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Cancer cells display abnormal metabolic activity as a result of activated oncogenes and loss of tumor suppressor
genes. The Warburg Effect is a common metabolic feature of cancer that involves a preference for aerobic
glycolysis over oxidative phosphorylation to generate ATP and building blocks for biosynthesis. However,
emerging evidence indicates that mitochondrial metabolic pathways are also reprogrammed in cancer and play
vital roles in bioenergetics, biosynthesis, and managing redox homeostasis. The mitochondria act a central hub
for metabolic pathways that generate ATP and building blocks for lipid, nucleic acid and protein biosynthesis.
However, mitochondrial respiration is also a leading source of reactive oxygen species that can damage cellular
organelles and trigger cell death if levels become too high. In general, cancer cells are reported to have higher
levels of reactive oxygen species than their non-cancerous cells of origin, and therefore must employ diverse
metabolic strategies to prevent oxidative stress. However, mounting evidence indicates that the metabolic
profiles between proliferative and disseminated cancer cells are not the same. In this review, we will examine
mitochondrial metabolic pathways, such as glutaminolysis, that proliferative and disseminated cancer cells

utilize to control their redox status.

1. Introduction

Cancer cells have long been known to exhibit abnormal metabolic
activity in comparison to their tissue of origin. One of the most well-
known abnormal metabolic characteristics of cancer cells is the War-
burg effect: a state of highly elevated glucose uptake and preference of
glycolysis, rather than mitochondrial oxidative phosphorylation
(OXPHOS) for ATP production, even in the presence of sufficient oxygen
[1]. Although the effects of glucose addiction and glycolytic dependency
are still being actively researched, the Warburg effect has been
demonstrated to benefit proliferative cancer cells through rapid ATP
generation and simultaneous flux through the pentose phosphate
pathway (PPP) to support redox homeostasis and biosynthesis [2].
While the Warburg effect is commonly seen in proliferative cancer cells,
evidence now suggests that the metabolic phenotypes between prolif-
erative primary cancer cells and disseminated cancer cells are not the
same [3].

In most epithelial and endothelial cells, detachment from the extra-
cellular matrix (ECM) perturbs multiple processes important for cellular
viability and initiates apoptotic cell death called anoikis [75]. In recent
years, several studies have demonstrated a strong connection between
alterations in cellular metabolism and anoikis induction following

matrix detachment [4-6]. For instance, it is well-established that the
mitochondria are a focal point of apoptotic signaling, since both the
extrinsic and intrinsic pathways of apoptosis converge on the mito-
chondria to induce mitochondrial outer membrane permeabilization
(MOMP) and liberate cytochrome c: a critical point in the execution of
apoptosis [7]. A direct example of the link between cell metabolism and
apoptosis lies in the dual roles of cytochrome c. This small hemeprotein,
which is associated with the inner mitochondrial membrane (IMM),
plays an important role in bioenergetics and cellular ATP production
because it mediates the transfer of an electron from respiratory complex
III to complex IV in the mitochondrial electron transport chain (ETC).
Cytochrome c also plays an essential role in the execution of apoptosis
by activating caspases [8]. While the Bcl-2 family proteins are
well-established regulators of cytochrome c in apoptosis by mediating its
mitochondrial release into the cytosol, it is also important to mention
that the apoptotic activity of cytochrome c is known to be directly
inhibited by reduced intracellular glutathione (GSH), an important
antioxidant that acts on cytochrome c to keep it in its reduced state [9].
In addition to classical caspase-induced cell death, ECM-disengagement
greatly disrupts cellular metabolic activity, including but not limited to
diminished glucose uptake, reduced pentose phosphate pathway (PPP)
flux and elevated production of reactive oxygen species (ROS) to
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potentiate oxidative stress [63]. These metabolic disturbances impair
the cell’s ability to maintain sufficient bioenergetics and redox homeo-
stasis, thereby contributing to anoikis susceptibility. Therefore, miti-
gating oxidative stress is likely crucial for anoikis resistance following
cancer cell ECM detachment. In fact, some evidence now suggests de-
tached cancer cells upregulate metabolic pathways that support ROS
detoxification and efficient bioenergetics and ATP production in con-
ditions of low nutrients [10,11]. Several well-characterized oncogenic
mutations are known to affect downstream signaling pathways that alter
metabolic activity in cancer. Therefore, it is highly plausible that
oncogene-mediated metabolic reprogramming promotes anoikis resis-
tance and survival in the circulatory system during cancer metastasis.

