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Abstract 

Cancer cells are well-known for adapting their metabolism to maintain high proliferation rates and 
survive in unfavorable environments with low oxygen and nutritional deficiency. Metabolic 
reprogramming most commonly arises from the tumor microenvironment (TME). The events of 
metabolic pathways include the Warburg effect, shift in Krebs cycle metabolites, and increase rate of 
oxidative phosphorylation that provides the energy for the development and invasion of cancer cells. The 
TME and shift in tumor metabolism shows a close relationship through bidirectional signaling pathways 
between the stromal and tumor cells. Cancer-associated fibroblasts (CAFs) are the main type of stromal 
cells in the TME and consist of a heterogeneous and plastic population that play key roles in tumor growth 
and metastatic capacity. Emerging evidence suggests that CAFs act as major regulators in shaping tumor 
metabolism especially through the dysregulation of several metabolic pathways, including glucose, amino 
acid, and lipid metabolism. The arrangement of these metabolic switches is believed to shape distinct CAF 
behavior and change tumor cell behavior by the CAFs. The crosstalk between cancer cells and CAFs is 
associated with cell metabolic reprogramming that contributes to cancer cell growth, progression, and 
evasion from cancer therapies. But the mechanism and process of this interaction remain unclear. This 
review aimed to highlight the metabolic couplings between tumor cells and CAFs. We reviewed the 
recent literature supporting an important role of CAFs in the regulation of cancer cell metabolism, and 
the relevant pathways, which may serve as targets for therapeutic interventions. 
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Introduction 
The most prominent biological characteristic of 

tumor cells is uncontrolled and rapid proliferation. 
The division of one cell into two requires the doubling 
of substances such as nucleic acids, amino acids, 
lipids, and carbohydrates and is the most important 
metabolic requirement of rapidly proliferating tumor 
cells, which distinguishes these cells from the vast 
majority of normal non-cancerous cells. The rapidly 
proliferating cells must alter their metabolic behavior 
to achieve the conversion of the highest possible 
amount of available nutrients into biomass energy, 
which requires a delicate balance among ATP 
production, provision of the reducing equivalents, 
and the synthesis of various biomolecules. In response 

to factors such as the harsh tumor microenvironment 
(TME), tumor cells undergo adaptive changes in their 
metabolic properties, a process referred to as 
metabolic reprogramming [1]. Metabolic 
reprogramming, in general, is a hallmark of cancer 
cells [2], and increasing evidence suggests that 
metabolism plays a central role in tumorigenesis [3]. 
The metabolic abnormalities occurring in tumor cells 
are not simple alterations of a single metabolic 
pathway but are rather subversive alterations in the 
entire cellular network of metabolism. Metabolic 
reprogramming ensures that the limited nutrients 
and/or intermediate metabolites are directed toward 
various biosynthetic pathways that are required to 
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support the energy-demanding anabolic processes for 
tumor cell proliferation [3]. Besides occurring in 
tumor cells, metabolic reprogramming has also been 
reported to occur in the TME [4]. Metabolic 
reprogramming of the TME is also considered one of 
the hallmarks of cancer and represents an important 
branch of tumor research. 

TME, consisting of blood and lymphatic tumor 
vessels, extracellular matrix (ECM), and non-cancer 
stromal cells, such as cancer-associated fibroblasts 
(CAFs), modulates cancer cell growth, progression, 
and evasion from cancer therapies [5]. Especially, 
CAFs are a major component of the TME [6, 7]. CAFs 
display an activated phenotype; they get larger than 
their normal counterparts, become spindle-shaped, 
and show the presence of stress fibers. This phenotype 
is transiently observed in normal fibroblasts during 
wound healing. In contrast, CAFs seem to be 
constantly activated and unable to revert to a 
quiescent phenotype [8]. Moreover, the CAF genome 
has been reported to undergo epigenetic 
reprogramming; most studies have not found 
mutations in CAFs [9].  

Associations between CAFs and cancer cells 
support tumorigenesis in various ways. Besides being 
a major producer of ECM components, such as 
collagen and laminins, and remodeling enzymes [10], 
CAFs can secrete a variety of pro-inflammatory 
mediators (e.g., interferon-γ, C-X-C motif chemokine 
ligand 12 (CXCL12), tumor necrosis factor (TNF)-α 
and several interleukins (ILs)) [11, 12], and growth 
factors (e.g., transforming growth factor β (TGF-β), 
fibroblast growth factor (FGF)) [10], as well as, 
pro-angiogenic factors like vascular endothelial factor 
(VEGF) and endothelial growth factor (EGF) [13]. 
These functions of CAFs display pro-tumorigenic 
effects leading to tumor progression. Many reviews 
have substantially described the interaction of CAFs 
and cancer cells [14–16]. However, recent evidence 
supports the critical role of CAFs as regulators of 
important metabolic processes in cancer [17–20]. 
These metabolism-related effects may be specific to 
fibroblasts in the TME and may be an adaptive 
mechanism to meet the metabolic demands of the 
rapidly proliferating tumor cells.  

To date, several mechanistic studies have shown 
the importance of this bioenergetic coupling of tumor 
and stroma. Therefore, in this review, we focused on 
the current understanding of the mechanism of cancer 
cell/CAF metabolic interactions and discussed in 
detail the activation of different metabolic pathways 
resulting from these interactions. Detailed metabolic 
analyses on the tumor cell/CAF crosstalk, including 
in vitro and in vivo modeling approaches, have been 
presented and assessed. Finally, we discussed how 

reprogrammed CAFs might affect tumor cell 
metabolic reprogramming and focused on the 
potential therapeutic strategies targeting molecules 
involved in the metabolic reprogramming of CAFs.  

Tumor cell/CAF interaction driven by the 
metabolic reprogramming of fibroblasts 

Under physiological conditions, fibroblasts 
regulate the turnover of ECM, control tissue 
homeostasis, and participate in wound healing and 
senescence [5]. On the other hand, in solid tumors, 
normal fibroblasts (NFs) differentiate into CAFs that 
coevolve with the disorder and alter the biochemical 
and physical structure of the TME, modifying the 
behavior of the surrounding stromal and cancer cells 
[15, 21]. Generally, cancer cells highjack CAFs and 
reprogram their metabolism to perform aerobic 
glycolysis. CAFs, consequently, secrete metabolites 
such as pyruvate and lactate, which are taken up by 
cancer cells and support their metabolic needs as 
alternative carbon sources.  

CAFs act as active participants in the complex 
metabolism of tumors rather than just the metabolic 
co-observers of cancer cells (Figure 1). The 
arrangement of these metabolic switches is believed to 
shape distinct CAF behavior and change tumor cell 
behavior by CAFs. We have summarized the studies 
on the interaction between CAFs and tumor cells, 
regarding metabolic reprogramming, in Table 1. 

Glucose Metabolism 
Tumor cells perform glycolysis rapidly, even 

under aerobic conditions, thus increasing glucose 
uptake and lactate secretion, a phenomenon called the 
“Warburg effect” or “aerobic glycolysis” [22]. CAFs 
exhibit similar aerobic glycolysis under the influence 
of tumor cells, which is referred to as the reverse 
“Warburg Effect” [23]. The reverse “Warburg Effect”, 
occurring in CAFs, is characterized by a shift in the 
glucose metabolism. In normal cells, glucose is 
metabolized through oxidative phosphorylation. In 
contrast to normal fibroblasts, CAFs undergo a 
significant shift from oxidative phosphorylation to 
aerobic glycolysis. It has been reported that a 
reduction in the expression of the α subunit of the 
isocitrate dehydrogenase 3 complex (IDH3α) is 
associated with the metabolic switch from oxidative 
phosphorylation to glycolysis and that overexpression 
of IDH3α prevents NFs from transforming into CAFs 
[24]. Becker et al. reported that the promoters of the 
genes of glycolytic rate-limiting enzymes pyruvate 
kinase and lactic dehydrogenase (LDHA), in breast 
cancer-associated fibroblasts were hypermethylated, 
which increased the expression of pyruvate kinase M2 
(PKM2) and LDHA [25]. A similar study by Shan et al. 
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provided further evidence to support the reverse 
“Warburg Effect” hypothesis by reporting that the 
pancreas-associated fibroblasts expressed elevated 
levels of glycolytic enzymes LDHA and PKM2, as 
well as, monocarboxylate transporter 4 (MCT4) 
responsible for lactate secretion [26]. Moreover, 
activation of TGF-β signaling in CAFs increase 
oxidative stress, autophagy/mitophagy, and aerobic 
glycolysis, which may be associated with 
downregulation of caveolin-1 (Cav-1) [27–29]. 
Integrin beta 4 (ITGB4)-overexpression in 
triple-negative breast cancer (TNBC) cells was found 
to provide the ITGB4 protein to the CAFs via 
exosomes, which induced BNIP3L-dependent 
mitophagy in CAFs, thereby increasing their 
glycolysis levels [30]. Yan et al. deciphered another 
mechanism through which breast cancer 
cells-secreted exosomal miR-105 activated MYC 
signaling in CAFs to induce increased catabolism of 
glucose and glutamine [31].  

