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Abstract. Metabolic reprogramming is one of the main char‑
acteristics of malignant tumors. The metabolic reprogramming 
of tumors is not only related to the characteristics of cancer 
cells, but also closely related to the tumor microenvironment 
(TME). ‘Aerobic glycolysis’ is considered to be the classic 
metabolic mode of tumor cells. However, recent experiments 
have shown that the TME plays a key role in carcinogenesis and 
epithelial‑mesenchymal transition. Cancer‑associated fibro‑
blasts (CAFs) dominate in the microenvironment and affect 
the homeostasis of the TME. The interaction between cancer 
cells and the surrounding CAFs markedly affects the growth, 
metabolism, metastasis, and progression of cancer. Based on 
this, a ‘dual‑chamber’ model, also known as the ‘Reverse 
Warburg effect’, is proposed. Specifically, cancer cells secrete 
hydrogen peroxide into the TME to induce oxidative stress in 
neighboring stromal cells. CAFs undergo aerobic glycolysis 
and produce high levels of energy‑rich ‘fuels’ (such as pyru‑
vate, ketone bodies, fatty acids, and lactic acid). In turn, these 
energy‑rich ‘fuels’ then ‘feed’ cancer cells. The mitochondrial 
oxidative phosphorylation system produces a large quantity of 
ATP, such that tumor cells have a higher proliferation ability. 

The proposed ‘Reverse Warburg effect’ redefines the tumor 
cell microenvironment and tumor metabolic reprogramming. 
Therefore, understanding the ‘Reverse Warburg effect’ of 
CAFs and its related mechanisms will help us to understand 
the association between the microenvironment, the matrix, 
and cancer cells, and may lead to new treatment strategies and 
targets.
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1. Introduction

In 1927, Warburg et al proposed the ‘Warburg effect’, which 
states that even in the case of sufficient oxygen, compared 
with normal tissues, the glucose metabolism in tumor cells is 
significantly enhanced (1,2). However, the behavior of some 
tumor cells is different from the Warburg effect. These tumor 
cells can oxidize mitochondria to metabolize the oxida‑
tive phosphorylation system (OXPHOS) (3), and glycolysis 
produces ATP at 1 to 64%. OXPHOS remains the main ATP 
supplier in cancer cells (4). In addition, numerous studies have 
shown that OXPHOS and aerobic glycolysis are not always 
mutually exclusive. To some extent, their contribution to ATP 
production varies with the tumor environment, such as under 
normoxia and hypoxia (5,6). Therefore, studies have proposed 
a ‘two‑compartment’ model, also known as the ‘Reverse 
Warburg effect’, to reassess the metabolic pattern of tumor 
cells (7,8). In this model, cancer cells secrete hydrogen peroxide 
into the tumor microenvironment (TME) to induce oxidative 
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stress in neighboring stromal cells, so that cancer‑associated 
fibroblasts (CAFs) undergo aerobic glycolysis and produce 
high levels of energy‑rich intermediate metabolites (such 
as pyruvate and ketones). These energy‑rich intermediate 
metabolites will be used in the mitochondrial TCA cycle 
and OXPHOS in cancer cells to produce a large quantity of 
ATP (9,10), such that tumor cells have a higher proliferation 
ability, which establishes the metabolic interaction between 
the tumor and the stromal cells. It enables tumor cells to 
better adapt to changes in oxygen levels, switch metabolic 
states between glycolysis and oxidative phosphorylation, and 
survive. Tumor cells exhibit the Warburg effect under hypoxic 
conditions and the ‘Reverse Warburg effect’ under normoxic 
conditions, which support tumor growth and metastasis (11).

In addition, in the TME, CAFs are the main tumor stromal 
cells, which are prone to metabolic reprogramming, and 
play an important role in tumorigenesis, progression, and 
metastasis (9,12). Therefore, it is important to study the differ‑
entiation of CAFs and the metabolic reprogramming during 
their crosstalk with cancer cells, which will help to develop 
new therapeutic strategies and targets (9,13). In the present 
review, the metabolic reprogramming mechanism of CAFs 
and cancer crosstalk were summarized, and potential thera‑
peutic strategies involving CAFs reprogramming‑associated 
molecules was also explored.

Literature searches were performed using the PubMed 
database (https://pubmed.ncbi.nlm.nih.gov/). The key words 
searched for included: ‘CAFs’, ‘cancer‑associated fibroblasts’, 
‘metabolic reprogramming’, ‘oxidative stress’, ‘Cav‑1’, 
‘Warburg effect’, ‘cancer crosstalk’, ‘mitochondrial oxidative 
phosphorylation’, and ‘reverse Warburg effect’. There were 
133 studies covering 1956 to 2022, that were included in the 
present review. 

2. Origin and differentiation of CAFs

CAFs originate from the activation of resident fibroblasts 
or other precursor cells. CAFs can be derived from bone 
marrow mesenchymal stem cells, epithelial cells, cancer cells, 
endothelial cells, pericytes, smooth muscle cells, adipocytes, 
fibroblasts, or certain special cells, such as stellate cells, 
pancreas and liver cells, myoepithelial cells in the breast, 
and crypt myofibroblasts in the gastrointestinal tract (14). 
The diversity of sources indicates the heterogeneity of CAFs. 
Numerous factors can activate CAFs, including cancer 
cell‑derived transforming growth factor‑β (TGF‑β), epidermal 
growth factor (EGF), platelet‑derived growth factor (PDGFα, 
PDGFβ), basic fibroblast growth factor (bFGF, also called 
FGF2), interleukin‑6 (IL‑6) and interleukin‑1β (IL‑1β) (15‑17), 
as well as environmental stimuli such as hypoxia, oxidative 
stress, and the cell matrix. These stimuli may jointly deter‑
mine different CAF phenotypes, further leading to CAF 
heterogeneity (18,19). After CAFs are activated, they secrete 
a large number of growth factors, such as hepatocyte growth 
factor (HGF), EGF, connective tissue growth factor (CTGF), 
and insulin‑like growth factor (IGF), cytokines, including 
CXCL12 and IL‑6, extracellular vesicles (EVs), metabolites, 
extracellular matrix (ECM) components, especially collagen, 
fibronectin, and troponin C (TNC), and ECM remodeling 
enzymes, such as matrix metalloproteinase (MMP), lysyl 

oxidase (LOX), and thyroid microsomes (TGMs). These will 
directly affect the behavior of surrounding cells and reshape 
the ECM (20). Therefore, CAFs contribute to tumor develop‑
ment, metastasis, tumor metabolism, TME remodeling, and 
resistance to treatment (21).

