (Figure 4b). 

2.2.4 Iron metabolism in TAMs 
Tumor cells must express high levels of ferritin 

to meet their iron requirements. Ferritin is generally 
expressed in the tumor stroma, and macrophages are 
a major component of the tumor stroma. Different 
macrophage phenotypes play different functional 
roles in iron release. M1-type macrophages isolate 
iron under inflammatory conditions, whereas 
M2-type macrophages prefer iron release. Tumor 

 

 
Figure 4: Metabolism of TAMs affects M2 conversion. (a) Glucose metabolism. M1 TAMs metabolize through aerobic glycolysis, enhancing the PPP for NADPH. M2 TAMs 
depend more on oxidative phosphorylation, reducing PPP and NADPH, promoting cancer progression. CARKL regulates PPP; miR-375 and Slit2 from BCCs promote glycolysis 
in macrophages, increasing the antitumor phenotype. Aberrantly activated HH signaling supports the OXPHOS-promoting M2 phenotype. (b) Amino acid metabolism. BCCs shift 
from NO to polyamine synthesis in arginine metabolism, affecting TAM activity. Sepiapterin normalizes arginine metabolism, inhibiting cancer progression. Tryptophan metabolite 
receptors on TAMs enhance antitumor immunity. (c) Iron metabolism. M1 TAMs sequester iron, M2 TAMs release iron. znPPIX repolarizes M2 to M1-type. TAM-derived LCN-2 
transports iron to BCCs, promoting pro-breast cancer development. (d) Adenosine metabolism. Increased ADA2 activity in TAMs induces a pro-tumor M2 phenotype. 
Adenosine from BCCs promotes angiogenesis through A2A receptors and stimulates VEGF production in macrophages. (Sketch created using Biorender.com.) 
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phenotypes that interfere with iron sequestration can 
inhibit breast cancer growth and metastasis to some 
extent[98-101]. It is well known that heme oxygenase 
(HO-1), an important source of iron reuse, is crucial 
for iron metabolism[102]. HO-1 boosts breast cancer 
growth and metastasis. Recently, Deng et al. found 
that zinc PPIX(ZnPPIX), a specific inhibitor of HO-1, 
inhibits HO-1 in TAMs and repolarizes M2 to M1 
macrophages, indicating that HO-1 may be an 
important target for breast cancer treatment [103]. 
Additionally, ferritin secreted by TAMs promotes 
breast cancer growth and metastasis [104]. For 
example, TAM-derived LCN-2 promotes the growth 
and proliferation of human BCCs. LCN-2 is an 
alternative iron transporter protein under patholo-
gical conditions, transporting iron to cancer cells to 
meet their metabolic needs and contributing to the 
occurrence of breast cancer[105].  

The release of iron from TAMs into the TME is 
an influential aspect of tumorigenesis. Hepcidin (a 
liver-expressed antimicrobial peptide) was found to 
be a major regulator of iron metabolism, and its 
expression was associated with IL-6 signal 
transduction and transcriptional activator STAT3 
signaling pathways, suggesting that hepcidin could 
be directly targeted using a neutralizing antibody 
approach to inhibit tumor growth and metastasis 
[106-108] (Figure 4c). 

2.2.5 Adenosine metabolism in TAMs 
Adenosine is an important extracellular 

signaling molecule that accumulates in the TME. The 
adenosine pathway regulates tumor cell proliferation 
and apoptosis. Adenosine can activate apoptosis in 
tumor cells through different adenosine receptors in a 
caspase-dependent or caspase-independent manner. 
Stimulation of the A2B receptor (one of the subtypes 
of adenosine receptors) in tumor cells can cause a 
consequent change in the phenotype of immune cells 
via the adenosine-adenosine receptor system[109]. 
Adenosine deaminase (ADA) catalyzes the irre-
versible deamination of adenosine (ADO) or 
deoxyadenosine (DAO), and multiple lines of 
evidence suggest that increased or decreased ADA 
activity in cancer cells is associated with the occur-
rence of breast cancer and has diagnostic value[110]. 
Increased ADA2 activity derived from TAMs can 
stimulate macrophage polarization to the pro-tumor 
M2 phenotype[111]. Adenosine promotes angio-
genesis by stimulating A2A receptors, thereby 
stimulating VEGF production by macrophages[112]. 
Adenosine receptors directly regulate breast cancer 
cells[113]. Therefore, intervention with adenosine- 
related enzymes to reprogram M2 macrophages to the 
M1 type or target adenosine receptors is an important 

approach for the treatment of breast cancer (Figure 
4d). 

In addition to breast cancer, the general 
mechanism of tumor cell/TAM crosstalk via 
metabolic reprogramming has been frequently 
mentioned in other cancers. Metabolic crosstalk 
between tumor cells and TAMs largely determines 
tumor heterogeneity and the conditions that regulate 
antitumor immunity[79, 114-116]. For example, 
lncMpa, a myeloid-specific lncRNA of TAMs origin, 
can be released into tumor cells via exosomes to 
promote aerobic glycolysis and the proliferation of 
hepatocellular carcinoma cells[117].Correspondingly, 
in pancreatic cancer, tumor cells can modulate the 
macrophage phenotype and function by metabolic 
reprogramming TAMs via major extracellular matrix 
components [118] or direct contact[119]. In summary, 
the theoretical basis of the crosstalk between tumor 
cells/TAMs crosstalk through metabolic reprogram-
ming could serve as a springboard for cancer 
diagnosis and treatment, effectively broadening the 
scope of immunotherapy for treating tumors. 

3. Drugs and strategies for targeting 
metabolism 

Therefore, targeting TAMs and cancer cell 
metabolism may have therapeutic implications. There 
is substantial evidence that changes in the TME can 
promote the resistance of some antitumor agents to 
conventional therapies [87, 120-123]. Targeting the 
metabolism of tumor and immune cells in combina-
tion with conventional targeted therapies may be a 
novel approach to circumvent drug resistance or 
synergistically improve efficacy. The metabolic drugs 
targeting BCCs and TAMs are listed in Table 1. 

3.1 Targeting tumor cell metabolism 
Although many other potential mechanisms of 

metabolic remodeling in BCCs and TAMs in the 
microenvironment remain unclear, there is growing 
evidence that inhibition of relevant metabolic 
enzymes may be a reasonable approach to breast 
cancer treatment. It has been previously demons-
trated that when patients with breast cancer are 
resistant to paclitaxel and trastuzumab, treatment 
with lactate dehydrogenase inhibition can signifi-
cantly improve [124, 125]. Galloflavin (GF), a recently 
discovered lactate dehydrogenase inhibitor, blocks 
glycolysis and ATP production, impeding tumor 
progression by inhibiting bioenergetic metabo-
lism[126]. Machilin A, a compound that inhibits 
lactate dehydrogenase. Furthermore, machilin inhi-
bits cancer progression by directly reducing cell 
lactate production [127]. Metabolic enzyme signaling 
pathways may also be linked to poor prognosis in 
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breast cancer. Chung et al. inhibited NOS using the 
PAN-NOS inhibitor NG-monomethyl-l-arginine 
(L-NMMA), which reduced tumor growth and 
improved survival in patients with breast cancer 
[128]. Recent studies have identified TVB-2640, a 
FASN inhibitor currently in phase II clinical trials, as 
having significant antitumor potential in preclinical 
models of breast cancer[129, 130]. It is also currently 
being tested in clinical trials in combination with 
paclitaxel and trastuzumab for treating TNBC 
(NCT03179904). Brown et al. found that targeting 
SQLE, a key enzyme in synthesizing cholesterol 3-7, 
with terbinafine may also be an effective way to 
prevent and treat tumors[131, 132]. Interestingly, in 
addition to inhibiting the relevant metabolic enzymes 
that hinder cancer progression, Pisarsky et al. found 
that when BCCs undergo glycolysis, MCT4, a 
monocarboxylate transporter active in lactate 
exchange, establishes metabolic symbiosis with tumor 
cells. This suggests that targeting metabolic symbiosis 
through genetically ablated transporters is an 
attractive strategy for treating drug-resistant breast 
cancer[133]. 

