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Abstract
Metabolic reprogramming is a hallmark of cancer metastasis in which cancer cells manipulate their metabolic profile to meet 
the dynamic energetic requirements of the tumor microenvironment. Though cancer cell proliferation and migration through 
the extracellular matrix are key steps of cancer progression, they are not necessarily fueled by the same metabolites and 
energy production pathways. The two main metabolic pathways cancer cells use to derive energy from glucose, glycolysis and 
oxidative phosphorylation, are preferentially and plastically utilized by cancer cells depending on both their intrinsic meta-
bolic properties and their surrounding environment. Mechanical factors in the microenvironment, such as collagen density, 
pore size, and alignment, and biochemical factors, such as oxygen and glucose availability, have been shown to influence both 
cell migration and glucose metabolism. As cancer cells have been identified as preferentially utilizing glycolysis or oxida-
tive phosphorylation based on heterogeneous intrinsic or extrinsic factors, the relationship between cancer cell metabolism 
and metastatic potential is of recent interest. Here, we review current in vitro and in vivo findings in the context of cancer 
cell metabolism during migration and metastasis and extrapolate potential clinical applications of this work that could aid 
in diagnosing and tracking cancer progression in vivo by monitoring metabolism. We also review current progress in the 
development of a variety of metabolically targeted anti-metastatic drugs, both in clinical trials and approved for distribution, 
and highlight potential routes for incorporating our recent understanding of metabolic plasticity into therapeutic directions. 
By further understanding cancer cell energy production pathways and metabolic plasticity, more effective and successful 
clinical imaging and therapeutics can be developed to diagnose, target, and inhibit metastasis.
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Introduction

The metastatic cascade is a multi-step process that involves 
cancer cell detachment from the primary tumor and the 
subsequent migration and invasion into the surrounding 
microenvironment [1]. As cancer cells complete these first 
steps of the metastatic cascade, they are presented with 
a variety of microenvironmental features that affect their 
migration, including both the physical forces imparted 
by the extracellular matrix and chemical signaling fac-
tors [1]. Recent work has shown that as migrating can-
cer cells encounter these microenvironmental challenges, 
such as increased matrix density or increased confinement, 
they plastically alter their energetics, specifically glucose 
metabolism, to fuel their successful movement throughout 
the body [2, 3]. These findings point to an important role 
for cellular energetics in mediating the earliest steps of 
cancer metastasis. While current research in cancer metab-
olism has largely focused on the uniquely high prolifera-
tion rate of cancer cells [4–7], migration of cancer cells is 
heavily dependent on energy production to fuel migratory 
processes. Actin reorganization, protrusions, cell translo-
cation, adhesion, and de-adhesion are all ATP-dependent 
[8–11], yet information on how cancer cells create and 
utilize energy for movement is still emerging.

The metabolism of cancer cell invasion and prolif-
eration are thought to be mutually exclusive behaviors, 
termed the “migration-proliferation dichotomy” or “go 
or grow hypothesis” [12–15]. Investigating the role of 
metabolism during cancer cell migration specifically 
requires a separate understanding from what is already 
known of metabolism during cancer cell proliferation, as 
migration and proliferation may utilize separate metabolic 
mechanisms. Due to the high level of metabolic plastic-
ity during cancer cell migration, in vitro data has shown 
conflicting evidence regarding the relationship between 
metabolism and in vitro migratory potential [2, 3, 16, 40, 
42]. Therefore, targeting metabolism in metastasis is lim-
ited by the current understanding of factors driving that 
plasticity. Determining the effects of external cues, cellu-
lar and patient heterogeneity, and in vitro vs clinical data 
will be essential to identify metabolic targets and develop 
effective therapeutics against metastasis.

Here, we focus first on how cancer cells utilize glucose 
to fuel single cell and collective migration. We next over-
view how external mechanical and soluble stimuli, includ-
ing matrix density, alignment, confinement, extracellular 
acidification, and oxygen and glucose availability, energet-
ically regulate cancer cell migration. We then review the 
metabolic signatures of metastatic cancer cells to further 
analyze how metabolism regulates metastatic potential. 
Understanding the relationship between environmental 

signals, energy needs, and cell migration is crucial to 
develop effective metabolism-targeting cancer therapies 
and clinical imaging modalities to track tumor progression 
and metastatic cancer cells. Thus, we lastly review the 
clinical implications of metabolism in cancer progression, 
specifically how cancer metabolism can be harnessed to 
both target and detect metastatic cancer cells.

Primer on cancer cell metabolism

Reprogramming of glucose metabolism is an important 
hallmark of cancer that supports cell survival during the 
metastatic cascade. Cancer cells are able to dynamically 
switch between two modes of glucose metabolism, gly-
colysis and oxidative phosphorylation (OxPhos), based on 
nutrient availability and energy demands [17]. Glycolysis, 
which can occur anaerobically, is a highly inefficient mode 
of glucose metabolism, yielding just 2 ATP per mole of 
glucose. Mitochondrial OxPhos is an aerobic process that 
occurs in the mitochondria of cells and is highly efficient at 
generating ATP, yielding 36 ATP per mole of glucose [18]. 
Generally, healthy cells only switch between glycolysis or 
OxPhos based on oxygen availability. In hypoxic conditions, 
healthy cells must switch to anaerobic glycolysis to maintain 
ATP generation. As the processes can occur simultaneously 
in the presence of oxygen, it is rare that a cell can be classi-
fied as driven wholly by glycolysis or OxPhos. However, the 
predominant source of energy utilization is often determined 
by the cellular process being fueled or by cues from the 
surrounding microenvironment. Additionally, though cells 
must use glycolysis to produce pyruvate to fuel OxPhos, 
they can also be redirected to produce energy via aerobic 
and anaerobic branches of the Pentose Phosphate Pathway 
(PPP), which is primarily responsible for the redox status 
of the cell [19]. In contrast, a separate metabolic pathway 
that catabolizes glutamine is thought to be heavily utilized 
in some cancers, while not in others [20]. As such while 
glycolysis and OxPhos are the two primary and most heav-
ily studied modes of glucose metabolism, it is important to 
note that cells can undergo a variety of metabolic processes 
to fuel migration, proliferation, and metastasis.