It was observed that CAFs proliferated at an 
unexpectedly slower rate compared to matched NFs, 
which was in contrast to the proliferation rate of 
cancer cells, suggesting that increased glycolysis in 
CAFs did not efficiently increase the proliferation and 
growth of the CAFs. Bonuccelli et al. found that 

Cav-1-deficient stromal fibroblasts were sufficient to 
promote human tumor xenograft growth and 
angiogenesis. Proteomic analysis of Cav-1-deficient 
CAFs indicated the upregulation of glycolytic 
enzymes, such as PKM2 and LDH-B. The researchers 
speculated that Cav-1-deficient CAFs might 
contribute to tumor growth and angiogenesis by 
providing energy-rich metabolites (e.g., L-lactate) in a 
paracrine fashion [32]. Sun et al. reported that 
hypoxia-induced oxidative ataxia-telangiectasia 
mutated protein kinase (ATM) promoted glycolytic 
activity in breast cancer-associated fibroblasts by 
phosphorylating glucose transporter 1 (GLUT1) at 
position S490 and increasing the expression of PKM2. 
In vitro and in vivo (orthotopic xenograft) results 
showed that hypoxic CAF-derived lactate, which 
provides metabolic coupling between CAFs and 
breast cancer cells, promoted breast cancer cell 
invasion by activating the TGF-β1/p38 MAPK/ 
MMP2/9 signaling axis and fueling the mitochondrial 
activity in cancer cells [33]. Another study 
demonstrated that when pancreatic cancer cells were 
exposed to a CAF-conditioned medium (CM), cancer 
cells exhibited enhanced oxidative phosphorylation, 
causing the mitochondria to enlarge significantly.

 
 

 
Figure 1. Cancer-associated fibroblasts (CAFs) promote tumor growth through self-metabolic reprogramming: The glycolysis of CAFs was increased in tumor 
microenvironment, and lactate produced by CAFs was absorbed and utilized by the tumor; CAFs synthesize amino acids through the TCA cycle and amino acids are used by 
tumor for biosynthesis; In CAFs, lipid metabolism was reprogrammed and LPC was secreted into the microenvironment to promote tumor growth. Abbreviations: GLUT: 
Glucose transporter; TGF-β: Transforming growth factor-β; ITGB4: Integrin beta 4; MCT1: Monocarboxylate transporter 1; MCT4: Monocarboxylate transporter 4; LPA: 
Lysophosphatidic acid; LPAR: Lysophosphatidic acid receptor; LPC, lysophosphatidylcholines; TCA, tricarboxylic acid;  
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Table 1. Summary of the CAF-tumor cell crosstalk metabolic studies. 

Cancer 
Type 

CAF marker 
 

Isolation protocols of CAFs In vitro experiments In vivo model Findings (In vitro and In vivo) Refs 

BC Cav-1 Cav-1 (-/-) deficient 
stromal fibroblasts derived 
from Cav-1 (-/-) deficient 
mice. 

NA Human tumor xenograft model: 
co-injection with human breast cancer 
cells and WT/Cav-1 (-/-) deficient 
stromal fibroblasts. 

Cav-1-deficient stromal fibroblasts 
promoted both tumor growth and 
angiogenesis, and recruited Cav-1 (+) 
micro-vascular cells. 

32 

Possible mechanisms: Cav-1-deficient CAFs upregulate the expression of glycolytic enzymes, PKM2 and LDH-B. Cav-1-deficient CAFs may contribute toward tumor growth 
and angiogenesis, by providing energy-rich metabolites in a paracrine fashion. 
BC FN; α-SMA; 

FAP 
CAFs and NFs were 
isolated from breast tumor 
tissues and their paired 
normal tissues. 

Engineered CAFs 
(sh-ATM, sh-GLUT1, 
sh-PKM2 and sh-MCT4) 
were established; 
Preparation of NFs-CM 
and CAFs-CM; 
Cell migration and 
invasion assay; 

Orthotopic xenografts: 
subcutaneously co-injection with BC 
cells and control CAFs (CAF/Ctrl) or 
engineered CAFs (CAF/sh-ATM, 
CAF/sh-MCT4). 

In vitro, BC cells showed a reduced 
migration or invasion ability after 
co-cultured with CM from 
CAFs/shATM; 
In vivo, the tumor burden mice, 
which co-injected with BC cells and 
engineered CAFs had a significant 
small tumor and fewer lung 
metastases. 

33 

Possible mechanisms: Hypoxia-induced oxidized ATM promotes glycolytic activity of CAFs by phosphorylating GLUT1 at S490 and increasing PKM2 expression. Lactate 
derived from hypoxic CAFs promotes BC cells invasion by activating the TGFβ1/p38 MAPK/MMP2/9 signaling. 
OSCC α-SMA CAFs and NFs were 

obtained from tumor 
samples and the matched 
adjacent non-tumor tissues 
of patients with OSCC.  

Preparation of NFs-CM 
and CAFs-CM; 
Cell proliferation assay; 

Xenografts: 
HSC3-Ctrl & CAFs-Ctrl, HSC3-Ctrl & 
CAFs-ITGB2, HSC3-shMCT1 & 
CAFs-Ctrl, HSC3-shMCT1 & 
CAFs-ITGB2 were subcutaneously 
co-injected into the flanks of 
NOD/SCID mice, respectively. 

In vitro, OSCC cells showed a 
reduced growth rates and the colony 
forming number after co-cultured 
with CM from CAFs/shITGB2; 
In vivo, tumors of the CAFs-ITGB2 
and HSC3-Ctrl group grew more 
quickly and were larger. 

34 

Possible mechanisms: ITGB2 regulates PI3K/AKT/mTOR pathways to enhance glycolysis activity in CAFs. Lactate derived from ITGB2-expressing CAFs is absorbed and 
metabolized in OSCC to generate NADH, which is then oxidized in the mitochondrial OXPHOS to produce ATP. 
PCa α-SMA Healthy human prostate 

fibroblasts and CAFs were 
isolated from patients with 
benign prostatic 
hyperplasia or aggressive 
PCa.  

Preparation of NFs-CM 
and CAFs-CM; 
Cell proliferation assay; 

Xenografts: 
Wild type or MCT1 silenced PCa were 
subcutaneously injected in SCID-bg/bg 
together with CAFs. 

In vitro, PCa cells showed an 
increased proliferation index and the 
colony forming number after 
co-cultured with CM from CAFs; 
In vivo, co-injection of CAFs with PCa 
cells strongly enhanced the tumor 
growth rate. 

35 

Possible mechanisms: PCa cells, upon contact with CAFs, are reprogrammed with a decrease in GLUT1 expression and an increase in lactate upload via MCT1. PCa cells 
gradually become dependent of lactate to drive anabolic pathways and thereby cell growth. 
NPC α-SMA; 

FAP; 
vimentin 

The primary NFs and 
CAFs of NPC were isolated 
from 3 pairs of tumor 
tissues and adjacent 
normal tissues.  

NPC cells were cocultured 
with NFs treated by 
NPC-CM-derived EVs; 
Cell proliferation assay; 
Cell migration (Transwell 
assay); 

Xenografts: 
NPC cells were subcutaneously injected 
in each mouse together with NFs or 
NFs treated by NPC-CM-derived EVs. 

In vitro, co-culture with CAFs 
promoted the proliferation, migration 
and radiation resistance of NPC cells; 
In vivo, EV packaged LMP1 
promoted tumor proliferation and 
pre-metastatic niche formation by 
activating CAFs. 