3.2 Targeting tumor-associated macrophage 
metabolism 

3.2.1 “New uses for old drugs” in metabolism 
Previous studies have shown that some old 

drugs can achieve potent therapeutic effects by 
targeting breast cancer metabolism. Some targeted 
drugs do not act directly on BCCs, but rather by 
activating cancer-suppressing macrophages, thereby 
preventing the growth of cancer cells. Lipid 
homeostasis is closely linked to cancer. One of the 
mechanisms regulating cholesterol homeostasis in 
macrophages is the liver X-receptor (LXR)/adenosine 
triphosphate-binding cassette transporter A1 
(ABCA1) axis. When the ATP-binding cassette 
transporter G1 (ABCG1) is deficient, macrophage 
cholesterol accumulation activates NF-kB, leading to 
M1-type polarization of macrophages and production 
of TNFα and NO for antitumor immune effects[134, 
135]. Simvastatin (SV) is a drug for the metabolism of 
CHOL. Recent studies have shown that SV reverses 
epithelial-mesenchymal transition (EMT) and exerts 
antitumor effects by regulating CHOL metabolism. 
One pathway acts on TAMs to promote M2 to M1 
phenotypic conversion by regulating the cholesterol- 
associated LXR/ABCA1 axis. After TAMs 
reprogramming, TGF-β secretion is reduced, resulting 
in a combined effect on antitumor immunity[136]. 
Additionally, Li et al. found that a non-toxic herb, 
astragalus polysaccharide (APS), had no significant 
inhibitory effect on the growth of BCCs in vitro but 
exerted cancer-suppressive effects by activating 

macrophages to release NO and TNF-α[137]. 
Chloroquine (CQ), an antimalarial drug identified in 
previous studies, has been reported to reset TAMs by 
polarizing TAMs to the M1 type. This can improve 
immunosuppressive TME and lead to antitumor 
immunity. This drug's specific mechanism of action in 
antitumor immunity involves two pathways. The 
transcription factor TFEB, activated upon the release 
of calcium ions from macrophage lysosomes, 
reprograms the metabolism of TAMs from oxidative 
phosphorylation to glycolysis, leading to cancer 
suppression from a metabolic perspective[138]. The T. 
mongolicum extract has been used to treat breast 
nodules and inflammation; it can regulate the TME by 
inhibiting the IL-10/STAT3/PD-L1 immunosup-
pressive signaling pathway and promoting the 
polarization of macrophages from the M2 to M1 
phenotype to reduce the proliferation, migration, and 
invasion of TNBCs[139]. In macrophages, GS activity 
driven by IL10 is associated with a pro-tumor M2-like 
phenotype. Glufosinate, a specific human GS 
inhibitor, has been identified that decreases glutamine 
levels and increases succinate levels and glycolysis in 
macrophages. In macrophages, glutaminase inhibi-
tion was followed by an enhanced ability to induce 
T-cell recruitment; most importantly, this GS inhibitor 
skewed M2-polarized macrophages toward the M1 
phenotype, thereby enhancing antitumor immunity in 
breast cancer[140, 141]. In summary, the currently 
available literature highlights the great potential of 
developing cancer therapeutics targeting the 
inhibition of metabolic pathways and enhancing 
antitumor immunity in breast cancer. 

3.2.2 Other targeting strategies 
While it is well known that M1-type 

macrophages can withstand a wide range of ROS 
levels. M2-type macrophages are more susceptible to 
the cellular redox status; therefore, targeting the redox 
sensitivity of macrophages to develop relevant 
strategies and drugs is a promising strategy for 
treating breast cancer. For example, Griess et al. found 
that the macrophage ROS regulator MnTE-2-PyP5+ 
inhibits the IL4-stimulated polarization of M2 
macrophages by reducing STAT3 activation, thereby 
reducing angiogenesis and metastasis in breast 
cancer[142]. In addition, the novel cysteine histone 
protease inhibitor GB111-NH2 has been found to 
inhibit the development of breast cancer by elevating 
ROS levels, causing apoptosis and proliferation of 
macrophages[143]. Early studies have shown that 
some natural and synthetic PPAR γ activators, such as 
rosiglitazone and dehydroepiandrosterone, can also 
trigger breast cancer carcinogenesis by regulating the 
differentiation of macrophages into alternatively 
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activated macrophages; however, this effect can be 
reversed by the PPAR γ antagonist GW9662[144, 145]. 
In addition, PARP inhibitors have been found to 
induce metabolic reprogramming of the TME by 
regulating glycolipid metabolism, macrophage 
function, and phenotype. It was also discovered that 
when PARP inhibition was enhanced, the expression 
of CSF1R in macrophages increased, and the 
combination of anti-CSF1R and PARP inhibitors could 
activate M1-type macrophages and CD8+ T cells to 
exert antitumor immune effects[146]. A compound 
named EI-05, a novel E-FABP activator, promotes 
lipid droplet formation and IFN-β production in 
TAMs. Inhibition of E0771 Mammary Tumor 
Progression in Mice by Enhancing the Tumor Antigen 
Delivery Capacity of TAMs[147]. 

Studies have shown that epigenetic regulation 
by inhibiting class IIa histone deacetylases (HDACs) 
is a promising approach for exploiting the antitumor 
potential of macrophages. TMP195, a class IIa HDAC 
inhibitor that alters the transcriptional profile of 
macrophages, reduces macrophage-mediated tumor 
growth in preclinical breast cancer models[148]. 
Another HDAC inhibitor, tefinostat (CHR-2845), is 
cleaved to an active acid by non-specific esterase 
hepatic carboxylesterase 1 (CES1), the expression of 
which is restricted to monocyte-lineage cells and 
certain hepatocytes, allowing selective accumulation 
of active drugs within monocytes. It has been 
successfully used in phase I clinical trials in patients 
with advanced malignancies[149]. In addition, most 
studies targeting glycolysis to reverse macrophage 
polarization have relied on glycolytic inhibitors such 
as 2-deoxy-d-glucose (2-DG)[86]. The respiratory 
complex I inhibitor, metformin, is an antidiabetic 
drug that remodels the TME, reduces the density of 
TAMs, and increases phagocytosis[150]. In addition to 
some targeted drugs, previous studies have shown 
that nanoparticles remove both VEGF and PIGF from 
M2-TAMs and BCCs, remodeling the 
tumor-immunosuppressed TME to an antitumor 
state. This combined molecular and immune tumor 
therapy provides a new innovative point in 
developing a triad of molecular, immune, and 
metabolic aspects to maximize the treatment of breast 
cancer patients[151]. 

