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A century ago, OttoWarburg’s work sparked the field of cancer metabolism, which has since
taken a tortuous path. As evidence accumulated over the decades, consensus views of causes
of cancer emerged, whereby genetic and epigenetic oncogenic drivers promoted immune
evasion and induced new blood vessels and neoplastic metabolism to support tumor growth.
Neoplastic cells abandon social cues of intercellular cooperation, escape tissue confinement,
metastasize, and ultimately kill the host. Herein, key milestones in the study of cancer me-
tabolism are chronicledwith an emphasis on carbohydrate metabolism. The field beganwith
a cancer cell–autonomous view that has been refined by a richer understanding of solid
cancers as growing, immune-suppressive, complex organs comprising different cell types
that are nourished by a variety of nutrients and variable amounts of oxygen through abnor-
mal neovasculatures. Based on foundational historical studies, our current understanding
of cancer metabolism offers a hopeful outlook for targeting metabolism to enhance cancer
therapy.

The origin of life is thought to arise in part
from a nascent nonenzymatic glycolytic

pathway that is common to all self-sustaining
life forms (Ralser 2018). In fact, the last hypo-
thetical universal common ancestor (LUCA) of
all cells is surmised to use nonoxidative sugar
metabolism (Weiss et al. 2016). LUCA evolved
long before the Great Oxidation Event resulting
from the proliferation of photosynthetic organ-
isms some 2.4 billion years ago (Holland 2006).

The availability of oxygen enabled the emer-
gence of mitochondria as synthetic organelles
to power eukaryotic metabolism and promote
the evolution of metazoans. Oxygen availability
also leads to reactive, toxic metabolic wastes.
These byproducts, in addition to exogenous
genotoxins, can corrupt the life-propagating en-
coded information, leading to cell growth arrest,
death, or neoplastic cell transformation. In this
way, the evolved metabolic processes of metazo-
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ans not only enable such complex life forms but
also imperil them. In turn, deregulated neoplas-
tic cell growth and proliferation also depend on
these evolved metabolic pathways, but in ways
that may distinguish neoplastic from physiolog-
ic metabolism.

EARLY CONCEPTS OF CANCER BIOLOGY

In 1885, Ernst Freund reported that blood glu-
cose levels were elevated in individuals with can-
cer (Freund 1885) and proposed that glucose
must sustain cancer. On this subject, the
New York Times reported on December 23,
1887 that blood from the German Prince Fred-
erick III, who married Queen Victoria’s daugh-
ter, was to be analyzed for excess sugar to deter-
mine whether his laryngeal nodule was a cancer
(Baron 1999). During this time, a small laryngeal
biopsy byMorell Mackenzie, a leading head and
neck surgeon sent by Queen Victoria, was ren-
dered nonmalignant by Rudolph Virchow
(Baron 1999). Based on the biopsy results, Mac-
kenzie suggested that extensive surgical resection
with high morbidity should not be undertaken.
Unfortunately, for Prince Frederick, the nodule
was not benign and progressive cancer was later
diagnosed (Mackenzie 1888). The result of the
Freund “diagnostic” blood test could not be
found in the detailed Mackenzie report (Mac-
kenzie 1888). In any event, the validity of
Freund’s test was questioned by a subsequent
December 24, 1887 New York Times precis
pointing to the possibility that the association
of high blood sugar and cancer could be coinci-
dental in patients with preexisting diabetes mel-
litus, and that one condition did not cause the
other. Intriguingly, diabetes with hyperinsulin-
emia is now known to be a major risk factor for
developing cancer (Gallagher and LeRoith
2020).

In parallel around the same time, someof the
first informationaboutcancer’s interactionswith
the immune system and genomic alterations
were uncovered. The surgeon William Coley
noted that a patient with sarcoma underwent
complete remission after a severe postsurgical
wound infection with Streptococcus pyogenes
and surmised that the infection was critical for

the cure (HoptionCannet al. 2003). In the1890s,
he developed a vaccine of killed bacteria (known
as “Coley’s toxins”) to inoculate his patients and
found complete remission of a sarcoma in his
first patient. Arguably, this was the first cancer
immunotherapy approach without the knowl-
edge of the immediate cause of cancer or the
roleof tumor immunity. In1902,TheodorBoveri
speculated that malignant tumors could result
from “certain abnormal chromosome constitu-
tion” based on his studies of chromosomes of
fertilized urchin eggs and the appearance of
tumor-like growths when chromosomes were
present in imbalanced numbers (Boveri 2008),
laying the groundwork for modern cancer geno-
mics.

In the early 1900s, the cause of aneuploidy
and the substance of heredity in chromosomes
were unknown, but a clue for the cause of
cancer was reported in a seminal 1911 paper
(Rous 1911) by Peyton Rous, documenting that
chicken tumor cell-free extracts can induce avian
cancers. In this paper, Rous also noted sponta-
neous regression of these chicken tumors,
which were found to have an “accumulation of
lymphocytes,” now known as tumor-infiltrating
lymphocytes. Rous’ observations were initially
obscured but later led to the discovery of the
Rous sarcoma virus, which proved to be founda-
tional for the discovery of retroviral oncogenes.

The biochemistry of cancer was boosted by
OttoWarburg whowon the Nobel prize in 1931
for his discovery of cytochrome c oxidase (War-
burg 1928). It was not his Nobel discovery, but a
series of papers (Warburg 1930) in the 1920s
underscoring the connection between altered
glucose metabolism and cancer that brought
Warburg into the limelight of cancer research.
He provided evidence for what he believed to
be the key cause of cancer—damaged cellular
respiration.

In 1933, Hans Krebs found that among ami-
no acids, glutamate-exposed guinea pig kidney
consumed the most oxygen and noted an ac-
companying diminished ammonia level (Krebs
1935). In the same year, Dickens and Greville
also noted that spleen, Jensen rat sarcoma, and
rat or chick embryos produced large amounts of
ammonia in the absence of sugar (Dickens and
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Greville 1933). Krebs reported in 1935 the find-
ings of an enzyme system for the synthesis of
glutamine from glutamate and ammonia as
well as the enzyme hydrolysis of glutamine, re-
versing the reaction (Krebs 1935). These obser-
vations documented the existence of glutamine
synthetase and glutaminase, which are now
known to play critical roles in tumor glutamine
metabolism (Altman et al. 2016).

In 1945, Leuchtenberger and colleagues re-
ported the striking finding of complete remis-
sions of spontaneous murine mammary tumors
treated with folic acid (Leuchtenberger et al.
1945). Based on these results, Sidney Farber
treated 11 childrenwith lethal acute lymphocytic
leukemia (ALL) with folate and observed an “ac-
celeration phenomenon” in the bone marrow of
these patients (Farber 1949). This unexpected
acceleration of the leukemia led Farber to the
idea of using antifolates to treat leukemia. Farber
reported clinical responses of childhood ALL to
aminopterin in the landmark1948paper (Farber
and Diamond 1948), underscoring the impor-
tance of inhibiting one-carbon metabolism in
cancer and laying the foundation for modern
chemotherapy (Stine et al. 2022). It should be
noted that acute leukemias,which canproliferate
in circulation, are distinctly different from solid
tumors that have complex tumor microenviron-
ments and grow slower. The rapid proliferation
of leukemias requires heightened metabolism
that renders them more responsive to cytotoxic
therapies. A recent study using in vivo isotopic
labeling and mass spectrometry (Fig. 1) under-
scores the difference between liquid and solid
tumors, showing that tricarboxylic acid (TCA)
cycling is higher in leukemia compared to solid
tumors (Bartman et al. 2023).

Cancer neovascularization emerged in 1945
(Algire et al. 1945) as another key concept in
cancer biology and one intimately connected to
energy delivery and waste disposal. The work by
Algire et al. recorded the appearance of new
blood vessels in grafted normal tissues or tumor
grafts. Theyobserved that vascularizationof nor-
mal transplanted tissues increased over a week
and the emergence of arterioles and venules be-
came visible. In contrast, tumors recruited new
capillaries rapidly over 3 days evolving into large

vessels that did not develop into arterioles or ve-
nules. The tumor neovasculature is disordered
but the tumors continued to be able to recruit
new vasculature as they grew (Folkman et al.
1971). Without neo-angiogenesis, solid tumors
would be limited to sizes less than ∼200 µm in
diameter, the limit of tissue oxygen diffusion
(Carmeliet and Jain 2000).

In retrospect, synthesis of observations from
the late 1800s into the 1950s provides a picture of
solid cancer as a neoplastic mass, often with ge-
nomic changes, which can arise from a cell-free
viral tumor extract, requires neovascularization,
consumes glucose to produce lactate, consumes
amino acids, converts glutamine to glutamate
and ammonia, and is sensitive to one-carbon
metabolism inhibition. The apparent conflicting
observations that folate reduced the growth of
mammary tumorsbutacceleratedchildhood leu-
kemia suggest that fast-growing liquid tumors
require folate for neoplastic growth and perhaps
in the case of mammary tumors, folate may be
required for the function of the antitumorarmof
the immune system, although that was not ap-
preciated at the time (Ron-Harel et al. 2016).
More clearly, the observations of complete re-
missions induced by Coley’s toxin underscored
the importance of tumor immunity even before
key concepts of innate and adaptive immunity
were known.

OTTOWARBURG, CARL AND GERTY CORI,
AND AEROBIC GLYCOLYSIS

OttoWarburgwas ameticulous quantitativebio-
chemist who innovated the “Warburg” mano-
metric apparatus (Fig. 1A) that permittedprecise
measurements of glucose and oxygen consump-
tion aswell as carbondioxide and lactate produc-
tionby thin slices ofnormal orcancer tissues.His
early studies of sea urchin eggs led to the finding
that, upon fertilization, there was a rapid rise in
oxygen consumption. Hence, he postulated that
cancer tissue, being proliferative, would con-
sume high amounts of oxygen relative to normal
tissues. Instead of higher oxygen consumption,
he reported in 1924 (Warburg 1930) that the
Flexner–Jobling rat liver carcinoma tissue slices
did not take up more oxygen than normal liver,
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but rather the carcinoma produced more lactate
than normal liver under oxygenated conditions
(Warburg1925).KnownasthePasteureffectfirst
described in 1861 (Racker 1974), oxygen was
documented to suppress glycolysis in yeast. The
conversewhereby glucose suppresses respiration
is known as the Crabtree effect (Crabtree 1929).
As such, the heightened glycolytic feature in can-
cer tissues bypasses the Pasteur effect resulting in
aerobic glycolysis, the ability to undergo glycol-
ysis in the presence of oxygen that was coined
the “Warburg effect” by Efraim Racker (Fig. 2;
Racker 1972).

The propensity of cancers to take up glucose
avidly and convert the vastmajority to lactate, or
the Warburg effect, became a paradigm for can-
cer research in the early and mid-1900s. This
concept, generated largely from in vitro experi-
ments, was studied in tumors by Carl and Gerty
Cori and reported in 1925 (Cori and Cori 1925a,
b). They found that glucose levels tend to be
diminished in mouse and rat tumors compared
to normal muscle. Likewise, tumor lactate levels
were diminished compared to muscle in fasting
animals. Hence, they reasoned that tumor lac-
tate might be washed away by blood circulation
and surmised that an increase in glucose by in-
traperitoneal injection could reveal the propen-
sity of tumors to produce high lactate levels.
Indeed, when glucose was administered, tumor
glucose levels rose significantly andwere accom-
panied by an elevation of tumor lactate, a phe-
nomenon that was not seen with normal liver.
Further, they found that blood lactate levels were
more elevated in tumor-bearing animals than in
non-tumor-bearing animals after glucose ad-
ministration. Thus, they concluded that the in
vivo experiments were not contradictory to the
in vitro findings of Warburg, but rather the pro-
duction of tumor lactate depends on the avail-
ability of circulating glucose. Their continued
studies of glucose and lactate metabolism led
to the 1947 Nobel prize discovery of the Cori
cycle (Cori and Cori 1929), the conversion of
glucose by muscle to lactate that in turn is con-
verted to liver glycogen, which can be mobilized
to produce circulating glucose (Fig. 3A).