2. Reactive oxygen species are a double-edged sword in cancer

Reactive oxygen species (ROS) are naturally produced as metabolic
byproducts from aerobic mitochondrial metabolism under normal
physiological conditions [12]. For instance, the ETC complexes generate
superoxide anion when single electrons react with oxygen. In fact, it is
estimated that up to 5% of oxygen used for mitochondrial respiration is
converted to superoxide anions [13]. It is important to note that ROS
have dual functions within cells. For instance, a moderate increase in
ROS can activate signaling pathways important for cell proliferation,
differentiation, and survival. Whereas, excessive amounts of ROS can
cause oxidative damage to cellular proteins, lipids and nucleic acids to a
point that triggers cell death. In addition, ROS are involved in the
execution of programmed cell death through the peroxidation of car-
diolipin, which liberates cytochrome ¢ from the inner mitochondrial
membrane [14]. As such, ROS play vital roles in the induction of
apoptosis and anoikis. Cancer cells have long been known to exhibit
higher levels of ROS than their non-cancerous counterparts, and ROS
production is further increased in cells that have undergone matrix
detachment, and supplementation of detached cells with antioxidants
has been shown to suppress anoikis in certain cell types [15,16].
Therefore, cancer cells must adapt multiple metabolic strategies to
balance efficient energy production and redox status to avoid increases
in ROS that lead to oxidative stress and cell death.

Although it may seem counterintuitive, extensive evidence has
indicated that chronic elevations in intracellular ROS levels below a
certain threshold can actually promote cancer cell survival, prolifera-
tion, anoikis resistance and metastatic spread. For example, sublethal
administration of hydrogen peroxide significantly upregulates Cav-1
which leads to anoikis resistance and anchorage-independent growth
through increased Akt signaling in melanoma and lung carcinoma cells
[17,18]. Of note, many cancers have chronically elevated intracellular
ROS levels due to constitutive activation of ROS-producing enzymes
such as 5-lipoxygenase and NADPH oxidase (NOX) [19]. For instance,
metastatic prostate cancer cells often exhibit increased intracellular ROS
via constitutive activation of 5-lipoxygenase, which promotes
Src-mediated ligand-independent firing of pro-survival EGFR signaling
[20]. Activation of Akt and EGFR signaling through ROS-induced Cav-1
and Src activity following matrix detachment may play a direct role in
anoikis resistance through negative regulation of pro-apoptotic Bcl-2
family proteins, such as degradation of Bim [20]. Indeed, treatment of
aggressive prostate cancer cells with antioxidants erases anoikis resis-
tance from Src-induced ligand-independent EGFR activation by
restoring pro-apoptotic signaling [20]. In agreement, additional evi-
dence suggests that elevated intracellular ROS can promote the activa-
tion of Src kinase and downstream ERK and PI3K/Akt signaling pathway
to promote cell survival by inhibiting pro-apoptotic Bim and Bad
[21-23].

Additional research has shown that cancer cells may utilize chronic
ROS to inhibit anoikis through other mechanisms as well. For instance,
expression of angiopoietin-like 4 protein has been shown to promote
anoikis resistance in cancer by interacting with p1 and 5 integrins and
stimulating NOX-mediated O3- production to mimic anchorage
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conditions [24]. In addition, chronic moderate elevations of intracel-
lular ROS may promote the expression of anti-apoptotic proteins such as
Bcl-xL, c-FLIP and XIAP through activation of the transcription factor
NF-xB [25]. In summary, slightly elevated ROS levels can promote
pro-growth and anti-apoptotic signaling, but cancer cells must employ
antioxidant defenses and modulate metabolic pathways to keep ROS
levels from rising too high and causing oxidative stress.

