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Abstract 

Transforming growth factor-β (TGF-β) signaling has a paradoxical role in cancer progression, and it acts as a tumor 
suppressor in the early stages but a tumor promoter in the late stages of cancer. Once cancer cells are generated, 
TGF-β signaling is responsible for the orchestration of the immunosuppressive tumor microenvironment (TME) and 
supports cancer growth, invasion, metastasis, recurrence, and therapy resistance. These progressive behaviors are 
driven by an “engine” of the metabolic reprogramming in cancer. Recent studies have revealed that TGF-β signaling 
regulates cancer metabolic reprogramming and is a metabolic driver in the tumor metabolic microenvironment 
(TMME). Intriguingly, TGF-β ligands act as an “endocrine” cytokine and influence host metabolism. Therefore, having 
insight into the role of TGF-β signaling in the TMME is instrumental for acknowledging its wide range of effects and 
designing new cancer treatment strategies. Herein, we try to illustrate the concise definition of TMME based on the 
published literature. Then, we review the metabolic reprogramming in the TMME and elaborate on the contribution 
of TGF-β to metabolic rewiring at the cellular (intracellular), tissular (intercellular), and organismal (cancer-host) levels. 
Furthermore, we propose three potential applications of targeting TGF-β-dependent mechanism reprogramming, 
paving the way for TGF-β-related antitumor therapy from the perspective of metabolism.
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Background
Transforming growth factor‐β (TGF-β) signaling is 
a critical pathway in embryogenesis, tissue homeo-
stasis, and cancer progression [1, 2]. TGF-β ligands 
consist of TGF-β1, 2, and 3, which are regarded as 
structurally conserved and comprise a secretion sig-
nal peptide, a prodomain, and a mature TGF-β domain 
[3] (Fig.  1). TGF-β ligands are secreted by almost all 
cell types, including epithelial cells, fibroblasts, and 
immune cells [4, 5], and they are inactive and stored 

in the tumor microenvironment (TME) [6] (Fig.  1). 
Activated TGF-β ligands initiate downstream signaling 
components in autocrine- and paracrine-dependent 
manners [7]. For canonical TGF-β signaling transduc-
tion, activated TGF-β ligands bind to the tetrameric 
receptor complex composed of TGF-β type I and II 
receptor. TGF-βRII promotes the phosphorylation of 
TGF-βRI, propagating signals via the phosphoryla-
tion of SMAD2/SMAD3 to trigger a cascade response. 
Phosphorylated SMAD2/SMAD3 proteins complexed 
with SMAD4 then translocate into the nucleus, where 
the complex binds to a specific DNA region, namely 
SMAD-binding elements, to regulate gene transcrip-
tion. For non-canonical TGF-β signaling pathways, 
TGF-β ligands can activate non-SMAD signaling 
pathways, including mitogen-activated protein kinase 
(MAPK), Hippo, phosphoinositide 3-kinase (PI3K)/
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AKT, and AMP-activated protein kinase (AMPK) sign-
aling (Fig. 2).

TGF-β signaling can inhibit cell growth in benign 
cells but promote cancerous biological behaviors in 
cancer cells; this phenomenon is known as the TGF-β 
paradox [8]. Paradoxical TGF-β functions are cell- 
and context-dependent with a specific molecular 
mechanism [9, 10]. In benign cells, TGF-β can induce 
cell cycle arrest, differentiation, cell apoptosis, and 
autophagy [11]. Besides, the production of paracrine 
factors in stromal fibroblasts and inflammatory cell 
can be inhibited via TGF-β secreted by benign epithe-
lial cells [11]. However, once benign cells transform 
into cancer cells, TGF-β signaling contributes to can-
cer progression by regulating immune escape [12], 
fibrosis [10], and epithelial–mesenchymal transition 
(EMT) [13]. Metabolic reprogramming is a hallmark 
of cancer [14], and increasing evidence has verified 
that cancer is a metabolic disease involving abnor-
mal metabolic alterations [15], and these alterations 
served as an “engine” of cancer progression. Recently, 
the metabolic effect of TGF-β has attracted increased 
attention, and researchers have realized that TGF-β is 
a tumor and host metabolic reprogramming cytokine 
[16, 17]. In this review, we focus on recent insights into 
metabolic reprogramming in cancer cells and tumor-
infiltrated stromal cells, including cancer-associated 
fibroblasts (CAFs), innate and adaptive immune cells, 
endothelial cells (ECs), adipocytes, and erythrocytes; 
then, we address how the TGF-β signaling pathway is 
involved in the tumor metabolic microenvironment 
(TMME) at the cellular and tissular (intercellular) 
level. Subsequently, we elaborate on how TGF-β sign-
aling alters host metabolism of cancer patients at the 
organismal level. We further discuss the potential of 
targeting TGF-β-related metabolic reprogramming to 
fail the “engine” and increase cancer treatment effi-
ciency from the perspective of metabolism.

Characteristics of the tumor metabolic 
microenvironment
Reprogrammed metabolic activities within tumors yield 
a unique microenvironment. Wang et  al. and García-
Cañaveras et al. proposed the designation of the “TMME” 
to describe this unique microenvironment [18, 19]. How-
ever, they did not provide a concise definition. Synonyms 
proposed in other studies, such as “metabolic alterations 
in the tumor microenvironment,” “metabolic landscape 
of the tumor microenvironment,” and “metabolic profile 
of tumor,” are also common [20–22]. Here, we review the 
literature on the TMME and these synonyms to elaborate 
on the concept of the TMME.

Cellular and non-cellular components construct the 
TMME. Instead of working alone, cancer cells interact 
with stromal cells, extracellular matrix, soluble factors, 
and signaling molecules to benefit their own progres-
sion. All of these cellular and non-cellular components 
and their interactions form the TME [23]. Stromal cells 
form constitutive cellular components of the TME and 
include CAFs, infiltrated immune cells, ECs, and adi-
pocytes. These stromal components in the TME are 
recruited from the normal surrounding tissues and can 
be “educated” to a cancer-associated phenotype that is 
non-malignant but facilitates cancer cell progression. An 
increasing number of studies have revealed that meta-
bolic alterations change the cell morphology and func-
tion [24–27]. Therefore, metabolic alterations, commonly 
called metabolic reprogramming, deserve to be studied 
to illustrate how they function in the tumor, with the goal 
of targeting cancer progression from the perspective of 
metabolism.

Metabolism refers to all the biochemical reactions 
that occur in the human body and can be classified 
according to different criteria. Metabolism controls 
various biological processes across cellular, tissular, 
and organismal levels to sustain human life [28]. At the 
cellular level, tumor metabolic reprogramming occurs 

Fig. 1  Schematic representation of the gene TGFB(A) and protein TGF-β. A Gene structure of TGFB1, TGFB2, and TGFB3: The blue boxes represent 
the exons; the 5’- and 3’-untranslated region are marked in pink and green boxes, respectively. B Latent TGF-β synthesis and secretion: TGF-β 
precursor protein consists of a signal peptide, a LAP prodomain, and a mature TGF-β monomer sequence. With the removal of signal peptide, 
the precursor proteins are dimerized. After proteolytic cleavage, the mature TGF-β dimer remains associated with LAP prodomains and the SLC is 
formed. Then, SLC links with LTBP or LRRC and thus LLC is generated. The LLC is then secreted into extracellular matrix. C, D Once released from cells, 
the TGF-β dimer that is kept inactive by its binding with LTBP, which targets latent TGF-β into the ECM, or with an LRRC molecule that fixes latent 
TGF-β at the surface of cells. D, E integrin β, in association with integrin α, can bind with the RGD sequence in the latent TGF-β complex. Then, the 
increased tension at the interface leads to degradation of the LAP, and the physiological activation of latent TGF-β complexes result in the release 
of TGF-β ligands. These active TGF-β ligands bind to the TGFβRI/TGFβRII receptor complex at the cell surface, and the intracellular TGF-β signaling is 
initiated. LAP: latency-associated polypeptide or LAP. SLC: small latent complex; LTBP: latent TGF-β-binding protein; LLC: large latent complex; LRRC: 
leucine-rich repeat containing; RGD: arginine–glycine–aspartic acid motif. The short solid lines represent covalent bonds, while the short dashed 
lines are non-covalent bonds

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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in cancer and stromal cells, and the network comprises 
metabolic genes, metabolic enzymes, metabolic inter-
mediates, and signaling molecules. At the tissular level, 
metabolic interactions between cell types occur and 
are called metabolic coupling, such as epithelial–stro-
mal metabolism coupling [29]. At the organismal level, 
tumors, as malignant organs [30], can secret various 
factors that influence host metabolism. Furthermore, 
based on the type of nutrients, metabolism can also be 
classified into glucose, lipid, and amino acid metabo-
lism. Metabolism consumes glucose, lipids, and amino 

acids to produce energy via complex biological oxida-
tion, and the metabolic intermediates of these types 
of metabolism provide building blocks of nucleotides 
that are essential for cancer growth. In addition, the 
metabolism of these complex macromolecules can fall 
into two types of chemical reactions known as anabo-
lism or catabolism [31]. The anabolic pathways refer to 
the synthesis of complex macromolecules to meet the 
demand of the extracellular and intracellular biomass, 
while catabolic pathways aim at the degradation of 
complex macromolecules to produce energy. After the 

Fig. 2  Canonical and non-canonical TGF-β signaling pathway. LLC are produced by various cell types, and TGF-β ligands can be activated and 
release from the LLC. TGF-β signaling initiates when the TGF-β ligands (TGF-β1,2,3) bind to TGF-βRII.  Then, TGF-βRI is phosphorylated and  activates 
various intracellular signaling cascades. These intracellular pathways of canonical SMAD2/3 pathway and non-canonical TGF-β pathways including 
MAP kinases (p38), Hippo, PI3K/AKT, and AMPK signaling can subsequently regulate metabolic activities. LLC: large latent complex
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uptake of nutrients from blood, intracellular metabolic 
kinases initiate signaling cascades and direct the entry 
of these nutrients into anabolic or catabolic pathways 
[32]. Collectively, cells in a tumor undergo anabolism 
and catabolism reprogramming of glucose, lipid, and 
amino acid.

One of the hallmarks of cancer is the abnormal regu-
lation of cellular metabolism, which reconstitutes the 
TMME [14, 33]. Cancer and stromal cells in a tumor 
adapt their anabolism and catabolism of glucose, lipid, 
and amino acid to sustain the energy and macromol-
ecules needed for cancer growth [34]. The metabolism 
of cells in the tumor is rewired; then, the nutrients, 
substrates, metabolic intermediates, and final metabo-
lites are unbalanced and accumulate intracellularly or 
extracellularly, thus forming a reprogrammed meta-
bolic environment in the tumor, i.e., TMME. Therefore, 
the intracellular metabolic reprogramming of cells and 
abnormal extracellular metabolite accumulation are 
all included in the TMME. For example, the TME is 
always hypoxic; therefore, cancer and stromal cells tend 
to be highly glycolytic and produce a large amount of 
lactate, constructing an acidic TMME. Moreover, can-
cer cells competitively capture nutrients of glucose, 
lipid, and amino acid in the TME and ultimately use 
these nutrients for their cancer growth, invasion, and 
metastasis [35, 36]. Hence, we summarize the charac-
teristics of the TMME in terms of the following three 
aspects: (1) hypoxia; (2) high acidity or acidosis; and (3) 
nutrient deprivation of glucose, lipid, and amino acid. 
These characteristics of the TMME reciprocally switch 
the metabolism of stromal cells, including fibroblasts 
and immune cells, and contribute to the formation of a 
tumor-promoting immunosuppressive TMME.

TGF-β signaling is one of the most important path-
ways influencing tumor initiation [37], growth [38], and 
metastasis [39]. Consistently, we observed that TGF-β 
activation is essential for lung metastasis growth in 
head and neck squamous cell carcinoma [40]. Cur-
rently, there are many agents designed to target TGF-β 
signaling that have achieved satisfying clinical cancer 
treatment efficacy [10]. Recent studies have demon-
strated that TGF-β signaling is a main metabolic driver 
in the TMME and thus plays a crucial role during can-
cer progression [27, 41]. In the following sections, we 
will elaborate on metabolic reprogramming at the cel-
lular, tissular (metabolic coupling), and organismal 
levels (host metabolism). Then, we will highlight the 
TGF-β-dependent mechanism involved in these meta-
bolic alterations, aiming to widen our scope of knowl-
edge on the TMME and to facilitate the development of 
more cancer therapies from the perspective of TGF-β-
dependent metabolism.

TGF‑β‑dependent metabolism of cancer cells 
and targeted therapies
Glucose metabolism
Glucose metabolism phenotypes of cancer cells
In the 1920s, Otto Warburg found that even in the pres-
ence of oxygen, cancer cells still prefer glycolysis but 
not the TCA cycle, and this phenomenon is called the 
Warburg effect. One glucose molecule generates 30–32 
adenosine triphosphate (ATP) in the TCA cycle but 
only 2 ATP through glycolysis. Why would cancer cells 
choose inefficient glycolysis instead of the TCA cycle? At 
first, Otto Warburg assumed that mitochondrial func-
tion is impaired in cancer cells [42]. However, Weinhouse 
et  al. [43, 44] showed that oxidative phosphorylation 
(OXPHOS) can occur in cancer cells at a speed similar 
to normal cells. Therefore, glycolysis is accelerated in 
cancer cells but is not related to damaged mitochon-
dria, and OXPHOS is still the main ATP energy source 
in most cancer tissues. Hence,  another question  was 
raised: What is the meaning of enhanced glycolysis [45]? 
Researchers observed that glycolysis provides precursors 
for the synthesis of biomass, including lipids, nucleo-
tides, and amino acids, which are essential for cell mitosis 
[46, 47]. Additionally, lactate produced by the Warburg 
effect contributes to the acidic TMME, which leads to 
increased proliferation, apoptosis resistance, and metas-
tasis of cancer cells [48]. Therefore, the main function 
of the Warburg effect is to sustain cancer cell biological 
behavior, while the tricarboxylic acid (TCA) cycle pro-
duces sufficient ATP for cell survival.

Even though mitochondria are not impaired, research-
ers have demonstrated that enzymes in the TCA cycle 
can be altered in the TMME. Mutation and expression 
changes in succinate dehydrogenase (SDH), isocitrate 
dehydrogenase, fumarate hydratase, and malate dehydro-
genase, are related with progression of colorectal cancer 
and other types of cancer [49–51]. These studies suggest 
that mutation and changes in the total amount of TCA 
cycle enzymes may accelerate cancer progression.