38 

Possible mechanisms: NPC-CM-derived EVs packaged LMP1-activated CAFs upregulate MCT4 by activating the NF-κB p65 pathway to export lactate and β-HB into cancer 
cells expressing MCT1 to import mitochondrial fuel for OXPHOS. 
OVCA Not 

mentioned 
Ovarian CAFs were 
derived from 
advanced-stage high-grade 
serous OVCA samples and 
NFs were derived from 
normal ovaries obtained 
from patients with benign 
gynecologic malignancies. 

Preparation of NFs-CM 
and CAFs-CM; 
Cell proliferation assay; 
 

Orthotopic OVCA Mouse Model: 
surgical implantation of control siRNA, 
OVCA-GLS siRNA, CAFs-Glul siRNA, 
or combinations of GLS and Glul 
siRNA cells directly into the left ovary, 
respectively.  

In vitro, CM derived from CAFs 
rescued cancer cells proliferation; 
In vivo, co-targeting Glul in CAFs and 
GLS in OVCA cells reduced tumor 
weight, nodules, and metastasis. 

44 

Possible mechanisms: CAFs boost glutamine production by harnessing carbon and nitrogen from atypical nutrient sources to maintain cancer cell growth when glutamine is 
scarce. 
PCa FSP-1 Human prostate stromal 

fibroblasts (WPMY-1) in 
which p62 was inactivated 
either by 
CRISPR-mediated gene 
editing (sgp62), or by 
shRNA-mediated 
knockdown (shp62). 

Preparation of prostate 
stromal fibroblasts-CM; 
Cell proliferation assay; 
Organotypic cultures using 
PCa cells and prostate 
stromal fibroblasts; 
Cell invasion assay; 

NA In vitro, p62-deficiency in the stroma 
can sustain PCa proliferation in the 
absence of Gln in human and mouse 
co-cultures.  
In vitro, p62–/– fibroblasts enhanced 
the invasiveness and proliferation 
index of PCa cells. 

46 

Possible mechanisms: p62 deficiency in stromal fibroblasts promotes resistance to glutamine deprivation by the direct control of ATF4 stability through its p62-mediated 
polyubiquitination.  
PDAC α-SMA 

 
Primary CAF lines were 
isolated from 
disaggregated primary 
PDAC tumor tissue.  
Primary PSCs were 
isolated from mouse 
healthy pancreata. 

Preparation of CAFs-CM 
and PSCs-CM; 
Cell proliferation assay; 
Cell invasion assay; 
 

Xenografts: 
subcutaneous co-transplantation assays 
in immune-compromised mice with 
both PDAC cells and PSCs. 

In vitro, stromal cell CM elicited a 
concentration-dependent increase in 
PDAC cells proliferation. PSCs CM 
promoted migration of PDAC cells. 
In vivo, PSCs increased both tumor 
growth and intratumoral LPA levels. 

50 

Possible mechanisms: PSC secreted lysophospatidylcholines promoted the secretion of oncogenic autotaxin-LPA, which supported proliferation, migration and AKT 
activation in PDAC. 
CRC Vimentin;  

α-SMA 
The fibroblasts isolated 
from CRC tissues were 
defined as CAFs and the 
fibroblasts from normal 
adjacent tissues as NFs. 

Preparation of NFs-CM 
and CAFs-CM; 
Engineered CAFs (CAF 
siFASN) were established; 
Wound-healing assay; 

Xenografts: 
CRC cells were mixed or not mixed 
with an equal number of CAFs or NFs 
and subcutaneously injected into the 
spleen of 7-week-old female nude mice. 

In vitro, the transwell assay and 
wound-healing assay showed CM 
from siFASN CAF reduced CRC cells 
migration. 
In vivo, the mice injected with the 

53 
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Cancer 
Type 

CAF marker 
 

Isolation protocols of CAFs In vitro experiments In vivo model Findings (In vitro and In vivo) Refs 

Transwell assay; 
 

mixture of CRC cells and CAFs had 
more metastasis in liver and the loss 
of CD36 reduced the metastasis. 

Possible mechanisms: FASN-dependent CAFs-secreted lipids were taken up by tumor cells and induced tumor migration capacity. 
PDAC α-SMA; 

Desmin 
Human PSCs were isolated 
from an untreated human 
PDAC resection; Primary 
CAFs were isolated from 
tumor resections; mouse 
PSCs were generated from 
B6 females harboring 
mouse PDAC. 

Preparation of human 
PSCs-CM; 
Cell proliferation assay; 
Metabolism experiments 
 

Xenografts:  
PDAC cells were either injected alone 
or co-injected with human PSCs/mouse 
PSCs previously infected with shGFP, 
shATG5 or shATG7 shRNAs into the 
flanks of nude female mice.  
 

In vitro, human PSCs-CM increased 
PDAC OCR. When grown in a 
low-nutrient setting, there was a 
significant positive effect of PSCs-CM 
on PDAC proliferation. 
In vivo, both tumor take and tumor 
growth kinetics were increased 
significantly when co-injected with 
autophagy-competent PSCs, and this 
increase was significantly attenuated 
when PDAC cells were co-injected 
with autophagy-incompetent PSCs. 

54 

Possible mechanisms: Autophagy dependent-alanine secretion by PSCs became an alternative carbon source for cancer cells. This led to an increase in the OCR of PDAC 
cells. 
PCa tenascin C; 

FAP; MMP1; 
MMP3 

Prostatic fibroblasts were 
isolated from PCa patients 
and mouse prostates. 
These fibroblasts were 
xenografted with 
nontumorigenic BPH1 
prostatic epithelia. The 
fibroblasts were termed 
CAFs only if tumors 
developed within 4 weeks 
of 
grafting; otherwise, the 
non-tumor inductive 
fibroblasts were termed 
NFs. 

A 3D organotypic 
coculture system were 
established;  
Seahorse XF-24 metabolic 
flux analysis; 
Cell proliferation assay; 
Cell migration (Transwell 
assay); 
 

Tissue recombination mouse models: 
Cell recombinants were prepared by 
mixing epithelial cells with CAFs or 
stromal cells expressing RasV12 per site 
in collagen. Orthotopic grafting 
constituted the placing of the collagen 
plugs in the 2 anterior lobes of the 
prostate, and kidney grafts were placed 
under the renal capsule of C57BL/6 
male 8-week-old mice. The mice were 
either left intact or castrated 1 week 
after grafting. 

In vitro, PCa cells were significantly 
more proliferative when cultured 
with RasV12-expressing fibroblasts. A 
significant proliferative induction of 
cancer cells when associated with 
Rasal3-KO fibroblasts. Metabolome 
analysis of PCa cells demonstrated 
glutamine and glutamate to be 
significantly elevated when exposed 
to CAFs-CM compared with NFs-CM. 
 

55 

Possible mechanisms: A Ras inhibitor, Rasal3 as epigenetically silenced in human prostatic CAF, leading to oncogenic Ras activity driving 
macropinocytosis-mediated glutamine synthesis, which potentiates growth of adjacent epithelial. 

 

OVCA CXCL14 CAFs and NFs were 
isolated from same ovarian 
site in 10 EOC and 10 
non-cancerous 
prophylactic 
oophorectomy specimens. 

Preparation of CAFs 
siCXCL14-CM and CAFs 
control-CM; 
Wound healing analysis; 

Xenografts: 
an orthotopic model generated by 
intrabursal injection of OVCA cells 
alone or together with either CAFs or 
CXCL14-silenced CAFs. 

In vitro, OVCA cells incubated with 
CM from CAFs transfected with 
CXCL14-siRNAs demonstrated 
significantly decreased migratory 
capacity and increased anoikis rate. 
CXCL14-positive CAFs induce 
overexpression of LINC00092 in vitro 
and in vivo.  
In vivo, mice inoculated with OVCA 
cells mixed with CXCL14-silenced 
CAFs demonstrated significantly 
decreased peritoneal metastasis. 

71 

Possible mechanisms: LINC00092 is induced upon stimulation by CAF-secreted CXCL14 in OVCA. LINC00092 bound a glycolytic enzyme, the fructose-2,6-biphosphatase 
PFKFB2, thereby maintenance of metastatic and glycolytic phenotype of OVCA by altering glycolysis and sustaining the local supportive function of CAFs. 
BC; 
PDAC 

FSP-1; 
PDGFR-β 

CAFs were isolated from 
MMTV+; FSP-Cre−; 
FAKfl/fl and MMTV+; 
FSP-Cre+; FAKfl/fl mice.  