3. Glutaminolysis and glutamate-mediated redox regulation in
cancer

Glutamine is the most abundant amino acid in blood plasma and
serves as the major source of reduced nitrogen for cells. In addition to an
increased demand for glucose, cancer cells also demonstrate abnormally
high rates of glutamine consumption and glutaminolysis [26]. Gluta-
minolysis, a mitochondrial metabolic pathway characterized by initial
deamination of glutamine by glutaminase (GLS), produces ammonia and
glutamate. Glutamate is then further metabolized by glutamate dehy-
drogenase (GLUD1, GDH1) to its product, alpha ketoglutarate (a-KG):
an important TCA intermediate used to fuel ATP production and
anabolic biosynthesis of amino acids, lipids and nucleotides [27,28]. In
addition, glutaminolysis is also involved in the production of antioxi-
dant molecules to protect cells against oxidative stress [27,29,30]. For
instance, reduced glutathione (GSH) is a tripeptide containing gluta-
mate, glycine and cysteine, and is therefore heavily dependent on glu-
taminolysis for glutamate production and import of cysteine’s precursor,
cystine, via the X¢ antiporter (xCT/SLC7A11) [31]. In the context of
cancer, XxCT is known to be upregulated through the RAS-RAF-MEK-ERK
signaling pathway and is essential for oncogenic Kras-mediated cellular
transformation by mitigating oxidative stress through the GSH antioxi-
dant defense system [32]. Furthermore, xCT expression and environ-
mental cystine are both necessary for increased glutamine TCA
anaplerosis and glutaminase dependence often observed in cancer cells
[33], and depletion of xCT is reported to subject pancreatic cancer cells
to ferroptosis: a cell death outcome resulting from the accumulation of
lipid ROS [34]. Glutamine anaplerosis contributes to the regeneration of
other antioxidant molecules as well. For instance, the conversion of
glutamine to oxaloacetate (OAA) by malate dehydrogenase in the TCA
cycle reduces NADP + back to NADPH, which can then act either as a
directly operating antioxidant on mitochondrial electron transport chain
(ETC)-derived O»- and other ROS, or as an indirectly operating antiox-
idant through the re-reduction of glutathione disulfide (GSSG) to GSH
via glutathione reductase (Fig. 1) [35,36].

Many cancers harbor oncogenic alterations that drive both increased
glutamine uptake and metabolism. For instance, c-myc is a transcription
factor commonly amplified in cancer that is known to drive glutamine
import by upregulating expression of glutamine transporters such as
system N transporter 2 (SN2) and alanine-serine-cysteine transporter 2
(ASCT2) [37]. Of note, ASCT2 plays a critical role in leukemia initiation
and maintenance driven by activation of the oncogene MLL-AF9 or
deletion of Pten [38]. In addition, c-myc activity also induces expression
of several enzymes that participate in glutaminolysis, including gluta-
minase [39] and carbamoyl-phosphate synthetase 2 [40]. The deletion
or inactivation of tumor suppressor genes in cancer can also promote
glutaminolysis. For instance, deletion of the Rb gene leads to unchecked
E2F transcription factor activity, which promotes both the uptake and
usage of glutamine through increased mRNA expression of ASCT2 and
GLS1 [41]. In recent years, research has demonstrated that proliferative
tumor cells utilize metabolites produced through glutaminolysis as co-
factors to modulate the activity of ROS-scavenging enzymes and miti-
gate oxidative stress. For example, GDH1 is upregulated in many types
of cancer and is important for redox homeostasis. Specifically, the
metabolic product of GDH1, a-KG, is further metabolized into fumarate
in the TCA cycle. Fumarate then binds to and enhances the activity of
glutathione peroxidase 1 (GPx1), an enzyme that uses reduced gluta-
thione to detoxify cellular ROS [42]. Moreover, pharmacological and
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Fig. 1. Glutaminolysis promotes ROS detoxification and redox homeostasis in cancer through TCA cycle intermediates. Upregulated GDH1 and other en-
zymes involved in glutaminolysis maintain increased levels of a-KG and downstream TCA metabolites such as fumarate and malate. Fumarate modulates cysteine
residues on Keap-1 to promote antioxidant gene expression through the Nrf-2 transcription factor, and also enhances the antioxidant activity of GPx1. Conversion of
malate to oxaloacetate via malate dehydrogenase regenerates NADP + to NADPH, which can directly detoxify mitochondrial ROS or maintain intracellular pools of

reduced glutathione.