4. Discussion 
The metabolic reprogramming of tumor and 

immune cells in the TME is increasingly being 
recognized as a key pathway contributing to the 
complex dialogue between these cells. It has been 
found that the treatment of liver cancer[152], lung 
cancer[153], and glioblastoma[154] with targeted 
tumor immunometabolism departure has achieved 

good therapeutic effects; however, the treatment of 
breast cancer, specifically by this aspect, is yet to be 
discovered. This paper summarizes the relevant 
drugs currently targeting the metabolism of BCCs and 
TAMs and the specific mechanisms by which these 
two cells interact through metabolic reprogramming, 
providing a good entry point for efficient breast 
cancer treatment. 

Macrophages are highly plastic and hetero-
geneous. In breast cancer, metabolites produced by 
TAMs metabolism affect BCCs directly or indirectly 
by affecting their polarization, thereby impacting 
cancer progression. In turn, the metabolism can also 
affect the function and polarization of TAMs. It is 
fascinating that the metabolic reprogramming of these 
two cell types can sometimes form a feedback 
pathway. However, there are limitations and 
unanswered questions regarding precisely targeting 
tumor-associated macrophages and tumor cells to 
specific metabolic targets. First, BCCs and TAMs are 
metabolically heterogeneous and may show the same 
or opposite effects when treated with drugs 
specifically targeting lipid metabolism. Secondly, 
altered amino acid metabolism significantly affects 
both BCCs and TAMs. However, there are very few 
reports on amino acid metabolism in breast cancer; 
therefore, further research is urgently needed on the 
mutual dialogue between tumor cells and TAMs and 
the mechanism of action. Third, we found that when 
targeted metabolic drugs were used, some metabolic 
pathways were shared by normal cells. Ensuring the 
specificity of targeted TAMs or tumor cell metabolism 
is also worth considering when developing targeted 
metabolic drugs. Therefore, further understanding of 
the metabolic mechanisms between targeted immune 
cells and tumor cells may help us understand the 
hyper-progression of immunometabolic therapy for 
breast cancer. 

In addition, recent novel techniques have 
provided new ideas regarding the immunometa-
bolism of TAMs for future cancer therapies. For 
instance, tumor-derived exosomes represent a 
potential mode of metabolic crosstalk between cancer 
cells and TAMs. The extent of the exosomal influence 
on TAMs polarization in cancer patients and the 
potential pathways for targeted therapy using 
exosomal transport prompted us to investigate 
blocking drugs corresponding to breast cancer[155, 
156]. Additionally, the recent rise in nanobio-
technology has resulted in larger waves of cancer 
treatment. Nanoparticles have been reported to 
induce the repolarization of M2-type macrophages to 
M1-type macrophages [157], focusing on TAM-related 
immunotherapy to improve cancer efficacy[158, 159]. 
The advantages of nanomaterials for targeted 
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delivery, precise localization of drug release, and 
co-immunization provide useful ideas for developing 
targeted metabolic drugs for breast cancer 
treatment[160, 161]. In conclusion, targeted 
immunometabolism is a promising cancer treatment; 
however, there is still a long way to go. 

Abbreviations 
BCCs: breast cancer cells; TME: tumor micro-

environment; TAMs: tumor-associated macrophages; 
GPR132: G protein-coupled receptor 132; FA: fatty 
acid; PEG2: Prostaglandin E2; SMS2: Sphingolipid 
synthase 2; TNBC: Triple-negative breast cancer cell; 
PPP: pentose phosphate pathway; HH: Hedgehog; 
PPARγ: peroxisome proliferators activate receptor γ; 
MCAD: medium-chain acyl-CoA dehydrogenase; 
FABP: fatty acid binding protein; MGLL: mono-
acylglycerol lipase; HO-1: heme oxygenase; ADA: 
adenosine deaminase; VEGF: vascular endothelial 
growth factor. 

Acknowledgments 
This work was supported by the Project of 

National Natural Science Foundation of China (8197 
2487, 82271506), Project of Natural Science Founda-
tion of Hunan Province (2021JJ20039, 2022JJ70038), 
Project of Health Commission of Hunan Province 
(202104070680). 

Author Contributions 
YL and JH conceived and drafted the 

manuscript. XC and LY helped drew the figures. QY 
and QZ discussed the concepts of the manuscript. YS 
and XZ approved the version to be submitted. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J 

Clin. 2023; 73: 17-48. 
2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. 

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021; 
71: 209-49. 

3. Giaquinto AN, Sung H, Miller KD, Kramer JL, Newman LA, Minihan A, et al. 
Breast Cancer Statistics, 2022. CA Cancer J Clin. 2022; 72: 524-41. 

4. Mehraj U, Dar AH, Wani NA, Mir MA. Tumor microenvironment promotes 
breast cancer chemoresistance. Cancer Chemother Pharmacol. 2021; 87: 147-58. 

5. Mittal S, Brown NJ, Holen I. The breast tumor microenvironment: role in 
cancer development, progression and response to therapy. Expert Rev Mol 
Diagn. 2018; 18: 227-43. 

6. Beatson R, Graham R, Grundland Freile F, Cozzetto D, Kannambath S, Pfeifer 
E, et al. Cancer-associated hypersialylated MUC1 drives the differentiation of 
human monocytes into macrophages with a pathogenic phenotype. Commun 
Biol. 2020; 3: 644. 

7. Soysal SD, Tzankov A, Muenst SE. Role of the Tumor Microenvironment in 
Breast Cancer. Pathobiology. 2015; 82: 142-52. 

8. Qin H, Yu H, Sheng J, Zhang D, Shen N, Liu L, et al. PI3Kgamma Inhibitor 
Attenuates Immunosuppressive Effect of Poly(l-Glutamic 
Acid)-Combretastatin A4 Conjugate in Metastatic Breast Cancer. Adv Sci 
(Weinh). 2019; 6: 1900327. 

9. Lopez-Yrigoyen M, Yang C-T, Fidanza A, Cassetta L, Taylor AH, McCahill A, 
et al. Genetic programming of macrophages generates an in vitro model for 
the human erythroid island niche. Nat Commun. 2019; 10: 881. 

10. Mills CD. M1 and M2 Macrophages: Oracles of Health and Disease. Crit Rev 
Immunol. 2012; 32: 463-88. 

11. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 polarization. 
Eur J Pharmacol. 2020; 877: 173090. 

12. Goswami KK, Ghosh T, Ghosh S, Sarkar M, Bose A, Baral R. Tumor promoting 
role of anti-tumor macrophages in tumor microenvironment. Cell Immunol. 
2017; 316. 

13. Feng Y, Mu R, Wang Z, Xing P, Zhang J, Dong L, et al. A toll-like receptor 
agonist mimicking microbial signal to generate tumor-suppressive 
macrophages. Nat Commun. 2019; 10: 2272. 

14. Choi J, Gyamfi J, Jang H, Koo JS. The role of tumor-associated macrophage in 
breast cancer biology. Histol Histopathol. 2018; 33: 133-45. 

15. Sawa-Wejksza K, Kandefer-Szerszeń M. Tumor-Associated Macrophages as 
Target for Antitumor Therapy. Arch Immunol Ther Exp (Warsz). 2018; 66. 

16. Xiao M, He J, Yin L, Chen X, Zu X, Shen Y. Tumor-Associated Macrophages: 
Critical Players in Drug Resistance of Breast Cancer. Front Immunol. 2021; 12: 
799428. 

17. Makowski L, Chaib M, Rathmell JC. Immunometabolism: From basic 
mechanisms to translation. Immunol Rev. 2020; 295. 

18. Yan L, Tan Y, Chen G, Fan J, Zhang J. Harnessing Metabolic Reprogramming 
to Improve Cancer Immunotherapy. Int J Mol Sci. 2021; 22. 