Cancer cells are uniquely metabolically plastic and can 
dynamically switch between the two main modes of glu-
cose metabolism, even when oxygen availability remains 
high [21–23]. In contrast to normal cell function, cancer 
cells often preferentially use glycolysis for ATP generation 
under aerobic conditions, termed “the Warburg Effect” [24]. 
Importantly, Warburg’s observations focused on comparing 
the metabolism of “growing tissue” to “resting tissue” and 
thereby focused on the metabolism of highly proliferative 
cancer cells [24]. Initially, this metabolic switch was attrib-
uted to mitochondrial impairment and dysfunction but was 
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later found that the switch to glycolysis was independent of 
mitochondrial health in most cancers and rather occurred 
as the result of metabolic reprogramming in cancer cells 
[25, 26]. Specifically, mutations in signaling pathways that 
regulate glucose uptake, such as Akt or Myc, have shown 
to be responsible for the Warburg Effect [4, 27, 28]. While 
glycolysis has been shown to enhance cancer cell prolifera-
tion, it is still unclear how cancer cell glucose metabolism 
relates to migratory and metastatic capability.

Bioenergetics of cancer cell migration

In the early steps of the metastatic cascade, cancer cells 
detach from the primary tumor, invade through the basement 
membrane, and navigate through the extracellular matrix 
(ECM). Completion of these steps is thought to be required 
for a cell to successfully colonize new tissues and form sec-
ondary tumors [29]. Importantly, successful invasion and 
migration relies on the metabolic and migratory plastic-
ity of cancer cells to meet changing energetic demands of 
unique microenvironments [3]. Understanding the nuances 
of how cellular metabolism regulates cancer cell invasion 
and migration is essential to target the cancer cells that are 
actually capable of escaping the primary tumor. Migration 
away from the primary tumor can occur as either single cell 
or collective migration [30–33]. Further analysis of these 
mechanisms reveals that multiple different modes exist, 
including amoeboid and mesenchymal single cell migration 
and leader and follower cells in collective migration [34–37]. 
The migratory potential and metabolism of migrating cells 
is heavily dependent on mode of migration and is further 
complicated by intratumor metabolic heterogeneity that is 
mediated in part by spatial cues. For example, utilizing ATP 
for invasion versus proliferation appears to be induced by 
microenvironmental signals, including ligand gradients and 
growth factors [13, 38, 39]. In vitro data has shown con-
flicting evidence regarding the relationship between glucose 
metabolism and migratory potential, and it is likely that the 
pathway utilized is highly context-dependent and cell-type 
specific [40–43].

Single cell migration

Single cell migration in vitro has been heavily studied to 
parse apart the particular mechanisms cells use to navigate 
the tumor microenvironment (TME) [44–46]. Briefly, cancer 
cells utilize various migratory modes to traverse the TME, 
transitioning first from a non-migratory epithelial state to 
a more migratory mesenchymal mode characterized by 
cycles of protrusion, adhesion, contraction, and de-adhe-
sion [47–49]. During epithelial-to-mesenchymal transition 
(EMT), cells transition to a more aggressive phenotype 

characterized by a change in both morphology and invasive 
capability [50]. Numerous aspects of migration and EMT 
are linked both directly and indirectly to metabolism. Impor-
tantly, EMT is characterized by cytoskeletal reorganization 
and formation of protrusions which can alter energy produc-
tion and consumption [51]. EMT is due in part to upregula-
tion of specific transcriptional factors like Snail, Slug, and 
TWIST which have previously been associated with altered 
cell metabolism [52]. Specifically, Snail has been linked 
with altered glucose flux in cancer cells by regulating glyco-
lysis and the pentose phosphate pathway [53]. Additionally, 
hypoxia-induced HIF-1 signaling is known to induce EMT 
through TWIST signaling [54, 55]. However, the respec-
tive roles of glycolysis and OxPhos during these transitions, 
especially in oxygen-rich conditions, are relatively unknown.

Migrating cells fluctuate between Rac-1 driven mesen-
chymal migration, bleb-based RhoA-mediated amoeboid 
migration, or reside somewhere in between by adopting tran-
sitory, intermediate modes [56–58]. Mesenchymal-to-amoe-
boid transition (MAT), typically associated with increased 
speeds and contractility, allows cells to plastically switch to 
different, more efficient modes to overcome microenviron-
mental challenges [59]. Recent work has investigated the 
metabolic and migratory differences between normal cells 
and those undergoing MAT [60]. The mitochondrial car-
rier SLC25A4, which carries ADP into mitochondria and 
pumps out ATP, was found to be upregulated in transitioning 
cells [60]. However, significant work in interpreting these 
differences is still required to fully understand how these 
two phenotypes differ metabolically. Others have reported 
that changes to cell morphology and motility characteristic 
of MAT occur simultaneously with changes to glycolysis, 
though this relationship is also still being explored [61]. It 
is widely accepted that the cytoskeleton plays a significant 
role in mitochondrial shape and function, thus suggesting 
that the increase in cortical actin and altered morphology 
associated with MAT induces altered mitochondrial respi-
ration and metabolism [62–64]. Recent work has also sug-
gested that cancer cell actin dynamics regulate metabolic 
plasticity [62–65]. Inhibition of Arp2/3, which regulates 
both protrusion and migration, reduced glucose FRET sig-
nal which was associated with decreased PI3K signaling and 
GLUT1 expression [65]. Conversely, stabilization of F-actin 
was associated with increased glucose FRET signal which 
was associated with increased glucose uptake and glucose 
utilization [65]. Mechanistically linking this phenotypic 
transition to metabolic changes may provide clarity on the 
conflicting reports on metabolic signatures and migratory 
potential in vitro.

Recent evidence points to a prominent, understudied role 
for OxPhos during single cell cancer migration [41]. An 
increase in mitochondrial biogenesis and OxPhos via upreg-
ulated expression of peroxisome proliferator-associated 
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receptor gamma, coactivator 1-alpha (PCG-1α) has been 
strongly correlated with a more invasive cancer cell phe-
notype and an increase in the formation of distal tumors 
[41]. Additionally, relocation of mitochondria to the leading 
edge of cells and to forming protrusions is thought to enable 
increased ATP production to fuel migration and invasion 
[66, 67]. Mitochondrial function, in contrast to what was 
previously proposed by the Warburg Effect, is not impaired 
in more aggressive phenotypes. In fact, in super-invasive 
and super-metastatic phenotypes, created through rounds of 
in vitro and in vivo sorting, respectively, a mitochondrial 
shift occurs in which cells maintain levels of OxPhos with-
out an increase in glycolysis [68]. This metabolic switch 
is also thought to be mediated by the availability of TNF-
receptor associated protein-1 (TRAP1) which is expressed in 
lower levels in cancerous tissue than normal tissue. TRAP1 
deficiency in vitro was found to correlate with increased 
OxPhos, intermediates of the TCA cycle, and ATP and ROS 
production to increase the invasiveness of migrating cells 
[69]. Thus, data suggests that OxPhos may play an equally 
important role in the aggressive phenotype of migrating 
cells compared to glycolysis, though it may be more context-
dependent to provide ATP to localized regions where it can 
be utilized efficiently.