The pentose phosphate pathway (PPP) is an offshoot of 
glycolysis, diverging at the level of glucose-6-phosphate 
(G6P) and playing a crucial role in cancer cell glucose 
reprogramming [52, 53]. PPP consists of two phases, i.e., 
the oxidative phase and non-oxidative phase. Reprogram-
ming of the oxidative phase of PPP is mainly achieved 
through the oxidative phase enzyme G6P dehydroge-
nase (G6PD), which serves as the “gateway” between 
glycolysis and PPP. G6PD is expressed at higher rates 
in ovarian [54]  and renal cancer [55],  which indicates 
greater PPP flux. G6PD was reported as an enzyme that 
promotes cisplatin resistance [56], and G6PD inhibition 
increases chemotherapy sensitivity [57]. Non-oxidative 
phase reprogramming involves changes in two enzymes: 
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transketolase and transaldolase. Transketolase has been 
reported to be elevated in breast, prostate, and lung can-
cer cells [58–60], and increased transaldolase levels have 
been found in hepatocellular carcinoma [61]. In sum-
mary, elevated expression of enzymes in PPP indicates 
that cancer cells tend to exhibit increased flux into this 
pathway, thus sustaining their proliferation and survival 
by producing biomass building blocks.

Glycogen is a multibranched polysaccharide of glucose 
that serves as energy storage and provides an immediate 
source of glucose to support the energy requirements of 
cells. Glycogen metabolism consists of glycogenesis and 
glycogenolysis. Glycogenesis has been reported to be 
upregulated in cancers including clear cell renal cell car-
cinoma [62], ovarian clear cell carcinoma [63], and mela-
noma [64]. Hypoxia, as a hallmark of cancer, resulted in 
glycogenesis via glycogen synthase induction and that 
glycogen increased cancer cell survival under hypoxia 
and nutrient restriction [65, 66].  Therefore, glycogenesis 
promotes cancer cell survival under hypoxic conditions 
[67, 68].  Then, how does glycogen protect cancer cell 
death? Glycogenolysis, the process by which glycogen is 
converted to glucose-1-phosphate and then to G6P and 
enter the glycolytic pathway, offers another energy source 
for tumors under nutrient restraint stress [69]. Liu et al. 
[70] found that dysregulated glycogenolysis boosted gly-
cogen storage, and glycogen can trigger a tumor-pro-
moting signaling pathway to avoid cancer cell death and 
accelerate cancer progression in a non-metabolic man-
ner. In addition, glycogen can provide energy for cancer 
cells in nutrient-restricted TMME  [71]. Taken together, 
upregulated glycogen synthesis and dysregulated glycog-
enolysis contributed to glycogen accumulation in can-
cer cells, thus protecting cancer cell from death under 
hypoxia and providing cancer cell energy under nutrient 
deprivation. Glycogen metabolism could be a promising 
anticancer target.

TGF‑β signaling in glucose metabolism of cancer cells
EMT is essential for malignant transformation and meta-
static formation, and it is characterized by morphological 
alterations during which apical–basal polarized epithe-
lial cells are transformed into cells with a mesenchymal 
spindle shape [72]. EMT is induced through canonical 
or non-canonical TGF-β signaling, or their cooperation 
[73–75]. Recent studies have shown that glucose meta-
bolic rewiring is concomitant with EMT, and they are 
mutually reinforcing. This section illustrates how TGF-
β-induced EMT and metabolic alterations interact with 
each other (Table 1).

The first step of glycolysis is the entry of glucose into 
the cytoplasm, and the glucose transporter (GLUT) fam-
ily, including GLUT1 and GLUT3, mediates the first step 

in cellular glucose usage. TGF-β induces GLUT1 overex-
pression in pancreatic ductal adenocarcinoma (PDAC), 
breast cancer, glioma, and gastric cancer cells [76, 77]. 
GLUT1 expression is correlated with EMT markers, 
including E-cadherin and vimentin, and it is accompanied 
by increased glucose uptake during TGF-β-induced EMT 
in breast cancer cells [76, 78]. Inhibiting glucose uptake 
by resveratrol in gastric cancer cells abrogates glucose 
uptake and tumor growth in a dose- and time-dependent 
manner [79]. However, silencing GLUT1 induces chem-
oresistance in breast cancer cells [80]; therefore, the effi-
cacy of targeting GLUT1 should be evaluated. GLUT3 
shows upregulated expression during TGF-β-induced 
EMT in non-small cell lung cancer (NSCLC) cells. Inhib-
iting GLUT3 expression reduces glucose import and the 
proliferation of NSCLC cells [81]. Furthermore, GLUT3 
has been identified as a transcriptional target of ZEB1 
that facilitates EMT [81]. These results demonstrate that 
TGF-β upregulates the GLUT family, and glucose uptake 
is thus enhanced and exhibits a role in promoting malig-
nant biological properties of cancer cells, including EMT, 
chemoresistance and proliferation. GLUTs could be 
potential targets for cancer.

Hexokinase 2 (HK2) is the first key enzyme in glyco-
lysis and phosphorylates glucose to generate G6P. HK2 
has been reported to be required for tumor initiation in 
mouse models and is related to cancer cell proliferation 
and metastasis in neuroblastoma and gallbladder can-
cer [82, 83]. TGF-β1 increases the mRNA expression of 
HK2 in glioblastoma cells [84], indicating that TGF-β 
enhances glycolysis partially by upregulating HK2. The 
enzyme 6-phosphofructo-2-kinase/fructose-2,6-bispho-
sphatase 3 (PFKFB3) is responsible for the synthesis of 
fructose-2,6-bisphosphate, an allosteric activator of the 
glycolytic enzyme 6-phosphofructo-1-kinase (PFK1) [85, 
86]. TGF-β1 elevates PFKFB3 expression and enhances 
glycolysis in Panc1 pancreatic carcinoma cells. PFKFB3 
silencing inhibits TGF-β-induced invasion in this human 
Panc1 cell line by repressing SNAIL expression [87]. 
This study suggested that the enzyme PFKFB3 is a pro-
moter of TGF-β-induced EMT. Moreover, PFKFB3 is 
also elevated by TGF-β1 in human glioma cells, increas-
ing fructose-2,6-bisphosphate, glucose uptake, glycolytic 
flux, and lactate production [84]. These results revealed 
that TGF-β-induced PFKFB3 overexpression is responsi-
ble for upregulating the Warburg effect by increasing the 
glycolytic enzyme PFK1. PFKFB3 serves as a “crossroad” 
connecting the Warburg effect and EMT.

Pyruvate kinase M2 (PKM2) is frequently overex-
pressed in human cancers and contributes to tumorigen-
esis [88]. This enzyme participates in the second to last 
step of glycolysis, during which one phosphoenolpyru-
vate (PEP) is dephosphorylated to pyruvate with the 
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production of 2 ATPs. In colon cancer cells, PKM2 inter-
acts with TGF-β-induced factor homeobox  2 (TGIF2) 
during TGF-β-induced EMT. TGIF2 is a TGF-β signal-
ing transcriptional repressor, and the complex between 
PKM2 and TGIF2 promotes histone H3K9 deacetylation, 
resulting in a decrease in E-cadherin transcription, which 
contributes to metastasis by inducing EMT of cancer 
cells [89]. Consistently, in lung cancer A549 cells, TGF-β 
induces the overexpression of PKM2 by TGIF2 during 
EMT, and decreasing PKM2 results in the downregula-
tion of EMT [90]. These data suggest that the TGIF2 is 
the mediator between TGF-β and PKM2, and this “TGF-
β-TGIF2/PKM2” positive regulation network strengthens 
EMT and demonstrates a connection between glyco-
lysis enzymes and EMT. Many small-molecule inhibitors 
and hormones can inhibit cell proliferation by targeting 
PKM2 [91, 92]. Inhibitors, namely shikonin and its ana-
logs lapachol, lead to reduced glycolysis and increased 
necroptosis and apoptosis in human breast cancer cells 
and melanoma cells [92, 93], supporting PKM2 as a 
potential TGF-dependent glycolysis target for cancer 
therapy.

The results shown above reveal that TGF-β stimulates 
glycolysis. Conversely, glycolysis-induced acidosis also 
enhances TGF-β1-mediated EMT. Extracellular lactate 
induces SNAIL1 and EMT by directly remodeling the 
extracellular matrix and releasing activated TGF-β1 in 
human lung adenocarcinoma cells [94]. Furthermore, 
high extracellular lactate levels contribute to immune 
evasion, thereby promoting tumor growth and metastasis 
[95]. This study suggested that “TGF-β1-Warburg effect-
lactate-TGF-β1” forms a positive regulation loop that 
constitutes an TGF-β-dependent acidic and immunosup-
pressive TME.

In addition to glycolysis, the TGF-β pathway is also 
related to the TCA cycle and the PPP pathway in cancer 
cells. It has been reported that  succinate dehydrogenase 
B subunit (SDHB) knockdown contributes to colorectal 
cancer cell invasion and migration via EMT by activating 
the TGF-β signaling pathway through SNAIL1-SMAD3/
SMAD4 [96]. Similarly, other researchers have observed 
that the knockdown of SDHB results in a hypermethyl-
ated epigenome, which can induce EMT in mouse ovar-
ian cancer cells [97]. These studies demonstrated that 
the TCA cycle changes lead to TGF-β signaling-induced 
EMT via changes in enzymes such as SDHB. How-
ever, research concerning the role of TGF-β in regulat-
ing the TCA cycle remains to be explored. Inhibition of 
the TGF-β pathway through knockdown of TGF-βRI in 
hepatocellular carcinoma SNU449 cells correlates with 
reduced expression of PPP-related genes, including 
G6PD, hexose-6-phosphate dehydrogenase, and 6-phos-
phogluconolactonase [98]. This study indicated a role for 

TGF-β signaling in shunting glucose into the PPP path-
way, which provides precursors for lipid and nucleotide 
synthesis. Moreover, TGF-β signaling is responsible for 
cisplatin resistance [99, 100].  The “TGF-β1-FOXM1-
HMGA1-TGF-β1” positive feedback loop plays a crucial 
role in cisplatin-resistant NSCLC by upregulating the 
expression of G6PD, a critical enzyme of the PPP, while 
interrupting the “FOXM1-HMGA1-G6PD” pathway 
can sensitize the cells to cisplatin, providing a potential 
therapeutic target to strengthen chemosensitivity in cis-
platin-resistant NSCLC   [101]. These studies indicated 
that TGF-β-induced cisplatin resistance is partially medi-
ated by encouraging PPP, which provides precursors for 
nucleotide synthesis.

Glucose can be utilized not only for glycolysis but also 
for glycogenesis. LEFTY2 (endometrial bleeding-associ-
ated factor) is a cytokine that is released shortly before 
menstrual bleeding. LEFTY2 upregulates the expression 
and activity of the glucose transporters sodium-depend-
ent glucose transporter 1 (SGLT1) and GYS1 in Ishikawa 
and HEC1a cells (two human endometrial cancer cell 
lines). It facilitates cellular glucose uptake and glycogen-
esis, although TGF-β1 can diminish this effect in endo-
metrial cancer cells [102], demonstrating that TGF-β1 
negates glycogen synthesis. Glycogen synthase kinase 
(GSK-3) is a serine/threonine kinase that deactivates the 
glycogen synthase enzyme and obstructs glycogen syn-
thesis. In humans, there are two GSK isoforms, GSK-3α 
and GSK-3β. GSK-3β can negatively modulate TGF-β/
SMAD3 signaling by facilitating SMAD3 deactivation 
after SMAD3 phosphorylation in HepG2 hepatocellu-
lar carcinoma cells [103]. These results reveal a negative 
regulation of TGF-β signaling by GSK-3 through inhib-
iting SMAD3 activity. Conversely, GSK-3 can be regu-
lated by TGF-β signaling in hepatocellular carcinoma. 
TGF-β inactivates GSK-3β, which hampers activation of 
the tumor suppressor hepatocyte nuclear factor 4 alpha, 
a transcription factor that downregulates the expres-
sion of EMT master genes, including SNAIL1 [104]. In 
this way, TGF-β signaling upregulates SNAIL and finally 
contributes to EMT by GSK-3β inactivation, which may 
promote glycogen synthesis. A similar TGF-β-mediated 
LEFTY/AKT/GSK-3 inactivation/SNAIL axis that pro-
motes ovarian clear cell EMT was recently observed 
[105]. These data reveal that TGF-β signaling may have a 
dual role in glycogen synthesis in different cancer types. 
GSK-3 can negatively regulate or be regulated by TGF-β 
signaling. Upregulation of GSK-3 could be a potential 
cancer therapy by preventing TGF-β-induced EMT in 
certain types of cancer.
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Lipid metabolism
Lipid metabolism phenotypes of cancer cells
Lipids are various organic compounds that are insolu-
ble in water. They include cholesterol, phospholipids, 
sphingolipids, and triglycerides. Fatty acids are the main 
building blocks of lipids and can connect with various 
metabolic pathways to synthesize complex lipids. Lipid 
metabolism reprogramming in cancer cells was com-
monly disregarded in the past but has received increasing 
attention in recent years. Studies have demonstrated that 
lipid metabolism reprogramming plays an important role 
in providing energy, biomolecules for membrane synthe-
sis, and lipid signals during cancer progression [34].

Cholesterol is not only an important part of the cell 
membrane but also an energy source for cells [106]. The 
distribution and abundance of cholesterol are closely cor-
related with membrane fluidity and cancer cell biological 
behaviors. Zhao et al. observed that the cholesterol efflux 
channel ATP-binding cassette transporter A1 potenti-
ates breast cancer cell metastasis in vitro and in vivo by 
decreasing membrane cholesterol abundance, which 
increases cell membrane fluidity and EMT [107]. Fur-
thermore, the authors found that ATP-binding cassette 
A1 is overexpressed in 41% of metastatic tumors [107], 
revealing that cholesterol negatively regulates cell mem-
brane fluidity and the consequent metastatic activity of 
cancer cells. However, other researchers have observed 
that positive regulation may exist between cholesterol 
and cancer cell metastasis. Baek et  al. [108] found that 
27-hydroxycholesterol, a metabolite derived directly 
from cholesterol, promotes lung metastasis of breast can-
cer by its action on myeloid cells in distal metastatic sites, 
thus promoting an immunosuppressive environment. 
These data indicate that cholesterol may enhance cancer 
cell metastasis by metabolite-initiated signals. Collec-
tively, cholesterol plays a paradoxical role in cancer cell 
metastasis, and targeting cholesterol metabolism should 
be re-evaluated in each cancer type.

Fatty acids are required for bulk tumor growth. Can-
cer cells acquire more fatty acids by increasing de novo 
fatty acid synthesis, lipid uptake, and lipolysis, thus sus-
taining their rapid proliferative rate and providing an 
essential energy source [109], and even protecting cells 
from apoptosis while regulating cancer migration and 
invasion [110]. In addition, as cancer cells tend to store 
glycogen, they have more lipid droplets that are repre-
sentative of lipid storage than normal cells [111]. In the 
hypoxic TME, a fatty acid uptake protein, fatty acid-
binding protein 7, is upregulated in breast cancer cells, 
which results in lipid droplet formation [112]. Fatty acid 
synthase (FASN) upregulation is another mechanism 
that induces fatty acid accumulation in cancer cells [113, 
114]. Fatty acid oxidation (FAO) involves the breakdown 

of fatty acids into acetyl-CoA units. Aiderus et  al. [115] 
reported that FAO is downregulated in breast, colorec-
tal, prostate, and head and neck cancer, among others. 
However, Mozolewska et al. [116] suggested that FAO is 
accelerated in colorectal cancer, and targeting FAO is a 
potential treatment, suggesting that FAO alterations are 
context- or cancer-type-dependent. Overall, fatty acid 
acquisition, including FA synthesis, lipid uptake, and 
lipolysis, increases in cancer cells and is a promising ther-
apeutic strategy for human cancer. However, FAO is not 
a potential cancer target because of its bidirectional roles 
in cancer development.