Corroborating earlier studies of Rous sarco-
mas (Cori and Cori 1925b), Warburg and col-

leagues published in 1927 (Warburg et al. 1927)
the study of tumor metabolism in vivo. The ex-
perimental approach was meticulous, requiring
the dissection of normal or tumor arterial and
venous vessels from the anesthetized animal for
the collection of efferent and afferent blood (Fig.
3A).Themajorbloodvesselswere sampled, anda
drop in glucose level was found in each case from
the arterial to venous side. Compared to these
normal differences in glucose levels, the drop
across Jensen sarcomas were pronounced, sug-
gesting that the consumption of glucose was
higher in the tumor.Whenmeasuring arteriove-
nous differences in lactic acid level, they found
thatmostorgansconsumed lactate, except for the
brain (i.e., comparing levels in arterial vs. venous
“Jugularis”). In contrast to evidence of lactate
consumption by normal tissues, in all 10 Jensen
tumors, venous lactate was much higher than
arterial levels, indicating that Jensen tumors con-
sumedglucose andproduced lactate. These stud-
ies corroborated the findings by the Coris a few
years earlier (Cori andCori 1925b) and support-
ed the notion of the Warburg effect in tumors
(Fig. 3A). Intriguingly, these historical studies
are now largely substantiated by more sophisti-
catedmass spectrometry (Fig. 1B)with the use of
isotopically labeled substrates such as glucose,
lactate, or 2-deoxyglucose and modeling of me-
tabolite distributions in vivo (Faubert et al. 2017;
Liu et al. 2020; Bartman et al. 2023). Although
lactate produced fromglucose canbe oxidized by
tumors (Faubert et al. 2017), the Warburg effect
has been documented in solid tumor models
(Bartman et al. 2023), underscored by the utility
of 18F-2-deoxyglucose clinical imaging of hu-
man cancers (Fig. 3B; Som et al. 1980; Nolop
et al. 1987).

CANCER METABOLISM CONTROVERSIES

The dogma of the Warburg effect providing an
oversimplified view of cancer metabolism began
to be challenged with controversies that crescen-
doed into the 1960s. Crabtree sought to deter-
minewhetherWarburgmetabolism is an “exclu-
sive feature of malignant tissues” and whether
anaerobic versus aerobic glycolysis have any re-
lationships to the magnitude of respiration
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(Crabtree 1928). Crabtree cited several publica-
tions documenting that nonmalignant tissues,
such as the retina, placenta, and leukocytes,
have high aerobic glycolysis, thereby questioning
the validity of the Warburg hypothesis. Further,
Crabtree used theWarburg manometer to study
infectious nonmalignant lesions, such as pigeon
pox, chicken vaccinia, or human warts or papil-
lomas. He found that the excess glycolysis in pi-
geon pox slices was in the same order as those
found by Warburg for tumor slices. Crabtree
documented the elevation of glycolysis in Rous
sarcoma tumors but surmised from his findings
that changes accompanying the Warburg effect
“… arenot specific formalignant tissues but are a
common feature of pathological overgrowths.”
Crabtree’shistoricalfindingspresaged later stud-
ies that document virus-induced cellular glyco-
lytic metabolism (Bissell et al. 1972; Thai et al.
2014).

The debate on the role of theWarburg effect
in malignancies continued with camps on both
sides digging into their positions. In studies of
normal and tumor tissues, Elliott and Baker
(1935) did not find differences in the Warburg
effect between normal and tumor tissues (Elliott
andBaker 1935) as compared to studies byDick-
ens (Dodds andDickens 1940). Further, Boyland
reported for the British Empire Cancer Cam-
paign in 1940 and mentioned glycolysis, which

can be high in normal tissues, and hence is “…
therefore impossible to consider this character-
istic to be peculiar to tumours” (Boyland 1940a).
This report resulted in adebate inNature (March
30, 1940) between Dickens and Boyland about
the merits of theWarburg effect in cancer (Boy-
land 1940b).

The ongoing debate on the Warburg effect
was punctuated byWarburg’s 1956 Science arti-
cle that provided an overview titled “On the Or-
igin of Cancer Cells” (Warburg 1956). He wrote
withdogmaticauthority,unshakenbycontradic-
tory data, that cancer cells have injured respira-
tion (Fig. 2), and the resulting aerobic glycolysis
causes cancer. He dismissed the roles of carcin-
ogens and viruses in cancer, stating that “From
this point of view, mutation and carcinogenic
agent are not alternatives, but empty words, un-
less metabolically specified. Even more harmful
in thestruggleagainst cancercanbe thecontinual
discovery of miscellaneous cancer agents and
cancer viruses, which, by obscuring the underly-
ing phenomena, may hinder necessary preven-
tive measures and thereby become responsible
for cancer cases.” Warburg’s views on damaged
respiration that drives glycolysis as a cause of
cancer were challenged by Sidney Weinhouse
(Weinhouse1956) citing that isotope tracer stud-
ies revealed no difference between tumor and
normal tissue in their conversion of glucose to

Pasteur effect Crabtree effect Warburg effect

H2OH2OH2O

PyruvatePyruvatePyruvate

GlucoseGlucoseGlucose

LactateLactateLactate

CO2CO2CO2

O2O2O2

Figure 2. Pasteur, Crabtree, and Warburg effects. Generalized mammalian cells are depicted with the consump-
tion of glucose throughmitochondrial oxidation or glycolysis. Pasteur described the ability of oxygen to suppress
yeast glycolysis that produces ethanol (not lactate as illustrated for mammalian cells), a phenomenon known as
the Pasteur effect. Conversely, Crabtree found that some yeast strains demonstrated the ability of glucose to
suppress respiration, known as the Crabtree effect. Warburg hypothesized that damaged mitochondria in cancer
cells result in enhanced aerobic glycolysis, which bypasses the Pasteur effect, termed the Warburg effect. (Figure
created with BioRender.com.)
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carbon dioxide. Dean Burk (Burk and Schade
1956), another keyfigure, tipped the scale toward
Warburg’s aerobic glycolysis as a feature of
cancer, but Burk acknowledged the validity of
Weinhouse’s objection to the concept of dam-
aged mitochondria as a driver for malignancies.
Warburg was wrong to dismiss an active role of
mitochondria in tumorigenesis, in particular,
since evidence shows the importance of mito-
chondrial function in cancer (Vasan et al. 2020).

Efraim Racker was a prolific biochemist who
contributed fundamental insights into carbohy-
drate metabolism. His entry into cancer metab-
olism began with fundamental studies of gly-
colysis in the Ehrlich ascites tumor cells,

demonstrating that the conversion of glucose to
lactate in cell extracts could be enhanced by the
additional of purified phosphofructokinase and
glyceraldehyde-3-phosphate dehydrogenase to-
getherwithhexokinase, therebydefining the lim-
iting glycolytic steps in ascites tumor extracts
(Wu and Racker 1959). Skeptical of Warburg’s
damaged mitochondria hypothesis, Racker pro-
posed that there are multiple causes of cancer,
which share in common inefficient sodium-po-
tassium ATPase pumps associated with aerobic
glycolysis (Racker 1972). In 1981, Racker and
Spector (1981) reported that the Src oncogenic
kinase phosphorylates and suppresses the
ATPasepumpand therebypromotes aerobic gly-

Lactate

A B

Lactate

Glucose
Glycogen

Cori

cycle

Glucose

In vivo

Warburg

effect

18F-fluorodeoxyglucose

PET scan

Tumor

Figure 3. In vivoWarburg effect, the Cori cycle, and in vivo cancer positron emission tomography (PET) imaging.
(A) By sampling arterial and venous blood across rodent normal organs, such as the liver, and tumors (green),
Crabtree observed that increased glucose resulted in a higher lactate venous output from tumors than normal
tissues, which tend to take up lactate from arterial blood. Warburg also documented that tumors have a
propensity to convert high levels of glucose to lactate in vivo. In the case of liver, glycogen is produced through
gluconeogenesis from muscle-generated lactate and in turn glucose released from glycogen can then be used by
muscle in an interorgan circuit termed the Cori cycle. (B) The Warburg effect is exploited clinically to diagnose
andmonitor human cancers using an 18F-fluorodeoxyglucose PET scan. Normal heart and liver also accumulate
18F-labeled deoxyglucose, but tumors tend to have abnormally high uptake of the tracer (green). (Figure created
with BioRender.com.)
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colysis. This putative first link between an onco-
gene and theWarburg effect further overshadows
observations of aerobic glycolysis in normal cells,
such as mitogen-activated lymphocytes (Hede-
skov 1968) that in retrospectwere perhapsthefirst
reported glimpse of immunometabolism.

Racker’s striking report of a link between an
oncogene and tumor metabolism was, unfortu-
nately, the result of scientific misconduct by his
graduate student Spector (Racker 1989). The
harbinger of misconduct was uncovered by the
finding that 125Iodinewas spiked in his student’s
experiments to mimic the results of 32P in the
phosphorylation studies. The notion that Src
drives the Warburg effect evaporated with this
scandal. However, in 1983, Cooper in Hunter’s
laboratory and colleagues (Cooper et al. 1983)
reported that enolase, phosphoglycerate kinase,
and lactate dehydrogenase (LDH) were tyrosine
phosphorylated in cells transformed by the Rous
sarcoma virus bearing the v-Scr oncogene, but
the functional significance was unclear. During
this time, an early study of positron emission
tomography (PET) using 18F-fluoro-2-deoxy-
glucose (FDG) showed enhanced glucose tumor
uptake, assumed to be the Warburg effect, cor-
related with the degree of malignancy of cerebral
gliomas (Di Chiro et al. 1982). The use of FDG
PET (Fig. 3B) to detect altered cancer metabo-
lism expanded (Hillner et al. 2008) and is now a
standard of practice in clinical oncology.

The Warburg effect controversies distracted
the literature from the key findings of Krebs
(1935) and Dickens (Dodds and Dickens 1940)
on the conversion of glutamine to glutamate and
ammonia by normal tissues and the Jensen rat
sarcoma. Glutamine was further shown by Eagle
and coworkers in 1956 to be essential for mam-
malian cell growth in vitro (Eagle et al. 1956),
providing the basis for Basal Medium Eagle. In
1983, consumption of glutaminewas found to be
increased instimulatedrat lymphocytes resulting
in the production of glutamate, aspartate, and
ammonia (ArdawiandNewsholme1983).Brand
reported(Brandetal. 1984) thatconcanavalinA–
activated lymphocytes increased expression of
glycolytic enzymes, enhancing glucose metabo-
lism by 54-fold, whereby glucose was converted
90% to lactate and 1% was consumed for respi-

ration. This contrasts with resting lymphocytes
that oxidize 27% of the glucose to CO2. Gluta-
mine use increased by eightfold in stimulated
lymphocytes, producing glutamate, ammonia,
aspartate, andCO2. These foundational observa-
tions were largely forgotten in the current litera-
ture, but undoubtedly paved the way for recent
studies on the use of glucose and glutamine for
cancer metabolism (Cairns et al. 2011; DeBerar-
dinis and Chandel 2016; Pavlova et al. 2022). In
this respect, a recent tumornutrient-partitioning
study documents highest use of glutamine by
tumor cells versus highest use of glucose by tu-
mor myeloid cells in a mouse syngeneic MC38
colon tumor cell model (Reinfeld et al. 2021).