Collective migration

In contrast to single cell migration in cancer, collective 
migration describes cells that move cooperatively in groups 
that has been observed in many cancers, including breast, 
prostate, colorectal, and lung cancers [70]. Importantly, the 
collective behaviors of cancer cell clusters has been sug-
gested to lead to increased invasion, metastasis, and thera-
peutic resistance compared to single cells [71–74]. In collec-
tive migration, a leader cell guides clusters of follower cells 
coupled with cell–cell junctions through the TME. To guide 
collective strands, leader cells utilize actin-rich protrusions 
and proteases, including matrix metalloproteinases (MMPs) 
and Cathepsin B [75–77]. Conversely, follower cells exhibit 
high levels of cell–cell adhesions, such as cadherin-based 
adherens junctions [78, 79]. Given the very different mode 
of migration utilized when cells move collectively compared 
to single cell movement, the energetic needs for two modes 
are likely very different.

It was recently reported that the collective invasion of 
cancer cells is regulated by the energy status of leader and 
follower cells [40, 42]. Leader cells of breast cancer cell 
spheroids exhibit higher glucose uptake compared to fol-
lower cells, suggesting that leader cancer cells rely more 
heavily on glucose flux than follower cells [40]. Similarly, 
glycolytic ATP production was reported to regulate the 
collective invasion of endothelial cells in vessel branch-
ing [80, 81]. Additionally, recent data suggests that breast 

cancer leader cells must overcome a threshold level of 
intracellular ATP/ADP to successfully invade [40]. As 
leader cells invade, their energy gradually depletes, leading 
to leader–follower cell transition in which a follower cell 
becomes a new leader cell [40]. Importantly, as invading 
strands encounter a physically challenging environment, 
they exhibit more frequent leader–follower switching to 
overcome the high energy barrier of their invasion [40]. This 
result suggests that cancer cells exhibit phenotypic plasticity, 
regulated by energetically demanding microenvironmental 
challenges, during collective migration. Interestingly, it was 
also recently reported that lung cancer leader cells prefer-
entially utilize mitochondrial OxPhos regulated by pyruvate 
dehydrogenase (PDH), and lung cancer follower cells rely 
on elevated glucose uptake regulated by GLUT1 to fuel 
collective invasion in tumor spheroids [42]. This finding is 
consistent with other collective migration studies describ-
ing leader cells as more migratory but less proliferative than 
follower cells [42, 43]. Co-targeting of PDH and GLUT1 
dramatically reduced spheroid invasion, suggesting that co-
targeting glycolysis and mitochondrial OxPhos to inhibit 
the invasion of a metabolically heterogeneous cancer cell 
population holds potential for drug development [42]. The 
reason for these contrasting findings may lie in the context 
of the metabolism measurements. The dynamic, real-time 
switching of a heterogenous leader/follower cell population 
invading from spheroids provides a transient context for cell 
metabolism, where greater energy demands in the leader 
cell position lead to increased uptake of glucose that may 
suggest an increase of glycolysis independent of a change in 
OxPhos. However, when cells are sorted to create distinct, 
leader and follower cell populations, a more permanent, last-
ing metabolic signature is characterized in which leader cell 
populations generally increase OxPhos compared to follower 
cells. By taking these two studies together, a more complete 
insight into the metabolic behavior of leader and follower 
cells reveals a highly context-dependent relationship.

Metabolic plasticity in cancer cell migration

Metabolic plasticity refers to the ability of cancer cells to 
switch dynamically between various energy production path-
ways in response to either internal or environmental cues. 
Recent work has revealed that cancer cells change their 
preferred route of glucose metabolism between glycolysis 
and mitochondrial OxPhos during both tumor growth and 
subsequent metastasis [23]. Cancer cells exist using a dual 
hybrid metabolism, regulated by ROS, activation of onco-
genes, and environmental signals [4, 23, 27, 82]. This dual 
metabolic state has been observed in aggressive tumor cell 
lines, including SiHa, HeLa, and triple negative breast can-
cer (TNBC) cells [23]. Importantly, the metabolic balance 
between glycolysis and mitochondrial OxPhos in cancer 
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cells is significantly affected by the surrounding microen-
vironment. A variety of mechanical and chemical factors in 
the tumor microenvironment, including matrix density, fiber 
alignment, confinement, nutrient availability, and extracel-
lular acidification, regulate cancer cell metabolic plasticity 
[2, 3, 83–85].

Mechanical factors that regulate metabolism during cancer 
cell migration

Cancer cell interactions with the surrounding ECM occur 
in various stages of cancer progression, including the initial 
detachment from the primary tumor and subsequent invasion 
through the basement membrane, requiring cells to adapt 
their energy production to successfully traverse through 
the tumor environment. During mesenchymal migration, 
cells form protrusions and attach to the ECM via integrins 
which serve as nodes of force transmission [86]. Cells are 
able to both impart mechanical forces on the surrounding 
matrix via contractility and protrusions as well as respond 
to forces they encounter when navigating different matrix 
densities, stiffness ranges, and porosity [87]. As a result, 
ECM mechanics have profound effects on cell behavior [88]. 
Recent studies have shown that altered ECM mechanosensi-
tivity can directly regulate cancer cell metabolism [89, 90]. 
Cancer cells undergoing de-adhesion to escape the primary 
tumor display a deficit in glucose transport, resulting in ATP 
deficiency and anoikis. These de-adherent cells respond to 
this ATP deficiency by increasing peroxide signaling and 
mitochondrial activity [91]. This finding suggests that 
even in the very initial stages of metastasis, a relationship 
between mechanical sensing and cellular metabolism exists. 
When cultured in suspension, breast epithelial cells decrease 
ATP levels, suggesting that matrix detachment compromises 
cellular metabolism [89]. Similarly, inner, matrix-deprived 
cells of acinar cultures have compromised bioenergetics, 
similar to cells grown in suspension [89]. Inhibition of 
ROCK-mediated contractility using the Y-27632 inhibitor 
has been shown to shift breast cancer cells to a more mito-
chondrial OxPhos metabolic signature, indicating a relation-
ship between cancer cell contractility and metabolism [90]. 
Together, these findings suggest that mechanical feedback 
through the ECM mediates cellular metabolic regulation.