19. Zhou Y, Sun H, Xu Y. Metabolic reprogramming in cancer: the bridge that 
connects intracellular stresses and cancer behaviors. Natl Sci Rev. 2020; 7: 
1270-3. 

20. Rabold K, Netea MG, Adema GJ, Netea-Maier RT. Cellular metabolism of 
tumor-associated macrophages - functional impact and consequences. FEBS 
Lett. 2017; 591: 3022-41. 

21. Giannone G, Ghisoni E, Genta S, Scotto G, Tuninetti V, Turinetto M, et al. 
Immuno-Metabolism and Microenvironment in Cancer: Key Players for 
Immunotherapy. Int J Mol Sci. 2020; 21. 

22. Vaupel P, Multhoff G. Revisiting the Warburg effect: historical dogma versus 
current understanding. J Physiol. 2021; 599: 1745-57. 

23. Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev 
Cancer. 2011; 11: 85-95. 

24. Li W, Xu M, Li Y, Huang Z, Zhou J, Zhao Q, et al. Comprehensive analysis of 
the association between tumor glycolysis and immune/inflammation function 
in breast cancer. J Transl Med. 2020; 18: 92. 

25. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. 
Nature. 2008; 454: 436-44. 

26. Casey SC, Amedei A, Aquilano K, Azmi AS, Benencia F, Bhakta D, et al. 
Cancer prevention and therapy through the modulation of the tumor 
microenvironment. Semin Cancer Biol. 2015; 35 Suppl: S199-S223. 

27. Tian L-R, Lin M-Z, Zhong H-H, Cai Y-J, Li B, Xiao Z-C, et al. Nanodrug 
regulates lactic acid metabolism to reprogram the immunosuppressive tumor 
microenvironment for enhanced cancer immunotherapy. Biomater Sci. 2022; 
10: 3892-900. 

28. Tsai T-H, Yang C-C, Kou T-C, Yang C-E, Dai J-Z, Chen C-L, et al. 
Overexpression of GLUT3 promotes metastasis of triple-negative breast cancer 
by modulating the inflammatory tumor microenvironment. J Cell Physiol. 
2021; 236: 4669-80. 

29. Chen P, Zuo H, Xiong H, Kolar MJ, Chu Q, Saghatelian A, et al. Gpr132 
sensing of lactate mediates tumor-macrophage interplay to promote breast 
cancer metastasis. Proc Natl Acad Sci U S A. 2017; 114: 580-5. 

30. Bohn T, Rapp S, Luther N, Klein M, Bruehl T-J, Kojima N, et al. Tumor 
immunoevasion via acidosis-dependent induction of regulatory 
tumor-associated macrophages. Nat Immunol. 2018; 19: 1319-29. 

31. Jiang H, Wei H, Wang H, Wang Z, Li J, Ou Y, et al. Zeb1-induced metabolic 
reprogramming of glycolysis is essential for macrophage polarization in breast 
cancer. Cell Death Dis. 2022; 13: 206. 

32. Mu X, Shi W, Xu Y, Xu C, Zhao T, Geng B, et al. Tumor-derived lactate induces 
M2 macrophage polarization via the activation of the ERK/STAT3 signaling 
pathway in breast cancer. Cell Cycle. 2018; 17: 428-38. 

33. Lin S, Sun L, Lyu X, Ai X, Du D, Su N, et al. Lactate-activated macrophages 
induced aerobic glycolysis and epithelial-mesenchymal transition in breast 
cancer by regulation of CCL5-CCR5 axis: a positive metabolic feedback loop. 
Oncotarget. 2017; 8: 110426-43. 

34. Kato Y, Maeda T, Suzuki A, Baba Y. Cancer metabolism: New insights into 
classic characteristics. Jpn Dent Sci Rev. 2018; 54. 

35. Niu X, Ma J, Li J, Gu Y, Yin L, Wang Y, et al. Sodium/glucose cotransporter 
1-dependent metabolic alterations induce tamoxifen resistance in breast cancer 
by promoting macrophage M2 polarization. Cell Death Dis. 2021; 12: 509. 

36. Chen F, Chen J, Yang L, Liu J, Zhang X, Zhang Y, et al. Extracellular 
vesicle-packaged HIF-1α-stabilizing lncRNA from tumour-associated 
macrophages regulates aerobic glycolysis of breast cancer cells. Nat Cell Biol. 
2019; 21: 498-510. 

37. Gómez V, Eykyn TR, Mustapha R, Flores-Borja F, Male V, Barber PR, et al. 
Breast cancer-associated macrophages promote tumorigenesis by suppressing 
succinate dehydrogenase in tumor cells. Sci Signal. 2020; 13. 

38. Huang S, Fan P, Zhang C, Xie J, Gu X, Lei S, et al. Exosomal microRNA-503-3p 
derived from macrophages represses glycolysis and promotes mitochondrial 
oxidative phosphorylation in breast cancer cells by elevating DACT2. Cell 
Death Discov. 2021; 7: 119. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4928 

39. Cheng C, Geng F, Cheng X, Guo D. Lipid metabolism reprogramming and its 
potential targets in cancer. Cancer Commun (Lond). 2018; 38: 27. 

40. Lingwood D, Simons K. Lipid rafts as a membrane-organizing principle. 
Science. 2010; 327: 46-50. 

41. Simons K, Toomre D. Lipid rafts and signal transduction. Nat Rev Mol Cell 
Biol. 2000; 1: 31-9. 

42. Corn KC, Windham MA, Rafat M. Lipids in the tumor microenvironment: 
From cancer progression to treatment. Prog Lipid Res. 2020; 80: 101055. 

43. Nishi A, Ohbuchi K, Kaifuchi N, Shimobori C, Kushida H, Yamamoto M, et al. 
LimeMap: a comprehensive map of lipid mediator metabolic pathways. NPJ 
Syst Biol Appl. 2021; 7: 6. 

44. Shang C, Huang J, Guo H. Identification of an Metabolic Related Risk 
Signature Predicts Prognosis in Cervical Cancer and Correlates With Immune 
Infiltration. Front Cell Dev Biol. 2021; 9: 677831. 

45. Bougarne N, Weyers B, Desmet SJ, Deckers J, Ray DW, Staels B, et al. 
Molecular Actions of PPARα in Lipid Metabolism and Inflammation. Endocr 
Rev. 2018; 39: 760-802. 

46. Merino Salvador M, Gómez de Cedrón M, Moreno Rubio J, Falagán Martínez 
S, Sánchez Martínez R, Casado E, et al. Lipid metabolism and lung cancer. Crit 
Rev Oncol Hematol. 2017; 112: 31-40. 

47. Wang G, Xu J, Zhao J, Yin W, Liu D, Chen W, et al. Arf1-mediated lipid 
metabolism sustains cancer cells and its ablation induces anti-tumor immune 
responses in mice. Nat Commun. 2020; 11: 220. 

48. Jerby L, Wolf L, Denkert C, Stein GY, Hilvo M, Oresic M, et al. Metabolic 
associations of reduced proliferation and oxidative stress in advanced breast 
cancer. Cancer Res. 2012; 72: 5712-20. 

49. Hilvo M, Denkert C, Lehtinen L, Müller B, Brockmöller S, Seppänen-Laakso T, 
et al. Novel theranostic opportunities offered by characterization of altered 
membrane lipid metabolism in breast cancer progression. Cancer Res. 2011; 71: 
3236-45. 