TGF‑β signaling in lipid metabolism of cancer cells
Cholesterol is a major cell membrane component of lipid 
rafts/caveolae and is closely related to TGF-β signaling 
responses. NADPH steroid dehydrogenase-like protein 
(NSDHL) is an enzyme involved in cholesterol biosynthe-
sis. NSDHL is highly expressed in human breast cancer 
tissues and predicts a poor prognosis. NSDHL knock-
down suppresses breast cancer cell proliferation and 
migration via TGF-βRII endosomal degradation [117]. 
Thus, NSDHL promotes breast cancer proliferation and 
metastasis through inhibition of TGF-βRII degradation, 
indicating that cholesterol upregulates TGF-βRII and 
subsequent TGF-β signaling. However, other research-
ers have reported contradicting results between cho-
lesterol synthesis and TGF-β signaling. Cholesterol 
is unevenly distributed on the cell membrane and is 
dynamically exchanged between the cytoplasm and the 
membrane through endosome formation. TGF-β recep-
tors are located in cholesterol-enriched subdomains, 
and cholesterol-mediated TGF-β receptor endocytosis 
and subsequent degradation are known as important 
repressive mechanisms of the TGF-β signaling pathway 
[118–120], demonstrating that cholesterol downregulates 
TGF-β receptors. Similarly, in PDAC, cholesterol bio-
synthesis interruption by NSDHL inactivation or treat-
ment with cholesterol-lowering statin drugs induces the 
transformation of glandular pancreatic carcinomas to 
a mesenchymal phenotype via TGF-β1 overexpression 
in mouse models [121]. These data suggest that NSDHL 
or cholesterol synthesis downregulates TGF-β1 pro-
duction and inhibits EMT. Moreover, cholesterol can 
downregulate TGF-β signaling responses by decreas-
ing the TGF-βRII/TGF-βRI-binding ratio of TGF-β on 
the cell surface [122]. These data reveal that cholesterol 
downregulates TGF-β signaling in cancer cells. Taken 
together, cholesterol biosynthesis contradictorily influ-
ences TGF-β signaling by regulating TGF-βRII and TGF-
β1 expression in different cancers, which explains the 
paradoxical role of cholesterol in cancer cell metastasis. 
In addition, TGF-β also regulates cholesterol synthesis as 
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an upstream component. Zhao et al. [123] observed that 
TGF-β treatment of MDA-MB-231 human breast cancer 
cells decreases the amount of cholesterol, while a TGF-β 
inhibitor increases it. Sterol regulatory element-binding 
transcription factor 2 (SREBF2) is a major regulator of 
cholesterol synthesis. TGF-β-induced EMT-related tran-
scription factor ZEB1 decreases cholesterol in breast 
cancer cells by forming a complex with C-terminal-
binding protein, and the ZEB1-C-terminal-binding pro-
tein complex binds to the SREBF2 promoter and inhibits 
its activity [124]. This study suggested that cholesterol 
downregulation is a common consequence of TGF-β-
induced EMT, and TGF-β signaling decreases choles-
terol synthesis by increasing EMT transcription factors. 
Based on the above results, cholesterol can function as 
an upstream and downstream component of TGF-β sign-
aling and has a paradoxical role in cancer growth and 
metastasis.

Fatty acid synthesis is commonly upregulated in cancer 
cells. FASN is a multifunctional and central lipid biosyn-
thesis enzyme that is responsible for fatty acid forma-
tion from acetyl-CoA, malonyl-CoA, and NADPH [125]. 
FASN is related to TGF-β signaling. Cisplatin-resist-
ant NSCLC A549CisR and H157CisR cell lines harbor 
slight growth retardation but exhibit higher EMT and 
increased metastatic potential. These cisplatin-resistant 
cells show an upregulation of FASN and TGF-β1, and 
FASN inhibition results in a slight growth reduction 
and a significant reduction in TGF-β1, thus decreas-
ing the EMT/metastatic potential of cisplatin-resistant 
cells. Intriguingly, TGF-β inhibitor SB525334 treatment 
downregulates and TGF-β1 stimulation upregulates 
FASN levels [126]. These results indicate the presence of 
a “FASN-TGF-β1-FASN” positive loop in cisplatin-resist-
ant cancer cells. Consistent with TGF-βRI knockdown in 
SNU449 hepatocellular carcinoma cells, decreased levels 
of sphingolipids and phospholipids have been detected 
together with decreased expression of fatty acid synthesis 
genes, such as acyl CoA synthetase 5 (ACSL5) and per-
oxisome proliferator-activated receptor gamma (PPARγ) 
[98]. These data indicate that TGF-β signaling increases 
fatty acid synthesis by upregulating fatty acid synthesis-
related proteins, including FASN, ACSL5, and PPARγ. 
Conversely, TGF-β1 induces EMT and activates p-AMPK 
in MCF-7 breast cancer cells. In this setting, p-AMPK 
increases FAO accompanied by decreased FASN and 
augments fatty acid β‑oxidation enzymes, such as carni-
tine palmityl transferase 1 and CD36, in MCF‑7 breast 
cancer cells during EMT [127]. This study implies a role 
of the non-canonical TGF-β signaling pathway and nega-
tive TGF-β signaling regulation in fatty acid synthesis. 
Taken together, TGF-β signaling may play a paradoxical 

role in fatty acid synthesis via the bidirectional regulation 
of FASN expression (Table 2).

In addition to cholesterol metabolism and FASN-
mediated fatty acid synthesis, lipid droplets also depend 
on TGF-β signaling in cancer cells. The acidic TMME 
induces the formation of lipid droplets [128, 129], which 
are the storage organelles at the center of lipid and energy 
homeostasis [130]. Acidosis promotes autocrine TGF-β2 
in human uterus and colon cancer cells, and TGF-β sign-
aling activation facilitates the FA uptake and formation of 
lipid droplets that act as an energy store, and it readily 
supports anoikis resistance and cancer cell invasiveness. 
TGF-β2 activation promotes both EMT and FAO by 
increasing the acetyl-CoA pool, and the latter enhances 
SMAD2 activity [131]. These results demonstrate that 
canonical TGF-β signaling is involved in LD formation. 
Since fatty acids are a basic component of lipid droplets, 
an increase in lipid droplet formation partially explains 
why fatty acid synthesis is upregulated in cancer cells, i.e., 
for the storage of energy sources for cancer cells in the 
nutrient-deprived TMME.

Amino acid metabolism
Proteins in the human body should first be broken down 
into amino acids, and amino acid metabolism should 
then be representative of the core metabolism after pro-
tein absorption. Amino acid metabolism has extremely 
extensive effects in cancer cells, including (1) the genera-
tion of amino acids as building blocks and their conver-
sion to glucose, lipids, and precursors for nucleic acid 
synthesis; (2) the supply of bioenergy through producing 
α-ketoacid, which can be oxidized by the TCA cycle and 
undergo oxidative phosphorylation for ATP production; 
(3) the generation of nutrient signals to activate cancer-
related pathways; and (4) maintenance of the intracellular 
redox status [132, 133]. Abnormal amino acid metabo-
lism has been reported, and its potential impact on 
TMME is becoming increasingly important.

Amino acid phenotypes of cancer cells
Cancer cells have increased amino acid requirements 
to meet their rapid proliferation demand. Amino acids 
consist of two classes: nonessential amino acids, includ-
ing glutamate (Glu), glutamine (Gln), serine (Ser), gly-
cine (Gly), and proline (Pro); essential amino acids, such 
as arginine (Arg), leucine (Leu), and methionine (Met) 
[134]. Increased Gln metabolism is a common metabolic 
reprogramming that occurs in cancer. Glutaminolysis 
can be engaged in cancer cells when the glucose supply 
is deficient. Gln is first converted into glutamate, which is 
metabolized to alpha-ketoglutarate (α-KG) in mitochon-
dria, an intermediate metabolite used in the TCA cycle 
for OXPHOS-driven energy production. Ser and Gly are 
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linked in the biosynthesis of proteins, nucleic acids, and 
lipids that are crucial to cancer proliferation [134]. Pro-
line is a unique proteinogenic secondary amino acid and 
a basic component of collagen, and proline metabolism 
is involved in the aggressive phenotype of cancer [135]. 
Arg is an essential amino acid, and many types of can-
cer cells die rapidly in culture medium deprived of Arg 
[136].These studies indicate that cancer cells show a dif-
ferent appetite for amino acids, which may be linked with 
a higher demand for biomacromolecules for cancer cell 
proliferation and immune evasion. Further studies should 
be conducted to extend our knowledge on how these 
amino acid changes contribute to cancer development 
and to help modulate cancer patients’ diets in cases of 
developing cancer or cancer progression.

TGF‑β signaling in amino acid metabolism of cancer cells
TGF-β-dependent reprogramming of amino acid metab-
olism also correlated with EMT. In human lung adeno-
carcinoma A549 cells, TGF-β treatment-induced EMT, 
increased the levels of aspartic acid (Asp), Glu, and lysine 
(Lys), whereas decreased the levels of alanine, asparagine, 
citrulline), Gln, Gly, histidine, hydroxyproline, isoleucine, 
Leu, phenylalanine, Pro, threonine, and tyrosine (Tyr). To 
mimic the amino acid changes elicited by TGF-β, A549 
cells were cultured in media depleted of Ala, Asn, Gly, 
His, hydroxyproline, Ile, Leu, Met, Phe, Pro, Thr, Trp, 
Tyr, and valine (Val). Treatment with media depleted of 
amino acids induced EMT-like responses similar to TGF-
β-induced EMT [137]. These results suggested that spe-
cific amino acid depletion is sufficient to induce EMT, 
and amino acid metabolism plays an essential role dur-
ing EMT. Except for the regulation of these EMT genes, 
amino acids are also responsible for the cell shape. Deple-
tion of Phe, Thr, tryptophan (Trp), Lys, Val, Met, Leu, 
Ile, Gln, Arg, or Tyr, but not His, significantly induced 
morphological changes from an epithelial pebble-like 
shape to an elongated mesenchymal shape in A549 cells 
[137]. Prolyl 4-hydroxylase subunit alpha 3 (P4HA3), a 
key enzyme in collagen synthesis, was upregulated and 
involved in the alteration of amino acid metabolism in 
TGF-β-stimulated cells. P4HA3 knockdown abrogated 
TGF-β-induced amino acid changes and EMT [137], 
highlighting that the key collagen synthesis enzyme 
P4HA3 is a critical component that mediates TGF-β-
induced amino acid metabolism reprogramming and 
a potential EMT target. These data demonstrates that 
amino acid changes induced by TGF-β contributed to 
cancer cell EMT, and collagen synthesis is relative with 
this process.

Additionally, elevated Gln metabolism after TGF-β 
treatment has been verified. In hepatocellular carcinoma, 
TGF-β upregulates Gln transporter solute carrier family 

7 member 5 and glutaminase 1, which induces enhanced 
Gln anaplerosis [98]. In this way, TGF-β increases the 
absorption of glutamate extracellularly and pushes Gln 
metabolites into the TCA cycle. Increased Gln addic-
tion provides resistance to metabolic stress through 
energy production. These results strongly suggest a role 
of TGF-β signaling in promoting Gln metabolism and 
thereby increasing the survival of cancer cells (Table 2).

Other TGF‑β‑dependent metabolism in cancer cells
Reactive oxygen species (ROS) are mainly produced in 
mitochondria by energy metabolism and play an impor-
tant role in balancing the cellular redox state. ROS also 
serve as signaling molecules to regulate cancer biologi-
cal processes, such as TGF-β-induced EMT. ROS levels 
in cancer are higher than those in normal tissue, and 
ROS affect many aspects of tumorigenesis. ROS produc-
tion is suggested to be induced by TGF-β and to mediate 
cell proliferation, apoptosis, and EMT. The mitochon-
drial enzyme superoxide dismutase 2, which catalyzes 
O2

•− radicals to H2O2 and oxygen, is upregulated upon 
TGF-β treatment in human oral and esophageal epithelial 
cell lines [138]. In addition, TGF-β also elicits NADPH 
oxidase 4 to produce O2

•− followed by dismutation into 
H2O2, and these H2O2 molecules inhibit protein tyrosine 
phosphatase 1B, a negative regulator of EMT. Addition-
ally, NADPH oxidase 4-derived H2O2 stimulates TGF-
β-induced p38-MAPK activation, which enhances EMT 
by elevating SNAIL1 expression [27]. Altogether, TGF-β 
induces ROS production and ROS mainly facilitates 
EMT. Nitric oxide (NO) is another important redox and 
a cytotoxic molecule that was previously believed to be a 
mediator of macrophage cytotoxicity [139]. Interestingly, 
researchers found that cancer cells also produce NO 
[140–142]. TGF-β1 significantly downregulates NO syn-
thesis in colon carcinoma cells via an intracellular mecha-
nism [142], suggesting that targeting TGF-β1 could serve 
as a cancer therapy by upregulating NO production. In 
conclusion, ROS may have a dual role in cancer progres-
sion depending on the specified ROS species.

Overall, for glucose metabolism, TGF-β signaling 
enhances glycolysis and PPP by upregulating related 
enzymes. In this way, TGF-β signaling increases the pro-
duction of macromolecule precursors to sustain can-
cer cell survival and activity. In addition, TCA enzyme 
mutation in cancer can activate TGF-β signaling-induced 
EMT. Moreover, TGF-β signaling downregulates or 
facilitates glycogen synthesis during EMT in different 
contexts. Regardless, targeting TGF-β-dependent glyco-
lysis and PPP by its mediated enzymes could benefit can-
cer therapy by obstructing biomass precursor synthesis, 
EMT and chemotherapy resistance. For lipid metabolism, 
cholesterol and fatty acid metabolism are influenced by 
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TGF-β signaling. They can be upstream and downstream 
components of TGF-β signaling. As for amino acid 
metabolism, TGF-β signaling can increase Asp, Glu, and 
Lys while decreasing Ala, Asn, and Gln, among others. 
Additionally, under TGF-β stimulation, Gln entry into 
cancer cells is elevated by SLC7A5 upregulation. Further-
more, TGF-β signaling enhances Gln catalysis into gluta-
mate by increasing GLS1, and glutamate can flow into the 
TCA cycle (Fig. 3).