Preparation of CAFs-CM; 
Seahorse XF96e metabolic 
flux analysis; 
 

FSP-Cre+; FAKfl/fl and control 
FSP-Cre−; FAKfl/fl mice were injected 
orthotopically with either syngeneic 
breast cancer cells or pancreatic ductal 
adenocarcinoma cells. FSP-Cre+; 
FAKfl/fl and FSP-Cre−; FAKfl/fl mice 
were also crossed with MMTV-PyMT 
mice to generate MMTV+; FSP-Cre+; 
FAKfl/fl and MMTV+; FSP-Cre−; FAKfl/fl 
mice that developed spontaneous 
breast tumors. 

In vitro, CM from FAK-depleted 
CAFs enhanced the glycolysis, 
glycolytic capacity and glycolytic 
reserve of malignant cells 
significantly; 
In vivo, CAF FAK depletion increased 
breast and pancreatic cancer growth; 
FAK depletion in CAFs enhanced 
chemokine Ccl6 and Ccl12 
production; 

73 

Possible mechanisms: FAK-deletion in CAFs induced malignant cell glycolysis and tumor growth via CCR1/CCR2. 

Abbreviations: CAF, cancer-associated fibroblast; BC, breast cancer; Cav-1, caveolin-1; NA, not application; WT, wild type; PKM2, pyruvate kinase M2; LDH-B, lactate 
dehydrogenase B; FN, fibronectin; α-SMA, α-smooth muscle actin; FAP, fibroblast activation protein; NF, normal fibroblast; ATM, ataxia-telangiectasia mutated protein 
kinase; GLUT1, glucose transporter 1; MCT4, monocarboxylate transporter4; CM, conditioned medium; Ctrl, control; TGFβ, transforming growth factor-beta; MAPK, 
mitogen-activated protein kinase; MMP, matrix metalloproteinase; OSCC, oral squamous cell carcinoma; ITGB2, integrin beta 2; PI3K, phosphoinositol 3 kinase; AKT, 
protein kinase B; mTOR, mammalian target of rapamycin; NADH, oxidative phosphorylation system; OXPHOS, oxidative phosphorylation system; ATP, triphosadenine; 
PCa, prostate cancer; NPC, nasopharyngeal carcinoma; EVs, extracellular vesicles; LMP1, latent membrane protein 1; β-HB, β-hydroxybutyrate; OVCA, ovarian cancer; GLS, 
glutaminase; Glul, Gln synthetase; FSP-1, fibroblast-specific protein-1; ATF4, activating transcription factor 4; PDAC, pancreatic ductal adenocarcinoma; PSCs, pancreatic 
stellate cells; LPA, lysophosphatidic acid; CRC, colorectal cancer; FASN, fatty acids synthase; ATG5, autophagy Related 5; OCR, oxygen consumption rate; CXCL14, C-X-C 
Motif Chemokine Ligand 14; PFKFB2, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2; PDGFRβ, platelet-derived growth factor receptor beta; FAK, focal adhesion 
kinase; Ccl6, Chemokine (C-C motif) ligand 6; CCR1, chemokine receptor 1.  

 
The pancreatic cancer cells expressed 

significantly higher levels of MCT1, fumarate 
hydratase (FH), and succinate dehydrogenase (SDH) 
[26]. The overexpression of these enzymes further 
hints at a metabolic coupling between CAFs and 
cancer cells. Zhang and colleagues observed that 

CAFs-derived from oral squamous carcinoma (OSCC) 
exhibited significantly higher ITGB2 expression. 
Higher ITGB2 expression in CAFs was correlated with 
poor clinical characteristics and outcomes in OSCC 
patients, indicating that ITGB2 hi CAFs might promote 
OSCC cell proliferation [34]. Moreover, a co-culture 
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assay and heterotopic oral cancer model 
demonstrated that ITGB2-mediated lactate release in 
CAFs promoted OSCC cell proliferation. 
Mechanistically, ITGB2 enhances the glycolytic 
activity in CAFs through the regulation of the 
PI3K/AKT/mTOR pathway. The lactate produced by 
ITGB2 hi CAFs is taken up by tumor cells, where it is 
metabolized to produce NADH, which is then 
oxidized within the mitochondrial oxidative 
phosphorylation system (OXPHOS) to generate ATP. 
Fischi et al. observed that human prostate cancer 
(PCa) cells induced a high expression of GLUT1 and 
MCT4 in CAFs, which increased the glucose uptake 
and lactate output by the CAFs. In contrast, PCa cells, 
upon contact with CAFs, were reprogrammed for 
aerobic metabolism, which then exhibited decreased 
GLUT1 expression and increased lactate uptake via 
the lactate transporter MCT1 [35]. Therefore, it may be 
inferred that PCa cells do not rely on glucose for 
growth but rather utilize the lactate produced by 
CAFs to support their tricarboxylic acid (TCA) cycle, 
anabolic processes, and cell proliferation. The 
inhibition of MCT1 in tumor cells probably blocks the 
lactate shuttle effect, and thus, inhibits tumor growth. 
A similar phenomenon was observed in breast 
cancer-and bladder cancer-associated fibroblasts [36, 
37], where increased lactate production was 
associated with the upregulation of MCT1 and MCT4. 
The lactate shuttle phenomenon has also been 
observed in nasopharyngeal carcinoma, where the 
researchers noticed that inhibiting MCT4 expression 
in activated CAFs significantly decreased the 
proliferation, invasion, and colony formation of 
nasopharyngeal carcinoma cells [38]. Another study 
reported that the patients who exhibited a high MCT4 
expression in TNBC mesenchymal cells presented a 
worse prognosis [39]. The above studies 
demonstrated the significance of glycolysis in CAFs 
for tumor growth and also elucidated the 
phenomenon of lactate shuttle between CAFs and 
tumor cells. 

Amino acid metabolism 
Amino acids are essential for tumor growth and 

development, and several studies have demonstrated 
that CAFs synthesize the amino acids required for 
tumor cell growth through the TCA cycle [40]. 
Glutamine (Gln), an important source of carbon and 
nitrogen, is reported to play a key role in tumor 
anabolism, and thus, reducing glutamine levels in the 
TME affects the viability of tumor cells [41–43]. 
Several studies have reported the crucial roles of Gln 
metabolism in the interaction between CAFs and 
tumor cells (Table 1). In ovarian cancer, CAFs were 
shown to generate high levels of Gln by glutamine 

synthetase (GS). The CAF-derived Gln was exported 
to the ovarian cancer cells and converted to glutamate 
by the enzyme glutaminase. This further supported 
tumor cell growth by anaplerosis (replenishment 
process of metabolic pathway intermediates) of the 
TCA [44]. Co-targeting GS in CAFs and glutaminase 
in cancer cells disrupted CAF/tumor cell metabolic 
crosstalk, inducing tumor regression in an ovarian 
carcinoma mouse model [44]. Additionally, in a recent 
study, it was found that glutamine dependence drove 
CAF migration from the glutamine-depleted core of 
tumors to more glutamine-rich areas. Glutamine 
deprivation promoted CAF migration and invasion, 
which in turn facilitated the movement of tumor cells 
toward nutrient-rich territories [45]. CAF migration 
toward Gln was modulated by a polarized protein 
kinase B (AKT2), and depletion of the polarized AKT2 
prevented the invasion of Gln-driven CAFs and the 
escape of the tumor cells from the original tumor site 
[45].  

Besides synthesizing glutamine directly to 
provide nutrition to tumor cells, CAFs are also 
capable of producing other amino acids as nitrogen 
sources. Linares et al. observed that p62 k° CAFs can 
resist glutamine deficiency by directly controlling the 
stability of activating transcription factor 4 (ATF4) 
through its p62-mediated polyubiquitination, and 
thus, maintain PCa cell proliferation [46]. The 
expression of asparagine synthase (ASNS) and 
pyruvate carboxylase (PC) increases in the p62 k° 
CAFs. ASNS moderates the synthesis of asparagine 
from aspartate, while PC mediates the production of 
oxaloacetate from pyruvate, the route through, which 
pyruvate enters the TCA cycle. The increased 
expression of ASNS and PC suggests that the TCA 
cycle is enhanced, with an increase in the levels of 
aspartic acid and asparagine. The p62-deficient CAFs 
produce aspartate and asparagine, which serve as 
nitrogen sources for the growth of PCa cells, thereby 
maintaining the survival of PCa cells in a 
glutamine-deficient environment [46].  