Matrix density Changes in matrix density are known to 
regulate cancer cell metabolism during cell migration. 
4T1 mammary carcinoma cells grown in high density col-
lagen matrices decreased oxygen consumption and TCA 
cycle utilization compared to low density matrices [92]. 
However, levels of glucose uptake and ROS were not 
different between high density and low density matrices 
[92]. More recently, it was reported that migrating TNBC 
cells exhibit higher ATP:ADP ratios and higher levels 

of glucose uptake in denser collagen matrices (Fig.  1a) 
[3]. Similarly, TNBC cells displayed increasing glycoly-
sis with increasing collagen densities measured through 
fluorescence lifetime imaging (FLIM) [90]. The less inva-
sive T47D and MCF7 breast cancer cells showed similar 
but less significant trends in behaviors, suggesting that 
metabolic response to matrix density may be regulated by 
cancer cell aggressiveness [90]. Altogether, these findings 
suggest that a denser TME induces a metabolic switch to 
enhanced glycolysis. As denser matrices inhibit a cell’s 
ability to migrate, increased energy, fueled quickly via 
glycolysis, may be required for migration.

Importantly, cancer cells can switch from single cell 
dissemination to collective invasion in denser matrices 
[93]. As a result, the higher energy barrier in denser matri-
ces likely regulates the migratory switch from single cell 
to collective invasion to invade more energy efficiently.

Fig. 1  Matrix properties alter cell migration and metabolism in vitro. 
a Increasing collagen density impairs cell migration speed and 
increases ATP:ADP ratios using the PercevalHR probe to meas-
ure metabolism in real time. b Increasing confinement results in 
increased ATP:ADP ratios. c Increased alignment increases cell 
speed and decreases ATP:ADP ratios
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Confinement and  alignment Invading cancer cells must 
navigate a heterogeneous, highly disorganized TME to 
escape the primary tumor and spread to distant regions in 
the body. These ECM networks are organized into pores and 
channel-like microtracks surrounding the primary tumor 
[76, 94–96]. Importantly, cancer cells encounter altered con-
finement in the microenvironment which can also regulate 
cancer cell metabolism [2]. Cancer cells migrating through 
confined spaces display increasing intracellular ATP:ADP 
ratios and increasing glucose uptake compared to uncon-
fined cells, suggesting it is more energetically demanding 
for cancer cells to migrate through more confined environ-
ments (Fig.  1b) [2]. Additionally, when faced with paths 
of varying confinement, TNBC cells tend to migrate in 
the direction of least confinement to minimize energetic 
demands [2]. Alignment of ECM fibers has previously been 
shown to aid cells in minimizing energetic costs to more 
efficiently migrate through fibrous microenvironments [3]. 
Fiber alignment in 3D collagen gels not only increases 
migration speed, but also decreases intracellular ATP:ADP 
ratios and glucose uptake (Fig. 1c). By utilizing an easier 
path to navigate, cells expend less energy.

Chemical factors that regulate metabolism during cancer 
cell migration

Oxygen While cancer cells possess the ability to undergo 
glycolysis even under aerobic conditions, oxygen avail-
ability in the TME can regulate cancer cell metabolism 
and migration. During hypoxia or mitochondrial dysfunc-
tion, cells can switch their metabolism from mitochondrial 
OxPhos to anaerobic glycolysis to maintain growth [83]. 
This switch is typically regulated by HIF-1, whose targets 
include genes encoding glucose transporters, glycolytic 
enzymes, and LDH-A [97, 98]. The availability of oxygen 
can have important effects on cell migration. Hypoxia can 

enhance cancer cell EMT and metastasis [54, 55]. Increased 
HIF-1 signaling regulates the expression of TWIST to pro-
mote EMT [55]. Additionally, collective-to-amoeboid tran-
sition (CAT) is induced by hypoxia and increased HIF-1 
signaling (Fig.  2a) [99]. Amoeboid dissemination from 
collective strands and invasion into new environments due 
to hypoxia has been associated with both decreased levels 
OxPhos without an associated increase of glycolysis, with 
cells reserving energy despite the stress induced by low oxy-
gen and glucose availability [31].

Even in the presence of abundant oxygen, it may be ener-
getically taxing for cells to primarily utilize OxPhos. It has 
recently been shown that in high concentrations of peroxide 
that are produced by increased glucose consumption, cells 
often expend increased energy mitigating the effects of waste 
produced via OxPhos, making the process inefficient com-
pared to glycolysis [100]. Peroxide production has also been 
shown to increase as cancer cells undergo the metabolic 
switch from OxPhos to glycolysis [101]. However, it has 
been proposed that an increase in peroxide via cancer cells 
encourages surrounding fibroblasts to initiate detoxification 
via the TCA cycle [102]. Thus, peroxide plays a significant 
role in both in the metabolic plasticity of cancer cells.

Glucose Glucose availability in the TME can have profound 
effects on cancer cell metabolism and migration as it feeds 
directly into glycolysis. TNBC cells cultured in 3D collagen 
matrices with increasing levels of glucose exhibited increas-
ing intracellular ATP:ADP ratios [3], indicating that cancer 
cells presented with increasing levels of glucose are capable 
of increased energy production. Cells cultured with physi-
ologically relevant glucose levels compared to glucose-free 
conditions exhibited slightly increased migration speed 
and net migration distance [3], and MCF7 cells cultured 
in hyperglycemic conditions exhibit higher levels of motil-
ity compared to cells in physiological glucose levels [103]. 

Fig. 2  Environmental gradients that drive migratory changes. a Col-
lective-Amoeboid transition has been shown to occur in response 
to hypoxic environments. b Increases in glucose availability results 
in higher migration of cancer cells. c Increased glycolysis results in 

increased lactate production by cells, increasing the surrounding acid-
ification of the microenvironment, activating matrix metalloprotein-
ase (MMP) release
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Taken together, these data suggest that increased glucose 
availability may increase cell migration through enhanced 
ATP availability (Fig. 2b). It is important to note that glucose 
availability in the TME is thought to be inversely related to 
cancer cell utilization [104]. High glucose consumption by 
cancer cells can limit glucose availability to other cell types, 
including anti-tumor T-cells which dampens their effector 
activity with potential implications on cancer progression 
[105, 106].

Acidification During glycolysis, the increased production of 
lactate lowers the pH of the surrounding microenvironment 
to induce extracellular acidification [84]. This promotes the 
formation and maturation of invadopodia to increase inva-
sive capability of migrating cells by allowing them to fur-
ther probe and degrade the surrounding matrix via MMPs 
[85, 107, 108]. Additionally, increased ion transport and 
activation of various MMPs due to acidification aid in cell 
migration (Fig.  2c) [109, 110]. Extracellular acidification 
and intracellular lactic acid accumulation may eventually 
promote preferential OxPhos utilization. In sufficient glu-
cose, cancer cells are initially more glycolytic, leading to 
increased lactate accumulation and decreased extracellular 
pH [111, 112]. When this lactic acidosis occurs, glycolysis 
slows within the cell so that rates of mitochondrial OxPhos 
surpass rates of glycolysis, thought to promote cell growth 
and survival [82, 113]. Taken together, extracellular acidi-
fication induced by lactate production can greatly increase 
cancer cell migration through MMP activation. However, 
lactate accumulation can also induce the metabolic switch 
from glycolysis to OxPhos to support cell survival, under-
scoring the importance of context-dependent metabolic 
plasticity.