CAF differentiation is mainly triggered by factors secreted 
by cancer cells, but it is also induced by mediators produced 
by other cell types (such as immune cells). The most important 
of these is the ‘classical’ TGF‑β signaling pathway, which 
activates the transcription factor Smad, an essential factor for 
the activation of myofibroblasts. However, the activation of 
small GTPase RhoA by the ‘non‑classical’ signaling pathway 
also plays a regulatory role. TGF‑β depends on the cell type 
and crosstalk with other signaling pathways, transcription 
factors, and epigenetic modifications (22). In addition, the 
differentiation of CAFs may also be affected by released cyto‑
kines and growth factors. Another important process of CAF 
differentiation is metabolic reprogramming, which is related 
to multiple processes, including oxidative stress, induced by 
cancer cells. Oxidative stress changes mitochondrial function, 
leading to higher glucose uptake and levels of reactive oxygen 
species (ROS), ultimately leading to CAF differentiation (23). 
However, metabolic reprogramming of tumor‑stromal inter‑
actions is currently less discussed and rarely recognized as a 
potential therapeutic avenue. Therefore, both the activation and 
differentiation of CAFs are inseparable from tumor cells, and 
are affected by tumor cells and secreted factors, and mediators 
related to the microenvironment. In turn, CAFs affect tumor 
cells and form a mutual influence circle.

3. ‘Reverse Warburg effect’ of CAFs

In the 1927, Otto Warburg (2) first proposed the ‘Warburg 
effect’. Even in the presence of sufficient oxygen, malignant 
tumor cells tend to produce adenosine triphosphate (ATP). 
Glycolysis replaces OXPHOS (24), also known as ‘aerobic 
glycolysis’. The Warburg effect is different, and some tumor 
cells show a high proportion of OXPHOS (3). In addition, 
numerous studies have shown that OXPHOS and aerobic 
glycolysis are not always mutually exclusive. To a certain 
extent, their contribution to ATP production varies with the 
tumor environment, such as under normoxia and hypoxia (5,6). 
The interaction between cancer cells and the surrounding 
CAFs markedly affects the growth, metabolism, metastasis, 
and progression of cancer (25). Therefore, a ‘two‑compart‑
ment’ model, also known as the ‘Reverse Warburg effect’, 
was proposed to reconsider the metabolism in tumors (7,8). 
Cancer cells secrete hydrogen peroxide (H2O2) into the TME 
to induce oxidative stress in neighboring stromal cells. The 
CAFs derived from stromal cells undergo aerobic glycolysis 
and produce high levels of energy‑rich mitochondrial ‘fuels’ 
(such as pyruvate, ketone bodies, fatty acids, and lactic acid). 
In turn, these energy‑rich ‘fuels’ are then ‘fed’ to mitochondria 
in cancer cells, where they are oxidatively metabolized via 
OXPHOS to produce large quantities of ATP (9,10). Among 
them, lactic acid is the most important metabolic ‘fuel’. The 
lactic acid produced by hypoxic cancer cells and CAFs is 
transported through the lactic acid transporter monocarboxylic 
acid transporter (MCT)4, then absorbed through MCT1, and 
distributed to the cancer cells (26,27). After entering cancer 
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cells, lactic acid is metabolized via mitochondrial OXPHOS to 
produce large quantities of ATP (28), such that cancer cells can 
achieve self‑sufficiency (29). Therefore, the ‘Reverse Warburg 
effect’ is proposed to link the microenvironment of stromal 
cells with cancer cells, and provide energy for cancer cells. 
When there is sufficient oxygen in the tumor microenviron‑
ment, tumor cells will experience the ‘Warburg effect’ (30), 
and pyruvate is converted to lactate by lactate dehydrogenase 
(LDH) (27,31). The excess lactate produced is taken up by 
CAF, which increases MCT1 and LDH‑1 expression and PDH 
activity in CAF cells; CAFs incorporate excess lactate into 
mitochondria for oxidative phosphorylation, thereby removing 
lactate from the tumor microenvironment (32). When the 
tumor microenvironment is hypoxic, CAFs undergo metabolic 
reprogramming and glycolysis, and export lactate to tumor 
cells for oxidative phosphorylation, providing energy for 
tumor cells and promoting their proliferation (11).

In the theory of the ‘autophagic tumor stromal model of 
cancer metabolism’, cancer cells secrete ROS in the TME and 
induce oxidative stress in CAFs, leading to autophagy and the 
production of autophagosomes fused with lysosomes. This in 
turn degrades mitochondria and caveolin 1 (Cav‑1). However, 
the absence of Cav‑1 will cause more ROS to be produced in 
cancer cells, which initiates the oxidative stress cascade in 
CAFs through a positive feedback mechanism (33). In pancre‑
atic cancer (PDAC), knockdown of Cav‑1 promotes ROS 
production, which in turn reduces Cav‑1 expression. Thereby 
promoting PDAC growth and inducing stroma‑tumor meta‑
bolic coupling in PDAC (34). Of course, there may be other 
mechanisms involved in the dysregulation of Cav‑1 in CAFs. 
Studies have found that activation of the TGF‑β signaling 
pathway, the inactivation of tumor suppressor genes (such as 
p53), and oncogenes (e.g., h‑ras, v‑abl, brc‑abl, and TGF) (35) 
also participate. Cav‑1 binds to nitric oxide synthase (NOS) 
and inhibits its activity in stromal cells. When Cav‑1 is absent, 
CAFs cannot limit the synthesis of NO. In addition, the accu‑
mulation of NO can lead to mitochondrial dysfunction and 
glycolytic metabolism (36,37). Cav‑1 is a negative regulator 
of ROS produced by the NADPH oxidase (NOX) enzymes, 
which is achieved through a variety of mechanisms. Cav‑1 
inhibits NOX2 and NOX5 from producing ROS by directly 
binding to these enzymes. In addition, Cav‑1 can also inhibit 
NOX2 and NOX4 gene expression and protein synthesis by 
inhibiting the nuclear factor‑κB (NF‑κB) pathway (38). The 
same pathway regulates Cav‑1 and ROS, and both contribute 
to the metabolic transformation of CAFs from mitochondrial 
OXPHOS to glycolysis (39). In addition, Cav-1 knockdown 
induces the expression of pyruvate kinase M (PKM)2, which 
in turn triggers aerobic glycolysis and regulates mitochondrial 
OXPHOS. The latest study found that Cav‑1 directly activates 
E2F1 in CAFs of lung cancer, which in turn regulates BNIP3, 
which ultimately induces mitochondrial defects and regulates 
the metabolic reprogramming pathway of tumor cells (40).