TGF‑β‑dependent metabolism of stromal–
epithelial coupling and targeted therapies
CAFs and immune cells reprogram their metabolism 
mainly for cancer cell support. The cellular metabolism 
of stromal cells closely interacts with cancer cell metab-
olism or biological behavior and vice versa. These inter-
actions are called coupling, such as CAFs–epithelium 
and epithelial–immunometabolic coupling. CAFs can 
be derived from several sources, including resident nor-
mal fibroblasts (NFs), mesenchymal stem cells, and EMT 
[143]. TGF-β1 treatment induces NFs to become CAFs 
in various cancers, including breast, bladder, colorectal, 
and pancreatic cancer [144–146]. Elevated p-SMAD2 
and p-SMAD3 were found during this process, implying 
that canonical TGF-β signaling is active in this process 
[145]. Furthermore, TGF-β1 alters the epigenetic signa-
ture of fibroblasts, resulting in differential gene expres-
sions, such as α-SMA and FAP, and stronger collagen 
synthesis in CAFs [147]. TGF-β signaling is also related 
to the immunosuppressive features of immune cells. 
Overall, TGF-β signaling is closely correlated with CAFs 
and immune cell behaviors, which are derived by cellular 
metabolism. This section will illustrate the role of TGF-β 

signaling in stromal cell metabolism reprogramming and 
stromal–epithelial metabolism coupling.

CAFs–epithelia metabolism coupling
Metabolic phenotypes of CAFs
CAFs are the most abundant stromal cells that promote 
cancer growth and metastasis [10, 148, 149]. Glucose 
metabolism reprogramming in CAFs is mainly involved 
in glycolysis and the TCA cycle. Glycolysis is enhanced in 
CAFs, as glycolytic enzymes including HK2 and 6-phos-
phofructokinase liver type, are significantly upregulated 
in CAFs [150–152]. Zhang et al. [150] identified that the 
TCA cycle enzyme isocitrate dehydrogenase 3α (IDH3α) 
is decreased in CAFs. In primary fibroblasts with IDH3α 
knockdown, glucose uptake and lactate production are 
increased, whereas oxygen consumption is decreased. 
Therefore, the downregulation of the TCA cycle enzyme 
IDH3α is responsible for the enhanced aerobic glyco-
lysis in CAFs, revealing a negative relationship between 
glycolysis and the TCA cycle. IDH3α  downregulation 
decreases α-KG production, which inhibits the activ-
ity of prolyl hydroxylase domain-containing protein 2, a 
HIF-1 downregulator; its inhibition enables HIF-1α pro-
tein stabilization in the cytosol [153, 154]. HIF-1α has 
been reported to be associated with the upregulation of 
the glycolytic pathway [155]. Hence, HIF-1α promotes 
glycolysis by increasing glucose uptake and OXPHOS 
inhibition by upregulating NADH dehydrogenase ubiqui-
none 1 alpha subcomplex, 4-like 2 (NDUFA4L2), a nega-
tive regulator of mitochondrial complex 1 [150]. Hence, 
IDH3α downregulation increases glycolysis via HIF-1α. 
Taken together, glycolytic enzyme upregulation and 
IDH3α downregulation promote glycolysis and inhibit 

Fig. 3  TGF-β-dependent metabolism reprogramming of cancer cells. 1. For glucose metabolism, TGF-β signaling can: a. enhance glycolysis by 
directly increasing the glycolytic enzyme expression of PKM2 and LDH, and indirectly elevate the PFKFB3, which augments the expression of PFK1, 
one of the glycolytic enzymes; b. TCA cycle enzyme SDH mutation leads to TGF-β-induced EMT; c. augment PPP by increasing G6PD, the first key 
enzyme of PPP; and d. promote glycogen synthesis by boosting GYS1 expression via inhibiting GSK-3 that deactivates GYS1. 2. For cholesterol 
metabolism, a. cholesterol-enriched subdomain-mediated TGF-β receptor endocytosis can: destruct TGF-β receptors that abrogate TGF-β signaling 
initiation; b. cholesterol synthesis enzyme NSDHL can inhibit TGF-β1 production and attenuate TGF-β signaling; c. NSDHL also prevents TGF-βRII 
endocytosis and then facilitates TGF-β signaling; and d. TGF-β signaling can decrease cholesterol synthesis by inactivating SREBF2, a cholesterol 
synthesis promoter. 3. For fatty acid metabolism, a. canonical (p-SMAD2) and non-canonical (p-AMPK) TGF-β signaling accelerates FAO; b. TGF-β1 
can increase FASN expression, thus allowing fatty acid synthesis and accumulation in cancer cells; conversely, FASN enhances TGF-β1 production. 
Moreover, non-canonical (p-AMPK) signaling decreases FASN; c. TGF-β2 releasement by the acidic TMME enables more fatty acid entry into cancer 
cells and forms LD for lipid storage used by FAO. 4. For amino acid metabolism, TGF-β signaling can: a. increase Asp, Glu, and Lys, while decrease 
Ala, Asn, Gln, etc.; b. bolster glutamine’s entry into cancer cells by elevating SLC7A5, and enhance glutamine’s catalyzation into glutamate via 
increasing GLS1, and glutamate can flow into TCA cycle. Green highlighted items mean TGF-β signaling positively regulates them, or they are 
positively regulated by TGF-β signaling. Red vice versa. And these green and red ones are potentially TGF-β-dependent metabolic targets in cancer. 
HK2: Hexokinase 2; G6P: glucose 6-phosphate; F6P: fructose 6-phosphate; PFK1: phosphofructokinase 1; PFKFB3: 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3; PPP: pentose phosphate pathway; Acetyl-CoA: acetyl coenzyme A; GYS1: glycogen synthase 1; GSK-3: glycogen 
synthase kinase 3; F-1,6-P: fructose-1,6-bisphosphate; G3P: glyceraldehyde 3-phosphate; PEP: phosphoenolpyruvate; PKM2: pyruvate kinase M2; 
LDH: Lactate dehydrogenase; SREBF2: sterol regulatory element-binding transcription factor 2; FASN: fatty acid synthase; FAO: fatty acid oxidation; 
LD: lipid droplet. ASP: aspartic acid; Glu: glutamic acid; Lys: lysine; Ala: alanine; Asn: asparagine; Gln: glutamine; Gly: glycine; His: histidine; Ile: 
isoleucine; Leu: leucine; Phe: phenylalanine; Pro: proline; Thr: threonine; Tyr: tyrosine. SLC7A5: glutamine transporter solute carrier family 7 member 
5; and GLS1: glutaminase 1

(See figure on next page.)
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OXPHOS, shedding light on the initiation of aerobic gly-
colysis in CAFs.

Altered lipid metabolism in CAFs has received increas-
ing concern in recent years. Similar to cancer cells, CAFs 
in colorectal cancer undergo lipid metabolism, which 
symbolizes more fatty acid accumulation resulting from 
CAF FASN upregulation. Fatty acids are secreted extra-
cellularly and are taken up by colorectal cancer cells to 
increase their migration. CAF-induced colorectal can-
cer cell migration is abolished by FASN knockdown or 
by reducing the uptake of fatty acids in vitro and in vivo 
[159]. These data suggest that fatty acids secreted from 

CAFs contribute to colorectal cancer cell migration, pro-
vide new insight into the mechanism of CRC metastasis, 
and suggest that FASN could be a potential target for 
anti-CRC metastasis treatment in the future. Since FASN 
is elevated in both cancer cells and CAFs, FASN could be 
a potential epithelial–stromal common target proposed 
in our previous study [160]. Similarly, in PDAC, intracel-
lular levels of lysophospholipids, another type of lipid, 
increase dramatically in activated stroma-associated pan-
creatic stellate cells, a CAF-like cell type in pancreatic 
ductal adenocarcinoma, and some of them are secreted 
into the TME, from which some are directly absorbed 

Fig. 3  (See legend on previous page.)
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and utilized by PDAC cells for membrane lipid formation 
[161]. Ketone bodies are intermediate products produced 
by fatty acid catabolism. CAFs generate more ketone 
bodies than NFs, and cancer cells reutilize these ketone 
bodies for OXPHOS in a similar manner to lactate to 
increase cancer cell proliferation [162]. Caveolin-1 (CAV-
1) plays an important role in regulating lipid metabolism. 
Hu et al. [163] revealed that CAV-1 levels in tumor grafts 
are correlated with the expression levels of the enzymes 
that regulate lipolysis. TGF-β deficiency can increase 
stromal autophagy and the generation of ketone bodies. 
This research highlights that ketone bodies, as metabo-
lites of fatty acids, are another energy source that can be 
transferred from CAFs to cancer cells. To conclude, CAFs 
exhibit higher catabolism to provide synthetic substrates 
and energy for cancer cell utilization.

Gln metabolism in CAFs promotes tumor growth. Yang 
et  al. [164] found that CAFs have an upregulated Gln 
anabolic pathway compared with NFs by increasing Gln 
synthetase, and these Gln molecules maintain cancer cell 
growth when glucose is scarce. Cancer cells can absorb 
Gln from CAFs in a similar manner to lactate and ketone 
body transfer [163]. Gln is catalyzed in cancer cells by 
upregulated glutaminase and produces glutamate, which 
can enter the TCA cycle for ATP generation. In this way, 
ovarian cancer growth was accelerated in an ovarian can-
cer mouse model. Cotargeting of stromal Gln synthetase 
and cancer cell glutaminase disrupts this metabolic cou-
pling, inducing tumor regression in this setting [164]. 
Mestre-Farrera et  al. [165] observed that Gln depriva-
tion promotes the migration and invasion of CAFs into 
the Gln-enriched environment, which, in turn, facilitates 
the movement of cancer cells toward nutrient-rich ter-
ritories. These results demonstrated that CAFs are also 
addicted to Gln and shed light on the importance of Gln 
in CAF-mediated cancer cell movement. In summary, 
CAFs can directly “feed” cancer cell energetic metabo-
lites, including lactate, ketone bodies, fatty acids, and 
amino acids, in a host–parasite pattern and finally con-
tribute to tumor growth and metastasis.

TGF‑β signaling in CAFs–epithelia coupling
The high rate of glycolysis in CAFs is believed to be one 
of the driving forces supporting tumor growth, which is 
called CAFs–epithelium glucose metabolism coupling 
and is defined as the “reverse Warburg effect (RWE).” 
“RWE” is a two-compartment tumor metabolism model 
in which catabolic CAFs undergo aerobic glycolysis and 
generate energy-rich metabolites, such as lactate and 
pyruvate, to feed mitochondrial OXPHOS in adjacent 
anabolic cancer cells [152, 166, 167]. Catabolic CAFs 
export lactates or pyruvates through MCT-4, and cancer 
cells can directly absorb these energy-rich metabolites 

through MCT-1 and then apply them to anabolism and 
proliferation [152]. This process enables cancer cells to 
live without blood vessels, as they can directly absorb 
energetic metabolites produced by CAFs, thus illustrat-
ing how cancer cells might survive during metastasis.

TGF-β signaling is involved in RWE by regulating met-
abolic enzyme or molecules. Hu et al. [168] reported that 
the glycolytic enzyme HK2 is increased during the dif-
ferentiation of CAFs induced by TGF-β1, indicating that 
TGF-β1 not only induces HK2 upregulation in the cancer 
cells mentioned above but also in CAFs. Fibroblasts can 
be activated by adjacent breast cancer cell-derived TGF-β 
in a paracrine fashion, leading to CAV-1 loss and subse-
quently enhanced oxidative stress, autophagy/mitophagy, 
and glycolysis in CAFs [16]. Furthermore, these CAF-
secreted metabolites can spread among neighboring 
fibroblasts and sustain the growth of breast cancer cells 
[16]. These results indicate that TGF-β signaling pro-
motes RWE through CAV-1 downregulation. CAV-1 
downregulation inhibits TGF-βRII protein degradation 
and activates TGF-β signaling, supporting the “TGF-β1-
CAV-1 downregulation-TGF-β activation” positive regu-
latory loop. IDH3α, as an enzyme of the TCA cycle, is 
another downstream target of TGF-β, and its downreg-
ulation contributes to RWE by increasing glycolysis and 
decreasing OXPHOS in fibroblasts, as discussed above 
[150]. In addition, TGF-β treatment decreases the flow 
of pyruvate to the TCA cycle by directly activating the 
gene encoding pyruvate dehydrogenase kinase 1 (PDK1), 
and this enzyme inactivates the TCA cycle enzyme pyru-
vate dehydrogenase in mouse and human fibroblasts, a 
human Burkitt’s lymphoma cell line, and human renal 
cell carcinoma cell lines [169, 170]. Our research team 
successfully separated and cultured human oral CAFs 
from human cancer [156], and verified the upregulated 
glycolysis via PFKFB3 and PKM2 overexpression in oral 
CAFs [157, 158]. However, we found that TGF-βRII was 
downregulated in oral CAFs and thus promoted PKM2 
nuclear translocation via increasing p-ERK1/2, which 
was responsible for the elevated glycolysis in oral CAFs 
[157, 171]. This study demonstrates that  TGFβRII is 
reversely correlated with glycolysis via activation of non-
canonical TGF-β signaling. Therefore, TGF-β signaling 
regulates downstream of CAV-1, IDH3α, HIF-1α, PDK1, 
and PKM2, thus promoting CAFs–epithelia metabolic 
coupling, i.e., RWE, by enhancing glycolysis and decreas-
ing the TCA cycle (Fig. 4). These downstream molecules 
could be potential cancer therapy targets by interrupting 
CAFs–epithelia coupling.