Interactions with stromal cells that regulate metabolism 
during cancer cell migration

Communication between fibroblasts and infiltrating leukocytes 
in the TME and cancer cells can affect both metabolism and 
migration. In the primary tumor, cancer cells secrete hydrogen 
peroxide which induces oxidative stress and caveolin-1 (Cav-
1) degradation in fibroblasts [114, 115]. The loss of Cav-1 
enhances fibroblast aerobic glycolysis, inducing the release 
of energy-rich metabolites, including lactate, pyruvate, and 
ketone, into the microenvironment [116, 117]. In addition to 
oxidative stress, cancer-derived microvesicles can also signal 
to fibroblasts to increase aerobic glycolysis through Cav-1 
degradation [118]. These activated fibroblasts subsequently 
become more glycolytic and release higher levels of lactate 
into the TME [118]. Uptake of these metabolites by cancer 
cells can directly fuel mitochondrial OxPhos [116–118]. Addi-
tionally, evidence suggests that matrix mechanics regulate 
MV signaling [86, 119, 120]. Specifically, increased matrix 

stiffness enhances microvesicle-induced fibroblast activation 
[119]. As MV-induced activation was previously shown to 
increase fibroblast aerobic glycolysis [118], increased matrix 
stiffness in the TME may further promote this metabolic 
switch in fibroblasts through enhanced microvesicle signal-
ing. This observation, in which fibroblasts in the tumor stroma 
exhibit enhanced glycolysis to fuel cancer cell mitochondrial 
OxPhos, has been termed the Reverse Warburg Effect [116]. 
These tumor-stromal metabolic interactions within the con-
text of confinement were recently investigated using a unique, 
micropatterned tumor-stroma interface model [121]. Cancer 
cells at the center of the micropattern, mimicking high confine-
ment at the tumor core, upregulated expression of glycolysis 
genes. Cancer cells at the tumor-stromal interface, recapitu-
lating low confinement at the tumor periphery, upregulated 
expression of OxPhos genes, further supporting a metabolic 
relationship between tumor and stromal cells [121].

As cancer-associated fibroblasts located in the TME are 
known mediators of cancer cell invasion and metastasis 
through ECM remodeling [86, 122–124], metabolic cou-
pling between cancer cells and stromal fibroblasts likely 
regulates cancer cell escape from the primary tumor and 
subsequent metastasis. Fibroblast-enhanced cancer cell 
OxPhos can increase cancer cell migration and invasion 
in vitro [118]. Additionally, this metabolic coupling can 
enhance cancer cell resistance to cancer therapies. Specifi-
cally, fibroblast-induced epithelial cancer cell mitochondrial 
activity has been shown to enhance cancer cell tamoxifen 
resistance in breast cancer cells in vitro [117].

Metabolic interactions between cancer cells and infil-
trating leukocytes may also affect cancer migration and 
metastasis. Similar to cancer cells, activated T cells exhibit 
enhanced aerobic glycolysis to support their proliferation 
and effector function [125, 126]. As a result, infiltrating leu-
kocytes and cancer cells compete for nutrients in the TME 
[127]. Decreased T cell glucose uptake has direct implica-
tions on their anti-tumor efficacy and thereby affects cancer 
cell progression [128, 129]. While the majority of research 
on the leukocyte-cancer cell metabolic relationship has 
focused on the effects on T cell efficacy, increased T cell 
glucose uptake in the TME may induce a similar response 
to the Reverse Warburg Effect in cancer cells, where cancer 
progression is fueled by metabolic intermediates released 
by T cells.

Metabolic signatures of metastatic cancer 
cells

To effectively target metastatic cancer cells with metabolic 
inhibitors, it is essential to determine the bioenergetics of 
cancer cells that regulate their progression during the meta-
static cascade and subsequent tissue colonization. A variety 
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of evidence suggests that metastatic cancer cells may rely 
more on mitochondrial OxPhos while primary tumor cells 
rely more on glycolysis to fuel primary tumor growth. The 
direct role of OxPhos in metastatic cancer cells was initially 
observed by removing mitochondrial DNA from cancer cell 
lines and observing their effect in vitro and in vivo [130, 
131]. Breast and brain cancer cells devoid of mitochondrial 
DNA lost their tumorigenic phenotype that was only restored 
upon the transfer of normal mitochondria to the cells [130]. 
Similarly, removal of mitochondrial DNA in cervical and 
ovarian carcinoma lines resulted in decreased tumor growth 
when subcutaneously injected in mice [131]. Later, it was 
observed that brain metastases of breast cancers exhib-
ited increased OxPhos compared to primary tumors [132] 
(Fig. 3). Similar reports found circulating cancer cells from 
a 4T1 mouse model to be enriched for OxPhos transcripts 
compared to their primary tumor counterparts [41]. This 
enhanced OxPhos in circulating cancer cells was found to 
be associated with PGC-1α expression [41]. Silencing of 
PGC-1α reduced both cancer cell invasion and metastasis 
without affecting cancer cell proliferation, primary tumor 
growth, or EMT status [41]. Taken together, these studies 
suggest that mitochondrial OxPhos plays an essential role 
for cancer cell tumorigenicity and metastasis. Comparison of 
metastatic melanoma cells with their primary tumor counter-
parts revealed enhanced mitochondrial OxPhos in the meta-
static cancer cells. Specifically, production of mitochondrial 
superoxide, a byproduct of cellular respiration, distinguished 
highly metastatic melanoma cells from weakly metastatic 
cells [133]. Similarly, metabolic profiling of parental breast 
cancer epithelial cells compared to their metastatic coun-
terparts collected from secondary sites in vivo has revealed 
differential utilization of key metabolic factors [134]. Spe-
cifically, metastatic subclones boasted increased metabolic 
flexibility and redox control, allowing cells to proliferate 
even under high stress conditions. Analysis of highly meta-
static parental ductal carcinoma cells collected from liver 
metastases in vivo showed increased OxPhos regulated 
via myoferlin, a protein associated with vesicle trafficking, 
compared to less metastatic subclones [135]. This study 
highlights another potential metabolic target in metastasis, 
myoferlin, that has already shown to be effective in mouse 
models [136].