For the metabolic crosstalk between CAFs and cancer cells, 
hypoxia inducible factor 1α (HIF‑1α) and nuclear NF‑κB are 
particularly important. The activation of HIF‑1α and NF‑κB is 
mainly mediated by the decreased expression of prolyl hydrox‑
ylase domain protein (PHD) (41). Hypoxia has been found to 
reduce levels of the methyl donor S‑adenosylmethionine (42). 
PKM2 directly interacts with the HIF‑1α subunit, promoting 

the transactivation of HIF‑1α target gene by enhancing p300 
recruitment and enhancing the binding of HIF‑1 to hypoxia 
response elements. In addition, prolyl hydroxylase 3 (PHD3) 
interacts with PKM2, which can enhance the combination of 
PKM2 and HIF‑1α, enhance the function of PKM2 coacti‑
vator, and hydroxylated PKM2 proline 403/408. Knockdown 
of PHD3 inhibits PKM2 coactivator function, reduces glucose 
intake and lactic acid production, and increases O2 consump‑
tion in cancer cells. Moreover, JMJD5 interacts directly with 
PKM2. JMJD5‑PKM2 interaction is located in the interface 
region between PKM2 subunits, blocking PKM2 tetrameriza‑
tion and blocking pyruvate kinase activity. JMJD5‑PKM2 
interaction makes PKM2 shift to the nucleus and promotes 
HIF‑1α mediated transactivation. JMJD5 and PKM2 are 
co‑recruited to HRE sites of LDHA and PKM2 loci, which 
promotes HIF‑1α‑mediated activity and reprograms glucose 
metabolism in cancer cells (43,44). It was found that oxidative 
stress triggers the activation of NF‑κB and STAT3 in CAFs to 
upregulate CCL2, thereby promoting oral cancer growth (45). 
IL‑6 secreted by CAFs can promote the growth, migration and 
invasion of cancer cells in head and neck squamous cell carci‑
noma (HNSCC) through the integrin αvβ3/NF‑κB pathway. 
And CAF‑driven pro‑inflammatory signaling is dependent 
on NF‑κB (46). These data suggest that CAF‑driven NF‑κB 
signaling plays a central role in mediating inflammation in 
tumor precursors.

HIF‑1α mediates Sirtuin1 (SIRT1) signaling to affect aerobic 
glycolysis, downregulates oxisome proliferator‑activated 
receptor‑γ coactivator 1α (PGC‑1α) or mitochondrial deacety‑
lase SIRT3, and increases inactive superoxidation and the level 
of acetylation of superoxide dismutase 2 (SOD2) (47,48). In 
prostate cancer (PCa), lactate released from CAFs unbalances 
the NAD+/NADH ratio in PCa cells and increases NAD+ levels, 
which in turn enhances SIRT1‑mediated PGC‑1α activation 
and PCa cell mitochondrial mass and activity (49). In turn, 
this accumulates ROS and PKM2, and increases the ability to 
regulate mitochondria. PKM2 is oxidized by excessive ROS, is 
phosphorylated by activated Src kinase, and then migrates to 
the nucleus where it recruits HIF‑1 and the related embryonic 
chondrocyte expression gene 1 (DEC1), thereby inhibiting 
the expression of miR‑205, resulting in metabolic reprogram‑
ming. Mitochondria OXPHOS improves the survival rate and 
epithelial‑mesenchymal transition (EMT) of cancer cells (50). 

In CAFs, glycolysis‑related enzymes, such as hexoki‑
nase 2 (HK2) and 6‑phosphofructokinase liver type (PFKL) 
are significantly upregulated (51‑53). HK2 is a key glycolytic 
enzyme that is overexpressed in tumors and contributes 
to the ‘Warburg effect’ (54). During the differentiation 
of CAFs induced by TGF‑β1, the level of the HK2 protein 
increases. HK2 upregulates p27 protein expression through 
its downstream metabolite α‑KG. In turn, p27 inhibits 
cyclin‑dependent kinase 2 (CDK2) and activates the G1/S 
checkpoint. This regulatory mechanism links glycolysis with 
cell cycle control; in fact, the HK2 enzyme regulates both 
glycolysis and cell cycle checkpoints (55). In addition, there 
are other glycolytic enzymes that are also closely related, 
such as the two isoforms PKM1 and PKM2, MCT, and 
LDHA, LDHB (56‑58). The upregulation of PKM1 medi‑
ates the production of lactic acid in CAFs. The upregulation 
of PKM2 promotes the autophagy program in CAFs and 
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stimulates ketone body storage (59,60). A previous in vivo 
study revealed that overexpression of PKM1 promotes 
tumor‑related inflammation, and overexpression of PKM2 
can enhance mitochondrial OXPHOS in cancer cells. High 
levels of LDHs and MCTs will accelerate the production and 
transportation of energy‑rich ‘fuel’ to cancer cells, thereby 
promoting their survival, progression, and invasion. In 
addition, knockdown of encoding isocitrate dehydrogenase 
[NAD(+)] 3 catalytic subunit α (IDH3α) increased glycolysis 
and inhibited oxidative phosphorylation in fibroblasts (60). 

Another previous study revealed that integrin β2 (ITGB2) 
is highly expressed in the CAFs of oral squamous cell carci‑
noma (OSCC). ITGB2 enhances the glycolytic activity of 
CAFs by regulating the phosphatidylinositol‑4,5‑bisphosphate 
3‑kinase (PI3K)/protein kinase B (AKT)/mechanistic target 
of rapamycin (mTOR) pathway. The lactic acid produced 
by ITGB2 in CAFs is absorbed by tumor cells, metabolized 
to produce NADH, and then oxidized via mitochondrial 
OXPHOS to produce ATP. In addition, integrin β 4 (ITGB4) is 
overexpressed in TNBC cells, and cancer cells provide ITGB4 
protein to CAFs through exosomes, after which CAFs induce 
BNIP3L‑dependent mitochondrial autophagy to increase 
glycolysis levels (61). 