In addition to the downstream components of TGF-β 
signaling shown above, ROS have been described as 
upstream components of TGF-β signaling that mediate 
CAFs–epithelia glucose metabolism coupling. ROS are 
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Fig. 4  TGF-β-dependent CAF–cancer cell metabolic coupling. 1. TGF-β signaling increases RWE of CAFs via decreasing CAV-1 and IDH3α, while 
increasing PDK1, PKM2, and ROS. ROS conversely promotes TGF-β signaling, which sustains CAF phenotype. In this way, aerobic glycolysis of CAFs 
increases and a large amount of lactate molecules are produced. Lactate shuttles from CAFs to cancer cells via MCT-4 and MCT-1. Lactates are 
then converted to pyruvate and utilized for TCA cycle of cancer cell. 2. Glutamine, ketone body, and BCKAs are also substrates of RWE that are 
produced by CAFs and then are transferred into cancer cells for TCA cycle of cancer cell. 3. TGF-β-mediated metabolic coupling can also correlate 
with glycogen metabolism. Cancer cell-derived TGF-β cytokines trigger the TGF-β non-canonical p38-MAPK signaling in CAFs via paracrine, 
which stimulates the production of several cytokines including IL-6, CXCL10, and CCL5 from CAFs. These cytokines induce glycogen metabolism 
upregulation in cancer cells via phosphorylation and activation of PGM1, an enzyme that is involved in glycogen synthesis. Then glycogen is 
accumulated in cancer cells and promotes cancer cell metastasis. Green highlighted items mean TGF-β signaling positively regulates them or they 
are positively regulated by TGF-β signaling. Red vice versa. And these green and red ones are potentially TGF-β-dependent metabolic targets in 
cancer. PDK1: pyruvate dehydrogenase kinase 1; ROS: reactive oxygen species; RWE: reverse Warburg effect; BCAAs: branched-chain amino acids; 
BCKAs: branched-chain α-ketoacids. BCAT1: BCAA transaminases; and PGM1: phosphoglucomutase 1
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a byproduct of biological reactions and are mainly pro-
duced in mitochondria through oxidative metabolism. 
Moreover, they are one of the main factors responsible 
for metabolic reprogramming [172]. ROS and TGF-β 
signaling, two essential regulators of cancer, undoubt-
edly interact to promote cancer progression. Martinez-
Outschoorn et  al. [173] reported that MCF-7 breast 
cancer cells secrete ROS that can trigger oxidative stress 
in neighboring CAFs, and oxidative stress significantly 
reduces mitochondrial activity and increases glucose 
uptake in CAFs. This study indicated that the metabolic 
coupling between cancer cells and CAFs is mutualis-
tic and that ROS act as messengers from cancer cells to 
CAFs and strengthen glycolysis in CAFs. ROS also acti-
vate TGF-β signaling in other settings. Long-term radia-
tion induces damage to mitochondria via an increase in 
mitochondrial ROS levels in fibroblasts. Subsequently, 
mitochondrial ROS activate TGF-β signaling, which 
in turn mediates the expression of α-SMA in radiation-
induced myofibroblasts [174]. In this way, fibroblasts are 
activated and transformed into a CAF phenotype, leading 
to tumor growth by enhancing angiogenesis. These data 
suggest that ROS lead to TGF-β-induced CAF transfor-
mation. Since ROS can also increase glycolysis, which is 
elevated in CAFs, it is reasonable to propose the hypoth-
esis that ROS-induced glycolysis drives the transforma-
tion of fibroblasts to CAFs. Conversely, other researchers 
have reported that TGF-β signaling increases ROS levels 
in lung CAFs [175]. This study revealed “ROS-TGF-β-
ROS” as a positive loop that influences ROS-mediated 
metabolic coupling between cancer cells and CAFs 
(Fig. 4).

TGF-β-mediated metabolic coupling can also correlate 
with glycogen metabolism. Cancer cell-derived TGF-β 
cytokines trigger TGF-β non-canonical p38-MAPK 
signaling via paracrine signaling, which stimulates the 
production of several cytokines from CAFs that induce 
glycogen metabolism upregulation in cancer cells via 
phosphorylation and activation of phosphoglucomutase 
1, an enzyme involved in glycogenesis. Then, glycogen 
is used in glycolysis. Furthermore, this study revealed 
that deletion of p38 in CAFs or glycogen phosphorylase 
inhibition in cancer cells reduces metastasis [70]. These 
results suggest that p38-MAPK non-canonical TGF-β 
signaling in CAFs initiated by TGF-β ligands from can-
cer cells increases glycogen accumulation in cancer cells, 
and glycogen as an energy source can be used by cancer 
cells to facilitate the growth of metastatic tumors. There-
fore, TGF-β-activated CAFs not only directly “feed” can-
cer cells with nutrients but also promote the nutrient 
synthesis of cancer cells via the cytokine paracrine path-
way (Fig. 4). Thus, glycogen synthesis is another TGF-β-
dependent CAFs–epithelia metabolic coupling target.

TGF-β signaling is also involved in the lipid and amino 
acid metabolism of CAFs. CAV-1-depleted fibroblasts 
exhibit increased levels of intracellular cholesterol and 
improved TGF-β1 levels via AKT activation, contrib-
uting to the metastatic behavior of tumor cells [176]. 
Since CAV-1 downregulation is a common event in 
CAFs induced by TGF-β activation, it is reasonable to 
believe that TGF-β signaling results in a decrease in 
CAV-1 and cholesterol accumulation in CAFs. CAV-
1-induced TGF-β1 production mediates CAF–cancer 
cell coupling. Further studies are needed to evaluate 
this hypothesis. Branched-chain amino acids (BCAAs) 
have been correlated with an increased risk of PDACs. 
BCAA transaminase 1 (BCAT1) first deaminates BCAAs 
to branched-chain α-ketoacids (BCKAs). Zhu et al. [177] 
found that PDAC cancer cells have a marked BCKA reli-
ance on PDAC cell proliferation. The TGF-β/SMAD5 
axis directly upregulates the BCAT1 activity of CAFs 
to allow CAFs to produce more BCKAs, which can be 
absorbed by cancer cells directly (Fig. 4) [177]. This study 
revealed TGF-β and BCAT1 as feasible therapeutic tar-
gets in PDAC by abrogating BCKA nutrient transfer from 
CAFs to cancer cells. In conclusion, TGF-β signaling con-
tributes to CAF–epithelial lipid and BCKA metabolism 
coupling through CAV-1 downregulation and BCAT1 
enzyme modulation. CAV-1 adjusts both RWE and lipid 
metabolism coupling; therefore, it is a common target of 
CAF–epithelial glucose and lipid metabolism coupling in 
CAFs.

Immune cells–epithelia metabolism coupling
Immune cells can either control or advance tumor devel-
opment during different disease stages. Depending on 
whether immune responses are specific, immune cells are 
divided into two categories: innate and adaptive immune 
cells. Innate immune cells include natural killer (NK) 
cells, macrophages, neutrophils, and dendritic cells, while 
adaptive immune cells consist of T cells and B cells [178]. 
These cells are usually educated by cancer cells to be 
immunosuppressed, allowing their immune evasion, and 
immune cells have a dynamic crosstalk with tumor cells 
and their surrounding environment [41]. Cellular immu-
nometabolism, a branch that studies the role of metabolic 
reprogramming in immune cell function, influences can-
cer development by modulating the immunosuppressed 
or effector function of immune cells [179]. Herein, we 
will describe how cellular immunometabolism influences 
the activity of immune cells, immune cells–epithelia cou-
pling, and the role played by TGF-β signaling in this pro-
cess (Fig. 5, the “fruit tree” schematic diagram).
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Metabolic phenotypes of innate immune cells
NK cells are cytotoxic lymphocytes of the innate 
immune system capable of killing cancerous cells [180]. 

Accumulated evidence has shown that their effector 
functions are closely linked to cellular metabolism [181]. 
Upon activation, NK cells exhibit increased glucose 

Fig. 5  The “fruit tree” schematic diagram of the metabolic coupling between stromal and cancer cells through nutrients and metabolites. CAFs 
provide mitochondrial fuels for cancer cells, including lactate, ketone body, fatty acyls, and Gln. TANs can release ROS and RNS to kill cancer cells 
directly. TECs absorb glucose molecules and then provide them to cancer cells. TAMs are influenced by lactate that is exported from cancer 
cells, while TAMs provide cancer cells with TGF-β which elevated the glycolytic rate of cancer cells. Malignant B cells tend to be glycolytic and 
Gln-addicted. Since all cells compete for nutrients of glucose, fatty acid, and amino acid, under this nutrient-deficient TMME, T cells and NK 
cells are immunosuppressive with less IFNγ releasement. TGF-β-mediated metabolic coupling with cancer cells mainly occurs in T cells based 
on previous literature. 1. Cancer cells with increased aerobic glycolysis by HK2 expression are easier to “educate” antitumor CD4 + T cell to be 
immune-suppressed through ways below: Stimulate CD4 + T cell secret TGF-β, an immune-suppressing cytokine; and glucose competition 
between cancer cells and CD4 + T cells lowers glycolytic rate in CD4 + T cells, which decreases the antitumor activity of CD4 + T cells by IFNγ 
production decline. 2. Cancer cell-derived TGF-β can also decrease INFγ secretion of CD4+ T cells. Few/abnormal blood vessels lead to a 
hypoxic TMME(O2↓) which stimulates aerobic glycolysis in cancer cells and stromal cells. Lactate produced by glycolysis contributes to an acidic 
TMME(H+↑). Since all cells in TMME compete for the restricted nutrient, therefore nutrient is deficient (Nutrient↓) in TMME. CAFs: cancer-associated 
fibroblasts, Gln: glutamine; Arg: arginine; TAN: tumor-associated neutrophils; ROS: reactive oxygen species; RNS: reactive nitrogen species. TECs: 
tumor endothelial cells; TAMs: tumor-associated macrophages;  Arg: arginine; TMME: tumor metabolic microenvironment; and HK2: Hexokinase 2
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uptake, as evidenced by elevated GLUT1 expression, and 
glycolysis is subsequently enhanced [182, 183], indicating 
that glucose is a major nutrient supporting NK cell activ-
ity. Since NK cell activity is suppressed in the tumor, it 
is rational to hypothesize that glucose restriction, a hall-
mark of TMME, may reduce glycolysis and impair can-
cer cell toxicity. Cong et al. [184] proved this hypothesis 
in a murine lung cancer model. They observed increased 
expression of fructose-1,6-bisphosphatase, an enzyme 
that inhibits glycolysis, in NK cells of the lung cancer 
microenvironment. NK cell effector functions can be 
regained by the inhibition of fructose-1,6-bisphosphatase 
[184]. These data imply that the antitumor effect of NK 
cells can be strengthened by glycolysis upregulation. 
Fatty acid metabolism may also influence NK cell activ-
ity in the tumor. NK cells with high lipid content have a 
diminished ability to lyse cancer cells in both preclinical 
surgical models and human surgical colorectal cancer 
patients. A study using a mouse model further eluci-
dated that increased lipid accumulation in NK cells after 
surgery is due to the upregulation of MSR1, CD36, and 
CD68 [185]. MSR1, CD36, and CD68 could be cancer 
targets for patients with surgical colorectal cancer by 
elevating NK cell toxicity. Cancer cells are addicted to 
Gln, as discussed above, so the TMME is also deficient 
in Gln. Data have shown that when activated NK cells 
are cultured in Gln-deficient conditions, OXPHOS and 
glycolysis significantly decrease and IFNγ production is 
substantially inhibited [186]. This study demonstrated 
the importance of amino acid (Gln) metabolism for NK 
cell activation, and Gln metabolism is linked with glu-
cose metabolism. NK cell function is not affected by Gln 
metabolism inhibitors, but cancer cells are affected. We 
predict that these inhibitors could result in Gln accu-
mulation within the TMME owing to decreased utiliza-
tion by cancer cells, which would facilitate the antitumor 
functions of tumor-infiltrating NK cells. These findings 
indicate the efficacy of anticancer therapies using Gln 
metabolism inhibitors. In summary, enhancing glyco-
lysis, impeding lipid accumulation and Gln metabolism 
in NK cells could be potential directions for facilitating 
their tumor-killing ability.

Macrophages are known to be one of the most abun-
dant immune cells in the TME and can influence can-
cer progression [187, 188]. The metabolic phenotypes 
of macrophages in terms of glucose, lipids, and amino 
acids are altered to some degree. For glucose metabolism, 
tumor extract-stimulated bone marrow-derived mac-
rophages, which mimic tumor-associated macrophages 
(TAMs), show an upregulated molecular signature of 
glycolysis, and its key enzyme, HK2, is elevated [189]. A 
similar phenomenon was observed by Arts et  al. [190] 
where the coculture of monocytes from a healthy donor 

with thyroid cancer cells resulted in differentiated mac-
rophages displaying a metabolic transcriptomic signature 
with increased glycolysis and activation of the AKT1/
mammalian target of rapamycin (mTOR) pathway, an 
essential regulator of cell metabolism [190]. Therefore, 
glycolysis is enhanced in TAMs and should be respon-
sible for its features in the tumor. Lipids exert a crucial 
role in TAM generation. Su et al. [191] demonstrated that 
human and murine TAMs harbor enriched lipid accu-
mulation via an increase in CD36, a scavenger receptor 
that is responsible for lipid uptake. Additionally, elevated 
FAO in TAMs simultaneously occurs. CD36-KO TAMs 
lose their tumor proliferation-promoting ability in  vitro 
and vivo and exhibit an M1-macrophage gene signature 
[191]. These results demonstrate that the inhibition of 
lipid uptake by CD36 in TAMs suppresses their function 
as pro-tumor cells. In terms of amino acid metabolism, 
TAMs, particularly the M2 type, serving as protumori-
genic TAMs, show increased Arg and Gln consumption. 
Increased lactate in the TME favors the catabolism of 
Arg, resulting in increased secretion of tumor-support-
ing factors (i.e., ornithine and polyamines) by TAMs. 
Gln restriction impairs M2 polarization, with concomi-
tant TCA cycle downregulation [192], implying that Gln 
metabolism is essential for TAM properties. In conclu-
sion, enhanced glycolysis, lipid uptake, lipid accumula-
tion, FAO, Arg and Gln catabolism are the metabolic 
“engines” that sustain the tumor-supporting features 
of TAMs. Targeting these processes may benefit cancer 
treatment.

Neutrophils are the most abundant circulating leuko-
cytes in humans, and they have been recently known as 
an essential component of the innate immune system 
involved in cancer development [193–195]. Neutrophils 
release ROS and reactive nitrogen species (RNS) and 
then cause cancer cell gene damage and mutation that 
can both lead to carcinogenesis or cancer cell death. This 
demonstrates the dual roles and plasticity of neutrophils 
in cancer. Neutrophil metabolism has a heavy reliance 
on glycolysis due to the limited number of mitochondria 
[196]. Ancey et al. [197] applied a mouse model of lung 
adenocarcinoma and found that, compared with nor-
mal neutrophils, GLUT1 and glucose metabolism are 
increased in tumor-associated neutrophils (TANs). Glut1 
deletion or loss of GLUT1 reduces the number of TANs. 
Furthermore, in the absence of GLUT1 in TANs, tumor 
growth decreases, and radiotherapy efficacy is enhanced 
[197]. These results underline the importance of GLUT1 
and glucose metabolism in TANs, and decreasing glucose 
uptake can change neutrophils into the pro-tumor sub-
type. Targeting glucose metabolic alterations in TANs 
is a promising strategy to favor antitumor neutrophils. 
Further studies are required to investigate the metabolic 
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alterations of TANs and their metabolic targets in the 
future. Tumor-elicited neutrophils have previously been 
characterized as a type of myeloid-derived suppressor 
cells (MDSCs), a heterogeneous population of imma-
ture neutrophils and monocytes with functional differ-
ences from healthy blood neutrophils [198]. MDSCs are 
pathologically activated neutrophils and monocytes with 
immunosuppressive activity [199]. MDSCs promote 
tumor growth by inhibiting T cell responses and promot-
ing cancer cell proliferation and migration [200]. MDSC 
metabolism mainly depends on glycolysis, but MDSCs 
also acquire energy from the TCA cycle, FAO, and other 
lipid metabolism pathways to sustain their own survival 
and tumor activity [201, 202]. MDSCs from humans and 
mice are all characterized by a high uptake of free fatty 
acids and increased expression of FAO enzymes. Selec-
tively targeting fatty acid metabolism of MDSCs by eto-
moxir can impede their immune suppression [203], 
demonstrating that targeting FAO may serve as a useful 
approach to hinder the immune-suppressive function of 
MDSCs. Glutaminolysis can be engaged in neutrophils 
when the glucose supply is insufficient. In experimental 
mouse models injected intraperitoneally with the murine 
ovarian cancer cell line ID8, TANs were shown to use 
Gln as a major fuel for OXPHOS to support their immu-
nosuppressive roles. These data revealed that Gln catabo-
lism is upregulated in TANs. Taken together, TANs have 
enhanced glycolysis, FAO, and glutaminolysis, and these 
catabolism pathways sustain the immunosuppressive fea-
tures of TANs.