Recently, single-cell RNA sequencing has been used to 
distinguish metabolic differences between primary tumors 
and metastases. Single-cell RNA sequencing of matched 
primary tumors and micrometastases revealed mitochon-
drial OxPhos as the top pathway upregulated in microme-
tastases compared to higher levels of glycolytic enzymes in 
primary tumors [137]. This finding suggests that enhanced 
glycolysis may aid in primary tumor cell growth while mito-
chondrial OxPhos may be more important in a variety of 
metastatic stages and colonization. Additionally, this finding 

of differentially enriched metabolic pathways in primary 
tumors versus micrometastases highlights that different 
metabolism-targeting therapies may be advantageous in dif-
ferent stages of cancer progression. Importantly, transcrip-
tional heterogeneity was still apparent in these micrometas-
tases [137], proving that one metabolic therapy may not be 
capable of targeting all metastatic cells found in a lesion. 
Altogether, these findings reemphasize the importance of 
the “migration-proliferation dichotomy” and suggest a simi-
lar “metastasis-proliferation dichotomy” may also exist. It 
is likely that microenvironmental cues then signal to these 
metastatic cancer cells to return to a glycolytic phenotype to 
fuel proliferation of the secondary tumor.

Reports of upregulated glycolysis, rather than mitochon-
drial OxPhos, have also been associated with increased 
metastasis in vitro and in vivo. In hepatocellular carci-
noma cells, overexpression of glycolytic enzymes results 
in increased cell metastasis in a nude mouse model [138]. 
Similarly, increased glycolysis has been linked to anti-
oxidant-driven metastasis in lung tumors in addition to 
increased glucose uptake and lactate secretion [139]. Sort-
ing the conflicting evidence regarding whether metastatic 
cancer cells rely more heavily on OxPhos or glycolysis may 

Fig. 3  Glycolysis and OxPhos metabolic signatures observed in dif-
ferent secondary site locations for metastasis
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lie in the location of the metastatic spread, as metastatic 
breast cancer cells that preferentially use glycolysis tend to 
metastasize to the liver, while those utilizing OxPhos tar-
get lung or bone secondary sites (Fig. 3) [135, 140]. These 
glycolytic breast cancer cells are thought to be specifically 
tuned for liver metastasis via increased HIF-1α and PDK-1 
activity that is essential in regulating metabolic pathways. 
Further, aggressive 4T1s metastasizing to liver, bone, and 
lung utilized a combination of mitochondrial OxPhos and 
glycolysis, suggesting that secondary site colonization is 
dependent on the metabolic state of the cells [140] (Fig. 3). 
Additionally, patient data suggests that within the secondary 
sites, the presence of glycolytic markers was dependent on 
the specific site location, where metastatic cells at brain and 
lung sites were more likely to maintain a glycolytic pheno-
type than other secondary sites [141] (Fig. 3). Still others 
report that brain metastases in vivo have higher expression 
of both glycolytic and OxPhos-associated enzymes [132], 
suggesting that while differential metabolic programming 
may be elevated in specific secondary sites, metastatic cells 
likely use a combination of the pathways to meet energetic 
requirements.

Clinical translation of cancer metabolism 
and migration

While in vitro and in vivo work thus far has revealed a key 
relationship between cancer cell migration, metabolism, and 
metastasis, translating these findings to a clinical context 
presents several challenges. Heterogeneity in cell population 
behavior and migratory potential, as well as in the micro-
environmental cues in the primary tumor require metabolic 
drugs and therapies to target rapidly adapting, metabolically 
plastic cell phenotypes at each step in the metastatic cascade. 
Additionally, using clinical imaging to interrogate metabolic 
activity in cancer progression provides valuable insight to 
patient-specific cell metabolism and behavior. but currently 
lacks the feasibility of doing so with cellular-level resolu-
tion. Despite these challenges, the translation of findings 
on cancer cell metabolism during migration to the clinic 
remains a crucial next step in developing treatments for met-
astatic cancer. Moreover, while metabolism is the basis for 
some modes of tumor imaging, it does have technical limita-
tion that provide opportunities and challenges for the future 
to identify novel probes with increased specificity that could 
provide more detailed information about the metabolic state 
and distribution of tumor cells. Here, we review common 
imaging techniques utilized currently and provide insight 
on limitations in the context of inter-patient heterogeneity 
and site-specific metastasis. We additionally describe future 

directions for patient specific imaging of cellular metabolism 
to provide insight on cancer progression and targets.

Anti‑metastatic therapies and metabolism‑targeting 
drugs

While most cancer therapies exclusively target prolifera-
tion, recent understanding of the role of glucose metabo-
lism in cancer cell proliferation, migration, and metastasis 
lays a strong foundation towards the development of anti-
metastatic drugs targeting metabolic processes essential in 
the metastatic cascade. Enasidenib, a selective inhibitor of 
mutant isocitrate dehydrogenase 2 (IDH-2), an enzyme that 
mediates progression through the TCA cycle, is already 
approved to treat patients with IDH-2-mutated myeloid 
leukemia [142] (Table 1). Similar IDH-inhibiting drugs 
have been shown to abrogate both invasion and migration 
of chondrosarcoma cells in vitro while their proliferation 
remained unaffected, which may point to a prominent role 
of mitochondrial metabolism in metastasis [143]. Addition-
ally, a variety of metabolism-targeting agents are currently 
in clinical trials (Table 1). For example, AZD-3965, which 
inhibits MCT1, reportedly exhibits anti-tumorigenic proper-
ties by preventing cellular acidification during increased gly-
colysis [144]. However, while MCT4 inhibitors reportedly 
decrease pancreatic ductal adenocarcinoma cell migration 
in vitro, MCT1 inhibitors have little effect on migration. 
Interestingly, inhibiting either MCT1 or MCT4 signifi-
cantly reduces cell invasion, again pointing to the role of 
individual components of metabolic pathways on specific 
steps in the metastatic cascade [145]. Another potential 
therapeutic, CPI-613, disrupts mitochondrial metabolism 
to induce reactive oxygen species (ROS)-associated apop-
tosis [146] and significantly decrease collective cancer cell 
invasion in vitro [42], and is currently undergoing clinical 
trials with pancreatic cancer patients [190]. Metformin, a 
drug already approved for the treatment of Type 2 Diabetes, 
is currently undergoing clinical trials to treat cancer [147] 
including its use in combination therapy with chemothera-
peutic drugs, including cisplastin and doxycycline, as it is 
hypothesized that metformin may increase cancer cell sen-
sitivity to chemotherapy [147]. Interestingly, Metformin 
is effective at inhibiting both proliferation and migration 
in breast cancer cells in vitro [148, 149]. As Metformin 
predominantly inhibits progression of OxPhos by inhibit-
ing the ETC Complex I, this finding points to the power-
ful role of OxPhos in key steps in the metastatic cascade. 
In part due to the complexities described above identifying 
the predominant metabolic pathways for a given cancer in 
a given patient, cancer therapies that target both glycolysis 
and mitochondrial OxPhos are undergoing clinical trials, as 
both metabolic pathways have been deemed important for 
cancer progression (Table 1).
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Drugs and therapies simultaneously targeting both glyco-
lysis and OxPhos are being pursued to combat compensa-
tory mechanisms upon the inhibition of one of the pathways. 
Recently, the drug Marizomib was combined with a glyco-
lysis inhibitor to reduce metastatic spread in mice [150]. 
When treated with Marizomib, which acts to downregulate 
mitochondrial OxPhos through inhibiting Complex II of the 
ETC, cells were found to increase glycolysis to provide nec-
essary energy for proliferation and metastasis [150]. Simi-
larly, in vitro, the drug significantly decreased the migra-
tory ability of TNBCs, correlating with the downregulation 
of PGC-1α and EMT genes [150]. These data led to the 
combination therapy of Marizomib and 2-deoxy D-glucose 
(2-DG), a glycolysis inhibitor, which was shown to signifi-
cantly inhibit tumor growth. Thus, in moving to clinical tri-
als and designing anti-metastatic therapies, understanding 
site-specific bioenergetics and compensatory mechanisms 
is essential to inhibit metastasis without off-target effects. 
Additionally, because cells are reprogrammed at different 
stages of metastasis to rely more on glycolysis or OxPhos, 
it is necessary to understand which pathway is dominant at 
each stage. Recently, a targeted tumor-specific inhibition of 