The crosstalk between cancer cells and CAFs is closely 
related to cellular metabolic reprogramming, which contributes 
to the activation of CAFs, cancer growth, and the progression 
and escape of cancer treatment. Studying the metabolic repro‑
gramming of CAFs will provide a better understanding of the 
activation process and the interaction between the stroma and 
cancer cells, and provide new therapeutic strategies for the 
development of the original tumor activity of CAFs (Fig. 1).

4. Effect of ‘Reverse Warburg effect’ on metabolic signaling 
pathways related to CAFs

Studies have shown that the differentiation of CAFs is 
necessary for the occurrence and development of cancer, 
which can occur in the early stages of cancer (12), or before 
genetic changes in epithelial cells, triggering the malignant 
transformation of neighboring cells (62). Metabolic repro‑
gramming of CAFs has been detected in breast cancer, lung 
cancer, PCa, gastric cancer, HNSCC, lymphoma and other 
solid cancers (63). Factors secreted by tumor cells, as well as 
cytokines and growth factors, will affect the differentiation of 
CAFs, including TGF‑β, EGF, PDGFα, PDGFβ, bFGF, IL‑6 
and IL‑1β (14,64). Therefore, CAFs are closely related to the 
signal transmission pathways of tumor cells, and a deeper 
understanding of the signaling mechanisms between them is 
required. The following summarizes some related important 
signaling pathways.

ROS-mediated CAFs and the ‘Reverse Warburg effect’ of 
cancer cells. Metabolic reprogramming is mainly controlled by 
oxidative stress and hypoxia. The high levels of ROS produced 
by cancer cells can induce oxidative stress in CAFs, produce 
autophagosomes fused with lysosomes, destroy mitochondria, 
and degrade Cav‑1 (65,66). A reduction or mutation of Cav‑1 
(a marker of autophagy, glycolysis, and oxidative stress) is 
one of the characteristics of fibroblasts in tumor tissues (67). 
However, downregulation of Cav‑1 in CAFs will lead to 

higher ROS levels in cancer cells, which will induce oxidative 
stress in CAFs via a positive feedback loop (68). CAFs and 
cancer cells maintain their tumor‑promoting potential through 
self‑stimulation and cross‑communication. In addition, down‑
regulation of Cav‑1 in fibroblasts is related to the induction 
of TGF‑β signaling (69). Activation of TGF‑β downregulates 
isocitrate dehydrogenase 1 (IDH1), allowing intracellular 
accumulation of α‑ketoglutarate, leading to downregula‑
tion of Cav‑1 (70). Downregulation of Cav‑1 downregulates 
prolyl hydroxylase domain‑containing protein (PHD) and 
activity (19), while PHD is involved in the hydroxylation of 
HIF‑1α and IκB. Activation of HIF and NF‑κB leads to tran‑
scription of glycolytic genes (71). In addition, Cav‑1 inhibits 
NOX2 and NOX5 from producing ROS by directly binding to 
these enzymes. Furthermore, Cav‑1 can also inhibit NOX2 and 
NOX4 gene expression and protein synthesis by inhibiting the 
NF‑κB pathway (38). 

Under normal physiological oxygen concentrations, 
the α‑subunit of HIF is hydroxylated by PHD and then 
degraded by the E3‑ligase and Hippel‑Lindau (VHL) 
protein (72). Accumulated ROS or a hypoxic environment 
inhibits the production of PHD, reduces the hydroxyl‑
ation level of HIF‑1α, and activates it to stabilize the HIF 
protein. However, the detailed mechanism of this process 
is not clear (73). HIF‑1α induces hypoxia, promotes the 
transcription of angiogenic factors (such as VEGF), and 
mediates autophagy, mitochondrial autophagy, and aerobic 
glycolysis (74,75), thereby affecting metabolic reprogram‑
ming. In addition, SIRT3 (a mitochondrial NAD‑dependent 
deacetylase) in CAFs also affects the stability of ROS and 
HIF (76). A previous study demonstrated that HIF can regu‑
late and drive the glycolysis of CAFs through SIRT3. In 
addition, HIF‑1 regulates several genes involved in glucose 
metabolism, such as MCT4 and those encoding glucose 
transporters (GLUT1 and GLUT3) to increase the uptake of 
glucose by cells, and affects the output of lactic acid (77). 
HIF also activates PKM2 transcription, which affects 
the glucose metabolism of epithelial cells (43). Hypoxia 
also induces oxidative ATM to promote the glycolytic 
activity of CAFs by phosphorylating GLUT1 at S490 and 
increasing the expression of PKM2. In addition, the lactic 
acid produced by CAFs under hypoxic conditions will act 
as a metabolic conjugate between CAFs and breast cancer 
cells, and by activating the TGF‑β1/p38 MAPK/MMP2/9 
signal axis, it promotes the mitochondrial activity of cancer 
cells, thereby promoting breast cancer cell invasion (78). 
Therefore, the oxidative stress induced by ROS production 
has a significant impact on CAF metabolism, driving CAF 
aerobic glycolysis, which in turn has a profound impact 
on the TME and affects the metabolic reprogramming of 
tumor cells. Put simply, CAFs provide cancer cells with a 
rich array of compounds and induce antioxidant defenses 
in cancer cells, thereby allowing cancer cells to proliferate.

Increased ROS levels in the tumor environment also induce 
the activity of the pro‑inflammatory transcription factor 
NF‑κB in fibroblasts, resulting in a CAF‑like phenotype (79). 
The NF‑κB target gene cyclooxygenase‑2 (COX2) is upregu‑
lated in solid tumors and CAFs (80). In addition, activation of 
NF‑κB inhibits the accumulation of ROS by GPX, which in 
turn causes oxidative stress in CAFs (81).
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In general, the signaling pathways activated by ROS 
activate the metabolic reprogramming of CAFs, which in 
turn affects the TME, and thus the metabolism of tumor cells 
(Fig. 2).