Warburg’s controversial views on carbohy-
drate metabolism as the primary cause of cancer
dominated the dialog on the biochemistry of
cancer and ushered in an era of research on
cancer metabolic pathways until the late 1970s
when proto-oncogenes were discovered as pre-
cursors of viral oncogenes that drive neoplastic
transformation. At the turn of the decade, in the
1980s, many oncogenes were discovered and
documented to be altered in human cancers,
opening a new chapter in cancer research focus-
ing on the genetics of cancer (Varmus 1984). At
this point, the interest in metabolism began to
wane partly due to controversies overWarburg’s
dogmatic views and whether cancer metabolism
is any different than normal metabolism. The
field of cancer metabolismwas further displaced
by the view that oncogenes and tumor suppres-
sors are the primary drivers of cancer with me-
tabolism playing a subservient role to genetics.

ONCOGENES, TUMOR SUPPRESSORS, AND
ALTERED TUMOR METABOLISM

The Src oncogene, fraudulently linked to the
Warburg effect by Spector, appeared again with
Ras in1987,whenFlierandcoworkers (Flieret al.
1987)reported that rodentfibroblaststransfected
with these oncogenes increased the mRNA ex-
pression of a glucose transporter and had in-
creased uptake of 2-deoxyglucose. This connec-
tion between oncogenes and glucose uptake was
further supported by thefinding in 1989 that Ras
and c-Mos-transformed NIH3T3 fibroblasts ex-
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pressed more GADPH than control cells (Per-
sons et al. 1989). Intriguingly, Myc expression
did not result in increased glucose transporter
expression or glucose uptake in the Flier study
(Flier et al. 1987), but the levels of GAPDH in
NIH3T3 appeared to correlate withMyc expres-
sion in the Persons study (Persons et al. 1989).
However, the detailedmechanistic links between
these oncogenes and elevation of the glucose
transporter mRNA were missing. Within a de-
cade of these findings, Myc-dependent genes in
Myc-transformed Rat1a fibroblasts were identi-
fied based on the notion that the product of the
MYConcogene behaves as a transcription factor
(Kato et al. 1990; Lewis et al. 1997).

To identify Myc-responsive genes, control
or anchorage-independent Myc-transformed
Rat1a fibroblasts were grown in suspension cul-
tures. Through representational difference anal-
ysis, a form of PCR-assisted subtraction cloning,
over 20 putative Myc-responsive genes were
identified (Lewis et al. 1997). Among these,
lactate dehydrogenase A (LDHA) was tran-
scriptionally induced in Rat1a-Myc cells as
evidenced by nuclear run-on assays and Myc-
binding sites that are required for Myc transac-
tivation of an LDHA promoter-luciferase
reporter (Shim et al. 1997). Importantly, Myc
transformation was dependent on LDHA. The
finding of LDHA among putative Myc target
genes functionally linked Myc to the Warburg
effect, providing a firm mechanistic link be-
tween an oncogene and aerobic glycolysis. Se-
menza and coworkers (Wang et al. 1995) cloned
the hypoxia-inducible factor (HIF) gene, which
was shown to induce the expression of many
glycolytic genes under hypoxic conditions
(Firth et al. 1994; Semenza et al. 1994). The
induction of these genes by HIF to mediate an-
aerobic glycolysis contrasts with the ability of
Myc to induce glycolysis under aerobic condi-
tions (Dang and Semenza 1999).

In addition to the hypoxic stabilization of
HIF-1α and HIF-2α proteins, HIF-1 is also
thought to be stabilized by upstream oncogenic
signaling. In this regard, HIF-driven metabolic
rewiring downstream of oncogenic drivers con-
tributes to neoplastic glycolytic metabolism and
angiogenesis. Activation of mTORC1 by amino

acids and growth signaling through RHEB in-
duces glucose metabolism through increasing
Myc and HIF-1α activity and expression (Düvel
et al. 2010). It is intriguing to note that MYC is
central to PI3K inhibitor resistance (Muellner
et al. 2011) and oncogenic alterations of metab-
olism downstream of PI3K-Akt (Hoxhaj and
Manning 2020).Moreover, RAS induces pancre-
atic cancer glycolytic metabolism (Reinfeld et al.
2021) in a MYC-dependent manner (Ying et al.
2012). In this context, it should be noted that the
RAS-ERK pathway has been shown to increase
Myc expression and protein levels (Farrell and
Sears 2014). As such, the potential collaboration
betweenMYC andHIF signaling downstream of
oncogenic pathways could be central to theWar-
burg effect seen in different cancers.

Subsequent to the observation on MYC-
associated, glucose-deprivation-induced cell
death (Shim et al. 1998), MYC overexpressing
human cells were found to be addicted to gluta-
mine (Yuneva et al. 2007), suggesting a role for
MYC in regulating glutamine metabolism. In
this respect, the Thompson (Wise et al. 2008)
and Dang (Gao et al. 2009) laboratories inde-
pendently reported the regulation of glutami-
nolysis by MYC, which activates glutaminase
for the conversion of glutamine to glutamate
and subsequent catabolism through the TCA
cycle. Further, MYC is broadly involved in reg-
ulating many metabolic pathways including nu-
cleotide and lipid metabolism (Dang 2012).

Based on their studies of the metabolism of
activated T cells, Thompson and coworkers in
2002 reported that costimulation via CD28 trig-
gered a PI3K-Akt-dependent activation of gly-
colysis (Frauwirth et al. 2002). While Akt was a
known oncogene, first identified as the cellular
homolog of v-Akt found in the rodent AKT8
retrovirus, activating mutations of PIK3Ca
(PI3K) in human cancers were not reported un-
til 2004 (Samuels et al. 2004). In this respect,
activated Akt was documented to drive aerobic
glycolysis (Elstrom et al. 2004) and subsequent
studies underscore the ability of Akt to directly
phosphorylate and activate HK2 and PFKBP2
(Hoxhaj and Manning 2020).

Loss-of-function of tumor suppressors also
contributes to altered oncogenic metabolism
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(Levine and Puzio-Kuter 2010; Humpton and
Vousden 2016). For example, increased expres-
sion of the tumor suppressor PTEN, which op-
poses PI3K, resulted in heightened oxidative
metabolism in vivo (Garcia-Cao et al. 2012),
which is the phenotypic converse of the activa-
tion of glycolysis by PI3K (Hu et al. 2016). The
tumor suppressor p53 tends to diminish glycol-
ysis in favor of a more heightened oxidative me-
tabolism (Humpton and Vousden 2016). This is
in part driven by p53 activation of TIGAR as
reported (Bensaad et al. 2006). Further, p53 in-
duces synthesis of cytochrome c oxidase (SCO2)
to drive mitochondrial respiration, such that
loss of wild-type p53 decreased SCO2 expres-
sion, resulting in increased glycolysis (Matoba
et al. 2006). Conversely, mitochondrial function
affects p53 response. Inhibition of mitochondri-
al complex III or dihydroorotate dehydrogenase
(DHODH) activity depletes pyrimidines and ac-
tivates p53 (Ladds et al. 2018; Mick et al. 2020).
In this respect, p53 is both downstream and up-
stream of metabolic perturbations. The tumor-
suppressive effects of tuberous sclerosis complex
TSC1 and TSC2 and alteration of metabolism
are largely through their ability to inhibit mTOR
activity (Manning and Cantley 2003). The tu-
mor suppressor retinoblastoma (RB) has been
implicated in glutamine metabolism, such that
loss of Rb enhanced E2F-mediated expression of
ASCT2- and E2F-independent increase in GLS
(Reynolds et al. 2014).

Intriguingly, at the same time that canonical
oncogenes were shown to impact metabolism,
several core metabolic enzymes were shown to
behave as tumor suppressors. Inherited muta-
tions of several nuclear-encoded mitochondrial
components, including succinate dehydroge-
nase subunits SDHB, SDHC, and SDHD and
fumarate hydratase (FH), predispose to family
syndromes of cancers such as pheochromocyto-
ma, paraganglioma, leiomyosarcoma, and chro-
mophobe renal cell carcinoma (Gottlieb and
Tomlinson 2005). These findings suggest that
these enzymes are tumor suppressive and the
mechanismunderlying their tumor-suppression
function in part involvesHIF stabilization (Selak
et al. 2005) and epigenetic modification. For ex-
ample, SDH mutation causes an accumulation

of succinate, which inhibits α-ketoglutarate-de-
pendent prolyl hydroxylases and stabilizes HIF-
1α (Selak et al. 2005), whereas FH mutations
cause an accumulate of fumarate, which inhibits
α-ketoglutarate-dependent demethylases and
leads to epigenomic alterations that drive epithe-
lial–mesenchymal transition (EMT) (Sciacovelli
et al. 2016). These direct links betweenmetabolic
enzyme mutations and familial cancer under-
score the importance of metabolic perturbation
as a cancer driver.

EMERGING CANCER METABOLISM
CONSENSUS

Considering general principles, it is apt to dis-
tinguish between maintenance and proliferative
metabolism (Vander Heiden et al. 2009). Main-
tenance metabolism is required to sustain and
renew cellular structures and functions by pro-
viding ATP to support membrane potentials
and protein synthesis. These processes are diur-
nally dynamic, driven by the circadian clock
core transcription factor Clock:Bmal1, whose
oncogenic perturbation is documented (Sancar
and Van Gelder 2021). As such, normal meta-
bolic studies in vivo can be affected by this di-
urnal fluctuation that enables daily oscillation of
cellular metabolism to synchronize with organ-
ismal feeding and fasting cycles.

Proliferative metabolism, on the other hand,
can result from normal growth signaling such as
activation of T cells, proliferation of bone mar-
row cells required to replace cellular blood com-
ponents, or proliferation of the gut epithelium.
Upon growth stimulation, signaling through
Ras-MEK-ERK signaling cascade activates and
stabilizesMYC to inducemetabolic and growth-
relatedmRNAs such as those for glucose or ami-
no acid transporter to import nutrients for cell
growth (Dang 2012). The influx of amino acids
and growth signal transduction through PI3K-
Akt-TSC2-RHEB activates mTOR to induce
translation and protein synthesis (Cantor and
Sabatini 2012). Together, MYC and mTOR
can be envisioned to amplify transcription and
translation (Hoxhaj andManning 2020), respec-
tively, of growth signaling and drive proliferative
metabolism (Fig. 4). The hypoxia-independent
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stabilization of HIF-1 is not necessary but can
contribute to proliferative metabolism and in-
ductionof tumorneovascularization (Fig. 4).Tu-
mor suppressors such as PTEN and TSC2 atten-
uate the growth signaling pathways driven by
PI3K and mTORC1, respectively (Cantor and
Sabatini 2012). Hence, loss of these tumor sup-
pressors increased signaling through these onco-
genic pathways and their effects on metabolism.
P53 can attenuate Myc function by sensing an
overactive Myc-Arf axis (Zindy et al. 1998) or
suppress proliferation by sensing DNA replica-
tion or ribosomal stress (Lindström et al. 2022).
p53 can sense ribosomal stress when MDM2 is
bound to specific ribosomal subunits and release
p53 from its grip. Increased p53 function, in
turn, inhibits glycolysis and increases respiration
(Fig. 4).

A key question is whether there are key dif-
ferences between normal proliferative versus on-
cogenicmetabolism (VanderHeiden et al. 2009).
As discussed previously, the Warburg effect can
be observed in cancers and normal tissues. For
example, whereas resting T cells use less glycol-
ysis and rely on oxidative metabolism, T-cell
receptor (TCR) stimulation ofmurine T cells in-
duces a proliferative metabolic program resem-
bling that of malignant lymphocytes (Madden
and Rathmell 2021). Specifically, stimulation of
T cells with anti-CD3 and anti-CD28 drives gly-
colysis and glutaminolysis in a Myc-dependent
fashion that enables proliferation, which does
not depend on HIF-1α (Fig. 5A; Wang et al.
2011). Upon withdrawal of stimulation, T cells
undergo apoptosis and some attain a resting
memory oxidative metabolic state. In contrast
to normal T cells, oncogenic NOTCH-driven
T-cell lymphomas are dependent on constitutive
MYCexpression,whichdrivesaconstitutivepro-
liferation metabolic profile that cannot return to
a resting state (Zhou et al. 2022). In this regard, a
difference in normal versus neoplastic prolifera-
tive metabolism is that the former can be turned
off. In contrast, the latter is constitutively turned
on, rendering the malignant state addicted to a
constant supply of nutrients. Normal cells have
mechanisms that sense nutrient deprivation
such as AMPK, which can induce cell growth
arrest. However, MYC-addicted cells are vulner-

able to glucose or glutamine deprivation–in-
duced cell death as are AKT-addicted cells
(Shim et al. 1998; Elstrom et al. 2004; Yuneva
et al. 2007). Given these observations, are there
sufficient therapeutic indices to exploit metabo-
lism for cancer therapy?