cell metabolism using a ginsenoside derivative was found 
to decrease tumor growth in a xenograft model [151]. By 
downregulating both OxPhos and glycolysis in tumor cells 
only, while leaving normal, healthy cells unchanged, this 
promising therapy could decrease metastasis without alter-
ing normal cell function.

Clinical imaging and cancer cell metabolism

The need to understand cellular metabolism extends beyond 
the development of metabolic inhibitors to treat metasta-
sis. It is also motivated by the advent of technologies to 
diagnosis and identify the location of tumors based on 
metabolic signal. The metabolic state of cancer cells is so 
robustly different than that of cells in healthy tissue that it 
is the basis for several clinical imaging platforms. Positron 
emission tomography (PET) imaging is one of the most 
widely used imaging techniques for cancer diagnostics and 
has been highly reviewed [152–154]. In brief, PET imag-
ing exploits the fact that proliferating cancer cells increase 
glucose uptake and glycolysis [152–154]. As with glucose, 
the radiotracer 18-fluorodeoxyglucose (18-FDG) is taken 

Table 1  Cancer therapies 
targeting glucose metabolism

Drug Target enzyme Approval stage Ref

Enasidenib IDH-2 Approved [142]
Metformin ETC complex I Approved for type 2 diabetes, clini-

cal trials for cancer
[147, 164]

2-DG HK Clinical trials [165, 166]
3-BrPa HK, GAPDH Clinical trials [167]
AT-101 LDH-A Clinical trials [168]
AZD3965 MCT1 Clinical trials [144]
CPI-613 PDH, α-KGDH Clinical trials [169]
DCA PDK1 Clinical trials [170, 171]
FK866 GAPDH Clinical trials [172]
IDH305 IDH Clinical trials [173]
Ivosidenib IDH Clinical trials [174]
Lonidamine HK Clinical trials [175, 176]
Marizomib ETC complex II Clinical trials [150, 177]
Polyphenon E LDH-A Clinical trials [178]
Resveratrol, chrysin HK2 Clinical trials [179]
Ritonavir GLUT1 Clinical trials [180]
TT-232 PKM2 Clinical trials [181]
PFK158 PFKFB3 Clinical trials [182–184]
3PO PFKFB3 Research [182, 183]
Fasentin GLUT1, GLUT4 Research [185]
GEN-27 GLUT1, HK Research [186]
Koningic acid GAPDH Research [187]
STF-31 GLUT1 Research [188]
VK3 PKM2 Research [181]
VK5 PKM2 Research [181]
WZB117 GLUT1 Research 189
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up by cancer cells and processed through the glycolysis 
pathway. However, 18-FDG does not enter the TCA cycle 
and is trapped within the cell, where it decays and can be 
monitored using PET. However, the anatomical resolution 
conferred by this technique is currently 2–3 mm at best, and 
therefore is often simultaneously acquired on hybrid scan-
ners that are also capable of computed tomography (CT) or 
magnetic resonance (MR), imaging modalities of superior 
spatial resolution and tissue contrast [155]. The data sets are 
interpreted separately and superimposed upon each other, 
providing a complete picture of foci of glucose hyperme-
tabolism in the context of normal and abnormal anatomical 
structures (Fig. 4).

18-FDG PET and its combinations on hybrid scanners 
with CT or MR capability are primarily utilized clinically 
to identify the stage of cancer progression in many types of 
cancers. They are also used to detect response to chemother-
apy and other interventions before reduction in tumor size 
can be observed. They have proven useful in identifying foci 
of disease recurrence, especially in asymptomatic patients 
with rising serum tumor markers. However, 18-FDG PET 
imaging also has several important limitations. False nega-
tives can result from a variety of sources. Tumor deposits 
less than 7–8 mm in size or malignancies with low metabolic 

rates, such as prostate cancer, hepatocellular carcinoma, and 
differentiated neuroendocrine tumors, are often undetected. 
In diabetic patients, competitive inhibition from increased 
serum glucose results in decreased radiopharmaceutical 
uptake and can also produce a false negative. Additionally, 
local regions of physiologically high metabolic rates, for 
example in the brain, can render the signal-to noise ratio 
unfavorable for lesion detection, masking a malignancy. 
False-positive often occur due to infections, post-surgical 
and post-radiation changes, and other inflammatory condi-
tions, since activated neutrophils, macrophages, and fibro-
blasts also demonstrate increased 18-FDG uptake [156]. 
Importantly, for the purposes of identifying key metabolic 
differences in tumors, 18-FDG PET images represent glu-
cose uptake throughout the body but cannot differentiate 
between glycolysis and OxPhos within cells [157]. Due to 
this feature, it is difficult to obtain a detailed understand-
ing of patient-specific cancer metabolism exclusively using 
18-FDG.