50. Huang SC-C, Everts B, Ivanova Y, O'Sullivan D, Nascimento M, Smith AM, et 
al. Cell-intrinsic lysosomal lipolysis is essential for alternative activation of 
macrophages. Nat Immunol. 2014; 15: 846-55. 

51. Heusinkveld M, de Vos van Steenwijk PJ, Goedemans R, Ramwadhdoebe TH, 
Gorter A, Welters MJP, et al. M2 macrophages induced by prostaglandin E2 
and IL-6 from cervical carcinoma are switched to activated M1 macrophages 
by CD4+ Th1 cells. J Immunol. 2011; 187: 1157-65. 

52. Liu L, Ge D, Ma L, Mei J, Liu S, Zhang Q, et al. Interleukin-17 and 
prostaglandin E2 are involved in formation of an M2 macrophage-dominant 
microenvironment in lung cancer. J Thorac Oncol. 2012; 7: 1091-100. 

53. Yin J, Kim SS, Choi E, Oh YT, Lin W, Kim T-H, et al. ARS2/MAGL signaling in 
glioblastoma stem cells promotes self-renewal and M2-like polarization of 
tumor-associated macrophages. Nat Commun. 2020; 11: 2978. 

54. Deng Y, Hu J-C, He S-H, Lou B, Ding T-B, Yang J-T, et al. Sphingomyelin 
synthase 2 facilitates M2-like macrophage polarization and tumor progression 
in a mouse model of triple-negative breast cancer. Acta Pharmacol Sin. 2021; 
42: 149-59. 

55. Weigert A, Tzieply N, von Knethen A, Johann AM, Schmidt H, Geisslinger G, 
et al. Tumor cell apoptosis polarizes macrophages role of 
sphingosine-1-phosphate. Mol Biol Cell. 2007; 18: 3810-9. 

56. Di Conza G, Tsai C-H, Gallart-Ayala H, Yu Y-R, Franco F, Zaffalon L, et al. 
Tumor-induced reshuffling of lipid composition on the endoplasmic 
reticulum membrane sustains macrophage survival and pro-tumorigenic 
activity. Nat Immunol. 2021; 22: 1403-15. 

57. Cheng F, Wang Z, Huang Y, Duan Y, Wang X. Investigation of salivary free 
amino acid profile for early diagnosis of breast cancer with ultra performance 
liquid chromatography-mass spectrometry. Clin Chim Acta. 2015; 447: 23-31. 

58. Reinfeld BI, Madden MZ, Wolf MM, Chytil A, Bader JE, Patterson AR, et al. 
Cell-programmed nutrient partitioning in the tumour microenvironment. 
Nature. 2021; 593: 282-8. 

59. Liu P-S, Wang H, Li X, Chao T, Teav T, Christen S, et al. α-ketoglutarate 
orchestrates macrophage activation through metabolic and epigenetic 
reprogramming. Nat Immunol. 2017; 18: 985-94. 

60. Oh M-H, Sun I-H, Zhao L, Leone RD, Sun I-M, Xu W, et al. Targeting 
glutamine metabolism enhances tumor-specific immunity by modulating 
suppressive myeloid cells. J Clin Invest. 2020; 130: 3865-84. 

61. Ansari RE, Craze ML, Althobiti M, Alfarsi L, Ellis IO, Rakha EA, et al. 
Enhanced glutamine uptake influences composition of immune cell infiltrates 
in breast cancer. Br J Cancer. 2020; 122. 

62. Dong D, Zhang G, Yang J, Zhao B, Wang S, Wang L, et al. The role of iron 
metabolism in cancer therapy focusing on tumor-associated macrophages. J 
Cell Physiol. 2019; 234: 8028-39. 

63. Li H, Yang P, Wang J, Zhang J, Ma Q, Jiang Y, et al. HLF regulates ferroptosis, 
development and chemoresistance of triple-negative breast cancer by 
activating tumor cell-macrophage crosstalk. J Hematol Oncol. 2022; 15: 2. 

64. Martinez-Outschoorn UE, Sotgia F, Lisanti MP. Power surge: supporting cells 
"fuel" cancer cell mitochondria. Cell Metab. 2012; 15: 4-5. 

65. Niu Z, Shi Q, Zhang W, Shu Y, Yang N, Chen B, et al. Caspase-1 cleaves 
PPARγ for potentiating the pro-tumor action of TAMs. Nat Commun. 2017; 8: 
766. 

66. Zhang Y, Sun Y, Rao E, Yan F, Li Q, Zhang Y, et al. Fatty acid-binding protein 
E-FABP restricts tumor growth by promoting IFN-β responses in 
tumor-associated macrophages. Cancer Res. 2014; 74: 2986-98. 

67. Hao J, Yan F, Zhang Y, Triplett A, Zhang Y, Schultz DA, et al. Expression of 
Adipocyte/Macrophage Fatty Acid-Binding Protein in Tumor-Associated 

Macrophages Promotes Breast Cancer Progression. Cancer Res. 2018; 78: 
2343-55. 

68. Zheng X, Mansouri S, Krager A, Grimminger F, Seeger W, Pullamsetti SS, et al. 
Metabolism in tumour-associated macrophages: a quid pro quo with the 
tumour microenvironment. Eur Respir Rev. 2020; 29. 

69. Gan L, Qiu Z, Huang J, Li Y, Huang H, Xiang T, et al. Cyclooxygenase-2 in 
tumor-associated macrophages promotes metastatic potential of breast cancer 
cells through Akt pathway. Int J Biol Sci. 2016; 12: 1533-43. 

70. Qin Q, Ji H, Li D, Zhang H, Zhang Z, Zhang Q. Tumor-associated 
macrophages increase COX-2 expression promoting endocrine resistance in 
breast cancer via the PI3K/Akt/mTOR pathway. Neoplasma. 2021; 68: 938-46. 

71. Olesch C, Sha W, Angioni C, Sha LK, Açaf E, Patrignani P, et al. 
MPGES-1-derived PGE2 suppresses CD80 expression on tumor-associated 
phagocytes to inhibit anti-tumor immune responses in breast cancer. 
Oncotarget. 2015; 6: 10284-96. 

72. Prima V, Kaliberova LN, Kaliberov S, Curiel DT, Kusmartsev S. 
COX2/mPGES1/PGE2 pathway regulates PD-L1 expression in 
tumor-associated macrophages and myeloid-derived suppressor cells. Proc 
Natl Acad Sci U S A. 2017; 114: 1117-22. 

73. Shi S-Z, Lee E-J, Lin Y-J, Chen L, Zheng H-Y, He X-Q, et al. Recruitment of 
monocytes and epigenetic silencing of intratumoral CYP7B1 primarily 
contribute to the accumulation of 27-hydroxycholesterol in breast cancer. Am J 
Cancer Res. 2019; 9: 2194-208. 

74. Hinshaw DC, Hanna A, Lama-Sherpa T, Metge B, Kammerud SC, Benavides 
GA, et al. Hedgehog Signaling Regulates Metabolism and Polarization of 
Mammary Tumor-Associated Macrophages. Cancer Res. 2021; 81: 5425-37. 

75. Steele VE, Holmes CA, Hawk ET, Kopelovich L, Lubet RA, Crowell JA, et al. 
Potential use of lipoxygenase inhibitors for cancer chemoprevention. Expert 
Opin Investig Drugs. 2000; 9: 2121-38. 