METABOLIC THERAPY AND LESSONS
LEARNED

When considering metabolic vulnerabilities of
cancers, recent studies have highlighted the im-
portance of tissue-specific metabolic effects of
oncogenic drivers, metabolic plasticity, diet, as
well as the impact of these features on themicro-
biomeandantitumor immunity.Different onco-
genes induce different metabolic profiles in the
same organ. For example, in contrast to MYC,
which drives glutamine and glucose metabolism
in MYC-inducible liver cancer, MET oncogene-
driven liver cancer expresses glutamine syn-
thetase and hence appears less dependent on ex-
ogenous glutamine (Yuneva et al. 2012). On the
other hand, the same oncogene can induce dif-
ferent metabolic effects in different tissues. Kras
effects on branched chain amino metabolism
are different in Kras, p53-loss-driven murine
pancreatic adenocarcinoma versus non-small-
cell lung cancer (NSCLC) (Mayers et al. 2016).
In the former, branched chain amino acid
(BCAA) uptake is diminished, whereas in
NSCLC, the tumors incorporate BCAA into pro-
teins. Hence, tissue-specific effects of oncogenes
add to the complexity of tumor metabolism in
vivowhen considering themetabolic vulnerabil-
ities of cancers.

Metabolic plasticity (Fendt et al. 2020) and
metabolic stress such as activation of AMPK or
the integrated stress-response pathways induce
resistance to inhibition of cancer metabolism
(Costa-Mattioli and Walter 2020). Metabolic
plasticity was elegantly illustrated by Yuneva
and coworkers using a MYC-inducible model
of mouse HCC (Méndez-Lucas et al. 2020).
They demonstrated that lost glutaminase (Gls)
extended survival as seen with pharmacological
Gls inhibition (Xiang et al. 2015). However, loss
of hexokinase 2 (Hk2) did not extend survival.
Intriguingly, loss of both Gls and Hk2 further
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extended survival, but these double-knockout
(KO) tumors eventually caused the demise of
their hosts, indicating yet other ways that allow
for neoplastic cells to circumvent metabolic
blocks. This genetic evidence formetabolic plas-
ticity is underscored by the cooperation between
metabolic inhibitors, such as a combination of
inhibitors of LDHandmitochondrial complex I,
to slow tumor growth (Oshima et al. 2020).

Whereas loss of Hk2 did not extend survival
of MYC-induced HCC, Hk2 is documented to
be required for initiation and maintenance of
murine KRas-driven lung cancer and ErbB2-
driven breast cancer (Patra et al. 2013). Further,
systemic deletion of Hk2 also reduced tumori-
genesis in a diethylnitrosamine-inducedmurine
model of HCC (DeWaal et al. 2018), and, im-
portantly, loss of Hk2 did not affect T-cell pro-
liferation or T-cell-mediated viral immunity
(Mehta et al. 2018). Notably, some human mul-
tiple myelomas do not express hexokinase 1 and
are highly sensitive to decreased HK2 (Xu et al.
2019). These observations suggest that HK2 is
an example of an enzyme that appears to be
cancer specific.

Under nutrient-depleted conditions, de-
creased mTOR activity and activation of
AMPK induce ULK activity to drive autophagy,
whereby autophagosomes are formed and des-
tined for lysosomal degradation to recycle me-
tabolites for survival (Onodera and Ohsumi
2005; Rabinowitz andWhite 2010). Further, mi-
tophagy—a form of autophagy—is necessary to
cull dysfunctional mitochondria. The mainte-
nance of an NAD+/NADH ratio >>1 to drive
oxidative anabolism is essential for cell function.
As such, under nutrient deprivation, autophagy
maintains NAD+ levels (Kataura et al. 2022).
When the conversion of NADH to NAD+ is
saturated via mitochondrial NADH malate-as-
partate and glycerol-3-phosphate dehydroge-
nase shuttles, aerobic glycolysis is induced to
regenerate cytosolic NAD+ to drive GADPH-
mediated catalysis (Wang et al. 2022). Hence,
pathways that can regenerate cytosolic NAD+

when NADH is in excess could increase in ac-
tivity when other pathways are limited. Exces-
sive NADH levels induce reductive stress (Mick
et al. 2020) and activate as the transcriptional

corepressor CtBP to generate an adaptive tran-
scriptome (Di et al. 2013).

In thestudyofMYC-drivenmurine livercan-
cer (Méndez-Lucas et al. 2020), the loss of Psat1,
which drives one-carbon metabolism through
serine and glycine, did not affect survival. How-
ever, withdrawal of serine and glycine from the
diet as done previously by Vousden et al. (Mad-
docks et al. 2017) prolonged the survival of Psat
KO but not wild-type tumor-bearing animals
(Méndez-Lucas et al. 2020). These findings un-
derscore that the effect of diet depends on the
metabolic wiring of the tumor cells (Kalaany
and Sabatini 2009; Lien and Vander Heiden
2019).Whatwas not accounted for in these stud-
ies is the effect of diet on the host microbiome or
immunity. Since the availability of dietary L-ser-
ine can affect the gut microbiota during inflam-
mation (Kitamoto et al. 2020), whether a serine/
glycinedeprivationdiet influences tumor immu-
nity beyond a cancer cell–autonomous effect re-
mains to be established. In this regard, the keto-
genic diet can alter the hostmicrobiome (Fig. 5B;
Ang et al. 2020) and curb several models of
mouse tumorigenesis. Ketogenic diet curbs
tumor growth in a model of mouse pancreatic
adenocarcinoma in combination with chemo-
therapy (Yang et al. 2022). Further, this combi-
nation also worked in immunocompromised
mice, but sustained response was observed only
in mice with an intact immune system. Intrigu-
ingly, a ketogenic diet alters gut and serum me-
tabolome in dogs with implications on tumor
immunity (Allenspach et al. 2022).

Dietary choline can induce inflammation
through its conversion to trimethylamine
(TMA) by the gut microbiota, and in turn oxi-
dized by the liver to trimethylamine oxide
(TMAO), which is well-implicated in provoking
coronary artery disease (Wang et al. 2015). Diet-
ary choline or administration of TMAO induces
inflammatory M1 macrophages (Fig. 5B) that
increase graft-versus-host response as well as
response of tumors to immune checkpoint
blockade (Wu et al. 2020; Mirji et al. 2022). As
such, there ismuchmore to learn about the effects
of components of diet, such as high fiber content
that generates microbial short chain fatty acids
with immune modulatory activities (Fig. 5B), on
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the microbiota that in turn increase cancer ther-
apy responses (He et al. 2021; Spencer et al. 2021).

The idea of targeting metabolism for cancer
treatment was championed by Sidney Farber
who targeted nucleotide synthesis with the
“anti-metabolite” aminopterin and subse-
quentlymethotrexate, which is still used clinical-
ly (Farber andDiamond 1948; Farber 1949). To-
gether with asparaginase, an active therapy in
lymphoblastic leukemias, this demonstrates
thatmetabolic therapies can be active anticancer
agents. However, othermetabolic therapies have
proven less efficacious. The fact that 2-deoxyglu-
cose can inhibit glycolysismade it acandidate for
studies in cancer patients, but studies from de-
cades ago showed that it did not produce clear
benefit, and patients had side effects such as
diaphoresis (Landau et al. 1958). Likewise, the
glutamine analog 6-diazo-5-oxo-1-norleucine
(DON), which targets a multitude of glutamine
using enzymes and hence is imprecise, was also
tested in humans, but it appeared too toxic for
clinical use (Magill et al. 1957). It is notable that a
DONprodrug has significant preclinical efficacy
against several tumormodels in immunocompe-
tent mice (Leone et al. 2019). Whether clinical
trials on DON prodrug prove to be effective re-
mains to be seen. Recent failures of metabolic
inhibitors in the clinic result from either lack of
activity or intolerable side effects. For example,
CB-839, which is a highly specific glutaminase
(GLS) inhibitor with little associated side effects,
failed in a study of patients with renal cell carci-
nomadue to a lackof efficacy (Tannir et al. 2022).
Theuse of themitochondrial complex I inhibitor
IACS-07549 failed in clinical studies because of
neurotoxicity (Yap et al. 2023). However, an ex-
ception is the successful implementation of spe-
cific inhibitors for mutant isocitrate dehydroge-
nases, IDH1 and IDH2, for the treatment of
cancers such as acute myelogenous leukemia
(DiNardo et al. 2018). Here, the therapeutic in-
dex is widened by the specificity of the drugs for
mutant versus wild-type enzymes.

CONCLUDING REMARKS

Overthepastcentury,Warburg’sstudiesoncancer
metabolism and those reporting the use of Coley’s

toxin for cancer therapy lay the foundation for
current studies that offer a hopeful outlook for
new cancer therapeutic opportunities. Given the
profound success of cancer immunotherapy, it
should be noted that the use of metabolic inhibi-
tors can interferewith or potentiate the antitumor
armof the immunesystem(Leoneet al. 2019;Her-
mans et al. 2020). As such, the development of
metabolic inhibitors to target cancer cells should
also account for its potential adverse effect on an-
titumor immunity (Fig. 5C). Notably, a major
challenge to effective immunotherapy is tumor
acidity (Boedtkjer and Pedersen 2020; Tu et al.
2021; Gillies et al. 2022), whose mitigation in the
clinical setting has not been sufficiently addressed
by current research. The rapid improvement of
mass spectrometry imaging (Ma and Fernández
2022)of tissuesdownto the single-cell level should
provide the spatial resolution necessary to gain a
richerunderstandingofthetumorimmunemicro-
environmentmetabolic states (Fig.1C)andpoten-
tially expose novel cancer metabolic vulnerabili-
ties. The emerging field of immunometabolism
(Bucket al. 2017; Leone andPowell 2020;Madden
andRathmell 2021; Stine et al. 2022)offers a richer
understanding of metabolic vulnerabilities of im-
mune versus cancer cells that is anticipated to pro-
videnoveldruggableopportunities toenhance im-
munity while diminishing cancer cell viability.
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Molecular imaging—the mapping of molecular and cellular processes in vivo—has the
unique capability to interrogate cancermetabolism in its spatial contexts. Thiswork describes
the usage of the two most developed modalities for imaging metabolism in vivo: positron
emission tomography (PET) and magnetic resonance (MR). These techniques can be used to
probe glycolysis, glutamine metabolism, anabolic metabolism, redox state, hypoxia, and
extracellular acidification. This review aims to provide an overview of the strengths and lim-
itations of currently available molecular imaging strategies.

Cancer metabolism is spatially heteroge-
neous. The metabolic phenotypes involved

in tumor progression evolve in response to local
environmental drivers such as nutrient avail-
ability, perfusion, and hypoxia (Gatenby and
Vincent 2003; Pavlova et al. 2022). Tumor me-
tabolism must, therefore, be studied in its native
contexts, and molecular imaging—the in vivo
visualization of biochemical processes at molec-
ular and cellular levels—is uniquely capable of
shedding light on the spatial aspects of cancer
metabolism (Rowe and Pomper 2022).