genetic inhibition of GDH1 results in decreased proliferation of lung
cancer, breast cancer and leukemia, but not of non-cancerous human
cells [42]. This suggests that glutaminolysis may be more important for
redox regulation specifically in cancer cells.

Although the majority of research surrounding glutaminolysis in
cancer has focused on its role in enhancing proliferation of cancer cells
and tumor growth, emerging evidence suggests that glutaminolysis
plays a pivotal role in promoting the metastatic progression of cancer.
Farris et al. first identified that GLUD1 and its product o-KG are
increased during the epithelial to mesenchymal transition (EMT), which
is a key driver of metastasis, and are critical for suppressing hydrogen
peroxide generation and protecting epithelial cells from ROS-induced
anoikis [43]. The transcription factor grainyhead-like 2 (GRHL?2) is re-
ported to downregulate GLUD1 expression and sensitize cells to anoikis
[43], while the transcription factor pleomorphic adenoma gene 1
(PLAG1) is reported to drive GLUD1 expression after matrix detachment
and promote anoikis resistance [44]. Additional evidence demonstrates
that GLUD1 can confer anoikis resistance by sustaining ATP production
in cancer cells that are not able to properly monitor their bioenergetic
state in nutrient-poor conditions. For instance, approximately one-third
of non-small cell lung cancers exhibit loss of the tumor suppressor liver
kinase B1 (LKB1), a deficiency that is associated with metastasis and
poor prognosis [45]. LKB1 activates the master metabolic sensor, AMPK,

through direct phosphorylation of its a subunit (AMPKa) at Thr 172.
However, AMPK can also by activated by other kinases, including
TGF-p-activated kinase 1 (TAK1) and calcium/calmodulin-dependent
protein kinase kinase 2 (CamKK2) [46,47]. Importantly, AMPK con-
tributes to cell survival under conditions of metabolic stress by phos-
phorylating and inhibiting the mTOR pathway, which promotes
energy-consuming protein synthesis [46,48]. Therefore, AMPK activity
may contribute to anoikis resistance in cancer cells under certain cir-
cumstances, such as in nutrient-deprived conditions post-ECM detach-
ment. Indeed, evidence now demonstrates that, in LKB1-deficient lung
cancer, glutaminolysis contributes to anoikis resistance and metastatic
potential by reactivating AMPK signaling through GLUD1 and its
metabolic product a-KG [44]. Specifically, binding of a-KG to CamKK2
enhances the recruitment and subsequent activation of CAMKK2’s sub-
strate, AMPK, thereby sustaining mTOR pathway inhibition, balancing
energy status and eventually restoring anti-anoikis signaling [44]. In
agreement, other studies have also demonstrated that LKB1- and
CamKK2-mediated AMPK signaling contributes to anoikis resistance
under detachment-induced metabolic stress [49]. The differential con-
tributions of GLUD1 and its metabolic product ¢-KG in both redox and
energy homeostasis implies that the role of a-KG in cell metabolism and
anoikis protection may depend on cell type and discrete cellular meta-
bolic conditions.
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In summary, a growing body of research highlights glutamine and
glutaminolysis as indispensable for TCA anaplerosis, maintenance of
bioenergetics and regulation of redox status in diverse types of cancer.
Unsurprisingly, small molecule inhibitors and other drugs that can
target glutamine metabolism have gained considerable interest as anti-
cancer therapies. Glutamine blockade with the pro-drug form of the
glutaminase inhibitor glutamine antagonist 6-diazo-5-oxo-L-norleucine
(DON) has recently been shown to disrupt glycolytic cancer metabolism
and increase effector T cell oxidative metabolism to increase anti-tumor
immunity (Fig. 1) [50]. Additionally, targeting GDH1 with the pupurin
analog R162 attenuates proliferation and tumor growth in lung, breast
and leukemia cancer cells (Fig. 1) [42]. Several preclinical studies have
demonstrated that the glutaminase inhibitor Telaglenastat (CB-839)
exhibits anti-tumor activity as a single agent in triple negative breast
cancer cells [51], in combination with radiation therapy in NSCLC cell
lines [52], and in combination with proteasome inhibitors in multiple
myeloma (Fig. 1) [53]. The combination of Telaglenastat and
standard-of-care chemoimmunotherapy is currently under investigation
in clinical trials for non-squamous NSCLC (NCT04265534), multiple
myeloma (NCT03798678), and IDH-mutated astrocytoma
(NCT03528642). Nevertheless, more clinical research is needed to
determine the efficacy of targeting glutamine metabolism in combina-
tion with other chemotherapeutic agents and immune checkpoint
therapies for cancer.