TGF-β signaling pathway mediates the ‘Reverse Warburg 
effect’ between CAFs and cancer cells. TGF‑β plays a key role 
in the differentiation of CAFs and participates in their differen‑
tiation and metabolic regulation (70). The activation of TGF‑β 
in fibroblasts increases oxidative stress, autophagy/mitochon‑
drial autophagy, aerobic glycolysis, and the downregulation of 
Cav‑1, thereby affecting surrounding fibroblasts and supporting 
cancer cell growth (82). The loss of Cav‑1 in stromal cells 
drives the activation of TGF‑β signaling, thereby increasing 
the transcription of TGF‑β target genes, such as encoding 
connective tissue growth factor (CTGF). Overexpression 
of CTGF can activate HIF1, promote autophagy, glycolysis, 
senescence, and metabolism of tumor‑associated fibroblasts, 
thereby promoting tumor growth. On the one hand, TGF‑β 
can regulate the expression of α‑SMA in fibroblasts to affect 

ROS levels (9), stimulate oxidative stress, thus affecting CAFs 
and tumor cells. On the other hand, TGF‑β can upregulate the 
production of NOX4 and ROS to induce the differentiation of 
prostate CAFs (83).

The TGF‑β signaling pathway is also related to the expres‑
sion level of some metabolic enzymes, such as IDH1. A study 
has found that the TGF‑β receptor (TGFBR)‑IDH1‑Cav‑1 
axis can trigger TGF‑β signaling in fibroblasts (56). IDH1 
is an enzyme that converts isocitrate into α‑ketoglutarate 
(α‑KG) in an NADP+‑dependent manner. Downregulation of 
IDH1 will increase cellular α‑KG levels and inhibit Cav‑1 
expression. Cav‑1 downregulation inhibits TGFBR protein 
degradation and induces TGF‑β signaling. Therefore, the 
TGFBR‑IDH1‑Cav‑1 axis affects fibroblast TGF‑β signaling 
and is an autocrine loop (56).

In addition, some research groups have found that in 
CAFs, although IDH3α and IDH1 are downregulated, IDH3α 
knockdown increases glycolysis and inhibits oxidative phos‑
phorylation in fibroblasts, while IDH1 or IDH2 knockdown 
does not. Moreover, overexpression of IDH3α prevents 

Figure 1. Metabolic crosstalk between CAFs and cancer cells. CAFs undergo aerobic glycolysis and produce high levels of energy‑rich mitochondrial ‘fuels’ 
(such as pyruvate, ketone bodies, fatty acids, and lactic acid). In turn, these energy‑rich ‘fuels’ are then ‘fed’ to mitochondria in cancer cells via OXPHOS 
and produce large quantities of ATP. The lactic acid produced by CAFs is transported by the lactate transporter MCT4, and then absorbed by MCT1 and 
distributed to cancer cells. After entering cancer cells, lactic acid metabolizes OXPHOS through mitochondria to produce a large quantity of ATP, allowing 
the cancer cells to achieve self‑sufficiency. Cancer cells secrete ROS in the tumor microenvironment, degrade Cav‑1, trigger aerobic glycolysis, and regulate 
mitochondrial OXPHOS. HIF‑1α and NF‑κB are also particularly important in affecting the metabolic crosstalk between CAFs and cancer cells. In addition, 
lncRNAs and miRNAs, as relatively recently discovered biomolecules, play an important role in the interaction between CAFs and cancer cells, affecting 
metabolic reprogramming. Thus, lncRNAs and miRNAs can be developed as therapeutic targets. The study of the metabolic reprogramming of CAFs will help 
to better understand the activation process, and the interaction between the stroma and cancer cells, and provide new therapeutic strategies for the development 
of the original tumor activity of CAFs. CAFs, cancer‑associated fibroblasts; OXPHOS, oxidative phosphorylation; MCT, monocarboxylic acid transporter; 
ROS, reactive oxygen species; CAV‑1, caveolin‑1; HIF‑1α, hypoxia‑inducible factor 1α; NF‑κB, nuclear factor‑κB; lncRNAs, long non‑coding RNAs; miRNAs, 
microRNAs.
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fibroblasts from converting into CAFs (84). Downregulation 
of IDH3α reduces the level of α‑KG by reducing the ratio of 
α‑KG to fumaric acid and succinic acid, thereby inhibiting 
PHD2 activity in CAFs, which increases the stability and the 
level of HIF‑1α. The accumulation of HIF‑1α in turn increases 
the uptake of glucose and the production of lactic acid, thus 
reducing oxygen consumption and promoting glycolysis, and 
inhibits OXPHOS by upregulating NDUFA4L2, a negative 
regulator of complex I. This demonstrates that IDH3α is a key 
metabolic switch in CAFs (84). A recent study revealed that 
TGF‑β type II receptor (TGF‑βRII) nuclear translocation of 
PKM2 inhibits glucose metabolism in CAFs, thereby inhib‑
iting oral cancer tumor growth (85).

A previous study also determined that TGF‑β1 downregu‑
lates the biosynthesis of acetyl‑CoA by regulating the pyruvate 
dehydrogenase complex (PDC), thereby regulating CAF acti‑
vation. The reduction of acetyl‑CoA and acetylated substrates 
also leads to the general loss of acetylation of TGF‑β1 protein, 
which in turn affects CAFs (86). It can thus be concluded 
that the TGF‑β signaling pathway is a key metabolic pathway 
between CAFs and tumor cells, and it is particularly important 
to understand the relevant mechanisms of the TGF‑β signaling 
pathway in CAFs (Fig. 3).

G protein-coupled estrogen receptor (GPER)-mediated CAFs 
and the ‘Reverse Warburg effect’ of cancer cells. GPER is a 
seven‑transmembrane‑related estrogen receptor belonging to 
the G protein‑coupled receptor family, and is usually upregu‑
lated in breast CAFs. GPER, originally known as GPR30, is an 
alternative estrogen receptor that is structurally distinct from 
ERα and ERβ and primarily mediates rapid non‑genomic 
responses (87). GPER can regulate cell signaling pathways, 
and promote breast cancer proliferation, chemoresistance, 
metastasis, and drug resistance. In breast cancer, 80% of fibro‑
blasts are activated as CAFs (88,89). In vitro experiments have 
shown that GPER can be expressed in breast cancer CAFs and 
affects the proliferation and migration of breast cancer cells in 
response to estrogen signals (90). Therefore, the mechanism of 
GPER in breast cancer may be related to CAFs in the TME. 
Compared with normal breast tissues and cells, GPER expres‑
sion in breast cancer tissues and cells decreased, and GPER 
expression in CAFs increased. Overexpression of GPER in 
CAF promotes the expression of Col-1, and its downregulation 
inhibits the expression of Col-1. The upregulation of GPER 
in CAFs can promote the proliferation, invasion, and migra‑
tion of cancer cells, while its downregulation in CAFs has the 
opposite effects on cancer cells. Therefore, GPER can promote 