Research suggests that crosstalk exists between 
human skin squamous carcinoma (HSSC) cells and 
CAFs in terms of amino acid metabolism [40]. 
Aspartate and glutamate are exchanged between 
HSSC cells and CAFs via the aspartate/glutamate 
transporter, known as the solute carrier family 1 
membrane 3 (SLC1A3) channel. When glutamate from 
cancer cells enters CAFs one of two things might 
occur. Either glutamate is generated through the TCA 
cycle to produce aspartate, which is subsequently 
utilized by CAFs to biosynthesize and maintain cell 
proliferation, or glutamate forms glutathione (GSH) 
in CAFs to balance the redox status of cells and 
promote ECM remodeling [40].  
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These findings demonstrated that CAFs form 
amino acid metabolic couplings with tumor cells, 
which enable them to cope with nutrient deprivation 
in the TME, subsequently allowing the tumors to 
utilize amino acids efficiently and rapidly to promote 
tumor growth and development. However, there are 
many amino acids involved in the metabolic crosstalk 
between CAFs and tumor cells that have not been 
determined yet. Further studies are required to 
decipher the metabolic functions of other amino acids 
in tumor-CAF interactions.  

Lipid metabolism 
Fatty acids (FAs) are the main building blocks of 

lipids and can be funneled into various metabolic 
pathways to synthesize more complex lipid species. 
FAs contribute to the vast structural diversity of the 
cellular lipid pool, which in turn serves to regulate 
several biochemical processes in normal cells [47]. In 
recent years, the importance of altered FA metabolism 
in cancer has received renewed interest since they, 
aside from having a principal role as structural 
components of the membrane matrix, are important 
secondary messengers, and can also serve as fuel 
sources for energy production [48, 49]. However, few 
studies have investigated how dysregulated lipid 
metabolism in CAFs affects tumorigenesis. In 
pancreatic ductal adenocarcinoma (PDAC), 
stroma-associated pancreatic stellate cells (PSCs) 
undergo a shift in lipid metabolism and intracellular 
liposome remodeling during activation [50]. PSCs, 
while being activated, lose neutral lipids, and the 
intracellular levels of lysophospholipids increase 
dramatically. Additionally, lysophosphatidylcholines 
(LPCs) are secreted into the TME in large quantities, a 
few of which are directly absorbed and utilized by 
PDAC cells for membrane lipid formation, while the 
remaining LPCs are hydrolyzed by autotaxin (ATX) 
secreted by PDAC cells to generate lysophosphatidic 
acid (LPA), which then activates the AKT2 pathway in 
PDAC cells via the LPA receptor (LPAR) [50]. In a 
similar study, LPA from ovarian cancer cells was 
shown to induce a CAF glycolytic phenotype in 
peritumoral fibroblasts by upregulating the 
hypoxia-inducible factor (HIF-1α) levels via LPAR, 
indicating again that the crosstalk between CAFs and 
cancer cells is mutualistic [51]. The ATX/LPA/LPAR 
signaling pathway affects tumor growth, 
proliferation, and metabolism, and is a potential 
therapeutic target for several tumors, including liver 
and non-small cell lung cancers (reviewed in [52]). 
Finally, in a study on the migration of colorectal 
cancer (CRC), Gong et al. demonstrated that CAFs 
undergo a reprogramming of liposome metabolism 
[53], which involves an increase in the expression of 

fatty acid synthase (FASN) in CAFs. This results in the 
production of more FAs that are then taken up by 
CRC cells; the FAs then promote the migration of the 
CRC cells. 

The role of pro-glycolytic CAFs in the 
metabolic reprogramming of tumor cells 

In addition to undergoing metabolic 
reprogramming themselves, CAFs also play an 
important role in the metabolic reprogramming of 
tumor cells. CAFs regulate the metabolic remodeling 
of tumor cells by (I) directly/indirectly exporting 
nutrients, (II) providing mitochondria, (III) regulating 
the activity and oxidative properties of metabolic 
enzymes, and (IV) participating in ECM formation 
(Figure 2, Table 2). 

Directly/indirectly exporting nutrients 
Several studies have confirmed that CAFs 

generate nutrients through catabolic processes and 
that these nutrients are then absorbed and utilized by 
tumor cells to maintain tumor growth. Sousa et al. 
reported that stroma-associated PSCs secrete alanine 
through activation of autophagy [54]. Alanine 
outcompetes glucose and glutamine-derived carbon 
in PDAC to fuel the TCA cycle, and thus, the 
biosynthesis of non-essential amino acids and lipids. 
This further allows PDAC cells to divert carbon atoms 
from glucose to serine/glycine metabolism for 
sustaining their proliferation. The dysregulation of 
tryptophan metabolism due to the tumor-CAF 
interaction has also been demonstrated (Table 1) [54]. 
Mishra et al. identified a Ras inhibitor, RASAL3, 
epigenetically silenced in the human prostatic CAF. 
Silencing of RASAL3 leads to oncogenic Ras activity 
that drives macropinocytosis-mediated glutamine 
synthesis [55]. The glutamine generated by the CAFs 
is taken up by PCa cells, which increases the flux of 
the TCA cycle, enhances mitochondrial function and 
ATP production, and promotes tumor growth in PCa 
cells. In an orthotopic xenograft model, subsequent 
inhibition of macropinocytosis and glutamine 
transport had antitumor effects [55].  

 Exosomes are membrane-enclosed vesicles 
derived from the endosomal system during the 
formation of multivesicular bodies, with a diameter of 
∼30–100 nm [56]. In carcinogenesis, exosomes 
participate in proliferation, angiogenesis, immuno-
suppression, and preparation of pre-metastatic niches 
in secondary organs [57]. Exosomes are rich in 
proteins, mRNA, miRNA, lipids, and other 
biologically active components, which exert certain 
effects by mediating the exchange of substances 
between the cells and altering the biological 
properties of recipient cells [58, 59]. Recently, it has 
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been reported that exosomes play an important role in 
the crosstalk between CAFs and cancer cells. Specific 
exosomes released from CAFs can be internalized by 
cancer cells and contribute to the progression and 
metastasis by transferring various types of substances 
(e.g., miRNA, proteins, mRNA, and lncRNAs) 
(reviewed in [60]). Here, we focused on the delivery of 
metabolites from CAFs to tumor cells via exosomes.  

Zhao et al. found that prostate CAF-derived 
exosomes could inhibit mitochondrial oxidative 
phosphorylation, thereby increasing glutamine- 
dependent reductive carboxylation and glycolysis in 
cancer cells. CAF-CM was collected to isolate 
exosomes. First, the samples were centrifuged at 2,000 
g for 30 min to remove cells and debris; then, they 
were centrifuged at 10,000g for 60 min at 4 °C. The 13C 
isotope-labeling experiments had shown that 
exosomes could provide amino acids in 
nutrition-deficient cancer cells through a mechanism 
similar to macropinocytosis. The researchers 
performed Gas Chromatography-Mass Spectrometer 
(GC-MS) and ultrahigh-performance liquid 
chromatography (UPLC) experiments and confirmed 
that exosomes in both prostate and pancreatic CAFs 
contain complete metabolites, including amino acids, 
lipids, and TCA cycle intermediates, which are 
extensively used by cancer cells for carbon 
metabolism during nutritional deficiency or 
nutritional stress; thus, exosomes promote tumor 

growth [61, 62]. Coincidentally, Kunou et al. 
investigated the roles of CAFs and their exosomes in 
the survival and drug resistance of lymphoma cells 
[63]. CAFs were established from primary lymphoma 
samples, and exosomes secreted from CAFs were 
obtained by standard procedures, where the CAF-CM 
was initially collected and centrifuged at 300g for 10 
min; then the supernatant was centrifuged at 2,000 g 
for 10 min. After filtering, the CM was finally 
ultracentrifuged at 32,000-35,000 rpm for 70 min. 
Glycolysis and ATP production in lymphoma cells 
increased in the presence of exosomes from CAFs. 
Metabolomic analysis indicated that the glucose 
6-phosphate/ribose 5-phosphate ratio (G6P/R6P 
ratio), a parameter of glycolytic activity, was higher in 
tumor cells in the presence of exosomes from CAFs or 
in those cells co-cultured with CAFs, demonstrating 
increased glycolysis. Collectively, these data indicated 
that exosomes secreted from CAFs were, at least 
partly, involved in the improved survival of the 
lymphoma cells via increased glycolysis. 
Unfortunately, the study did not test whether the 
exosomes contained metabolites, and which 
components of the exosomes were associated with 
increased glycolysis in tumor cells. Altogether, the 
findings suggested that preventing exosomes from 
smuggling resources to starving cancer cells might be 
an effective strategy to treat cancers.  