Dendritic cells are major antigen-presenting cells in 
the human body and are responsible for T cell activation 
[204]. They can process and present antigens and express 
them on major histocompatibility complex, and then 
antigen-specific T cells recognize and induce a specific 
immune response. Once activated, they mainly rely on 
glycolysis and PPP to maintain their energy demand and 
sustain their migration [205]. DCs show lipid accumula-
tion, which results in upregulated fatty acid synthesis in 
cancer cells and DC lipid uptake from the TME. Lipid 
accumulation reduces the antigen-processing capacity of 
DCs and causes them to produce the more tolerogenic 
cytokine IL-10 [206]. Amino acid metabolism, including 
Trp and Arg, is essential for dendritic cell function [207]. 
However, it is necessary to study the metabolic repro-
gramming of DCs within the TME and how these repro-
gramming properties influence DC function.

Metabolic phenotypes of adaptive immune cells
Cancer cells can evade immune surveillance due to T cell 
dysfunction. Tumor-infiltrating T cells often partially lose 
their effector function, and the underlying mechanisms 
are to some extent related to cell metabolism. CD4+ and 

CD8+ T cells in a quiescent state generate most of their 
energy using the TCA cycle, as their biosynthesis needs 
are limited and they oxidize glucose, lipids and amino 
acids for energy production [208]. However, once T cells 
are activated, a conversion to glycolysis and stimulation 
of anabolic pathways occur, and the metabolic inter-
mediates of glucose metabolism are used to synthesize 
biomass-like proteins, lipids, and nucleic acids [208]. 
Therefore, the shift to anabolism enables T cells to accu-
mulate more energetic nutrients for their activity.

CD4+ T cells can be stimulated and differentiated into 
effector T cell (Teff) or inducible regulatory T cell (Treg) 
subsets. Michalek et  al. showed that Teffs and Tregs 
require distinct metabolic programs to support these 
functions [209]. Th1, Th2, and Th17 Teff cells express 
high levels of GLUT1 and therefore are highly glycolytic. 
In contrast, Tregs express low GLUT1 levels and exhibit 
high lipid oxidation rates regulated by activated AMP-
activated protein kinase [209]. This study demonstrated 
the importance of glycolysis for CD4+ Teff toxicity and 
lipid oxidation in Treg cells. However, glycolysis inhibi-
tion with 2-deoxy-D-glucose favors memory CD8+ T cell 
antitumor function [210], implying that glycolysis inhib-
its the effector function of CD8+ T cells. These studies 
revealed that the roles of glycolysis are not consistent in 
different types of T cells. In addition to glucose metabo-
lism, cholesterol, as a kind of lipid, in the TME induces 
the expression of immune checkpoints in CD8 + T cells, 
and cholesterol deprivation can rescue CD8+ T cell effec-
tor function [211]. The depletion of amino acids, such 
as Arg and Trp, impairs effector T cell recruitment and 
tumor cell toxicity [212, 213], demonstrating that Arg 
and Trp are linked to T cell effector functions within the 
TMME. Overall, T cells rely on glycolysis, cholesterol, 
Arg, and Trp metabolism alterations to regulate their 
activity and effector function; however, metabolic repro-
gramming may be specific for each type of T cell.

Studies concerning metabolic remodeling of B cells 
have focused on B cell malignancy. In Burkitt lymphoma 
cells, elevated Myc and HIF-1α induce the expression 
of HK2 and PDK1, enzymes that inactivate pyruvate 
dehydrogenase and decrease mitochondrial respira-
tion, thereby favoring aerobic glycolysis in malignant B 
cells [214]. Myc also promotes constitutive expression 
of lactate dehydrogenase A [215], which diverts glucose-
derived pyruvate into lactate, thereby preventing its con-
version to acetyl-CoA and its further oxidation in the 
TCA cycle. Myc-transformed cells also display increased 
mitochondrial mass and O2 consumption [215, 216], 
indicating that OXPHOS may also be upregulated. Myc 
activity is also associated with increased Gln metabolism 
[217]. In summary, malignant B cells represent metabolic 
reprogramming traits similar to those of solid cancer 
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cells, i.e., elevated glycolysis and heavy Gln metabolism 
reliance, but the role of infiltrating B cells in solid tumors 
has not been systematically examined.

TGF‑β signaling in immune cells–epithelia coupling
TGF-β signaling is instrumental for the immunosup-
pressive properties of innate and adaptive cells, thereby 
attenuating the antitumor ability of the major immune 
cells within the TME [5, 218]. Considering that metabo-
lism is closely correlated with their effector function, it 
is reasonable to propose that there is a tight relation-
ship between TGF-β signaling and cellular immunome-
tabolism (Table  3). Many studies on TGF-β signaling in 
cellular immunometabolism have shown that activa-
tion of this cascade represses cancer immune function, 
especially in NK and T cells. The regulatory effect of 
TGF-β signaling on NK cell metabolism has been exten-
sively studied. Slattery et al. [219] showed that NK cells 
in metastatic breast cancer patients are exhausted and 
have metabolic defects including reduced glycolysis and 
oxidative phosphorylation. TGF-β signaling is responsi-
ble for these effects in patients. Blocking TGF-β signal-
ing with anti-TGF-β antibodies restores IFNγ production 
in patient NK cells in  vitro; therefore, NK cells have 
increased oxidative glucose metabolism and glycolysis 
partially by mTORC1 activity rescue [219]. These results 
suggest that non-canonical TGF-β signaling participates 
in NK cell immunometabolism. Similarly, Zaiatz-Bitten-
court et al. [220] observed that human NK cell activation 
induces increased oxidative phosphorylation and gly-
colysis. TGF-β can inhibit these metabolic changes, and 
inhibition of the TGF-β signaling pathway by B431542, 

a TGF-βRI inhibitor, is able to restore metabolic and 
functional response alterations induced by TGF-β 
[220]. These results demonstrate that TGF-β signaling is 
responsible for the downregulation of glucose metabo-
lism and thus leads to the repression of NK cell function. 
Inhibiting TGF-β signaling is a feasible plan to enhance 
the effector function of NK cells in cancer via metabolic 
advantages.

The TGF-β-mediated metabolic shift leads to the 
phenotypic plasticity of immune cells, such as TAMs. 
Park et al. [221] recently showed that exosomes derived 
from cancer cell lines cultured in hypoxic conditions 
are highly enriched in TGF-β. These exosomes are able 
to promote infiltrating myeloid cell polarization toward 
M2-TAMs and to boost their effector functions by 
enhancing OXPHOS. In macrophages, TGF-β has been 
reported to upregulate arginase activity [222], which 
catalyzes Arg, and its activity is positively related to 
the immunosuppressive function of M2-TAMs [223]. 
Therefore, TGF-β signaling may upregulate OXPHOS 
and Arg catabolism to switch macrophages to M2 sub-
types in cancer. M2-TAMs can also influence cancer 
cells via TGF-β. Anti-inflammatory M2-TAMs secrete 
the cytokine TGF-β, which decreases the TCA cycle 
metabolic enzyme succinate dehydrogenase (SDH) 
and results in the accumulation of succinate in human 
breast cancer cells. Then, the accumulated succinate 
enhances the stability of HIF-1α and reprograms cell 
metabolism to a highly glycolytic state [224]. This find-
ing revealed that TGF-β produced by TAMs can alter 
metabolism in cancer cells via paracrine.

Table 3  TGF-β-dependent stromal cell metabolic reprogramming in cancer

MDSC myeloid-derived suppressor cells; Gln glutamine; FAO fatty acid oxidation; Arg arginine; CAV-1 caveolin-1; ROS reactive oxygen species; IDH3α isocitric 
dehydrogenase 3; BCAT1 branched chain amino acid transaminase 1; BCKAs  branched-chain α-ketoacids; mTOR mammalian target of rapamycin; OXPHOS oxidative 
phosphorylation; Tregs regulatory T cells

CAFs NK cells (exhausted) macrophages Neutrophils/MDSCs T cells (exhausted) B cells

Stromal cell metabolic reprogramming

Glycolysis↑ Glycolysis↓ Glycolysis↑ Glycolysis↑ Glycolysis↓ Glycolysis↑
Fatty acid synthesis↑ Lipid accumulation ↑ Lipid accumulation ↑ 

FAO↑
FAO↑ Cholesterol↑ FAO↑ Further studies needed

Gln anabolism↑ Gln catabolism ↓ Gln and Arg catabo-
lism↑

Gln catabolism↑  Arg and tryptophan 
metabolism↓

Gln catabolism↑

TGF-β-dependent stromal cell metabolic reprogramming

CAV-1↓ or ROS↑-
Glycolysis↑

mTOR↓-Glycolysis↓ OXPHOS↑-M2 mac-
rophages↑

Arginase↑-Pro-tumor 
features ↑

OXPHOS↑ and glycoly-
sis↓, FAO ↑-Tregs↑

Further studies needed

a.IDH3α↓PDK1↑-
TCA cycle↓ b. BCAT1 
↑-BCKAs↑

mTOR↓-OXPHOS↓ Arginase↑-Pro-tumor 
features ↑

CD39 and CD73↑-
adenosine↑-Pro-tumor 
features ↓

ATP synthase↓-IFNγ↓-
Effector function↓

Further studies needed
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Under TGF-β exposure, neutrophils undergo N2 
polarization [225]. Similar to M2 macrophages, N2 
neutrophils are also immunosuppressive and benefit 
cancer progression. The metabolism of N2-TANs is 
characterized by a high level of arginase 1 and iNOS 
expression, which are involved in Arg catabolism and 
contribute to T cell exhaustion in tumors. This study 
suggested that Arg catabolism, like in macrophages, 
mediates the immunosuppressive feature of N2-TANs, 
and TGF-β may also exert a role to some extent. Breast, 
lung, melanoma or colon cancer cell lines were injected 
intravenously into mouse models of cancer metasta-
sis, and TGF-β-stimulated TANs expressed higher lev-
els of arginase  1 and iNOS [226]. This study verified 
the role of TGF-β signaling in forming N2-TANs by 
increasing Arg catabolism. Two enzymes, CD39 and 
CD73, are upregulated in MDSCs, a type of immature 
neutrophil, and they can catabolize ATP to generate 
extracellular adenosine, a well-known inhibitor of anti-
tumor immunity [227, 228]. Li et al. [229] reported that 
the lasting activation of these two ATP metabolizing 
enzymes in MDSCs from NSCLC patients is triggered 
by TGF-β-mTOR-HIF-1 signaling. Therefore, TGF-β 
signaling links the immunosuppressive features of N2 
neutrophils and MDSCs with Arg and ATP catabo-
lism, respectively. These catabolism pathways produce 
immunosuppressive substances, such as arginase  1, 
iNOS and adenosine, providing novel targets for immu-
nometabolism intervention of MDSCs.

The regulatory effect of TGF-β signaling on adap-
tive immune cell metabolism mainly focuses on T cell 
metabolism, especially CD4+ T cells. TGF-β treatment 
of CD4+ T cells induces the conversion of CD4+ T cells 
into Treg cells, which have high oxidative metabolism 
and limited glycolysis, by lowering the expression of 
glycolytic genes, such as Glut1 and Hk2, and promot-
ing the inhibition of the TCR-CD28-PI3K-mTOR path-
way [209]. Concurrently, the mitochondrial membrane 
potential and respiratory capacity are increased, which 
is further associated with increased FAO, thus provid-
ing intermediates for the TCA cycle [230]. These results 
demonstrate that TGF-β signaling is responsible for the 
metabolic features of Tregs, i.e., elevated FAO and down-
regulated glycolysis. Therefore, TGF-β-mediated immu-
nometabolism weakens antitumor immune function and 
contributes to the formation of an immunosuppressive 
tumor microenvironment. Cancer cells and CD4+ T cells 
show metabolic coupling, and the coupling is mediated 
by TGF-β signaling. Ho et al. [231] observed that mouse 
melanoma cancer cells with increased aerobic glycolysis 
induced by HK2 expression more easily “educate” antitu-
mor CD4+ T cells to be immunosuppressed, and CD4+ T 
cell secretion augments TGF-β, an immune-suppressing 

cytokine. These results suggest that glucose competition 
between cancer cells and CD4+ T cells induces glucose 
deprivation, which impairs antitumor ability in CD4+ T 
cells partially because of TGF-β signaling activation. Fur-
thermore, in this setting, CD4+ T cells display decreased 
glycolytic metabolite PEP and increased PEP production 
through phosphoenolpyruvate carboxykinase 1 (PCK1) 
overexpression-boosted effector functions. [231] Moreo-
ver, PCK1-overexpressing T cells restrict tumor growth 
and prolong the survival of melanoma-bearing mice. A 
similar phenomenon was also observed in CD8 + T cells 
[231, 232]. From these results, we can conclude that the 
Warburg effect of cancer cells represses the antitumor 
ability of T cells through the secretion of TGF-β and 
downregulation of aerobic glycolysis in T cells via glucose 
competition. Consistently, highly glycolytic melanoma 
cells also compromises the efficacy of T cell immuno-
therapy, including adoptive T cell therapy and anti-PD-1 
treatment, through an impaired T cell killing ability [233, 
234]. In these settings, restricting glycolysis in cancer 
cells improves therapeutic efficacy [233, 234], indicating 
that targeting glycolysis in cancer cells, such as HK2 and 
PEP, is a potential candidate for combinatorial therapeu-
tic intervention by interrupting immune cells–epithelia 
coupling and thus increasing T cell antitumor activity. 
Another study demonstrated that TGF-β derived from 
tumors specifically inhibits mitochondrial complex V 
(ATP synthase) activity and thus impairs the inhibition 
of mitochondrial complex V (ATP synthase) activity in 
CD4+ T cells [235]. In this way, ATP synthase inhibition 
alone causes IFNγ production impairment in CD4+ T 
cells [235]. These data demonstrate that TGF-β secreted 
by cancer cells directly diminishes the effector function 
of immune cells, i.e., T cells, through metabolic paraly-
sis. In summary, TGF-β mediates immune cells–epithe-
lia coupling via the downregulation of T cell glycolysis by 
competition or ATP synthesis paralysis, thereby decreas-
ing T cell effector function and ultimately promoting 
cancer progression. Further studies are necessary to iden-
tify additional TGF-β-dependent immune cells–epithelia 
coupling targets that enable sensitive T cell-based cancer 
immunotherapy.