76. Ringleb J, Strack E, Angioni C, Geisslinger G, Steinhilber D, Weigert A, et al. 
Apoptotic Cancer Cells Suppress 5-Lipoxygenase in Tumor-Associated 
Macrophages. J Immunol. 2018; 200: 857-68. 

77. Zhang J, Song Y, Shi Q, Fu L. Research progress on FASN and MGLL in the 
regulation of abnormal lipid metabolism and the relationship between tumor 
invasion and metastasis. Front Med. 2021; 15: 649-56. 

78. Xiang W, Shi R, Kang X, Zhang X, Chen P, Zhang L, et al. Monoacylglycerol 
lipase regulates cannabinoid receptor 2-dependent macrophage activation and 
cancer progression. Nat Commun. 2018; 9: 2574. 

79. Netea-Maier RT, Smit JWA, Netea MG. Metabolic changes in tumor cells and 
tumor-associated macrophages: A mutual relationship. Cancer Lett. 2018; 413: 
102-9. 

80. Wenes M, Shang M, Di Matteo M, Goveia J, Martín-Pérez R, Serneels J, et al. 
Macrophage Metabolism Controls Tumor Blood Vessel Morphogenesis and 
Metastasis. Cell Metab. 2016; 24: 701-15. 

81. Mazzone M, Menga A, Castegna A. Metabolism and TAM functions-it takes 
two to tango. FEBS J. 2018; 285: 700-16. 

82. Van den Bossche J, Baardman J, de Winther MPJ. Metabolic Characterization 
of Polarized M1 and M2 Bone Marrow-derived Macrophages Using Real-time 
Extracellular Flux Analysis. J Vis Exp. 2015. 

83. Jha AK, Huang SC-C, Sergushichev A, Lampropoulou V, Ivanova Y, 
Loginicheva E, et al. Network integration of parallel metabolic and 
transcriptional data reveals metabolic modules that regulate macrophage 
polarization. Immunity. 2015; 42: 419-30. 

84. Nagy C, Haschemi A. Time and Demand are Two Critical Dimensions of 
Immunometabolism: The Process of Macrophage Activation and the Pentose 
Phosphate Pathway. Front Immunol. 2015; 6: 164. 

85. Haschemi A, Kosma P, Gille L, Evans CR, Burant CF, Starkl P, et al. The 
sedoheptulose kinase CARKL directs macrophage polarization through 
control of glucose metabolism. Cell Metab. 2012; 15: 813-26. 

86. Zhao Q, Chu Z, Zhu L, Yang T, Wang P, Liu F, et al. 2-Deoxy-d-Glucose 
Treatment Decreases Anti-inflammatory M2 Macrophage Polarization in Mice 
with Tumor and Allergic Airway Inflammation. Front Immunol. 2017; 8: 637. 

87. Casazza A, Laoui D, Wenes M, Rizzolio S, Bassani N, Mambretti M, et al. 
Impeding macrophage entry into hypoxic tumor areas by Sema3A/Nrp1 
signaling blockade inhibits angiogenesis and restores antitumor immunity. 
Cancer Cell. 2013; 24: 695-709. 

88. Miller A, Nagy C, Knapp B, Laengle J, Ponweiser E, Groeger M, et al. 
Exploring Metabolic Configurations of Single Cells within Complex Tissue 
Microenvironments. Cell Metab. 2017; 26. 

89. Colegio OR, Chu N-Q, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al. 
Functional polarization of tumour-associated macrophages by 
tumour-derived lactic acid. Nature. 2014; 513: 559-63. 

90. Frank A-C, Raue R, Fuhrmann DC, Sirait-Fischer E, Reuse C, Weigert A, et al. 
Lactate dehydrogenase B regulates macrophage metabolism in the tumor 
microenvironment. Theranostics. 2021; 11: 7570-88. 

91. Kaul K, Benej M, Mishra S, Ahirwar DK, Yadav M, Stanford KI, et al. 
Slit2-Mediated Metabolic Reprogramming in Bone Marrow-Derived 
Macrophages Enhances Antitumor Immunity. Front Immunol. 2021; 12: 
753477. 

92. Kus K, Kij A, Zakrzewska A, Jasztal A, Stojak M, Walczak M, et al. Alterations 
in arginine and energy metabolism, structural and signalling lipids in 
metastatic breast cancer in mice detected in plasma by targeted metabolomics 
and lipidomics. Breast Cancer Res. 2018; 20: 148. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4929 

93. Dinapoli MR, Calderon CL, Lopez DM. The altered tumoricidal capacity of 
macrophages isolated from tumor-bearing mice is related to reduce expression 
of the inducible nitric oxide synthase gene. J Exp Med. 1996; 183: 1323-9. 

94. Rath M, Müller I, Kropf P, Closs EI, Munder M. Metabolism via Arginase or 
Nitric Oxide Synthase: Two Competing Arginine Pathways in Macrophages. 
Front Immunol. 2014; 5: 532. 

95. Zheng X, Fernando V, Sharma V, Walia Y, Letson J, Furuta S. Correction of 
arginine metabolism with sepiapterin-the precursor of nitric oxide synthase 
cofactor BH4-induces immunostimulatory-shift of breast cancer. Biochem 
Pharmacol. 2020; 176: 113887. 

96. Sartori T, Galvão Dos Santos G, Nogueira-Pedro A, Makiyama E, Rogero MM, 
Borelli P, et al. Effects of glutamine, taurine and their association on 
inflammatory pathway markers in macrophages. Inflammopharmacology. 
2018; 26: 829-38. 

97. Hezaveh K, Shinde RS, Klötgen A, Halaby MJ, Lamorte S, Ciudad MT, et al. 
Tryptophan-derived microbial metabolites activate the aryl hydrocarbon 
receptor in tumor-associated macrophages to suppress anti-tumor immunity. 
Immunity. 2022; 55. 

98. Shpyleva SI, Tryndyak VP, Kovalchuk O, Starlard-Davenport A, Chekhun VF, 
Beland FA, et al. Role of ferritin alterations in human breast cancer cells. Breast 
Cancer Res Treat. 2011; 126: 63-71. 

99. Jiang XP, Elliott RL, Head JF. Manipulation of iron transporter genes results in 
the suppression of human and mouse mammary adenocarcinomas. 
Anticancer Res. 2010; 30: 759-65. 

100. Alkhateeb AA, Han B, Connor JR. Ferritin stimulates breast cancer cells 
through an iron-independent mechanism and is localized within 
tumor-associated macrophages. Breast Cancer Res Treat. 2013; 137: 733-44. 

101. Jézéquel P, Campion L, Spyratos F, Loussouarn D, Campone M, 
Guérin-Charbonnel C, et al. Validation of tumor-associated macrophage 
ferritin light chain as a prognostic biomarker in node-negative breast cancer 
tumors: A multicentric 2004 national PHRC study. Int J Cancer. 2012; 131: 
426-37. 

102. Ryter SW, Choi AMK. Heme oxygenase-1/carbon monoxide: from 
metabolism to molecular therapy. Am J Respir Cell Mol Biol. 2009; 41: 251-60. 

103. Deng R, Wang S-M, Yin T, Ye T-H, Shen G-B, Li L, et al. Inhibition of tumor 
growth and alteration of associated macrophage cell type by an HO-1 inhibitor 
in breast carcinoma-bearing mice. Oncol Res. 2013; 20: 473-82. 

104. Pinnix ZK, Miller LD, Wang W, D'Agostino R, Kute T, Willingham MC, et al. 
Ferroportin and iron regulation in breast cancer progression and prognosis. 
Sci Transl Med. 2010; 2: 43ra56. 