Molecular imaging methods detect metabo-
lism-associated molecules, which are either en-
dogenous or administered via perfusion. These
in vivo methods yield insights into spatial het-
erogeneity, which are inaccessible by ex vivo or
nonlocalized measurements. However, hetero-
geneity of signal can result from technical arti-
facts as well as the targeted biological processes

themselves. Proper interpretation of imaging
data thus requires a clear understanding of signal
generation, both in terms of the biochemical
mechanisms of probe metabolism and the tech-
nical aspects of image formation.

When choosing an imaging method several
factorsmust be considered, including spatial res-
olution, sensitivity, field of view, temporal reso-
lution, and the potential for clinical translation.
This review will describe applications of the two
most common molecular imaging modalities:
positron emission tomography (PET) and mag-
netic resonance spectroscopy or imaging (MRS/
MRI).

POSITRON EMISSION TOMOGRAPHY (PET)

PET measures positron emission or β+ decay, a
process whereby an unstable radionuclide emits
a positron that collides with an electron, creating
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γ rays measured by a closed ring of detectors
(James and Gambhir 2012). PET does not pro-
duce reference images of the bodyand is typically
paired with anatomic imaging by X-ray-com-
puted tomography (CT) or anMRI. In the clinic,
PET is typically paired with CT due to its fast
scan acquisition and low cost. However, MRI
provides superior soft-tissue contrast and re-
duced radiation exposure, making PET/MRI
more appropriate for certain patients (Mayer-
hoefer et al. 2020). PET offers exceptional sensi-
tivity due to negligible background signal; the
lower detection limit is in the picomolar range
and nano-to-milligram quantities of tracer mol-
ecules are typically delivered. PET also offers
high spatial resolution (1–2 mm preclinical,
5–7 mm clinical) and can cover a large field of
view, enabling whole-body imaging. Most PET
probes, or tracers, are structural analogs of the
metabolite they report on, differing only by an
appended radioisotope moiety. The most com-
monly used isotope in PET tracer analogs is 18F
due to its long radioactive half-life of ∼110 min
and its structural similarity to a hydroxyl group.
Even modest chemical modifications can alter
interactions with transporters or enzymes in
profound ways. Therefore, it is important to be
aware that 18F-functionalized probes do not un-
dergo the same biochemistry as the metabolites
they mimic. A different approach to PET probe
design is to substitute an atom in the target me-
tabolite with a radioisotope such as 11C or
13N. Substituted PET probes are attractive be-
cause they are biochemically identical to theme-
tabolites they report on; however, the short half-
lives of 11C (20 min) and 13N (10 min) make the
application of these probes challenging (Neu-
mann et al. 2007).

For a PET tracer to successfully inform on
tumor metabolism, it must be differentially tak-
en up by or retained within cancer cells over
healthy tissue. The degree of differential uptake,
or avidity, of a tracer is typically quantified in the
clinic by the standardized uptake value (SUV),
which is calculated by dividing measured radio-
activity in a region of interest by the total activity
of the injecteddose per volumeof the entire body
(Thie 2004). Besides static SUV values, more so-
phisticated information can be obtained by ki-

netic modeling of dynamic PET data. The dy-
namic PET signal in a region of interest will
depend on probe delivery through the blood,
described by an input function, and irreversible
retention of the probe in cells following a meta-
bolic process (Carson 2003). A typical approach
is compartmental modeling, where the PET
probe is transportedwith linearfirst-order kinet-
ics between compartments such as plasma, ex-
tracellular space, and intracellular space. Inmost
cases, the final transfer step into intracellular
space can be treated as unidirectional and irre-
versible. The relevant parameter derived from
compartmental modeling is the net influx rate
(Ki)—the linear rate of unidirectional probe up-
take and trapping where all reversible compart-
ments are in dynamic equilibrium.

Twomajor drawbacks limit the utility of PET
imaging. First, PET tracers generate ionizing ra-
diation, restricting the number of scans that can
be safely performed on a single subject. Second,
regardless of the radionuclide’s chemical envi-
ronment, positron emission always produces γ
rays with identical energy. Thus, PET cannot
distinguish between metabolites, and only indi-
rectly measures metabolism as a function of
probe uptake and retention.

MAGNETIC RESONANCE SPECTROSCOPY/
IMAGING (MRS/MRI)

When atomic nuclei with a nonzero angularmo-
mentum quantum number (spin) are placed in a
magnetic field, they align either with or against
the field. The difference between these states of
alignment—that is, their polarization—can be
perturbed by radiofrequency excitation pulses,
giving rise to a magnetic resonance (MR) signal.
The frequency of a given nucleus’s MR signal is
specific to its local chemical environment. This
phenomenon is known as chemical shift and al-
lows the spectroscopic identification of different
molecules. Spatially varying gradient magnetic
fields allow for the localization of MR signals,
producing an image showing signal intensity
(magnetic resonance imaging; MRI) or a grid
of localized MR spectra (magnetic resonance
spectroscopy or spectroscopic imaging; MRS or
MRSI). Themostused isotopes inMRare 1Hand
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13C. Polarization levels for these nuclei at ther-
mal equilibrium are quite low, resulting in poor
MR sensitivity of ∼10−3–10−5 M. The most
abundant and MR-sensitive nucleus is 1H, so
MRSI of endogenous 1H is feasible for measur-
ingmetabolitepool sizes in vivo.However,∼99%
of naturally occurring carbon is 12C, which has
zero spin and is undetectable by MR. MR detec-
tion of carbon thus requires the introduction of
13C-enriched molecules in experiments that can
be thought of as akin to isotope tracing by mass
spectrometry. A conceptually similar experi-
ment to 13C MR tracing is an infusion of mole-
cules labeled with 2H, a technique called deute-
rium metabolic imaging (DMI).

The MR signal of 13C-labeled probes can be
dramatically magnified by a process termed hy-
perpolarization (HP) involving prepolarization
of nuclei outside the detectionmagnet. Themost
commonHPmethod is dissolution dynamic nu-
clear polarization (dDNP), whereby microwave
radiation is used to transfer spin polarization
from a free radical electron to 13C nuclei at ex-
tremely low temperatures of∼1 K. After HP has
been sufficiently built up, the frozen sample is
rapidly dissolved by a heated buffer for injection
(Ardenkjær-Larsen et al. 2003; Golman et al.
2003). More recently, methods coupling solu-
tion-state chemistry to separately polarized
parahydrogen have been employed to achieve
similar HP enhancements without the use of
problematically low temperatures (Hövener et
al. 2018; Gierse et al. 2023). In general, HP tech-
niques increase the MR signal by several orders
of magnitude, facilitating in vivo spatially re-
solved isotope tracing. It is important to note
that the HP signal enhancement for a given nu-
cleus has an effective lifetime—analogous to the
half-life of radioactive nuclei—mediated by a
process called T1 relaxation. Recent work has
shown that the T1 time constant can be length-
ened by the deuteration of the HP molecule or
even the dissolution solvent (Keshari and Wil-
son 2014; Cho et al. 2018; Deh et al. 2024). How-
ever, themost effective strategy formitigatingT1
relaxation is the judicious selection of the 13C
enrichment position. Attached hydrogens un-
dergo a dipolar cross-relaxation interaction
with 13C, making T1 relaxation efficient. For

this reason, most 13C nuclei used for HP are in
a carbonyl group (Keshari and Wilson 2014).

The key benefit of imaging metabolism with
HP 13C-enriched molecules is the use of chemi-
cal shift to separate signals coming from the in-
jected molecule and its downstreammetabolites
(Brindle et al. 2011;Wang et al. 2019). For this to
be possible, the chemical shifts of the probemol-
ecule and its metabolic products must be suffi-
ciently far apart for spectral resolution. MR ex-
periments produce data in the form of signal
intensities that are not inherently quantitative,
so results are typically reported in ratios of me-
tabolite-to-probe intensities.More sophisticated
analyses fit HP MR data as a compartmental
system, yielding kinetic rate constants with units
of inverse seconds (Harrison et al. 2012; Bank-
son et al. 2015; Crane et al. 2021).

METABOLIC TARGETS

Glycolysis

The reprogramming of energy metabolism in
cancer is an especially attractive target for mo-
lecular imaging due to its role as an integral re-
quirement for cellular proliferation (Hanahan
and Weinberg 2011). It should, therefore, come
as no surprise that several of the most studied
metabolic imaging strategies focus on the central
feature of cancer energy metabolism: elevated
glycolysis, also known as the Warburg effect
(Fig. 1A; Warburg 1956).

Glucose

The paradigmatic success story ofmolecular im-
aging is perhaps [18F]fluorodeoxyglucose (FDG)
(Fig. 1Bi). PET of FDG is frequently used in the
clinic to diagnose, stage, and monitor a range of
cancers, with millions of scans performed in the
United States every year (Alavi et al. 2004;Kelloff
et al. 2005; Czernin et al. 2013; Rosenkrantz et al.
2016). FDG is an analog of glucose with 18F sub-
stituted for the C2 hydroxyl group (Ido et al.
1978). FDG is readily imported into cells by
the glucose transporters (GLUTs) and under-
goes the reversible first step of glycolysis, phos-
phorylation of the C6 hydroxyl. However, fur-
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ther metabolism of FDG-6-phosphate through
canonical glycolysis via phosphoglucose isomer-
ase (PGI) is not possible due to the fluorine on
C2. Since FDG-6-phosphate must be dephos-
phorylated before it canbe effluxed, radioactivity
in the cell is trapped in a dynamic equilibrium of
uptake by GLUT, phosphorylation, and dephos-
phorylation (Gallagher et al. 1978). Thus, FDG-
PET indirectly reports on the proximal aspects
of glycolysis.

FDG is avidly taken up by any cells that con-
sume large amounts of glucose, so FDG-PET is
problematic for imaging tumors in the brain,
which has high baseline levels of glycolysis
(Fig. 1C). In other areas of the body, nonmalig-
nant sources of accumulation can complicate
FDG-PET imaging (Long and Smith 2011). In-
flammation, for example, is a cause of nonspe-
cific signals since activated inflammatory cells
require high levels of glycolysis to function
(Skoura et al. 2016). Knowledge of the underly-
ing biochemical mechanism can help overcome
this potential issue. Inflammatory cells also ex-
press high levels of glucose-6-phosphatase, the
enzyme that dephosphorylates FDG-6-phos-

phate, and thus efflux radioactivity faster than
tumor cells. As such, imaging at two time points
can help differentiate between tumors and in-
flammation—while tumor and inflammatory
cells will both show high SUV at an early time
point, only tumor cells will retain the PET probe
over a long time course (Alavi et al. 2004; Long
and Smith 2011).