 

 
Figure 2. Cancer-associated fibroblasts (CAFs) regulating the metabolic reprogramming of tumor cells promote tumor growth. Pathways of CAFs regulating tumor metabolism: 
secreting exosomes containing nutrient; Secreting cytokines; directly secreting of amino acids and lactic acid; increasing ECM stiffness to regulate tumor metabolism; providing 
mitochondria; increasing oxidative metabolism. Abbreviations: IGF-1, insulin-like growth factor 1; IGF-1R, insulin-like growth factor 1 receptor; IL-6, interleukin-6; IL-8, 
interleukin-8; CXCL10, CXC chemokine ligand 10; mTOR, mammalian target of rapamycin; TCA, tricarboxylic acid; PGM1, phosphoglucomutase 1; ECM, extracellular matrix; 
YAP, Yes-related protein; TAZ, transcriptional co-activator PDZ binding motif. 
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Table 2. CAFs regulate the metabolic remodeling of tumor cells in several ways. 

Type Tumor  Possible mechanism Ref. 
Exporting nutrients    
Directly PDAC The autophagic PSCs cells stimulated by cancer cells exports alanine to provide energy for cancer cells 54 
 PCa Silencing RASAL3 expression contributes to the activation of the Ras pathway, which in turn stimulates CAFs to translocate 

albumin to lysosomes for degradation and release of glutamine via endocytosis 
55 

Indirectly PCa Prostate CAFs-derived exosomes can inhibit mitochondrial oxidative phosphorylation, thereby increasing glutamine-dependent 
reductive carboxylation and glycolysis in cancer cells 

61 

 lymphoma Glycolysis and ATP production in lymphoma cells increase in the presence of exosomes from CAFs 63 
 BC Exosomal lncRNA SNHG3 secreted by CAFs decreases the level of miR-330–5p in cancer cells, which in turn increases the 

expression of PKM 
64 

Providing 
mitochondria 

   

 OSCC Mitochondria exported from CAFs to cancer cells 66 
 PCa Unidirectional transfer of mitochondria from CAFs to cancer cells via cytoplasmic bridges 67 
 BC The intact mtDNA) of CAFs is packaged in exosomes and transferred into breast cancer cells, which increases tumor oxidative 

phosphorylation levels and mitochondrial metabolism levels 
68 

Regulating metabolic 
enzymatic activity  

   

 Ovarian 
cancer 

Cancer cells induce their CAFs to secrete cytokines such as IL-6, IL-8 and CXCL10 through TGF-β, which induces PGM1 
phosphorylation to promote glycogen catabolism, activates glycolysis and pentose phosphate pathway in cancer cells 

70 

 Ovarian 
cancer 

Exosomal LINC00092 derived from CAFs promoted cancer cell metastasis by binding to PFKFB2, which maintains the function of 
CAFs and promotes glycolysis in cancer cells 

71 

 HNSCC HGF secreted by CAFs induces upregulation of key enzymes of glycolysis (hexokinase II and phosphofructokinase) in cancer cells 72 
 BC; 

PDAC 
FAK-depletion in CAFs increases chemokine Ccl6 and Ccl12 production which via CCR1/CCR2 on cancer cells, activate protein 
kinase A, leading to enhanced malignant cell glycolysis 

73 

 CRC IGF-1 secreted by CAFs binding to the IGF-1 receptor on cancer cells activated mTOR pathway, causing glucose uptake and lactate 
release, increasing SLC7A11 expression and promoted glutamine uptake by cancer cells. 

74 

Regulating oxidative 
properties 

   

 PDAC The presence of CAFs increases the oxidative properties of tumors and makes them resistant to drugs, but the mechanism is 
unclear. 

75 

 SCC Higher H2O2 production by CAFs is contingent on impaired TGFβ signaling leading to the suppression of GPX1, which 
consequently increasing ROS levels and fueling tumor growth 

76 

 PCa CAFs enhance platinum-based drug resistance in PCa cells by inhibiting drug accumulation and counteracting drug-induced 
oxidative stress, which is associated with an increased glutathione level in cancer cells 

77 

Participating in ECM 
formation 

   

 SCC CAFs increase the stiffness of ECM, which activate the YAP/TAZ pathway in cancer cells and induce the expression of YAP 
downstream genes GLS1, LDHA, and SLC1A3, thereby activating the glycolytic pathway and glutamine metabolic pathway in 
tumor cells; and enhance ECM stiffness induced amino acid exchange between cancer cells and their CAFs, promoting tumor 
proliferation 

40 

 HCC Stiffer ECM-induced YAP activation is depending on JNK and p38 MAPK signaling cascades. YAP activation promotes cancer cell 
migration depending on their accelerated aerobic glycolysis 

82 

Abbreviations: CAF, cancer-associated fibroblast; PDAC, pancreatic ductal adenocarcinoma; PSC, pancreatic stellate cell; PCa, prostate cancer; RASAL3, Ras protein 
activator like 3; PFKFB2, 6-phosphofructose-2-kinase/fructose-2,6-phosphatase 2; PKM, pyruvate kinase M2; OSCC, oral squamous cell carcinoma; BC, breast cancer; 
mtDNA, mitochondrial DNA; IL, interleukin; CXCL10, chemokine 10; TGF-β, transforming growth factor-β; PGM1, phosphoglucomutase 1; HNSCC, head and neck 
squamous cell carcinomas; FAK, focal adhesion kinase; Ccl6, Chemokine (C-C motif) ligand 6; CCR1, chemokine receptor 1; CRC, colorectal cancer; HGF, hepatocyte growth 
factor; IGF-1, insulin-like growth factor 1; SLC7A11, solute carrier family 7 membrane 11; ECM, extracellular matrix; YAP, Yes-related protein; TAZ, transcriptional 
co-activator PDZ binding motif; GLS1, glutaminase; LDHA, lactic dehydrogenase; SLC1A3, solute carrier family 1 membrane 3; SCC, squamous cell carcinoma; GPX1, 
glutathione peroxidase 1; ROS, reactive oxygen species; HCC, hepatocellular carcinoma. 

 
Besides directly delivering nutrients, exosomes 

derived from CAFs can upregulate glycolytic and 
glutamate-dependent reductive carboxylation 
capacity in cancer cells through the transfer of 
noncoding RNAs and substrates. Li et al. 
demonstrated that breast cancer cells reprogram the 
metabolic pathways after taking the exosomes 
secreted from CAFs [64]. In this study, breast cancer 
patient-derived CAFs-secreted exosomes were 
isolated from CAF-CM. The CAF-CM was collected 
and centrifuged at 400g for 5 min. Next, cell debris 
was further removed from the supernatant by 
centrifugation at 3,000g for 20 min. After filtering the 
supernatant, it was ultracentrifuged at 110,000g for 4 
h and the exosomes were collected. CAF-secreted 
exosomal lncRNA SNHG3 serves as a molecular 
sponge for miR-330–5p in breast cancer cells. 
Moreover, results of in vitro studies have shown that 

PKM can be targeted by miR-330–5p and is controlled 
by SNHG3 in breast cancer cells. Mechanistically, 
SNHG3 knockdown in CAF-secreted exosomes 
suppresses glycolysis metabolism and cell 
proliferation by the increase in miR-330–5p and 
decrease in PKM expression in tumor cells. SNHG3 
functions as a miR-330–5p sponge to upregulate PKM 
expression, inhibit mitochondrial oxidative 
phosphorylation, increase glycolysis carboxylation, 
and enhance breast tumor cell proliferation [64]. 
These observations suggest that the metabolic 
crosstalk between non-coding RNA-regulated CAFs 
and cancer cells might influence cancer progression 
and that improving the understanding of these 
processes may provide new directions for cancer 
treatment. 
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Providing mitochondria 
Altered mitochondrial function is reported to 

significantly regulate tumor metabolism [65]. 
Surprisingly, CAFs may transfer their mitochondria to 
tumor cells. Zhang et al. demonstrated the export of 
mitochondria from CAFs to OSCC cells, both in vivo 
and in vitro [66]. Ippolito et al. observed a 
unidirectional transfer of mitochondria from CAFs to 
PCa cells via cytoplasmic bridges [67]. However, none 
of these studies elaborated on the functions and 
effects of the CAF-derived mitochondria within the 
tumor cells; thus, a great deal of research regarding 
this remains to be conducted. 