Endothelia–epithelia metabolism coupling
Blood vessels are crucial for oxygen and nutrient trans-
portation to the tumor. Cancers depend on blood ves-
sels for oxygen and nutrient supply. ECs are the single 
cell layer that lines blood vessels and regulates exchanges 
between the bloodstream and the surrounding tissue. 
TGF-β can modulate angiogenesis and induce endothe-
lial–mesenchymal transition (EndMT), a phenomenon 
in which ECs undergo morphological, functional, and 
molecular changes, including a decrease in their adhesion 
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protein and increased expression of mesenchymal bio-
markers [236]. Similar to EMT, EndMT may also undergo 
metabolic reprogramming. We will discuss EC metabolic 
reprogramming and its potential relationship with TGF-β 
signaling below.

Tumor vessels are highly abnormal in their structure 
and function. They are hyperproliferated, thus rapidly 
forming blood vessels to sustain tumor growth. ECs dis-
play the Warburg effect like cancer cells, i.e., they are 
highly glycolytic. Transcriptomic profiling combined 
with metabolomics, tracer, and flux analysis of mouse 
B16-F10 tumor ECs (TECs) revealed that these cells rely 
more on glycolysis than normal ECs (NECs), and glyco-
lytic activator PFKFB3 blockade induces cancer cell inva-
sion, intravasation, and metastasis by normalizing tumor 
vessels [237]. Other researchers have observed a similar 
phenomenon in mouse ovarian TECs, and they further 
reported that TECs increase glycolysis via upregulation 
of vascular endothelial growth factor (VEGF) by cycloox-
ygenase 2 [238]. Importantly, TECs push glycolytic inter-
mediates to the PPP and serine biosynthesis pathway to 
generate building blocks for nucleotide synthesis [237]. 
To conclude, TECs are prone to glycolysis and PPP, thus 
sustaining their proliferation by producing biomacromol-
ecule precursors. Similar to other cells in tumors, TECs 
also express increased FASN levels to increase lipid syn-
thesis. Under conditions of this glycolytic restriction, Gln 
contributes to endothelial ATP synthesis and improves 
cell viability, [239] suggesting that Gln is a substitute for 
TECs when glucose is deficient.

TGF-β signaling affects angiogenesis through the 
activin receptor-like kinase 1 (ALK-1) interaction, which 
is specifically expressed in vascular ECs. TGF-β can bind 
to ALK-1, activating EC proliferation via p-SMAD1/5 
signaling [240]. ECs can also be triggered by TGF-β to 
undergo EndMT [241]. Since proliferation and EndMT 
all require energy, similar to cancer cells, we hypoth-
esized that TGF-β signaling also regulates EC metabolic 
reprogramming. As the enzyme in the first step of PPP, 
G6PD deficiency activates endothelial cell and leukocyte 
adhesion via the TGF-β/NADPH oxidases/ROS signal-
ing pathway and thus increases the risk of cardiovascular 
disease. Xiong et al. demonstrated that endothelial FAO 
is essential to maintain endothelial cell features and that 
FAO disruption thickens the cardiac valve by inducing 
TGF-β-dependent EndMT [242]. However, these studies 
are all about TGF-β-dependent EC metabolic reprogram-
ming in heart diseases. Therefore, the relationship con-
cerning TGF-β-TEC metabolic reprogramming-cancer 
remains to be explored in the future.

TGF-β is a key mediator of angiogenesis, which results 
from crosstalk between the endothelium and other cells 
induced by TGF-β [243]. During vessel maturation, 

TGF-β secreted by the endothelium induces mesenchy-
mal cells to differentiate into pericytes and smooth mus-
cle cells, which contributes to angiogenesis [244]. These 
findings suggest that endothelial cells produce TGF-β 
and alter neighboring mesenchymal cells into blood 
vessel cellular components. Zonneville et al. [245] dem-
onstrated that tumor-derived TGF-β enhances tumor 
vascularization by increasing pericyte–endothelium 
contraction via a TGF-β-fibronectin axis. Inactivation of 
tumor TGF-β signaling reduces the blood vessel density 
and lumen size, decreasing tumor growth, suggesting the 
potential therapeutic effect of targeting TGF-β signaling 
against angiogenesis, thereby impeding tumor growth.

Recently, metabolic crosstalk between the endothelium 
and other cells, including cancer and immune cells, has 
been reported to influence tumor progression. In glioma, 
tumor cells suffering from hypoxia can secrete VEGF to 
upregulate GLUT1 expression in the brain endothelium. 
This process consequently allows more glucose mol-
ecules to cross glucose transporters of endothelial cells 
and then be delivered into the tumor [246]. These data 
indicate that the interruption of glucose uptake via glu-
cose transporter inhibitors may alter endothelial–can-
cer cell metabolic coupling, leading to reduced tumor 
growth. Hypoxic TAMs strongly upregulate the expres-
sion of REDD1 to hinder glycolysis in TAMs and curtail 
their excessive angiogenic response, with consequent 
formation of abnormal blood vessels through aberrant 
vascular junctions [247]. This study revealed that the 
glucose metabolism of TAMs may influence endothelial 
cell junctions and thus hinder tumor angiogenesis. Taken 
together, cancer cells may alter the glucose metabolism of 
endothelial cells, and the glucose metabolism of TAMs 
can influence endothelial cell junction formation. These 
endothelial metabolic couplings with cancer or immune 
cells further control tumor growth. TGF-β1 has been 
demonstrated to engage in Gln metabolism in endothe-
lial cells [248]; however, the roles of TGF-β signaling in 
the processes of metabolic crosstalk remain unclear.

Other cells in tumor metabolic microenvironment
Adipocytes are the cells that primarily compose adipose 
tissue for storing energy as fat. Autophagy in human adi-
pocytes can promote free fatty acid release and is then 
utilized for ovarian cancer cell proliferation [249]. Clem-
ent et  al. [250] showed that human adipocyte vesicles 
transfer lipids and enzymes to stimulate FAO in mela-
noma cells. This FAO-stimulated mitochondrial activ-
ity redistributes mitochondria to membrane protrusions 
of migrating cells, which is instrumental for melanoma 
cell migration. Moreover, metastasis-on-a-chip indi-
cated that adipocyte-derived lipids induce human cancer 
cell migration via cancer cell HIF-1α activation [251]. In 
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conclusion, adipocytes mainly promote cancer progres-
sion by lipid transfer to cancer cells, providing an energy 
source for cancer cell proliferation and migration.

Erythrocytes can exist in the tumor as clotting and liq-
uid blood, and only a few studies have been found con-
cerning their role in cancer progression until now. A 
recent study by Karsten et  al. [252] showed that eryth-
rocytes cocultured with the NSCLC A549 cell line have 

elevated production of the cytokines IL-8, basic fibroblast 
growth factor, and VEGF. In addition, this coculture sys-
tem promotes CD8 + T cell expansion and immune func-
tion [252]. Hercbergs A et al. [253] demonstrated that a 
high peripheral erythrocyte glutathione concentration 
may contribute to resistance to cancer chemotherapy. 
These studies demonstrate that erythrocytes are also cru-
cial for cancer immunology and chemotherapy response. 

Fig. 6  TGF-β-mediated host metabolism reprogramming in cancer. A Cancer is like a malignant organ that produces a large amount of TGF-β 
cytokine, then it circulates all over the host body including the liver, pancreas, and skeletal muscle. B In this way, TGF-β ligand resembles an 
endocrine factor and leads to hyperglycemia through 1. inducing β-cell apoptosis (verified) and 2. hepatic gluconeogenesis (hypothesized). 3. 
Cachexia is induced by TGF-β signaling by skeletal muscle proteolysis (verified). Pharmacologically or genetically inhibiting TGF-β signaling can 
attenuate these processes and reverse hyperglycemia and cachexia.
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More attention may need to be paid to tumor-infiltrated 
erythrocytes in cancer development and the potential 
role of TGF-β signaling in erythrocyte metabolism.

TGF‑β‑mediated host metabolism reprogramming 
in cancer
In the sections discussed above, we focused on metabo-
lism in the local tumor. However, cancer and inflam-
matory cells result in the accumulation and release of 
soluble factors from the TME into the circulatory system. 
These factors result in pathological endocrine effects, 
thus allowing for interaction between the TME and the 
patient’s organs and systems, leading to the development 
of cancer-associated systemic metabolic alterations, i.e., 
host metabolism reprogramming in cancer (Fig. 6).

Hyperglycemia, or high blood glucose, is a condition in 
which there is an excess amount of glucose in the blood 
circulation. A recent study reported that patients with 
pancreatic cancer may develop hyperglycemia or diabe-
tes 2–3  years before the diagnosis of pancreatic cancer 
[254]. TGF-β signaling has been documented to cause 
β-cell apoptosis, which abrogates insulin secretion. Phar-
macologically or genetically suppressing TGF-β signal-
ing protects against PDAC-driven β-cell apoptosis [255]. 
This study revealed a link between TGF-β signaling and 
cancer hyperglycemia. TGF-β signaling also promotes 
gluconeogenesis. High serum levels of TGF-β1 have 
been detected in pancreatic cancer [256], and we consist-
ently detected a higher TGF-β ligand level in metastatic 
oral squamous cell carcinoma [40]. Both studies demon-
strated that the TME produces a large amount of TGF-β1 
and may exert an endocrine effect on host metabolism. 
Intriguingly, TGF-β1/Smad3 signaling has been demon-
strated to promote hepatic gluconeogenesis via the regu-
lation of protein phosphatase 2A, AMPK, and FoxO1. 
Genetic and pharmacological inhibition of TGF-β1/
SMAD3 signaling suppresses endogenous glucose pro-
duction [257]. Therefore, we hypothesized that circulat-
ing TGF-β1 derived from the TME may serve as a driver 
of hyperglycemia through elevated hepatic gluconeogen-
esis. Taken together, targeting the TGF-β pathway may 
be a promising alternative treatment against pancreatic 
cancer-induced hyperglycemia by preventing β-cell apop-
tosis and reducing hepatic gluconeogenesis.

Cachexia, as an adverse effect of cancer, is a condition 
that causes severe weight loss and skeletal muscle loss or 
atrophy [258]. Cancer cachexia is defined as a host meta-
bolic disorder that cannot be fully reversed by conven-
tional nutritional support [259]. Studies have suggested 
that enhanced autophagy induces impaired mitochon-
drial function and exacerbates muscle atrophy in tumor-
bearing mice [260, 261]. Yang et  al. [262] revealed that 
TGF-β1 promotes atrophy of skeletal muscle or skeletal 

muscle proteolysis, both in vivo and in vitro, by increas-
ing HMGB1/autophagy pathway activity. This study sug-
gested that TGF-β signaling may contribute to muscle 
atrophy in cancer. As expected, Greco et  al. [263] veri-
fied that TGF-β blockade using a neutralizing antibody 
significantly improves overall mortality, weight loss, fat 
mass, lean body mass, bone mineral density, and skeletal 
muscle proteolysis in mice with advanced pancreatic can-
cer. Overall, these studies suggest that TGF-β-targeted 
therapies may benefit cancer cachexia treatment. Tar-
geting TGF-β signaling is a promising therapy to relieve 
hyperglycemia and cachexia in cancer patients through 
host metabolism reprogramming interventions.

Conclusions
Even though the role of TGF-β signaling in cancer pro-
liferation, migration, invasion, and immune evasion has 
been extensively studied, the TGF-β signaling-metabo-
lism regulation network is not well evaluated in cancer. 
Therefore, our review illustrates the effect of TGF-β sign-
aling on cancer metabolism. We define the TMME as the 
metabolic TME. Cellular metabolism and subsequent 
metabolic coupling are the foundations of the TMME. 
TGF-β signaling is a metabolic reprogramming driver 
for the formation of the TMME by regulating metabolic 
intermediates. First, the influence of TGF-β signaling 
on the TMME can drive cellular metabolism toward 
cancer growth, metastasis, and immune evasion. On 
the one hand, TGF-β signaling can elevate glycolysis in 
cancer cells and CAFs, producing a large amount of lac-
tate and forming an acidic TMME. On the other hand, 
the glycolytic rates of NK cells and T cells are limited to 
decrease their cancer cell toxicity. Second, TGF-β sign-
aling mainly facilitates the metabolic coupling between 
cancer and stromal cells, including CAFs, macrophages, 
and T cells. In this way, CAFs provide cancer cells with 
energetic metabolites via RWE, macrophage-secreted 
TGF-β enhances cancer cell glycolysis, and cancer cell-
derived TGF-β decreases T cell effector function by ATP 
production paralysis in T cells. Finally, TGF-β signaling 
contributes to host metabolism impairment and induces 
hyperglycemia or cachexia. Targeting TGF-β signaling is 
promising to reverse abnormal cellular, tissue and organ-
ismal metabolism in cancer and is advantageous to can-
cer treatment. Currently, many TGF-β inhibition agents 
have entered clinical trials (Table 4), and achieved good 
clinical efficacy [264]. However, hurdles exist and need 
to be overcome. Enlightened by this review, we will next 
elucidate how to face these hurdles from the perspective 
of TGF-β-dependent metabolic reprogramming.