Historically, FDG-PEThas not been used for
imaging of prostate cancers, which tend to ex-
hibit a modest Warburg effect. However, some
evidence suggests that advancedprostate cancers
that have become castration-resistant are ame-
nable to FDG-PET as a result of dramatically
increased glucose uptake (Jadvar 2016). Al-
though FDG uptake is classically interpreted as
a readout of glycolytic activity, there is some re-
cent evidence suggesting that FDG uptake can
also depend on flux through the pentose phos-
phate pathway (PPP) (Sambuceti et al. 2021).
Silencing of hexose-6-phosphate dehydroge-
nase, the enzyme that catalyzes entry into the
PPP in the endoplasmic reticulum, in mouse
cell culture models of colon and breast cancer
resulted in decreased FDG uptake despite in-

Figure 1. Molecular imaging of glycolysis. (A) Diagram of metabolites, enzymes, and transporters relevant to
glycolysis. (G6P) Glucose-6-phosphate, (F6P) fructose-6-phosphate, (FBP) fructose-1,6-biphosphate, (GA3P)
glyceraldehyde 3-phosphate, (DHAP)dihydroxyacetonephosphate, (3PG)3-phosphoglycerate, (NAD+/NADH)
oxidized/reducednicotinamide adenine dinucleotide, (CO2) carbondioxide, (HCO3

−) bicarbonate, (acetyl-CoA)
acetyl coenzyme A, (G6PDH) glucose-6-phosphate dehydrogenase, (PGI) phosphoglucose isomerase, (HK)
hexokinase, (LDH) lactate dehydrogenase, (PDH) pyruvate dehydrogenase, (CA) carbonic anhydrase, (GLUT)
glucose transporter, (MCT1/4) monocarboxylate transporter, (MPC)mitochondrial pyruvate carrier. (A created
with BioRender.com.) (B) Chemical structures of probes for imaging glycolysis. (i) [18F]fluorodeoxyglucose
(FDG), (ii) [1,2,3,4,5,6,60-2H7, U-13C6]-glucose, (iii) [6,60-2H2]glucose, (iv) δ-[1-13C]gluconolactone, (v)
[2-13C]fructose, (vi) 6-deoxy-6-[18F]fluoro-D-fructose (6-[18F]FDF), (vii) [1-13C]pyruvate, (viii) [2-13C]pyru-
vate. β-Emitting radioisotopes detected by positron emission tomograph (PET) are blue, and nuclei detected by
magnetic resonance (MR) are red. (Structures created with ChemDraw). (C) PET-FDG maximum intensity
projection images of patients with metastatic melanoma before (left) and after (right) BRAF inhibitor treatment.
This image highlights the capability of PET to imagemetastasis over thewhole body, and nonspecific FDGuptake
in the brain and urinary system. (C reprinted from Czernin et al. 2013 under the terms of the Creative Commons
Attribution License.) (D) Deuteriummetabolic imaging (DMI) of orally administered [6,60-2H2]glucose in brains
of healthy humans. 3Dmaps of glucose (left) and glutamine/glutamate (Glx; right) showmodestly heterogeneous
delivery of deuterium-labeled substrate and conversion to Glx, with slightly lower Glx signal in the gray matter–
rich ventricles. (D reprinted from De Feyter et al. 2018 under the terms of the Creative Commons Attribution-
NonCommercial License.) (E)Hyperpolarization (HP) [1-13C]pyruvate imagingof aprostate cancer patient.Data
fromanHPexperiment can be represented inmetabolitemaps of lactate (top left), pyruvate (top right), or the ratio
of product to substrate (bottom left). Color maps of signal intensity are overlaid on 1H T2-weighted magnetic
resonance imaging (MRI) images for anatomical reference. The lactate-to-pyruvate ratio is elevated in the left
region of the prostate, corresponding to regions of higher Gleason grade in matched histology sections (bottom
right). (E reprinted from Granlund et al. 2019, Elsevier © 2016.)
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creases in glycolytic flux and lactate secretion
(Marini et al. 2016). In this context, FDG-PET
may report on NAPDH generation through the
PPP, which is up-regulated in proliferative can-
cers. In all, although FDG-PET has become a
workhorse clinical imaging modality, its lack of
specificity has limited its effectiveness in basic
research.

Other glucose-based PET probes have also
been reported, althoughwith limited application
to imaging cancer metabolism. For example,
PET of 11C-labeled glucose has been used for
PET imaging in brain cancer patients (Ericson
et al. 1985; Spence et al. 1998). However, this
probe is chemically identical to endogenous glu-
cose and is not trapped in tumors like FDG.
There have also been attempts to produce PET
probes basedonother sugars, such as 6-deoxy-6-
[18F]fluoro-D-fructose (6-[18F]FDF), a radio an-
alog of fructose (Fig. 1Bvi; Wuest et al. 2011). 6-
[18F]FDF is trapped in tumor cells by a similar
mechanism to FDG, and has been used to image
breast cancers that up-regulate the fructose
transporter GLUT5 (Bouvet et al. 2014). In one
comparative study, 6-[18F]FDF uptake was
shown to be more specific for breast cancers
than FDG, indicating a potential clinical role
for the imaging of sugars other than glucose
(Wuest et al. 2017).

Elevated glucose uptake can be imaged di-
rectly with anMRI of HP uniformly 13C-labeled
glucose (Fig. 1Bii). The primary benefit of this
approach is that it directly quantifies glucoseme-
tabolism in addition to uptake. An early demon-
stration of this technique on T47D cells in an
NMR-compatible bioreactor system showed
that lactate, and smaller amounts of dihydroxy-
acetone phosphate (DHAP) and 3-phosphogly-
ceric acid (3PG), can be detected from HP glu-
cose (Harris et al. 2013). While imaging of mice
implanted with EL4 and LL2 tumors detected
HP glucose in tumors and organs such as the
brain, heart, and kidney, only tumors produced
HP lactate and, to a lesser extent, HP DHAP,
bicarbonate, and 6-phosphogluconic acid (6PG)
(Rodrigues et al. 2014). These latter two metab-
olites report on the shunting of glucose-6-phos-
phate to the PPP, demonstrating the ability of
HP MR to simultaneously quantify multiple

pathways. Another study linked the production
of 6PG from HP glucose to the expression of
telomerase reverse transcriptase, which up-reg-
ulates GLUT1 and glucose-6-phosphate dehy-
drogenase, in low-grade oligodendrogliomas
(Viswanath et al. 2021a). MRS of HP glucose in
glioblastoma models showed increased lactate
production in a cell culture–based model, which
produced a compact tumor, over a patient-de-
rived model with an infiltrative phenotype
(Mishkovsky et al. 2021). The biggest disadvan-
tage of HP glucose is its short HP lifetime. Uni-
formly 13C-labeledHP glucose has a T1 of only a
few seconds, which is too short for in vivo detec-
tion of metabolism. Although synthetic strate-
gies such as selective 13C labeling or perdeutera-
tion can help raise the T1 of glucose to ∼10 sec
(Mishkovsky et al. 2017), the fast HP decay of
this probe still limits the achievable detection
window.

A thermal (nonhyperpolarized) MR-based
technique that targets glycolysis is glucose
chemical exchange saturation transfer (gluco-
CEST). This method operates by saturating the
MR signal of glucose hydroxyl hydrogens with
a selective radiofrequency pulse. The exchange
of the saturated nuclei with water hydrogens
causes a decrease in thewater 1HMR signal. The
extent of this attenuation correlates with the
concentration of glucose, providing a method
to sensitively measure local glucose concentra-
tions. The median intensity and spatial distri-
bution of the glucoCEST signal in xenograft
tumors of two models of colorectal cancer
(LS174T and SW1222) correlates with FDG-
PET (Walker-Samuel et al. 2013). However,
there was no significant correlation between
glucoCEST uptake and perfusion, as measured
by the common MRI contrast agent Gd-DTPA.
These findings indicate that glucoCEST specifi-
cally reports on glucose uptake rather than per-
fusion of the delivered bolus. GlucoCEST is
analogous to FDG-PET in that it measures glu-
cose uptake, not subsequent metabolism. How-
ever, glucoCEST does not require the synthesis
of a radiotracer, does not use ionizing radiation,
and has a much higher spatial resolution than
FDG-PET. Additionally, there may be contexts
where glucoCEST is more sensitive to changes
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in glucose uptake than FDG-PET. For example,
the metabolic response to doxorubicin treat-
ment in mice implanted with 4T1 tumors was
detected by glucoCEST but not FDG-PET (Ca-
pozza et al. 2022). The initial work of imple-
menting glucoCEST in the clinic is underway
(Xu et al. 2015; Bender et al. 2022), but this is
still a nascent technology; for glucoCEST to sup-
plant FDG-PET issues such as low sensitivity,
susceptibility to subject motion, and full eluci-
dation of signal compartmentalization must be
addressed (Kim et al. 2022).

DMI is anotherMR-based technique for im-
aging glucose metabolism that has been gaining
interest recently. The advantages of imaging
deuterium-labeled molecules include experi-
mental simplicity, high sensitivity, and lowback-
ground noise (De Feyter and de Graaf 2021). A
landmark study used DMI of [6,60-2H2]glucose
in rat and human brains to generate steady-state
metabolic maps of glucose, lactate, and gluta-
mine + glutamate (Glx; the signals from these
similar metabolites overlap in the 2H spectrum)
(Fig. 1Biii; De Feyter et al. 2018). The ratio of
lactate to Glx was higher in tumors, reflecting
the Warburg phenotype of imbalance toward
reductive metabolism of glucose (Fig. 1D).
DMI has also been used to measure dynamic
fluxes of glucose metabolism in mouse xeno-
grafts (Kreis et al. 2019; Markovic et al. 2021).
While promising, this approach is hampered by
long scan times and low spatial resolution asso-
ciatedwith thepoorMRsensitivityof deuterium.
One promising solution to this problem mea-
sures decreases in the 1H signals of glycolytic
metabolites following administration of 2H-la-
beled glucose to indirectly quantify 2H enrich-
ment (Rich et al. 2020). This method, described
by its authors as “quantitative exchanged-label
turnover MRS,” may provide an easier path to
clinical implementation for deuterium tracing
experiments (Cember et al. 2022).

Besides imaging uptake and metabolism of
glucose directly, other inputs and outputs of the
glycolytic pathway have been investigated as
molecular imaging targets. HP [2-13C]fructose
has been used to image the generation of fruc-
tose-6-phosphate in models of prostate cancer
(Keshari et al. 2009) and fructose-1-phosphate

in hepatocellular carcinoma models (Fig. 1Bv;
Tee et al. 2022). HP δ-[1-13C]gluconolactone
was developed as a probe of the oxidative por-
tion of the PPP (Fig. 1Biv). In orthotopicmodels
of glioblastoma in rats, the flux of HP δ-[1-13C]
gluconolactone to HP [13C]bicarbonate was
higher in tumor tissue than contralateral or tu-
mor-free control brains, and decreased in tumors
upon silencing of TERT signaling (Batsios et al.
2021; Minami et al. 2023). There has also been
some work on developing HP [2-13C]dihydrox-
yacetone as a probe for gluconeogenesis, which
enters glycolysis after phosphorylation to DHAP,
although it has not yet been applied in the context
of cancer metabolism (Moreno et al. 2017;
Marco-Rius et al. 2021; Ragavan et al. 2021).

Lactate

Another popular target of molecular imaging is
lactate, the predominant final product of glycol-
ysis in tumors. This is due to its abundance and
the ability to target it via a wide range of ap-
proaches.Historically, 1HMRSI has beenused in
the clinic to measure lactate pool size, especially
in brain cancers (Öz et al. 2014). Cross-valida-
tion studies show that higher-grade gliomas that
exhibit highFDG-PETavidity also produce large
amounts of lactate (Herholz et al. 1992). PET of
[3-11C]lactate has been used to measure lactate
utilization in the healthy heart and brain (Her-
rero et al. 2007; Temma et al. 2018). This probe
could be useful in studying cancers that have
been shown to use lactate as a fuel source for
the TCA cycle (Faubert et al. 2017).

HP pyruvate has been extensively investi-
gated as a probe for lactate generation. [1-13C]
pyruvate can build up high levels of polarization,
has a long T1 (>60 sec), and is predominantly
reduced to [1-13C]lactate (chemical shift differ-
ence of ∼12 ppm) via the lactate dehydrogenase
complex (LDH) in tumor cells (Fig. 1Bvii; Albers
et al. 2008; Keshari andWilson 2014). HP pyru-
vate-to-lactate flux has been identified in a wide
range of preclinical contexts as a biomarker of
cancer metabolism, progression, and treatment
response (Golman et al. 2006; Day et al. 2007;
Albers et al. 2008; Hu et al. 2010, 2011; Park et al.
2010, 2012; Keshari et al. 2013; Serrao et al. 2016;
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Dong et al. 2018; Grashei et al. 2022). [1-13C]
Pyruvate is the first HP probe to be translated
to the clinic (Kurhanewicz et al. 2019), with ap-
plications to patients with prostate cancer (Fig.
1E;Nelson et al. 2013;Aggarwal et al. 2017;Chen
et al. 2020;Granlund et al. 2020; deKouchkovsky
et al. 2022), renal carcinomas (Tran et al. 2019;
Tang et al. 2021; Ursprung et al. 2022), breast
cancer (Gallagher et al. 2020; Woitek et al.
2020), brain cancer (Miloushev et al. 2018;
Park et al. 2018; Zaccagna et al. 2022), and pan-
creatic cancer (Stødkilde-Jørgensen et al. 2020).