Interestingly, the CAF-derived exosomes also 
provide the mitochondrial genome to the tumor cells. 
In drug-resistant breast cancer, the intact 
mitochondrial genome (mitochondrial DNA, mtDNA) 
of CAFs was observed to be packaged in the exosomes 
and transferred to breast cancer cells. The 
CAF-derived mtDNA can be expressed in an intact 
form within the breast cancer cells and can increase 
the levels of tumor oxidative phosphorylation and 
mitochondrial metabolism, which further enables 
tumor drug resistance and enhances the self-renewal 
potential of tumor stem cells [68]. 

Regulating the activity and oxidative 
properties of metabolic enzymes 

 In 2015, our research team had observed that 
thymic fibroblast specific protein-1 (FSP-1)-positive 
fibroblasts released high amounts of IL-6, fibroblast 
growth factor 7 (FGF7), and S100A4 in the culture 
medium, which are crucial for the maintenance and 
regeneration of thymic epithelial cells [69]. Ovarian 
cancer cells were also reported to induce their CAFs to 
secrete cytokines, such as IL-6, IL-8, and CXCL10 via 
TGF-β. These cytokines then induced the 
phosphorylation of phosphoglucomutase 1 (PGM1), 
which promoted glycogen catabolism and activated 
glycolysis and the pentose phosphate pathway (PPP) 
in ovarian cancer cells, leading to the proliferation, 
invasion, and early metastasis of cancer cells [70]. 
Zhao et al. found that the pro-metastatic properties of 
CAFs in vitro and in vivo were associated with an 
elevated expression of the chemokine CXCL14. 
CXCL14-high CAFs mediated upregulation of 
LINC00092 in ovarian cancer cells, the levels of which 
also correlated with poor prognosis in patients. 
Mechanistic studies have shown that LINC00092 
binds to a glycolytic enzyme, the fructose-2,6- 
biphosphatase PFKFB2, thereby promoting metastasis 
by altering glycolysis in cancer cells and sustaining 
the local supportive function of CAFs [71]. In a study 
on the head and neck squamous cell carcinomas 
(HNSCC), CAFs were observed to secrete large 

amounts of hepatocyte growth factor (HGF) under the 
influence of lactate produced by HNSCC cells [72]. 
The HGF secreted by CAFs subsequently induced the 
upregulation of the key enzymes of glycolysis 
(hexokinase II and phosphofructokinase) in HNSCC 
cells, thus promoting glycolysis in cancer cells. The 
results from a recent study showed that depletion of 
focal adhesion kinase (FAK) in a subpopulation of 
CAFs regulates paracrine signals that increase 
malignant cell glycolysis and tumor growth. 
Mechanistically, FAK depletion in CAFs increases 
chemokine Ccl6 and Ccl12 production which activates 
protein kinase A in cancer cells via CCR1/CCR2, 
leading to enhanced glycolysis in malignant cells [73]. 
These results aid in establishing the mechanism of 
CAF-regulated and chemokine-mediated control of 
cancer metabolism and identifying the potential novel 
targets for anticancer therapy.  

Besides affecting the key enzymes of metabolic 
pathways, CAFs can also influence the 
metabolism-related signaling pathways in tumor 
cells. Tommelein et al. reported that preoperative 
radiotherapy (RT) for CRC elicits secretion of 
insulin-like growth factor 1 (IGF-1) from CAFs [74]. 
The binding of IGF-1 to the IGF-1 receptor on the CRC 
cells activates the mammalian target of the rapamycin 
(mTOR) pathway in the CRC cells, resulting in 
glucose uptake and lactate release. This increases the 
expression of the CRC cell channel protein SLC7A11 
(solute carrier family 7, membrane 11), and promotes 
glutamine uptake by the CRC cells, thereby enhancing 
the resistance of CRC to RT treatment.  

The redox state of tumors is often imbalanced, as 
shown by the increased levels of reactive oxygen 
species (ROS), which are important for both drug 
resistance and immune tolerance. Broekgaarden et al. 
reported that in an orthotopic xenograft model of 
PDAC, the tumors co-implanted with PDAC cells and 
CAFs exhibited an increased oxidative state and 
significantly increased resistance to oxaliplatin, 
compared to the tumors injected only with PDAC 
cells; the half-maximal inhibitory concentration (IC50) 
increased by 2.4-fold [75]. Chan et al. observed that 
higher H2O2 production by CAFs was associated with 
impaired TGFβ signaling that led to the suppression 
of the antioxidant enzyme glutathione peroxidase 1 
(GPX1). This consequently increased ROS levels and 
fueled tumor growth [76]. On the contrary, it has been 
reported that CAFs can enhance platinum-based drug 
resistance in PCa cells by inhibiting drug 
accumulation and counteracting drug-induced 
oxidative stress, which is associated with increased 
glutathione levels in cancer cells [77]. Thus, as a key 
regulator of tumor-CAF metabolic interactions, ROS 
can strongly influence the behavior and function of 
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CAFs and tumor cells.  

Participating in the formation of the ECM 
Tumor tissues contain a large number of ECM 

molecules, which besides maintaining the mechanical 
tension of the matrix, also communicate with cells via 
cell membrane surface receptor integrins [78]. 
Interestingly, the adhesion of cells to the ECM also 
plays an important role in cell metabolism. When the 
cells detach from the ECM, glucose metabolism and 
mitochondrial respiration are inhibited, resulting in 
reduced cellular energy synthesis and increased 
intracellular ROS [79]. In tumorigenesis, CAFs 
mediate the formation of ECM by secreting the 
enzymes associated with stromal remodeling [14, 80, 
81]. In squamous cell carcinoma, CAFs were observed 
to increase the stiffness of ECM, which activated the 
Yes-related protein (YAP)/transcriptional co-activa-
tor PDZ binding motif pathway and induced the 
expression of YAP downstream genes, glutaminase 
(GLS1), LDHA, and SLC1A3, thereby activating the 
glycolytic and glutamine metabolic pathways within 
the tumor cells. Additionally, the enhanced stiffness 
of the ECM induced amino acid exchange between 
cancer cells and their CAFs, thus promoting tumor 
proliferation [40]. Similarly, Liu et al. also 
demonstrated that stiffer ECM-induced YAP 
activation depends on the JNK and p38 MAPK 
signaling cascades. YAP activation promotes 
hepatocellular carcinoma (HCC) cell migration 
depending on their accelerated aerobic glycolysis [82]. 
These data indicate that ECM remodeling is directly 
influenced by CAFs, and ECM remodeling, in turn, 
influences CAFs in cancer. Moreover, these changes in 
the ECM directly or indirectly influence the metabolic 
phenotype and progression of tumors. 