Figure 2. Crosstalk between CAFs and cancer cells is mediated by the ROS signaling pathway. The high level of ROS produced by cancer cells can induce 
oxidative stress in CAFs, induce autophagosomes to fuse with lysosomes, and degrade mitochondria and Cav‑1. Cav‑1 inhibits NOX2 and NOX5 from 
producing ROS by directly binding to the enzymes. Cav‑1 can also inhibit NOX2 and NOX4 gene expression and protein synthesis by inhibiting the NF‑κB 
pathway, thereby regulating the re‑metabolic programming of CAFs. Accumulated ROS or a hypoxic environment reduces the hydroxylation level of HIF‑1α 
and affects the HIF protein. HIF‑1α can induce hypoxia, promote the transcription of angiogenic factors (such as VEGF) and mediate autophagy, mitochon‑
drial autophagy, and aerobic glycolysis. HIF‑1α affects several important metabolic enzymes of glycolysis. HIF‑1α affects glucose transporters (GLUT1) 
to increase the uptake of glucose by cells, affects MCT4, and affects the output of lactic acid. HIF‑1α also activates PKM2 transcription, which alters the 
glucose metabolism of epithelial cells. Hypoxia also induces oxidative ATM to promote the glycolytic activity of CAFs by phosphorylating GLUT1 at S490 
and increasing the expression of PKM2. Lactate produced by CAFs under hypoxic conditions acts as a metabolic conjugate between CAFs and breast cancer 
cells, and promotes the mitochondrial activity of cancer cells by activating the TGF‑β1/p38 MAPK/MMP2/9 signaling axis. Increased ROS levels in the tumor 
environment also induce the activity of the pro‑inflammatory transcription factor NF‑κB in fibroblasts, leading to a CAF‑like phenotype and affecting the 
glycolysis of CAFs. CAFs, cancer‑associated fibroblasts; ROS, reactive oxygen species; CAV‑1, caveolin‑1; NOX, NADPH oxidase; NF‑κB, nuclear factor‑κB; 
HIF‑1α, hypoxia‑inducible factor 1α; VEGF, vascular endothelial growth factor; MCT, monocarboxylic acid transporter; PKM2, pyruvate kinase M2; TGF, 
transforming growth factor; MMP, matrix metalloproteinase.
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the proliferation, migration, and invasion of triple‑negative 
breast cancer (TNBC) cells through CAFs (91).

Recent research has investigated the role of GPER 
and hypoxia in the differentiation of CAFs. The expres‑
sion of GPER in breast CAFs is related to the activation of 
CAFs induced by hypoxia and the invasion of breast cancer 
cells. GPER knockdown eliminated hypoxia‑driven CAF 
formation, inhibited breast cancer cell invasion induced by 
CAF‑conditioned medium, and eliminated hypoxia‑activated 
CTGF, VEGF and IL‑6 secretion from CAFs (23).

In addition, GPER mediates multidrug resistance in ER 
positive and negative breast cancer and CAFs in the TME. 
Thus, it may be a new agent that promotes drug resistance 
of tumor cells. The PI3K/AKT signaling pathway, activated 
by breast tumor cells, induces GPER translocation in CAFs 
in a chromosome region maintenance 1 (CRM1)‑dependent 
manner, and triggers the aerobic glycolysis switch in CAFs 
through the estrogen/GPER/cAMP/PKA/CREB signal axis. 
Glycolysis in CAFs supplies additional pyruvate and lactic 
acid to tumor cells to enhance mitochondrial activity, leading 
to multi‑drug resistance (63).

In summary, GPER in breast CAFs can not only promote 
the proliferation, migration, and invasion of TNBC cells, but 
also eliminate the formation of CAFs driven by hypoxia, and 
affect the crosstalk between CAFs and tumor cells. Notably, 
the aerobic glycolysis switch in CAFs can be triggered through 

the estrogen/GPER/cAMP/PKA/CREB signaling axis, such 
that tumor cells develop drug resistance, suggesting the GPER 
could be used as a target for drug resistance therapy.

IL-6 signaling molecule mediates the ‘Reverse Warburg 
effect’ of CAFs and cancer cells. The pro‑inflammatory 
cytokine IL‑6 in the TME is closely related to CAFs. IL‑6 
is a multifunctional cytokine originally considered to be a 
regulator of immune and inflammatory responses (92). IL‑6 
exerts its effects by binding to the IL‑6α chain and the cyto‑
kine receptor signaling subunit gp130, activating the Janus 
kinase (JAK) family of tyrosine kinases and the signal trans‑
ducer and activator of transcription (STAT)3 family, thereby 
regulating target gene transcription (93). Phosphorylation of 
STAT proteins (1 and 3) can induce the trans‑differentiation 
of normal fibroblasts into CAFs. A previous study showed 
that when exposed to IL‑6 secreted by adjacent gastric cancer 
cells, primary gastric fibroblasts that constitutively express 
phosphorylated STAT3 will convert to CAFs (94). In addition, 
the exosomes exuded by prostate cancer cells under hypoxic 
conditions contain high levels of IL‑6. IL‑6 and several other 
signaling molecules regulate microenvironmental remod‑
eling, EMT, cancer cell stemness, and CAF conversion and 
differentiation (95). Increased expression of IL‑6 has also 
been reported in CAFs of breast and ovarian tumors (96), 
indicating that the association between IL‑6 and CAFs is 