In recent years, other glucose-based radiopharmaceuti-
cals, such as 99mTc-ethylenedicysteinedeoxyglucose, have 
been developed for use in gross imaging with single-photon 
emission computed tomography (SPECT), in an effort to 
overcome limitations [158]. To date, however, none are used 

Fig. 4  Images from an 18-FDG PET/CT scan demonstrating, in the 
right lung apex, a 2.1 cm ground-glass nodule with minor solid com-
ponent, hypermetabolic with maximal SUV = 5.1. Pathologic and 
cytologic analysis upon biopsy were consistent with primary lung 

adenocarcinoma. a Positron emission tomography (PET) image. b 
Computed tomography (CT) image at the same level. c Fused PET/
CT image. d Scout radiograph showing level of axial images
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clinically. In addition, because some malignant tumors do 
not consistently exhibit increased 18-FDG uptake, PET trac-
ers that monitor alternative metabolic processes have been 
identified. 11C-acetate, an oxidative metabolism marker, 
has been used to measure TCA cycle activity to provide a 
more detailed view of patient-specific cell metabolism [159]. 
11C-acetate is transported into cells through the monocar-
boxylate transporter (MCT) and then into the mitochondria 
to generate energy [159]. The acetate is then converted into 
acetyl-CoA by acetyl-CoA synthase and proceeds through 
the TCA cycle [159]. Importantly, 11C-acetate PET is used to 
clinically diagnose renal, brain, hepatocellular, the lipogenic 
phenotype of prostate cancer, and other urological malginan-
cies [159, 160]. 11C-acetate PET also monitors fatty acid 
synthase activity, which provides an indicator of both oxi-
dative metabolism and fatty acid metabolism [159]. Addi-
tionally, 18-FDG PET used in combination with a pyruvate 
dehydrogenase kinase (PDK) inhibitor can be used to assess 
tumor and cardiac metabolism by measuring glycolytic 
activity [159]. By incorporating pathway-specific metabolic 
tracers into clinical imaging, not only can clinical data be 
used to further understand the role of metabolic plasticity in 
individual patients, but additionally, metabolic heterogeneity 
between patients with specific cancer types can be further 
explored. Given the role of cellular metabolic profiles dur-
ing metastatic tropism, it remains to be seen whether probes 
can be developed and utilized to predict metastasis. Future 
combination techniques that can differentiate between and 
detect different metabolic pathways at a high resolution may 
prove beneficial for early and accurate detection of many 
cancer types and stages.

Conclusions and future directions

Cancer cells are distinguished from normal, healthy cells 
by their rapid and uncontrollable growth, proliferation, 
and invasion. While Warburg postulated that cancer cells 
preferentially utilize the significantly less efficient aerobic 
glycolysis, cancer cells can also increase glucose uptake 
but use a combination of both glycolysis and mitochondrial 
OxPhos to progress through the metastatic cascade. Within 
the primary tumor site, metabolic differences divide cells 
into distinct subpopulations that have unique capabilities 
enabling them to proceed through the metastatic cascade. 
By the time circulating tumor cells reach their specific sec-
ondary site, their metabolic profile has likely been altered by 
environmental cues to provide the necessary energy require-
ments to colonize and proliferate. Metabolic reprogramming 
is an important hallmark of cancer that aids in cell survival 
under a variety of different degrees of environmental stress, 
such as varied glucose availability, extracellular acidifica-
tion, hypoxia, altered redox ratio, and mechanical obstacles. 

There is some contention in the literature as to when and 
where metabolic reprogramming occurs during metastasis, 
and this phenomenon is reportedly cancer type- and tumor-
specific. A variety of external, environmental factors in the 
primary TME influence the metabolic signature of cancer 
cells, but inherent metabolic tendencies are also likely to 
regulate tumor bioenergetics. Specifically, cells that prefer-
entially utilize one pathway over the other may be intrinsi-
cally programmed to do so, which may be the reason for 
conflicting reports on metabolic activity of tumor cells.

It is additionally possible that the metabolic signature of 
metastatic cells is dependent on the length of time the cell 
spends in its resident tissue. Cells that have proliferated and 
survived in secondary tissues over long periods may actively 
regulate their metabolism to meet changing needs of the 
secondary tumor. Smaller micrometastases may preferen-
tially utilize mitochondrial OxPhos due to low proliferation 
needs. As it is well-documented that chemical and mechani-
cal cues in the microenvironment are key in determining 
cellular metabolism, it is probable that as cells remain in 
secondary site tissue, mechanical and chemical cues from a 
dynamic microenvironment may encourage metabolic plas-
ticity in cells to allow them to both survive and proliferate 
at a new location in the body. Determining the role of time 
spent in tissue at metastatic sites may prove a useful direc-
tion for future research to uncover potential metabolic targets 
for preventing secondary site colonization.

Translating single and collective cell metabolism in vitro 
and in vivo to a clinical setting poses several challenges. 
Because the collective resolution of PET scans, MRI, and 
CT scans range from 0.1 to 3 mm, it is nearly impossible 
to clinically image at the cellular level. Therefore, corre-
lating in vitro cellular data and metabolic preferences with 
gross imaging data is a significant obstacle. Though 18-FDG 
gives insight to the rate of glucose uptake in the body, there 
is no differentiation between glycolytic and OxPhos pro-
cesses using this technique. Therefore, development of radi-
opharmaceuticals specific to a metabolic pathway may aid 
in determining cancer aggressiveness in individual patients 
and may provide a clinical understanding of the role of meta-
bolic plasticity in determining secondary site colonization 
and metastatic spread.

Further uncovering the energetic capabilities of cells 
capable of successfully metastasizing will identify more 
effective metabolic targets and provide insight on potential 
compensatory mechanisms used by cells to resist therapies. 
In recent years, new techniques in big data have emerged, 
including -omics and sequencing, allowing for robust anal-
ysis of metastatic cancer cell gene and protein expression 
[134, 137]. These tools can be used identify gene and protein 
expression associated with metabolism and correlate those 
to patient outcomes to determine potential therapeutic tar-
gets for anti-metastatic drug development [161–163]. An 
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enhanced understanding of metabolic reprogramming at this 
level may further aid in parsing apart the factors fueling 
cancer aggressiveness and disease progression.

A broad overview of metabolism and metastasis provides 
some clarity on the independent roles of glycolysis and 
OxPhos on cancer cell invasion, migration, and secondary 
colonization, but to apply this understanding to therapeutic 
targeting requires specific speculation of cancer- and tumor-
type. Both inherent metabolic preferences for particular cell 
populations and metabolic plasticity that allows for real-time 
response to tumor conditions allow cells to adapt and meta-
bolically reprogram to more efficiently and aggressively 
invade. Effective metabolic therapeutics require flexible tar-
geting of both metabolic pathways to achieve anti-metastatic 
response.
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