105. Jung M, Mertens C, Brüne B. Macrophage iron homeostasis and polarization 
in the context of cancer. Immunobiology. 2015; 220: 295-304. 

106. Rishi G, Wallace DF, Subramaniam VN. Hepcidin: regulation of the master 
iron regulator. Biosci Rep. 2015; 35. 

107. Jung M, Mertens C, Tomat E, Brüne B. Iron as a Central Player and Promising 
Target in Cancer Progression. Int J Mol Sci. 2019; 20. 

108. Wessling-Resnick M. Iron homeostasis and the inflammatory response. Annu 
Rev Nutr. 2010; 30: 105-22. 

109. Antonioli L, Blandizzi C, Pacher P, Haskó G. Immunity, inflammation and 
cancer: a leading role for adenosine. Nat Rev Cancer. 2013; 13: 842-57. 

110. Aghaei M, Karami-Tehrani F, Salami S, Atri M. Diagnostic value of adenosine 
deaminase activity in benign and malignant breast tumors. Arch Med Res. 
2010; 41: 14-8. 

111. Kutryb-Zajac B, Harasim G, Jedrzejewska A, Krol O, Braczko A, Jablonska P, 
et al. Macrophage-Derived Adenosine Deaminase 2 Correlates with M2 
Macrophage Phenotype in Triple Negative Breast Cancer. Int J Mol Sci. 2021; 
22. 

112. Ernens I, Léonard F, Vausort M, Rolland-Turner M, Devaux Y, Wagner DR. 
Adenosine up-regulates vascular endothelial growth factor in human 
macrophages. Biochem Biophys Res Commun. 2010; 392: 351-6. 

113. Lin Z, Yin P, Reierstad S, O'Halloran M, Coon VJS, Pearson EK, et al. 
Adenosine A1 receptor, a target and regulator of estrogen receptoralpha 
action, mediates the proliferative effects of estradiol in breast cancer. 
Oncogene. 2010; 29: 1114-22. 

114. Li Z, Chen S, He X, Gong S, Sun L, Weng L. SLC3A2 promotes 
tumor-associated macrophage polarization through metabolic 
reprogramming in lung cancer. Cancer Sci. 2023; 114: 2306-17. 

115. Baxevanis CN, Fortis SP, Perez SA. The balance between breast cancer and the 
immune system: Challenges for prognosis and clinical benefit from 
immunotherapies. Semin Cancer Biol. 2021; 72: 76-89. 

116. Wang J, Mi S, Ding M, Li X, Yuan S. Metabolism and polarization regulation of 
macrophages in the tumor microenvironment. Cancer Lett. 2022; 543: 215766. 

117. Xu M, Zhou C, Weng J, Chen Z, Zhou Q, Gao J, et al. Tumor associated 
macrophages-derived exosomes facilitate hepatocellular carcinoma 
malignance by transferring lncMMPA to tumor cells and activating glycolysis 
pathway. J Exp Clin Cancer Res. 2022; 41: 253. 

118. LaRue MM, Parker S, Puccini J, Cammer M, Kimmelman AC, Bar-Sagi D. 
Metabolic reprogramming of tumor-associated macrophages by collagen 
turnover promotes fibrosis in pancreatic cancer. Proc Natl Acad Sci U S A. 
2022; 119: e2119168119. 

119. Zhang M, Pan X, Fujiwara K, Jurcak N, Muth S, Zhou J, et al. Pancreatic cancer 
cells render tumor-associated macrophages metabolically reprogrammed by a 
GARP and DNA methylation-mediated mechanism. Signal Transduct Target 
Ther. 2021; 6: 366. 

120. Henze A-T, Mazzone M. The impact of hypoxia on tumor-associated 
macrophages. J Clin Invest. 2016; 126: 3672-9. 

121. Barar J, Omidi Y. Dysregulated pH in Tumor Microenvironment Checkmates 
Cancer Therapy. Bioimpacts. 2013; 3: 149-62. 

122. Sapienza C, Issa J-P. Diet, Nutrition, and Cancer Epigenetics. Annu Rev Nutr. 
2016; 36: 665-81. 

123. Husain Z, Huang Y, Seth P, Sukhatme VP. Tumor-derived lactate modifies 
antitumor immune response: effect on myeloid-derived suppressor cells and 
NK cells. J Immunol. 2013; 191: 1486-95. 

124. Zhou M, Zhao Y, Ding Y, Liu H, Liu Z, Fodstad O, et al. Warburg effect in 
chemosensitivity: targeting lactate dehydrogenase-A re-sensitizes 
taxol-resistant cancer cells to taxol. Mol Cancer. 2010; 9: 33. 

125. Zhao Y, Liu H, Liu Z, Ding Y, Ledoux SP, Wilson GL, et al. Overcoming 
trastuzumab resistance in breast cancer by targeting dysregulated glucose 
metabolism. Cancer Res. 2011; 71: 4585-97. 

126. Farabegoli F, Vettraino M, Manerba M, Fiume L, Roberti M, Di Stefano G. 
Galloflavin, a new lactate dehydrogenase inhibitor, induces the death of 
human breast cancer cells with different glycolytic attitude by affecting 
distinct signaling pathways. Eur J Pharm Sci. 2012; 47: 729-38. 

127. Chung T-W, Kim E-Y, Han CW, Park SY, Jeong MS, Yoon D, et al. Machilin A 
Inhibits Tumor Growth and Macrophage M2 Polarization Through the 
Reduction of Lactic Acid. Cancers (Basel). 2019; 11. 

128. Chung AW, Anand K, Anselme AC, Chan AA, Gupta N, Venta LA, et al. A 
phase 1/2 clinical trial of the nitric oxide synthase inhibitor L-NMMA and 
taxane for treating chemoresistant triple-negative breast cancer. Sci Transl 
Med. 2021; 13: eabj5070. 

129. Menendez JA, Lupu R. Fatty acid synthase (FASN) as a therapeutic target in 
breast cancer. Expert Opin Ther Targets. 2017; 21: 1001-16. 

130. Zaytseva YY, Rychahou PG, Le A-T, Scott TL, Flight RM, Kim JT, et al. 
Preclinical evaluation of novel fatty acid synthase inhibitors in primary 
colorectal cancer cells and a patient-derived xenograft model of colorectal 
cancer. Oncotarget. 2018; 9: 24787-800. 

131. Kuzu OF, Noory MA, Robertson GP. The Role of Cholesterol in Cancer. 
Cancer Res. 2016; 76: 2063-70. 

132. Brown DN, Caffa I, Cirmena G, Piras D, Garuti A, Gallo M, et al. Squalene 
epoxidase is a bona fide oncogene by amplification with clinical relevance in 
breast cancer. Sci Rep. 2016; 6: 19435. 

133. Pisarsky L, Bill R, Fagiani E, Dimeloe S, Goosen RW, Hagmann J, et al. 
Targeting Metabolic Symbiosis to Overcome Resistance to Anti-angiogenic 
Therapy. Cell Rep. 2016; 15: 1161-74. 

134. Pennings M, Meurs I, Ye D, Out R, Hoekstra M, Van Berkel TJC, et al. 
Regulation of cholesterol homeostasis in macrophages and consequences for 
atherosclerotic lesion development. FEBS Lett. 2006; 580: 5588-96. 

135. Sag D, Cekic C, Wu R, Linden J, Hedrick CC. The cholesterol transporter 
ABCG1 links cholesterol homeostasis and tumour immunity. Nat Commun. 
2015; 6: 6354. 