Figure 3. Crosstalk between CAFs and cancer cells is mediated by the TGF‑β signaling pathway. TGF‑β plays a key role in the differentiation of CAFs and 
participates in the differentiation and metabolic regulation of CAFs. The activation of TGF‑β in fibroblasts increases oxidative stress, autophagy/mitochondrial 
autophagy, aerobic glycolysis, and downregulation of Cav‑1, thereby affecting surrounding fibroblasts and supporting cancer cell growth. The loss of Cav‑1 
drives the activation of TGF‑β signaling and affects CTGF. CTGF can activate HIF1 and promote autophagy, glycolysis, and senescence of tumor‑related 
fibroblasts. In turn, metabolism promotes tumor growth. On the one hand, TGF‑β can regulate the expression of α‑SMA in fibroblasts to affect ROS levels, 
stimulate oxidative stress, and then affect CAFs and tumor cells. On the other hand, TGF‑β can upregulate the production of NOX4 and ROS to induce the 
differentiation of prostate CAFs. The TGFBR‑IDH1‑Cav‑1 axis can trigger TGF‑β signaling in fibroblasts. In addition, knockdown of IDH3α increases 
glycolysis and inhibits oxidative phosphorylation in fibroblasts. IDH3α enhances the negative regulation of complex I because NDUFA4L2 inhibits OXPHOS. 
CAFs, cancer‑associated fibroblasts; TGF, transforming growth factor; CAV‑1, caveolin‑1; CTGF, connective tissue growth factor; HIF1, hypoxia‑inducible 
factor 1; ROS, reactive oxygen species; NOX, NADPH oxidase; TGFBR, TGF‑β receptor; IDH1, isocitrate dehydrogenase 1; IDH3α, isocitrate dehydrogenase 
[NAD(+)] 3 catalytic subunit α; OXPHOS, oxidative phosphorylation.
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particularly important. However, at present, it is not clear how 
IL‑6 regulates the metabolic reprogramming of CAFs. It is 
worth noting that IL‑6 is likely to link inflammation with the 
enhanced glycolysis in CAFs. This process may be the key to 
the stimulation of STAT3 by IL‑6 and the regulation of certain 
glycolytic enzymes, such as phosphofructokinase, hexokinase, 
and fructose‑2,6‑bisphosphatase (F2,6BP) (97). In addition, 
studies have found that the transcription factor Twist1 regu‑
lates the IL‑6 signaling cascade and affects the differentiation 
of CAFs. When the TME of a solid tumor mass is hypoxic, 
the overexpression of Twist1 inhibits the senescence of normal 
fibroblasts and the tumor‑promoting effect of CAFs on gastric 
cancer in the TME. Therefore, Twist1 has been proven to be 
a highly effective target molecule for anticancer therapy, and 
the hypoxia‑induced Twist1/IL‑6 axis provides an important 
target for regulating the metabolism of CAFs (98,99). Thus, the 
pro‑inflammatory cytokine IL‑6 in the TME links inflamma‑
tion and CAF metabolic reprogramming, which could provide 
a new target for targeting CAF metabolism, and exhibits favor‑
able development and application prospects. 

5. lncRNAs and microRNAs associated with the ‘Reverse 
Warburg effect’ of CAFs

Long non‑coding RNAs (lncRNAs) are a class of non‑coding 
RNAs with a length of more than 200 nucleotides that have 
no protein coding ability. LncRNAs participate in various 
physiological and pathological processes, including develop‑
ment, the immune response, and tumorigenesis (100,101). 
LncRNAs can control biological processes by interacting 

with other cellular molecules, including DNA, protein, and 
RNA. It has been demonstrated that lncRNAs can combine 
directly with key glycolytic enzymes (102). The enhanced 
transcription of glycolytic enzyme genes activated by 
lncRNAs regulates glycolysis in cancer cells (103). In addi‑
tion, studies have found that the regulation of glycolysis by 
lncRNAs can be linked to CAFs. CAF‑secreted CXCL14 acts 
on ovarian cancer cells in a paracrine manner. Microarray 
analysis showed that numerous lncRNAs are dysregulated 
in ovarian cancer. Among them, lncRNA LINC00092 plays 
an important role in ovarian cancer cells by interacting with 
6‑phosphate fructose‑2‑kinase/fructose‑2,6‑bisphosphatase 2 
(PFKFB2), which increases glycolysis levels and ovarian 
cancer metastasis. In turn, the glycolytic phenotype of 
ovarian cancer cells maintains the CAF‑like fibroblasts in the 
TME, forming a regulatory feedback loop in the TME (104). 
Another lncRNA, urothelial carcinoma associated 1 (UCA1), 
is induced in glioma cells through the paracrine activity of 
CXCL14 on glioblastoma stromal cells (105). In addition, the 
CXCL14‑UCA1‑miR‑182‑PFKFB2 axis regulates the interac‑
tion between glioma cells and glioblastoma‑related stromal 
cells, and promotes glycolysis and glioma invasion (106). 

MicroRNAs (miRNAs) are small noncoding RNAs that 
regulate numerous biological functions and are key players in 
regulating cancer development and metastasis. Studies have 
found that several miRNAs are related to CAF conversion; 
however, their mechanism of action in CAF cell formation 
has not yet been fully determined. In addition, some changes 
in miRNA expression levels have been observed during the 
formation of activated CAFs in normal fibroblasts (107,108). 

Figure 4. Compounds targeting CAF metabolism. HK2, hexokinase 2; G‑6‑P, glucose‑6‑phosphate; F6P, fructose‑6‑phosphate; FBP, D‑fructose‑1,6‑bisphosphate; 
PFK1, 6‑phosphofructo‑1‑kinase; 3PG, 3‑phosphoglycerate; F2,6BP, fructose‑2,6‑bisphosphatase; PEP, phosphoenolpyruvate; PFKFB3, 6‑phosphofructo‑2‑kinase 
fructose‑2,6‑bisphosphatase‑3; LDH, lactate dehydrogenase; CAF, cancer‑associated fibroblast; OXPHOS, oxidative phosphorylation. 
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Among them, the expression levels of miR‑221‑5p, miR‑31‑3p, 
and miR‑221‑3p were enhanced, and the levels of miR‑205, 
miR‑200b, miR200c, miR‑141, miR‑101, and miR‑342 were 
decreased. These miRNAs affect the conversion of CAFs by 
regulating the activity of a variety of growth factors, cyto‑
kines, and other cell signaling molecules, including HGF, 
insulin, MAPK, tight and adhesion junction proteins, EGF1, 
androgen receptor, Wnt, IL‑7, and the TGF‑β/IL‑6 signaling 
pathway (109). 