Elevated HP pyruvate-to-lactate flux is typi-
cally interpreted as a consequence of the War-
burg effect. However, some evidence suggests
that other factors also control the kinetics of
HP pyruvate metabolism. Studies that correlate
HP lactate generation with HP perfusion imag-
ing (Lau et al. 2016) or mass spectrometry im-
aging of nonhyperpolarized 13C-labeled pyru-
vate (Fala et al. 2021) indicate that one of the
main determinants for increased HP pyruvate-
to-lactate flux in tumors is the delivery of HP
pyruvate. Additionally, pharmacological block-
ade of VEGF signaling, which decreases tumor
vascularization, decreases HP pyruvate-to-lac-
tate flux despite increases in LDH activity and
lactate pool size (Bohndiek et al. 2012; Park et al.
2016). Elevated HP lactate formation also corre-
lates with the expression of the pyruvate import-
er monocarboxylate transporter 1 (MCT1) in a
varietyof preclinical (Keshari et al. 2013;Xu et al.
2014; Sushentsev et al. 2022) and clinical con-
texts (Granlund et al. 2019;Gallagheret al. 2020).
Overexpression of MCT1 in pancreatic carcino-
ma cells causes a marked increase in HP pyru-
vate-to-lactate flux, suggesting a possible rate-
limiting role of membrane transport (Rao et al.
2020). Finally, pharmacological inhibition of
LDH (Dutta et al. 2013; Varma et al. 2021) or
indirect down-regulation of LDH through inhi-
bition of upstream signaling (Dafni et al. 2010;
Ward et al. 2010) dramatically ablates flux to lac-
tate. Interestingly, there is some evidence that
blocking off pyruvate reduction to lactate can re-
sult incompensatory increases in theutilizationof
other pathways, such as entry into the TCA cycle
viapyruvatedehydrogenase (PDH)(Oshimaetal.
2020). Overall, further work is required to clarify

the precise mechanisms influencing the kinetics
of HP pyruvate metabolism.

HP [1-13C]pyruvate readily reports on flux
to lactate, but entry into the TCA cycle via PDH
involves decarboxylation at the 1C position,
forming [13C]carbon dioxide that rapidly equil-
ibrates to [13C]bicarbonate via carbonic anhy-
drase (CA). Although [13C]bicarbonate levels
can be used as a proxy of pyruvate-derived car-
bon entry into the TCA cycle, the particulars of
TCA cycle flux are functionally invisible to
[1-13C]pyruvate. To this end, HP [2-13C]pyru-
vate (Fig. 1Bviii) has been investigated as a probe
of TCAcycleflux in the production of glutamate,
citrate, and acetylcarnitine (Schroeder et al.
2009; Marjańska et al. 2010; Park et al. 2013;
Izquierdo-Garcia et al. 2015). Glutamate levels
are responsive to pharmacological manipulation
of pyruvate entry into the TCA cycle. Treatment
with dichloroacetate, which indirectly activates
PDH activity by inhibiting PDH kinase, in-
creased HP glutamate formation in healthy rat
brains (Park et al. 2013), whereas IDH1 mutant
glioblastoma cells displayed a decrease in HP
[5-13C]glutamate generation concomitant with
down-regulation of PDHexpression (Izquierdo-
Garcia et al. 2015). A pilot study on the clinical
translation of HP [2-13C]pyruvate in healthy
brains of volunteers demonstrated that HP
[2-13C]pyruvate converted to lactate at a similar
rate as [1-13C]pyruvate (Chung et al. 2019). The
full potential of [2-13C]pyruvate has not yet been
fully realized. Copolarization and injection of
mixed [1-13C]pyruvate and [2-13C]pyruvate
could allow simultaneous detection of the reduc-
tive and oxidative fates of pyruvate, expanding
informational in a kind of multiplexing ap-
proach (Wilson et al. 2010; DeBerardinis and
Keshari 2022). Another strategy is to use doubly
labeled [1,2-13C2]pyruvate (Chen et al. 2012;
Sriram et al. 2015), which can directly measure
rates of key metabolic pathways in competition
with each other.

In conclusion, glycolysis has presented am-
ple targets for molecular imaging of cancer me-
tabolism. FDG-PETandHP [1-13C]pyruvate are
the most used probes of their respective modal-
ities, and several MR methods for the detection
of glycolysis are in development.
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Glutamine

Glutaminolysis

The second most attractive molecular imaging
target for cancer after glucose is glutamine,
which participates in several key tumormetabol-
ic processes (Fig. 2A). Glutamine is involved in
up-regulated proliferation through the biosyn-
thesis of nucleotides or hexosamines and, via
glutamate, can supply carbon to the TCA cycle
for energy generation, amino acid synthesis,
or reductive carboxylation (DeBerardinis and
Cheng2010;Altmanet al. 2016).EarlyPETstud-
ies reported increased 13N- or 11C-labeled gluta-
mine uptake in murine and canine tumor
models, although the short half-lives of these
radioisotopes (∼10 and 20 min, respectively)
limited detailed investigation (Gelbard et al.
1977; Qu et al. 2012).

Several fluorine-based analog probes have
also been reported. 18F-(2S,4R)4-fluoroglut-
amine (Fig. 2Biii) is the most used molecule be-
cause it resembles endogenous L-glutamine and
shows differential uptake in xenograft models of
glutamine-addicted gliomas and breast cancers
(Lieberman et al. 2011; Qu et al. 2011; Liu et al.
2018). 18F-glutamine has also been shown to ac-
cumulate in human patient tumors (Liu et al.
2018; Grkovski et al. 2020). A glutamine-based
PET probe is especially useful for the clinical
imaging of gliomas, where nonspecific uptake of
glucose by the healthy brainmakes conventional
FDG-PET difficult (Fig. 2C; Venneti et al. 2015).

The mechanism by which tumor cells retain
18F-glutamine has not been fully elucidated. Iso-
lated rat kidney GLS1, the main isotype of gluta-
minase in tumors, can metabolize 4-fluoroglut-
amine to 4-fluoroglutamate in vitro (Cooper
et al. 2012). However, a comparison of 18F-glu-
tamine and 18F-glutamate showed uptake of
both probes but long-term retention of 18F-glu-
tamine and rapid washout of 18F-glutamate
(Ploessl et al. 2012). This finding seems to sug-
gest that although 18F-glutamine is avidly taken
up by tumor cells that up-regulate the neutral
amino acid transporter ASCT2, the probe is
not converted to glutamate. Inhibition of GLS
in xenografts of triple-negative breast cancers
that have high GLS expression results in in-

creased 18F-glutamine uptake, indicating that
fluoroglutamine PET signal is sensitive to the
intracellular pool size of glutamine (Zhou et al.
2017; Viswanath et al. 2021b).

Hyperpolarized glutamine has also been in-
vestigated as a probe for glutaminolysis. The C1
and C5 carbons of L-glutamine do not have di-
rectly bonded hydrogens and are ideal candi-
dates for 13C enrichment, with T1 values of 25
and 16 sec, respectively (Gallagher et al. 2008;
Jensen et al. 2009). Unfortunately, the chemical
shift difference between [1-13C]glutamine and
[1-13C]glutamate is only 0.5 ppm, which is too
small to feasibly separate. Conversely, HP
[5-13C]glutamine is a viable probe for glutami-
nolysis, with a favorable chemical shift difference
between it and [5-13C]glutamate of ∼3.4 ppm.
Early in vitro experiments with HP [5-13C]glu-
tamine in suspensions of glutamine-addicted tu-
morcells showed readyuptake and conversion to
[5-13C]glutamate (Gallagher et al. 2008b; Qu
et al. 2011; Canapè et al. 2015). Experiments in
rat liver tumor (Cabella et al. 2013) and mouse
pancreatic ductal adenocarcinoma models (Es-
kandari et al. 2022) show that HP [5-13C]gluta-
mine is taken up and converted to [5-13C]gluta-
mate by tumors (Fig. 2D). Additionally, the T1
relaxation time of [5-13C]glutamine can be ex-
tended by deuteration of the C4 carbon and re-
placement of the amide nitrogen with 15N (Fig.
2Bi; Qu et al. 2011; Eskandari et al. 2022). While
the comparatively shorter HP lifetime of HP
[5-13C]glutamine presents a challenge for clini-
cal translation, isotope enrichment, and further
modificationsmaymake this probe useful for the
in vivo characterization and development of
next-generation glutaminase inhibitor drugs.
Another avenue of exploration isHP-substituted
15N-labeled glutamine analogs, which are well
tolerated in vivo and show remarkably long
T1s of 2.5–5 min (Chiavazza et al. 2013; Durst
et al. 2016). However, the applicability of these
probes tometabolic studies remains to be shown.

2-Hydroxyglutarate

Increased glutamine uptake is also seen in can-
cers with mutations in isocitrate dehydrogenase
1/2 (IDH1/2) that confer a gain-of-functionphe-
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Figure 2. Molecular imaging of glutamine metabolism. (A) Diagram of metabolites, enzymes, and transporters
relevant to glutamine metabolism. (αKG) α-ketoglutarate, (2HG) 2-hydroxyglutarate, (GLS1/2) glutaminase,
(mIDH) mutant isocitrate dehydrogenase, (ASCT2) alanine–serine–cystine transporter 2. (A created with
BioRender.com.) (B) Chemical structures of probes for imaging glutamine metabolism. (i) [5-13C,4,4-2H2,
5-15N]glutamine, (ii) [1-13C]glutamine, (iii) 18F-(2S,4R)4-fluoroglutamine. β-Emitting radioisotopes detected
by positron emission tomography (PET) are blue, and nuclei detected by magnetic resonance (MR) are red.
Structures createdwithChemDraw. (C) 18F-glutaminePET imaging of a glioblastomapatient (left) shows specific
uptake in the tumor (red arrows) withminimal signal from the surrounding brain, whereas FDG-PET imaging of
the same patient (right) shows indiscriminate uptake throughout the brain. (C reprinted fromVenneti et al. 2015,
The American Association for the Advancement of Science © 2015.) (D) Imaging of hyperpolarization (HP)
[5-13C]glutamine in a MIA PaCa-2 xenograft mouse model shows elevated glutaminolysis in tumor. Metabolic
maps of HP glutamate (left) and HP glutamine (right) with tumor region indicated with red dotted line show
decreaseduptakeofHPglutaminebut similarHPglutamateproduction in tumorcompared to surrounding tissue.
(D reprinted from Eskandari et al. 2022 under the terms of Creative Commons Attribution-NonCommercial-
NoDerivatives Licences 4.0 [CC BY-NC-ND].) (E) Clinical 1H MRSI shows high 2HG production in mutant
IDH2 glioma. 3D metabolic maps of 2HG (left), glutamine/glutamate (center), and lactate (right) show that
regions of with high levels of 2HG correlate with high lactate production, but not glutamine/glutamate levels,
which are relatively homogeneous throughout the imaging field of view. (E reprinted from Choi et al. 2012,
Springer Link © 2012.)
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notype where α-ketoglutarate (αKG) is convert-
ed to 2-hydroxyglutarate (2HG). Elevated 2HG
production has been characterized as a central
feature of metabolic reprogramming in a variety
of cancers and is being investigated as a target for
molecular imaging (Dang et al. 2009; Ježek
2020). 1H MRSI measurement of 2HG pool
size in glioma patients consistently shows that
IDH mutant gliomas, but not healthy tissue or
IDH wild-type tumors, produce large quantities
of 2HG (Fig. 2E; Choi et al. 2012;Andronesi et al.
2016; An et al. 2017, 2018). In this way, 2HG can
be thought of as an imaging biomarker of IDH
mutation status.