4. Restriction of glucose oxidation

While the previously discussed disruptions in glucose-derived carbon
flux can lead to bioenergetic stress after matrix detachment, matrix-
detached cells may benefit from more limited glucose oxidation under
certain circumstances. In normal epithelial and endothelial cells,
detachment from the ECM leads to increased production of mitochon-
drial ROS [13,15]. In order to delay anoikis, detached cells must strike a
balance between efficiently producing ATP via mitochondrial respira-
tion in nutrient poor conditions and safeguarding against
mitochondria-derived ROS overload. It is already well-established that
matrix detachment is followed by reduced nutrient uptake, thereby
limiting metabolic flux through glycolysis and the TCA cycle [16,54,55].
However, untransformed epithelial cells have been reported to restrict
flux of glucose through the TCA cycle after matrix detachment by
upregulating pyruvate dehydrogenase kinase 4 (PDHK4) expression to
phosphorylate and inhibit pyruvate dehydrogenase (PDH), which is
responsible for converting pyruvate to acetyl-CoA that flows into the
TCA cycle [54,55]. Likewise, PDHK4 depletion and restoration of PDH
activity increases oxidative metabolism of glucose and accelerates both
ROS accumulation and downstream anoikis induction in detached cells
[54]. Taken together, although normal epithelial cells will generate ROS
and eventually undergo anoikis when detached from matrix, this process
can be delayed by limiting mitochondrial respiration through already
decreased nutrient uptake and negative regulation of PDH activity to
limit flux of glucose through the TCA cycle.

While normal epithelial cells are reported to restrict aerobic respi-
ration of mitochondria after detachment, many cancer cells already
preferentially limit glucose oxidation in mitochondria due to the War-
burg effect. Therefore, the tendency of cancer cells to prefer aerobic
glycolysis may give them an inherent survival advantage at suppressing
mitochondrial ROS overload soon after detachment. For instance, cancer
cells are already known to express high levels of PDHKs under attached
conditions to inhibit PDH and divert glucose metabolic flux away from
the TCA cycle [54]. Upregulation of PDHK1 gene expression by the
transcription factors Myc and hypoxia inducible factor-1 (HIF-1), or
activation of PDHK1 by post-translational modification such as tyrosine
phosphorylation by diverse oncogenic tyrosine kinases are reported to
further decrease pyruvate dehydrogenase complex (PDC) activity [56].
Higher expression of PDHKSs is also associated with poor cancer patient
survival [57]. Likewise, suppression of PDHK and activation of PDH has
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been shown to sensitize some cancer cells to anoikis and decreases their
metastatic potential by stimulating glucose oxidation and ROS produc-
tion [54]. In addition, the M2 isoform of pyruvate kinase (PKM2), which
is catalytically involved in the final key step of glycolysis and alloste-
rically regulated by distinct tetrameric and dimeric states, is often
overexpressed in cancer cells and allows glycolytic metabolites to divert
away from the TCA cycle into other metabolic pathways such as the PPP,
thereby limiting mitochondrial respiration [58]. Taken together, this
evidence demonstrates that although glucose uptake is important for
bioenergetics and cell survival after matrix detachment, mitochondrial
oxidation of glucose may trigger anoikis through the production and
accumulation of ROS. In support of this possibility, treatment with
metformin, which binds to complex I of the ETC and suppresses
OXPHOS, has been shown to support the detachment and viability of
breast cancer cells in vitro [59,60]. However, more research is needed to
determine how anoikis resistant cells regulate carbon flux to balance
bioenergetic needs and to maintain redox homeostasis.