First, targeting TGF-β signaling at the level of TGF-β 
isoforms or its receptors has safety concerns due to the 
control of diverse processes and numerous responses, 
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Table 4  TGF-β-targeted therapies in cancer

Agent Target Treatment Application Experiment status Clinical outcome Clinical trial

Small-molecule inhibitor

Galunisertib TGFβRI Combination with 
durvalumab

Pancreatic cancer I; Completed Had acceptable toler-
ability and safety

NCT02734160

Combination with 
nivolumab

NSCLC and HCC I/II; Completed Some patients 
exhibited complete 
or partial remission

NCT02423343

LY3200882 TGFβRI Combination with 
pembrolizumab

Advanced cancer Ib/II; Withdrawn No results posted NCT04158700

Combination with 
capecitabine

Colorectal cancer I/II; Not yet recruiting No results posted NCT04031872

Vactosertib TGFβRI Monotherapy Solid tumor I; Completed No results posted NCT02160106

Combination with 
pembrolizumab

NSCLC II; Recruiting No results posted NCT04515979

PF06952229 TGFβRI Monotherapy/
Combination with 
enzalutamide

Solid tumor I; Terminated No results posted NCT03685591

TEW-7197 TGFβRI ALK5 Monotherapy Solid tumor I; Completed No results posted NCT02160106

Combination with 
FOLFOX 

Pancreatic cancer I/II; Recruiting No results posted NCT03666832

Neutralizing antibody

Fresolimumab TGFβ1/2/3 Monotherapy MPM II; Completed 3 patients (out of 
13) showed stable 
disease

NCT01112293

Combination with 
radiotherapy

BC II; Completed Suppressed tumor NCT01401062

NIS793 TGFβ1/2/3 Combination with 
chemotherapy

PDAC III; Recruiting No results posted NCT04935359

Combination with 
PDR001

Advanced malignan-
cies

I; Completed No results posted NCT02947165

SAR439459 TGFβ1/2/3 Monotherapy/
Combination with 
cemiplimab

Solid tumor I; Terminated No results posted NCT03192345

Monotherapy/Com-
bination with novel 
agents in RRMM

Plasma cell myeloma I/II; Recruiting No results posted NCT04643002

SRK181 TGFβ1 Monotherapy/Com-
bination with anti-
PD-(L)1 antibody

Solid tumor I; Recruiting No results posted NCT04291079

ABBV151 GARP-TGFβ1 Monotherapy/
Combination with 
ABBV-181

Solid tumor I; Recruiting No results posted NCT03821935

LY3022859 TGFβRII Monotherapy Solid tumor I; Completed The maximum toler-
ated dose was not 
determined

NCT01646203

Luspatercept TGFβ1/2/3 Monotherapy MDS II; Completed Was well tolerated 
and effective

NCT02268383

Monotherapy MDS III; Completed Reduced the severity 
of anemia

NCT02631070

AVID200 TGFβ1/3 Monotherapy Solid tumor I; Active, not recruit-
ing

No results posted NCT03834662

M7824 TGFβ1/2/3 and PD-L1 Monotherapy NSCLC III No significant 
improvement of OS

NCT03631706

Monotherapy metastatic BTC II/III No results posted NCT04066491

Combination with 
chemotherapy

NSCLC I/II; Completed No results posted NCT03840915

Monotherapy BC I; Completed No results posted NCT03524170
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negative feedbacks may occur and compromise the anti-
TGF-β effect. Therefore, targeting downstream metabolic 
proteins of TGF-β increases the specificity of therapeutic 
measures. For example, some patients treated with the 
monoclonal antibody fresolimumab have keratoacan-
thomas, and this adverse effect can be explained by the 
loss of the inhibitory effects of TGF-β on keratinocyte 
proliferation [265]. In this way, selecting approaches to 
target TGF-β signaling at the level of intracellular medi-
ators, such as enzymes, is safer. Additionally, TGF-β 
regulates enzymes in glucose, lipid, and amino acid 
metabolism of cancer cells and can provide us with a 
regulatory network. Thus, the central metabolic protein 
that commonly regulates glucose, lipid, and amino acid 
metabolism in a cell type can be identified. For exam-
ple, CAV-1 promotes both glucose and lipid metabolism 
in CAFs. In CAFs, CAV-1 could be a promising target 
that can fail the “engine” of CAFs by glucose and lipid 
metabolism correction. Currently, many agents have 
been designed to target cancer metabolism, thus imped-
ing cancer progression (Table  5). The potential TGF-β-
dependent metabolism targets are listed in Tables 1 and 
2. Future studies can utilize the agents shown in Table 5 

to further explore the feasibility of targeting TGF-β-
dependent metabolic proteins for cancer treatment.

Second, since cancer-associated stromal and cancer 
cells are metabolically coupled to support cancer cells, 
targeting both cancer cells and their adjacent stromal 
cells within the TME is an attractive therapeutic sched-
ule. Our research group previously proposed the concept 
of common target perturbation (CTP) [160]. Through 
a systems biology approach, we found that TGF-βRIII 
is significantly changed in cancer and verified that 
TGF-βRIII is downregulated in both cancer cells and 
fibroblasts. TGF-βRIII was found to be a common epi-
thelial–mesenchymal target in oral squamous cell carci-
noma. Simultaneous perturbation of TGF-βRIII in oral 
cancerous epithelial cells and their adjacent CAFs effec-
tively inhibits tumor growth in vivo and shows superior-
ity to the unilateral perturbation of TβRIII in either cell 
type alone. Inspired by CTP conception, we proposed 
the concept of metabolic coupling target perturbation 
(MCTP). For example, CAV-1-, IDH3α-, and HIF-1α-
mediated epithelial–CAF metabolic coupling are epithe-
lial–CAF MCTPs. HK2, as a Warburg effect promoter, 
also decreases glycolysis in T cells and makes them 

(Information was obtained from https://​www.​clini​caltr​ials.​gov/)

NSCLC non-small cell lung cancer; HCC hepatocellular carcinoma; CRC​ colorectal cancer; BC breast cancer; nal-IRI liposomal irinotecan; BTC biliary tract cancer; 
PDAC pancreatic ductal adenocarcinoma; GC gastric cancer; MPM malignant pleural mesothelioma; RCC​ renal cell carcinoma; MM malignant melanoma; MDS 
myelodysplastic syndromes; GBM glioblastoma; OC ovarian cancer; HNSCC head and neck squamous cell carcinoma; PPC primary peritoneal cancer

Table 4  (continued)

Agent Target Treatment Application Experiment status Clinical outcome Clinical trial

Antisense oligonucleotide

AP12009 TGFβ2 mRNA Monotherapy Pancreatic cancer, 
melanoma and CRC​

I; Completed No results posted NCT00844064

Monotherapy GBM II; Completed No results posted NCT00431561

Vaccine

Lucanix TGFβ2 Monotherapy NSCLC II; Completed No results posted NCT01058785

Monotherapy NSCLC III; Completed No results posted NCT00676507

Vigil ™ TGFβ1/2 Combination with 
pembrolizumab

Advanced melanoma I; Completed No results posted NCT02574533

Monotherapy/
Combination with 
temozolomide and 
irinotecan

Ewing’s Sarcoma II; Completed Reduce disease 
burden

NCT02511132

Integrin inhibitor

Cilengitide Integrins αvβ3 and 
αvβ5

Monotherapy Prostate cancer II; Completed Had good tolerance 
but no detectable 
clinical activity

NCT00121238

Monotherapy HNSCC I/II; Completed No significant effect NCT00705016

SF1126 Integrin-targeted PI3 
kinase

Monotherapy Solid tumor I; Completed No results posted NCT00907205

Monotherapy HNSCC II; Terminated No data available NCT02644122

IMGN388 Integrin αv Monotherapy Solid tumor I; Completed No results posted NCT00721669

Abergrin Integrin αvβ3 Monotherapy MM I; Completed No results posted NCT00111696

Volociximab Integrin α5β1 Combination with 
gemcitabine

Pancreatic cancer II; Completed No results posted NCT00401570

https://www.clinicaltrials.gov/
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Table 5  Metabolism-targeted drugs

Strategy Agent Experiment status Application Cancer biological 
behavior

Clinical trial/Ref.

GLUTs inhibitor Silybin Phase II; In vivo mouse 
model

Prostate cancer Suppressed cancer 
growth

NCT00487721 [271]

Rapaglutin A In vivo mouse model; 
in vitro human cell 
culture

Breast cancer Suppressed cancer 
growth

[272]

HK II inhibitor Metformin Phase II Breast cancer Inhibited cancer cell 
proliferation

NCT01266486 [273]

2-deoxyglucose Phase I/II Prostate cancer Inhibited cancer growth NCT00633087 [274]

3-Bromopyruvate In vitro human cell 
culture

Liver cancer Inhibited cancer growth [275]

CAV-1 inhibitor Methyl-β-cyclodextrin  In vitro human cell 
culture

  Colorectal cancer  Increased the BITC-
induced anti-cancer 
effect

276

MCT-1 inhibitor AZD3965 Phase I Lymphoma Inhibited cancer growth NCT01791595 [277]

PDK inhibitor Dichloroacetate Phase I; In vitro human 
cell culture

Advanced solid tumor Reduced tumor growth 
and enhanced Adriamy-
cin cytotoxicity

NCT00566410 [278, 279]

Hordenine In vitro human cell 
culture

Lung cancer Decreased cancer cell 
proliferation

[280]

IDH inhibitor Ivosidenib (AG-120) Phase I Brain cancer Inhibited tumorigenesis NCT02073994 [281]

Ivosidenib (AG-120) Phase III Cholangiocarcinoma Reduced tumor growth NCT02989857 [282]

Enasidenib Phase I/II Leukemia Inhibited cancer growth NCT01915498 [283, 284]

Olutasidenib (FT-2102) Phase I/II AML Suppressed tumor 
growth

NCT02719574 [285, 286]

Vorasidenib (AG-881) Phase I Glioma Acquired complete 
remission

NCT02481154 [287]

HIF-1α inhibition Apigenin Phase I Ovarian, prostate and 
breast cancer

Downregulated tumor 
angiogenesis

NCT03526081 
NCT03139227 [288–292]

Semaxanib  (SU5416) Phase II Metastatic melanoma Reduced tumor metas-
tasis

NCT00017316 [293]

2-Methoxyestradiol Phase I; Phase II Prostate, breast, brain, 
head and neck cancer 
and liver cancer

Inhibited tumor growth 
and angiogenesis

NCT00030095; 
NCT00592579 [294–296]

PX-478 Phase I Solid tumors and Lym-
phoma

Enhanced radiosensi-
tivity and suppressed 
tumor growth

NCT00522652 [297–299]

BAY 87-2243 Phase I  Neoplasms Impaired OXPHOS and 
reduced cancers growth

NCT01297530 [300–302]

OXPHOS inhibition Lonidamine Phase II; In vivo mouse 
model

Glioma Limited tumor growth [303, 304]

G6PD inhibitor  Dehydroepiandros-
terone 

Phase I Breast cancer Increased the number 
of monocytes  and NK 
cells

NCT00972023 [305]

Polydatin In vitro human cell 
culture

Breast cancer Increased cancer cell 
autophagy and lapa-
tinib effect on breast 
cancer cells 

[306]

GSK-3 inhibitor Lithium chloride In vivo mouse model; 
in vitro human cell 
culture

Pancreatic and breast 
cancers

 Enhanced autophagy 
and apoptosis in can-
cer cells and reduced 
cancer growth

[307]

PGAM1 inhibitor  HKB99 In vivo mouse model  NSCLC  Suppressed tumor 
growth and metas-
tasis

[308]

 PGMI-004A In vivo mouse model  NSCLC  Attenuated cell prolif-
eration and tumor 
growth

[309]
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immune tolerant through glucose competition. There-
fore, HK2 is an epithelium-T cell MCTP. Future studies 
may need to verify the cancer treatment efficacy of these 
MCPTs. Considering that TGF-β signaling influences the 
immune, mechanical, and metabolic microenvironment 
in cancer, effective TGF-β-associated common target 
is expected to achieve the effect of targeting metabolic 
microenvironment, mechanical microenvironment, and 
immune microenvironment together.

Third, combining TGF-β-dependent metabolism-
targeted therapy with immunotherapy or conventional 
cancer therapy may maximize their efficacy. Numerous 
immunotherapies have been approved for application in 
cancer patients, with prominent effects on cancer therapy 
status, among which immune checkpoint inhibitors such 
as PD-1/PD-L1 blockade are the most widely used thera-
pies. Since the anticancer effects of these immunothera-
pies are limited, TGF-β therapies usually combine PD-1/
PD-L1 blockade to strengthen their efficacy. M7824 is a 
classical drug that targets both PD-L1 and TGF-β signal-
ing and comprises the recombinant anti-PD-L1 antibody 
and TGF-βRII fusion protein. However, M7824 failed in 
multiple Phase III clinical trials, including triple-negative 
breast cancer and NSCLC. The following reasons might 
be responsible for the failure. In terms of M7824 drug 
design, the TGF-βRII structure in M7824 may not cap-
ture TGF-β efficiently. We inferred that better outcomes 
could be achieved if TGF-βRI/TGF-βRII complex was 

made to mimic the in vitro TGFβ ligand-receptor inter-
actions. Besides, phosphorylation of TGFβRI should be 
avoided to prevent the amplified TGF-β signaling. As for 
M7824 patient selection, except for the high expression 
of PD-L1, patients may also need to satisfy the require-
ment of TGF-β target therapy, such as the TGF-β acti-
vation. This makes the patient selection much stricter. 
Considering the tumor heterogeneity, not all patients 
meet these requirements. Moreover, both anti-PD-L1 
signaling and TGF-β signaling focus on cancer immunol-
ogy but not killing cells directly. TGF-β target therapies 
could combine with treatment that directly kill cancer 
cells, such as radiotherapy and chemotherapy to achieve 
better anti-tumor effect. TGF-β target therapy resistance 
will occur after a period of medication application, and 
new agents should be used. Metabolic reprogramming 
influences the effector function of immune cells. Future 
studies could explore the targeting of TGF-β-regulated 
metabolic enzymes and their combination with immu-
notherapy. For example, TGF-β signaling is responsible 
for Treg transformation by downregulating glycolysis via 
a decrease in GLUT1 and HK2. Therefore, the GLUT1 
and HK2 inhibitors shown in Table 4 could be tested to 
determine whether they can combine with and increase 
the efficacy of PD-1/PD-L1 blockade therapy.

Overall, preclinical in  vitro and animal model studies 
have verified that targeting TGF-β efficiently prevents 
cancer progression by regulating metabolic enzymes via 

GLUT glucose transporter; HK II hexokinase II; CAV-1 caveolin-1; BITC benzyl isothiocyanate; MCT-1 monocarboxylate transporter 1; PDK1 pyruvate dehydrogenase 
kinase 1; IDH isocitrate dehydrogenase; HIF-1 hypoxia-inducible factor-1; OXPHOS oxidative phosphorylation; G6PD glucose-6-phosphate dehydrogenase; GSK-3 
glycogen synthase kinase; PGAM phosphoglycerate mutase; NSCLC non-small cell lung cancer; ACSL acyl CoA synthetase; FASN fatty acid synthase; HMGCR​ 3-hydroxy-
3-methylglutaryl-CoA reductase; and GLS1 glutaminase 1

Table 5  (continued)

Strategy Agent Experiment status Application Cancer biological 
behavior

Clinical trial/Ref.

ACSLs inhibition Triacsin C In vitro human cell 
culture

Colon and breast 
cancers

Decreased cell prolifera-
tion and chemotherapy 
resistance

[310, 311]

ACAT-1 Avasimibe In vitro human cell 
culture

Ovarian cancer  Enhanced chemo-
sensitivity to cisplatin 
treatment

[312]

FASN inhibitor C75 FDA approved  NSCLC Reduced tumor growth [313, 314]

TVB-2640 Phase II NSCLC, ovarian, and 
breast cancer

Inhibited cancer growth NCT02223247 [315]

Cerulenin In vitro human cell 
culture

  Lung cancers Blocked cancer cell 
proliferation

[316]

HMGCR inhibitor Fluvastatin In vivo mouse model  NSCLC Inhibited cancer growth [317]

GLS inhibitor Telaglenastat (CB-839) In vivo mouse model   Melanoma   Improvement in 
tumor growth inhi-
bition with anti-PD1 
and anti-CTLA4 
antibodies

[318]

Withangulatin A deriva-
tive 7

In vivo mouse model  Breast cancer Inhibited cancer growth [319]
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failing the “engine.” TGF-β-dependent metabolism pro-
vides far more promising targets that can substitute for 
TGF-β inhibitors at the level of TGF-β isoforms or their 
receptors. However, one enzyme usually has isozymes 
depending on their different structures. Future studies 
to design agents that specifically target one isozyme are 
needed to minimize adverse effects and provide potent 
cancer therapeutic effects.
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