miRNAs can directly or indirectly regulate the metabo‑
lism of glucose and lipids, amino acid biosynthesis, other 
multi‑level and multi‑path metabolic enzymes, oncogenes, 
and tumor suppressor genes, thereby affecting tumor metabo‑
lism. Studies have also found that miRNAs can affect the 
metabolism of tumor stromal cells, thereby affecting tumor 
progression (110‑112). miR‑186 is downregulated during the 
formation of CAFs. This miRNA regulates the level of the 
membrane‑bound glucose transporter GLUT1 by binding to 
the 3’‑untranslated region (UTR) of GLUT1, which promotes 
its degradation. A study has also found that miR‑181c can 
inhibit glycolysis in CAFs by inhibiting HK2 expression (113). 
In addition, a study indicated that after miR‑21‑inhibitor treat‑
ment, the degree of glycolysis in CAFs decreased. Following 
indirect co‑culture with CAFs, the oxidative phosphorylation 
and the expression of SDH, FH, and MCT in BxPc‑3 cells 
increased. After co‑culture with miR‑21‑inhibitor‑CAFs, the 
oxidative phosphorylation and invasion ability of pancreatic 
cancer cells were reduced. Therefore, miR‑21 participates in 
the metabolic changes of CAFs and affects the development 
of cancer cells, and thus may be a therapeutic target for the 
treatment of pancreatic cancer (114).

As relatively recently discovered biomolecules, lncRNAs 
and miRNAs have attracted increased attention from cancer 
researchers. They play an important role in the interaction of 
CAFs with cancer cells, affecting metabolic reprogramming, 
and can target mRNAs and proteins. As therapeutic targets, 
they provide a new clinical treatment paradigm.

6. CAFs and potential therapeutic targets

The crosstalk between cancer cells and CAFs is closely related 
to the reprogramming of cellular metabolism. By providing 
the energy needed by tumor cells, CAFs lead to increased 
mitochondrial activity in tumor cells, and tumor cells acquire 
drug resistance (23). Therefore, potential therapeutic targets 
for blocking the metabolic crosstalk between CAFs and tumor 
cells are very important.

HK2 is an important anticancer drug target (115). Various 
HK2 inhibitors have been identified, including 2‑deoxyglucose 
(2‑DG), 3‑bromopyruvate (3‑BP), and lonidamine (LND). 
2‑DG and LND were discontinued because of adverse reac‑
tions in clinical trials (116,117). 3‑BP can reduce ATP reserves 
to reverse chemoresistance (118). 3‑BP has some adverse 
reactions, and therefore, it was encapsulated into liposome 
nanocarriers (T‑Lipo‑3‑BP), which were specifically delivered 
to the tumor after systemic administration in a mouse tumor 
model, to eliminate severe side effects and inhibit tumor 
growth (119). 6‑Phosphofructo‑2‑kinase fructose‑2,6‑bispho‑
sphatase‑3 (PFKFB3) is a potent regulator of glycolysis (120). 
PFK15, a derivative of a PFKFB3 inhibitor (3PO), was able to 

induce the rapid induction of apoptosis in transformed cells, 
exerting an antitumor effect (121). Phase I/II trials of PFK158 
in combination with targeted agents are underway (122).

MCT4 is an exporter of glycolysis products and lactate 
and MCT1 imports lactate into tumors (123). The inhibition of 
MCT1/MCT4 blocks the metabolic crosstalk between CAFs 
and tumor cells (124). Syrosingopine, a dual MCT1/MCT4 
inhibitor, reduced NAD+ levels by causing lactate accumula‑
tion and inhibiting LDH in a mouse model of liver cancer (124). 
Most other current small molecule MCT inhibitors target 
MCT1, and one drug, AZD3965, is currently in clinical trials. 
However, the drug was revealed to be ineffective in the presence 
of MCT4 expression (125). A clinical trial demonstrated that 
the antioxidant N‑acetylcysteine (NAC) can reduce the expres‑
sion of MCT4 in CAFs of patients with cancer and reduces the 
proliferation rate of cancer cells in women with stage 0 and 
stage I breast cancer. It is effective and safe in breast cancer 
treatment (126). In addition, quercetin, metformin, and chlo‑
roquine also significantly reduced the expression of MCT4 in 
CAFs (19,127,128). In some patients with aggressive B‑cell 
lymphoma with lactic acidosis, metformin and sirolimus can 
inhibit the activation of the ‘lactate shuttle’ (or high expression 
of MCT4), reduce the expression of LDHB and PKM1, and 
inhibit CAF‑carcinoma cellular metabolism coupling (129).

Antioxidant treatment can also block the metabolic 
cross‑talk between CAFs and tumor cells, which should 
inhibit ROS (122). NAC treatment effectively inhibits tumor 
growth by preventing DNA damage and genetic instability, 
and reducing HIF‑1 levels (130). Metformin acts as a complex 
I inhibitor and blocks mitochondria‑dependent ROS produc‑
tion (131). In addition, NAC, metformin, L‑NAME (a nitric 
oxide NO inhibitor), quercetin, and chloroquine can restore 
Cav‑1 expression, thereby inhibiting ROS generation. Clinical 
trials of metformin alone and in combination with stan‑
dard therapy are ongoing in multiple tumor types (19,132). 
Furthermore, based on the regulation of Cav‑1, MCT4, and 
HIF‑1α expression in CAFs, the combination of acetylcysteine 
(N‑acetyl‑L‑cysteine) and topotecan is being tested in patients 
with ovarian cancer in phase II clinical trials (Fig. 4) (133).

7. Conclusions

The occurrence and development of tumors are related to the 
metabolic reprogramming of the TME, in which the metabolic 
reprogramming of CAFs is very important. The metabolic 
reprogramming of CAFs activates a variety of signaling path‑
ways that act on tumor cells, and in turn, tumor cells will also 
affect CAFs, such as in the differentiation and the activation of 
related signaling pathways. The metabolic reprogramming of 
CAFs is closely related to the proliferation, metastasis, angio‑
genesis, drug resistance, and other aggressive behaviors of 
cancer cells. Therefore, the metabolic reprogramming of CAFs 
and cancer crosstalk increase the heterogeneity and plasticity 
of cancer metabolism. This will closely link the study of tumor 
cells with the TME, and help researchers to study the occur‑
rence and development of tumors, providing a series of new 
predictive biomarkers and strategies for anticancer treatment. 
Therefore, in‑depth study of the metabolic reprogramming of 
CAFs is of great significance and will provide new methods 
for future cancer treatments.
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