136. Jin H, He Y, Zhao P, Hu Y, Tao J, Chen J, et al. Targeting lipid metabolism to 
overcome EMT-associated drug resistance via integrin β3/FAK pathway and 
tumor-associated macrophage repolarization using legumain-activatable 
delivery. Theranostics. 2019; 9: 265-78. 

137. Li W, Song K, Wang S, Zhang C, Zhuang M, Wang Y, et al. Anti-tumor 
potential of astragalus polysaccharides on breast cancer cell line mediated by 
macrophage activation. Mater Sci Eng C Mater Biol Appl. 2019; 98: 685-95. 

138. Chen D, Xie J, Fiskesund R, Dong W, Liang X, Lv J, et al. Chloroquine 
modulates antitumor immune response by resetting tumor-associated 
macrophages toward M1 phenotype. Nat Commun. 2018; 9: 873. 

139. Deng X-X, Jiao Y-N, Hao H-F, Xue D, Bai C-C, Han S-Y. Taraxacum 
mongolicum extract inhibited malignant phenotype of triple-negative breast 
cancer cells in tumor-associated macrophages microenvironment through 
suppressing IL-10 / STAT3 / PD-L1 signaling pathways. J Ethnopharmacol. 
2021; 274: 113978. 

140. Menga A, Serra M, Todisco S, Riera-Domingo C, Ammarah U, Ehling M, et al. 
Glufosinate constrains synchronous and metachronous metastasis by 
promoting anti-tumor macrophages. EMBO Mol Med. 2020; 12: e11210. 

141. Palmieri EM, Menga A, Martín-Pérez R, Quinto A, Riera-Domingo C, De 
Tullio G, et al. Pharmacologic or Genetic Targeting of Glutamine Synthetase 
Skews Macrophages toward an M1-like Phenotype and Inhibits Tumor 
Metastasis. Cell Rep. 2017; 20: 1654-66. 

142. Griess B, Mir S, Datta K, Teoh-Fitzgerald M. Scavenging reactive oxygen 
species selectively inhibits M2 macrophage polarization and their 
pro-tumorigenic function in part, via Stat3 suppression. Free Radic Biol Med. 
2020; 147: 48-60. 

143. Salpeter SJ, Pozniak Y, Merquiol E, Ben-Nun Y, Geiger T, Blum G. A novel 
cysteine cathepsin inhibitor yields macrophage cell death and mammary 
tumor regression. Oncogene. 2015; 34: 6066-78. 

144. Balvers MGJ, Verhoeckx KCM, Plastina P, Wortelboer HM, Meijerink J, 
Witkamp RF. Docosahexaenoic acid and eicosapentaenoic acid are converted 
by 3T3-L1 adipocytes to N-acyl ethanolamines with anti-inflammatory 
properties. Biochim Biophys Acta. 2010; 1801: 1107-14. 

145. Gionfriddo G, Plastina P, Augimeri G, Catalano S, Giordano C, Barone I, et al. 
Modulating Tumor-Associated Macrophage Polarization by Synthetic and 
Natural PPARγ Ligands as a Potential Target in Breast Cancer. Cells. 2020; 9. 

146. Mehta AK, Cheney EM, Hartl CA, Pantelidou C, Oliwa M, Castrillon JA, et al. 
Targeting immunosuppressive macrophages overcomes PARP inhibitor 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4930 

resistance in BRCA1-associated triple-negative breast cancer. Nat Cancer. 
2021; 2: 66-82. 

147. Rao E, Singh P, Zhai X, Li Y, Zhu G, Zhang Y, et al. Inhibition of tumor growth 
by a newly-identified activator for epidermal fatty acid binding protein. 
Oncotarget. 2015; 6: 7815-27. 

148. Guerriero JL, Sotayo A, Ponichtera HE, Castrillon JA, Pourzia AL, Schad S, et 
al. Class IIa HDAC inhibition reduces breast tumours and metastases through 
anti-tumour macrophages. Nature. 2017; 543: 428-32. 

149. Ossenkoppele GJ, Lowenberg B, Zachee P, Vey N, Breems D, Van de 
Loosdrecht AA, et al. A phase I first-in-human study with tefinostat - a 
monocyte/macrophage targeted histone deacetylase inhibitor - in patients 
with advanced haematological malignancies. Br J Haematol. 2013; 162: 
191-201. 

150. Wang S, Lin Y, Xiong X, Wang L, Guo Y, Chen Y, et al. Low-Dose Metformin 
Reprograms the Tumor Immune Microenvironment in Human Esophageal 
Cancer: Results of a Phase II Clinical Trial. Clin Cancer Res. 2020; 26: 4921-32. 

151. Song Y, Tang C, Yin C. Combination antitumor immunotherapy with VEGF 
and PIGF siRNA via systemic delivery of multi-functionalized nanoparticles 
to tumor-associated macrophages and breast cancer cells. Biomaterials. 2018; 
185: 117-32. 

152. Wu L, Zhang X, Zheng L, Zhao H, Yan G, Zhang Q, et al. RIPK3 Orchestrates 
Fatty Acid Metabolism in Tumor-Associated Macrophages and 
Hepatocarcinogenesis. Cancer Immunol Res. 2020; 8: 710-21. 

153. Carbó JM, León TE, Font-Díaz J, De la Rosa JV, Castrillo A, Picard FR, et al. 
Pharmacologic Activation of LXR Alters the Expression Profile of 
Tumor-Associated Macrophages and the Abundance of Regulatory T Cells in 
the Tumor Microenvironment. Cancer Res. 2021; 81: 968-85. 

154. Ma D, Liu S, Lal B, Wei S, Wang S, Zhan D, et al. Extracellular Matrix Protein 
Tenascin C Increases Phagocytosis Mediated by CD47 Loss of Function in 
Glioblastoma. Cancer Res. 2019; 79: 2697-708. 

155. Zhao H, Yang L, Baddour J, Achreja A, Bernard V, Moss T, et al. Tumor 
microenvironment derived exosomes pleiotropically modulate cancer cell 
metabolism. Elife. 2016; 5: e10250. 

156. Cianciaruso C, Beltraminelli T, Duval F, Nassiri S, Hamelin R, Mozes A, et al. 
Molecular Profiling and Functional Analysis of Macrophage-Derived Tumor 
Extracellular Vesicles. Cell Rep. 2019; 27. 

157. Sylvestre M, Crane CA, Pun SH. Progress on Modulating Tumor-Associated 
Macrophages with Biomaterials. Adv Mater. 2020; 32: e1902007. 

158. Ovais M, Guo M, Chen C. Tailoring Nanomaterials for Targeting 
Tumor-Associated Macrophages. Adv Mater. 2019; 31: e1808303. 

159. Zhang Y, Chen Y, Li J, Zhu X, Liu Y, Wang X, et al. Development of Toll-like 
Receptor Agonist-Loaded Nanoparticles as Precision Immunotherapy for 
Reprogramming Tumor-Associated Macrophages. ACS Appl Mater 
Interfaces. 2021; 13: 24442-52. 

160. Shi J, Kantoff PW, Wooster R, Farokhzad OC. Cancer nanomedicine: progress, 
challenges and opportunities. Nat Rev Cancer. 2017; 17: 20-37. 

161. Zhao Z, Zheng L, Chen W, Weng W, Song J, Ji J. Delivery strategies of cancer 
immunotherapy: recent advances and future perspectives. J Hematol Oncol. 
2019; 12: 126. 

 