5. Upregulation of antioxidant defense systems

In normal epithelial cells, detachment from the ECM leads to
downregulated expression of EGFR and consequent decrease in cellular
signaling through the pro-survival PI3K/Akt pathway [61]. Since acti-
vation of PI3K and downstream Akt play essential roles in regulating
both glucose uptake and glucose metabolism [62], detached cells often
experience a significant reduction in levels of glucose-6-phosphate, an
intermediate metabolite which fuels both glycolysis and the PPP, as a
consequence of decreased glucose import. This, in turn, limits metabolic
flux through the PPP and impaired regeneration of GSH, thereby
potentiating an increase in intracellular ROS levels [63]. This is
important because increased ROS production after ECM detachment can
initiate anoikis if levels become too high [15,16,64]. While limited in-
creases in ROS production can promote pro-survival signaling,
ECM-detached cancer cells must be able to maintain adequate antioxi-
dant capacity in order to prevent oxidative stress and initiation of
anoikis. Indeed, circulating tumor cells often exhibit higher ROS levels
in comparison to the primary tumors they were derived from [65].
However, it is well-established that cancer cells actively engage multiple
antioxidant defense systems to cope with high oxidative stress [45].

In addition to limiting the amount of ROS produced from mito-
chondrial respiration, aspects of the Warburg effect may help to reduce
matrix-detachment induced oxidative stress by shunting glucose into the
PPP. For instance, aerobic glycolysis in cancer cells diverts more
glucose-derived carbon into the oxidative phase of the PPP, which
produces antioxidants NADPH and GSH [66]. In addition, acute in-
creases in intracellular concentrations of ROS inhibits the glycolytic
enzyme PKM2 through oxidation of Cys®>®, which in turn diverts glucose
flux into the PPP to generate reducing power for ROS detoxification
[67]. Inhibition of PDH though overexpression of PDKs in cancer may
have similar effects as well [54,56]. While flux through the PPP can
contribute to indirect inhibition of anoikis through the detoxification of
ROS, it is also worth mentioning that production of reduced glutathione
through the PPP can directly inhibit anoikis and apoptosis by keeping
cytochrome c in its reduced state, thereby inhibiting its apoptogenic role
in caspase activation [9]. However, it is important to mention that many
of these aspects Warburg effect have historically been observed in pro-
liferative primary solid tumors. Therefore, diversion of glucose into the
PPP by PKM2 and PDHK upregulation needs to be further tested in de-
tached cancer cells to determine whether these mechanisms are main
drivers of anoikis resistance.

Evidence suggests that cancer cells are also able to employ reductive
carboxylation of glutamine to keep ROS levels in check after ECM
detachment. For instance, in anchorage-independent lung cancer tumor
spheroids, oxidation of glutamine and glucose is suppressed, while
reductive formation of citrate from glutamine-derived o-KG via cyto-
solic isocitrate dehydrogenase-1 (IDH1) is increased [10]. This
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reductively produced citrate in the cytosol is then able to enter the
mitochondria and participate in the TCA cycle, thereby generating
NADPH to combat mitochondria-derived ROS such as O,- [10]. In
addition to glutamine, fatty acid oxidation (FAO) also appears to confer
anoikis resistance to certain types of cancer through modulation of
redox status. For example, colorectal cancer cells have been reported to
upregulate the rate-limiting enzyme of fatty acid oxidation, CPT1A,
when cultured in suspension and CPT1A expression is also upregulated
in colorectal cancer metastases [68]. Specifically, CPT1A-mediated FAO
has been demonstrated to suppress anoikis in colorectal cancer by
providing acetyl-CoA for the TCA cycle to maintain adequate
NADPH/NADP+ and GSH/GSSG ratios [68]. Taken together, this evi-
dence also highlights that cancer cells can utilize nutrients other than
glucose to maintain antioxidant defense after matrix detachment.