Effect of CAFs on Systemic Metabolism 
in cancer 

Besides causing metabolic dysregulation of local 
tissues, cancer is also associated with altered 
metabolism in the host [83]. Cachexia is one of the 
main manifestations of the abnormal systemic 
metabolic responses to cancer, which affects more 
than 80% of cancer patients [84]. Cancer cachexia is 
characterized by skeletal muscle protein loss and 
reduction of body lipid stores during metabolic 
processes [85]. Cachexia has been mechanistically 
linked to the inflammatory response in cancer. Several 
pro-inflammatory cytokines, like IL-1, IL-6, and 
TNF-α, may play crucial roles in the pathological 
mechanisms of cancer cachexia [85, 86]. Although the 
mechanisms driving cancer cachexia are still unclear, 
early evidence suggests that CAFs may play a role in 
tissue wasting, either by mediating inflammatory 

responses or through direct interaction with host 
tissues. It is well-known that fibroblast activation 
protein-α (FAP-α) marks reactive fibroblasts in the 
tumor stroma and the healing dermal scars [87], as 
well as, in chronic inflammatory lesions, such as 
primary biliary cirrhosis [88], atherosclerosis [89], and 
rheumatoid arthritis [90]. FAP-α-positive CAFs in the 
primary liver tumor microenvironment have been 
verified to be associated with immunosuppression, 
enhancing recruitment of myeloid-derived suppressor 
cells (MDSC) by secreting Ccl2 [91]. However, it was 
recently found that FAP-α-positive fibroblasts were 
present in most tissues of transgenic mice permitting a 
FAP reporter [92]. These FAP-α-positive fibroblasts 
were mainly derived from skeletal muscle, adipose 
tissue, and pancreas, and had highly similar 
transcriptomes, suggesting a common lineage. 
Experimental ablation of these cells in healthy mice 
caused an atrophic muscle response, just like a 
cachexia-like syndrome, characterized by rapid 
weight loss and reduced muscle mass despite 
adequate food intake. FAP-α-positive cells in the 
skeletal muscle are the major local sources of 
follistatin, key regulators of myofiber thickness and 
muscle growth. Surprisingly, a loss of FAP-α-positive 
cells in the skeletal muscle was found in cachectic 
tumor models, suggesting a causal role of the 
FAP-α-positive fibroblasts in the wasting of muscles 
in cachexia [92]. These findings imply that fibroblasts 
are involved in the maintenance of muscle mass, and 
the loss of fibroblast from skeletal muscle can promote 
muscle wasting in cancer cachexia, thus significantly 
affecting systemic metabolism. 

Increased systemic levels of pro-inflammatory 
cytokines are considered to be strongly linked to host 
metabolic disturbances associated with cancer 
progression [85]. Many studies have focused on the 
cytokine IL-6 as a mediator of wasting syndromes 
associated with cachexia [93–96]. It is well-established 
that CAFs are the main source of IL-6 in TME in 
different types of tumors [97–99], indicating a 
potential link between CAFs and cancer cachexia 
through the production of IL-6. In pre-cachectic mice 
with transplanted CRC or autochthonous PDAC, 
Thomas et al. found that IL-6 reduces the hepatic 
ketogenic potential through suppression of peroxi-
some proliferator-activated receptor alpha (PPARα), 
the transcriptional master regulator of ketogenesis 
[95]. These mice, suffering from hypoketonemia, 
demonstrated a marked rise in glucocorticoid levels in 
response to caloric restriction. Interestingly, 
tumor-induced IL-6 impaired the ketogenic response, 
which increased systemic glucocorticoids that blocked 
anticancer immunotherapy [95]. These findings 
support the possibility that, besides their involvement 
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in local anti-tumoral immunity, CAFs may participate 
in a complex metabolic and inflammatory host 
response, which in turn may lead to systemic 
elevation of glucocorticoids and immunosuppression. 
But the role of IL-6 specifically derived from CAFs in 
this process remains to be further elucidated. 

Besides focusing on the tumor-supporting role of 
CAFs, we also need to pay attention to some 
“alternative” studies. Three published papers 
simultaneously mentioned the protective effect of 
CAFs against PDAC, which may be related to the 
inhibition of pro-cachectic mechanisms [100–102]. 
After the investigators removed Shh-dependent CAFs 
or α-SMA-positive CAFs using genetic or 
pharmacological approaches, they consistently found 
that CAF ablation accelerated tumor progression 
instead of inhibiting the process. Importantly, in a 
study, Rhim et al. noted that after removal of 
Shh-dependent CAFs, mice develop very small 
tumors with severe cachexia, along with the wasting 
of adipose tissue and muscle [101]. These findings led 
us to consider the possibility that pancreatic CAFs 
might improve survival partly by inhibiting 
pro-cachectic mechanisms within the primary tumor. 
Unfortunately, however, a mechanistic link between 
Shh-dependent CAF function and key mediators of 
cancer cachexia has not yet been determined. The 
determination of the molecular mechanisms 
alleviating cachexia is of great significance to achieve 
optimal results in the treatment of PDAC. Therefore, 
further studies on the Shh-CAF axis are necessary.  

Concluding Remarks and Therapeutic 
Implications 

Tumor cells must be capable of thriving in a 
nutrient-deprived tumor microenvironment to 
survive, a process in which CAFs assist the tumors to 
cope with the nutrient deprivation and maintain 
tumor growth, metastasis, and drug resistance [103]. 
On the one hand, CAFs undergo metabolic 
reprogramming in the tumor microenvironment, 
which increases aerobic glycolysis in CAFs, 
producing a large number of metabolites that serve as 
sources of nutrients and energy for tumors to 
maintain tumor biosynthesis. On the other hand, 
tumor cells undergo metabolic reprogramming in 
response to the nutritional stress exerted by the tumor 
microenvironment; CAFs participate in and 
contribute to tumor metabolic reprogramming in 
various ways. The mechanism of an oxygen- 
independent metabolic switch from oxidative 
phosphorylation to aerobic glycolysis in CAFs has not 
been determined yet. Hypoxia has been implicated in 
the metabolic reprogramming of cancer cells, and 
HIF-1α has been shown to play an important role in 

the regulation of glycolysis [35, 104]. Zhang et al. 
proposed that a decrease in IDH3α reduces the ratio 
of α-ketoglutarate (α-KG) to succinate and fumarate, 
resulting in a stabilization of HIF-1α under normoxic 
conditions, which, in turn, promotes glycolysis in 
CAFs [24]. Likewise, Becker et al. identified the 
chronic hypoxia-induced epigenetic rewiring of 
fibroblasts that promotes a proglycolytic phenotype 
and results in the sustained elevation of HIF-1α, PKM, 
and LDHA and the suppression of fructose- 
bisphosphatase 1 (FBP1) gene expression [25]. They 
found that chronic exposure to hypoxia in human NFs 
was sufficient to induce a transcriptome characteristic 
of CAFs (pro-glycolytic) despite re-oxygenation, 
suggesting hyperresponsiveness to hypoxia. The 
catalytic domain of Tet hydroxylases is dependent on 
the TCA cycle intermediate α-KG [105]. A connection 
between oxygen tension and DNA methylation was 
shown, which possibly indicated changes in TCA 
cycle intermediates, one-carbon metabolism, and the 
activity of enzymes regulating DNA methylation. 
However, it remains unknown whether specific 
directives enable a DNA methylation pattern that 
supports a proglycolytic phenotype of CAFs or 
whether CAFs with newly acquired pro-glycolytic 
gene methylation patterns are selected due to 
microenvironmental pressure, such as oxygen 
availability. Although the study by Becker et al. 
implicated α-SMA-positive CAFs in breast cancer as 
tumor-promoting, Özdemir et al. reported that 
depletion of α-SMA-positive CAFs led cells in the 
non-invasive precursor stage or PDAC stage to 
become invasive, undifferentiated tumors with 
enhanced hypoxia, show an epithelial-to- 
mesenchymal transition and transform into cancer 
stem cells, thus adversely affecting animal survival 
[102]. These results underscore the functional 
heterogeneity of CAFs and caution against assigning 
CAF markers with general functions across tumor 
types [15, 106].  

An increasing number of studies are focusing on 
tumor metabolism, and within this area of research, 
the regulation of tumor metabolic reprogramming by 
CAFs is an important direction with a strong 
academic research value [107]. Numerous studies 
have demonstrated that the presence of CAFs induces 
the metabolic reprogramming of tumors, promotes 
tumor adaptation to nutritional deprivation, and 
sustains tumorigenesis and progression [55]. 
Moreover, in vivo studies have demonstrated that 
inhibiting the exchange of substances between CAFs 
and tumor cells, such as by the lactate shuttle [30] or 
the exchange of amino acids [44], may significantly 
inhibit tumor growth. Additionally, the metabolic 
reprogramming of CAFs leads to clinical tolerance of 
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the therapeutic drugs in patients [108]. 
However, most of these studies are currently at a 

fundamental level, and there is a lack of reported 
clinical studies. Moreover, several obstacles need to be 
overcome, such as the limited number of methods 
available to measure the metabolism of CAFs, the 
uncertainty in metabolic heterogeneity, and the lack 
of metabolic similarity under in vivo and in vitro 
conditions. Therefore, it is imperative to understand 
the impact of tumor heterogeneity and the failure to 
recognize the nonlinear relationship between 
micronutrients and cancer in fundamental research 
and clinical trials.  
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