While NADPH and GSH constitute important antioxidant molecules
for the detoxification of intracellular ROS, several antioxidant enzymes
may be used by matrix-detached cells in attempts to maintain redox
homeostasis as well [69]. Manganese superoxide dismutase (MnSOD),
which is localized to the mitochondria, plays an important role in
detoxifying superoxide into the less reactive hydrogen peroxide (H205),
which is then further broken down into water and oxygen. Cell disen-
gagement from the ECM is reported to induce expression of MnSOD to
combat detachment-induced elevations in mitochondrial ROS [13].
Accordingly, cells with reduced levels of MnSOD are reported to be
hypersensitive to anoikis following matrix detachment due to ROS
overload leading to oxidative stress [13]. While chronically elevated
ROS levels are often observed in cancer [44], many cancer cells also
upregulate antioxidant enzymes to make sure ROS levels do not become
high enough to cause cell death [45]. In particular, MnSOD upregulation
is reported to suppress anoikis in human mammary epithelial cells and
metastatic  breast cancer cells through dismutation of
mitochondria-produced superoxide radicals [13]. Other studies have
also demonstrated that superoxide dismutase and the antioxidant
enzyme catalase grant anoikis resistance to breast cancer cells after ECM
disengagement by reducing ROS and therefore indirectly supporting
ATP production [64]. While MnSOD gene expression is reported to be
under transcriptional control of NF-kB [13], its expression, along with
other antioxidant genes, has also been reported to be induced by the
Nrf-2 transcription factor, which is known to be overactivated via up-
stream signaling by oncogenic Ras, Raf and Myc [70,71]. Under normal
conditions, Nrf-2 is bound to its inhibitor, Keap-1, and remains in the
cytoplasm, but increases in ROS from oncogenic growth factor receptor
signaling or ECM detachment lead to the dissociation of Nrf-2 from
Keap-1, and Nrf-2 is able to enter the nucleus where it binds to antiox-
idant response elements (ARE) in DNA. This promotes gene expression
of several ROS-scavenging enzymes including catalase, thioredoxin,
glutathione peroxidase and superoxide dismutase [72]. In addition,
metabolites produced by glutaminolysis are able to directly modulate
the antioxidant Nrf-2 response as well. Fumarate, which is derived from
a-KG, is known to modify cysteine residues on Keap-1 which impairs its
ability to repress Nrf-2 by keeping it in the cytosol (Fig. 1) [73,74].
Therefore, glutaminolysis may play a central role in upregulating
expression of antioxidant genes to keep ROS levels in check in both
adherent and disseminated cancer cells.

6. Conclusion

Eukaryotic cellular metabolism is composed of an incredibly com-
plex network of catabolic and anabolic pathways that are tightly regu-
lated to balance energy production with redox homeostasis and
biosynthesis. It is now well-established that epithelial and endothelial
cellular detachment from the extracellular matrix causes widespread
disturbances in metabolism. Furthermore, cell fate is highly influenced
by the availability of nutrients and activity of diverse metabolic path-
ways that produce ATP, antioxidants, biosynthetic precursors and me-
tabolites used in cell signaling. Therefore, it is unsurprising that
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mitochondrial metabolic and apoptotic pathways are intertwined.
Indeed, preclinical research is now beginning to delineate how cancer
cells modulate mitochondrial metabolic pathways in a context-
dependent manner to maintain a redox status that promotes tumor
growth, apoptosis resistance and survival in circulation. In general, ev-
idence thus far indicates that oncogenic alterations promote diversion of
glucose away from the mitochondria and a heavy reliance on gluta-
minolysis to facilitate rapid ATP production and biosynthesis while
simultaneously keeping ROS production in check. Continued research
on mitochondrial metabolic reprogramming and its role in maintaining
redox homeostasis will be crucial for identifying future cancer therapies.
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