In this vein, HP [1-13C]glutamine (Fig. 2Bii)
has been leveraged to image flux to 2HG in
mouse xenografts of mutant IDH patient-de-
rived chondrosarcoma cells (Salamanca-Car-
dona et al. 2017). Using 13C mass spectrometry
tracing experiments, this paper demonstrated
that glutamine, not glucose, is the primary car-
bon source for 2HG. HP [1-13C]αKG has also
been used to measure 2HG formation in IDH
mutant tumor cells and mouse models (Chau-
meil et al. 2013;Miura et al. 2021). Targeting flux
to 2HG may prove useful in the context of mu-
tant IDH1 gliomas, which appear unsuitable for
imaging with HP pyruvate (Chaumeil et al.
2016). Low cell permeability of αKG has ham-
peredHP imaging capability, although chemical
modifications such as esterification may help
with this issue (Zacharias et al. 2012; AbuSalim
et al. 2021; Singh et al. 2021).

Anabolism

Cancer cells also up-regulate pathways of ana-
bolic metabolism to fuel unrestrained prolifera-
tion (Fig. 3A). This section presents examples of
imaging probes that report on fatty acid, protein,
and nucleoside salvage.

Fatty Acid Synthesis

Rapid tumor cell division is accompanied by
high levels of de novo fatty acid biosynthesis, a
pathway that produces the lipid bilayers that
make up cell membranes. One of the building
blocks of fatty acids is acetyl-CoA, which is
synthesized from acetate. To that end, PET of

[11C]acetate has been used as a strategy to image
fatty acid synthesis in cancers (Fig. 3Bi). In the
clinic, [11C]acetate PET has been useful in imag-
ing tumors that arenotFDGavid suchasprostate
cancer, well-differentiated hepatocarcinoma,
and multiple myelomas (Grassi et al. 2011;
Chen et al. 2021). Uptake of [11C]acetate is sen-
sitive to inhibition of fatty acid synthase (FAS) in
prostate cancer cells, indicating that [11C]acetate
could act as an imaging biomarker of fatty acid
synthesis (Vāvere et al. 2008; Lewis et al. 2014).
Thefirst step of acetatemetabolism is conversion
to acetyl-CoAvia acetyl-CoA synthetase (ACSS).
ACSS1, the mitochondrial isoform of ACSS, is
predominant in normal cells, and is used as an
entry point for acetate into the TCA cycle. Tu-
morcells have lowACSS1 expression and instead
up-regulate the cytosolic isoformACSS2, divert-
ing acetate incorporation into fattyacid synthesis
(Yoshii et al. 2009). There has not been much
success in developing 18F-based acetate analogs
as PET probes. Fluoroacetate is toxic at high
doses and is used as a pesticide (Clarke 1991).
Although 18F-fluoroacetate is safe at low PET
dosage concentration in nonhuman primates
(Nishii et al. 2012), a study in healthy large ani-
mals showed that 18F-fluoroacetate is mostly ex-
creted through the blood and shows no specific
uptake (Lindhe et al. 2009).

Acetate uptake has also been imaged with
MR-based probes. DMI of infused 2H-labeled
acetate showed increased acetate uptake and
reduced glutamate and glutamine labeling in tu-
mors compared to healthy brain tissue in ortho-
topic models of glioma in rats, indicating re-
duced TCA cycle utilization by tumor cells (De
Feyter et al. 2018). HP [1-13C]acetate has also
been used to measure TCA cycle flux in healthy
rat hearts andkidneys, but thisprobehasyet tobe
applied to the context of cancer metabolism
(Bastiaansen et al. 2015; Mikkelsen et al. 2017).

Amino Acid Uptake

Proliferative cancers display increased uptake of
neutrally charged amino acids to fuel protein
synthesis. The blood–brain barrier is permeable
to neutrally charged amino acids, which are im-
ported into cells by the L-type amino acid trans-

Imaging Tumor Metabolism

Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a041551 31

This is a free sample of content from Cancer Metabolism: Historical Landmarks, New Concepts, and Opportunities. 
Click here for more information on how to buy the book.

© 2025 Cold Spring Harbor Laboratory Press. All rights reserved.

http://cshlpress.com/default.tpl?action=full&src=pdf&--eqskudatarq=1426


porters (LATs). Up-regulation of the LATs in
many cancers has been interpreted as a mecha-
nism for fueling proliferative protein synthesis
(Okubo et al. 2010; Wang et al. 2015; Häfliger
and Charles 2019).

The original and most implemented amino
acid-based PET probe is [11C-methyl]L-methi-

onine (11C-MET) (Fig. 3Bii; Bustany et al. 1986).
11C-MET has been successfully used to image
gliomas in the clinic, outperforming FDG-PET,
particularly in low-grade tumors (Singhal et al.
2008; Sharma et al. 2016; Xu et al. 2017; Ninatti
et al. 2022). The high spatial resolution of PET
can enable discrimination between intratumoral
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Figure 3. Molecular imaging of anabolic metabolism. (A) Diagram of metabolites, enzymes, and transporters
relevant to anabolic metabolism. (ACSS1/2) acetyl-CoA synthase, (TK1) thymidine kinase, (dCK) deoxycytidine
kinase, (LAT) large neutral amino acid transporter. (A created with BioRender.com.) (B) Chemical structures
of probes for imaging glutamine metabolism. (i) [1-11C]acetate, (ii) [11C-methyl]L-methionine (11C-MET),
(iii) O-(2-[18F]fluoroethyl)-L-tyrosine (18FET), (iv) (S)-4-(3-[18F]fluoropropyl)-L-glutamate ([18F]FSPG),
(v) [18F]30-deoxy-30-fluorothymidine ([18F]FLT), (vi) [18F]clofarabine ([18F]CFA). β-Emitting radioisotopes de-
tected by positron emission tomography (PET) are blue, and nuclei detected bymagnetic resonance (MR) are red.
Structures created with ChemDraw. (C) Dynamic 18FET imaging of a glioma patient reveals intratumoral het-
erogeneity. The single time point 18FET image with anatomic magnetic resonance imaging (MRI) overlay (left)
shows differential uptake of the probe. Kinetic data from specific regions (right) show the tumor periphery
consistently accumulates 18FET (top), whereas the interior has a quick initial uptake of tracer followed by a steady
decline of PET signal (bottom). These time courses correspond toWHOgrade III and II phenotypes, respectively,
as identified by matched histopathology. (C reprinted, with permission, from Kunz et al. 2011, © The Author(s)
2011. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.)
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subcomponents; in one clinical study, low-grade
astrocytomas showed increased 11C-MET up-
take in infiltrative exterior regions compared to
interior regions with a solid tumor phenotype
(Kracht et al. 2004).

As with all 11C-based PET probes, the pri-
mary limitation of 11C-MET is its short radioac-
tive half-life. As such, there has been an effort to
develop 18F-labeled amino acid derivatives, the
most notable example of which isO-(2-[18F]flu-
oroethyl)-L-tyrosine (18FET) (Fig. 3Biii; Langen
et al. 2017). 18FET has foundwidespread success
in the imaging of brain tumors. In particular,
18FET has markedly high sensitivity in the dis-
ambiguation of high-grade gliomas from lesions
that appear identically in standard MRI, such as
brain metastases and primary lymphomas (Pur-
anik et al. 2019). The long lifetime of 18FET en-
ables the measurement of probe uptake kinetics
over the course of around an hour (Jansen et al.
2012, 2014; Lohmann et al. 2015). Dynamic in-
formation can be used to differentiate local phe-
notypes. For example, one kinetic studyof 18FET
showed that low-grade gliomas constantly im-
port and retain tracer, whereas high-grade tu-
mors have an early peak of uptake followed by
a steady decline of PET signal (Fig. 3C; Kunz
et al. 2011). Heterogeneity within tumors was
also observed in the form of “hot spots” of
high-grade-like malignant regions. One factor
thatmay play a part in differential probe dynam-
ics is specific interactions with LAT1. One study
used a model of purified LAT1 reconstituted in
Xenopus oocytes to show that 18FET is taken into
cells by LAT1 but not effluxed (Habermeier et al.
2015). This asymmetry could help explain why
18FET accumulates in high-LAT1 gliomas de-
spite a lack of probe incorporation into cellular
protein.

Another amino acid–based PET probe that
has shown success is the glutamate analog (S)-4-
(3-[18F]fluoropropyl)-L-glutamate ([18F]FSPG)
(Fig. 3Biv; Koglin et al. 2011). [18F]FSPG is im-
ported into cells via systemxc

−, which exchanges
glutamate for cystine. Up-regulation of system
xc

− has been observed in many cancers and has
been linked to several factors promoting malig-
nancy. Cystine imported by system xc

− is re-
duced in the cell to cysteine, a precursor of glu-

tathione (GSH), the most abundant antioxidant
molecule. Therefore, increased uptake of [18F]
FSPG by system xc

− has been interpreted as an
imaging biomarker of increased tumor cell resis-
tance tooxidative stress (McCormicket al. 2018).
In clinical trials spanning a variety of cancer
types, [18F]FSPG was shown to outperform
FDG in distinguishing lesions (Baek et al. 2012;
Kavanaugh et al. 2016; Park et al. 2020; Wardak
et al. 2022).

Nucleoside Salvage

Another hallmark of the proliferating cancer
cells is increased nucleosidemetabolism.Uptake
of [18F]30-deoxy-30-fluorothymidine ([18F]FLT),
a PET analog of thymidine (Shields et al. 1998)
has been shown to correlate to proliferation
(Fig. 3Bv). [18F]FLT is trapped in cells upon
phosphorylation via thymidine kinase (TK),
the first step in the de novo DNA biosynthesis
pathway. [18F]FLThas beenused in the clinic as a
sensitive probe of tumor proliferation in brain
tumors (Chen et al. 2005; Choi et al. 2005). A
limitation of [18F]FLT is that it is specific to the
thymidine salvage pathway. One study showed
that [18F]FLT is not avidly taken up by tumor
subtypes that rely on de novo thymidine synthe-
sis, a complementary and competitive pathway
(McKinley et al. 2013). Therefore, care should be
taken not to conflate [18F]FLT uptake with more
general proliferative markers, such as Ki67
staining.

Recent work has identified [18F]clofarabine
([18F]CFA) as a promising nucleoside analog
PET probe for imaging of nucleoside salvage
(Fig. 3Bvi; Kim et al. 2016). [18F]CFA is a highly
specific substrate for deoxycytidine kinase
(dCK), and was shown to accumulate in leuke-
mia cells. [18F]CFA has also been investigated as
a probe of immunotherapy response in preclin-
ical models of glioma (Antonios et al. 2017). Ac-
tivated T cells up-regulate dCK, so [18F]CFA up-
take can be interpreted as an imaging biomarker
of activated T cell infiltration.

In conclusion, tumor cells power prolifera-
tive growth by up-regulating the biosynthesis of
lipids, proteins, and DNA. These anabolic path-
ways can take up constituent carbon atoms from
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the extracellular space, allowing imaging of
anabolism through the labeling of building block
molecules such as acetate, amino acids, and nu-
cleosides, respectively.

Phenotypic Consequences of Cancer
Metabolism

This last section will focus on imaging probes
that target phenotypic traits associatedwith can-
cer metabolism: altered redox balance, acidifica-
tion of the tumor microenvironment (TME),
and hypoxia.

Redox Status

Rapid proliferation generates high levels of reac-
tive oxygen species, leading to an oxidative stress
phenotype. Elevated levels of antioxidants, pri-
marily GSH, have been identified as a mecha-
nism for tumor resistance to radiation or chemo-
therapy. Infusion of 13C-labeled glycine, a
building block of GSH, allows direct measure-
ment of GSH by 13C MRS in tumors (Thelwall
et al. 2005, 2012). However, the scan times for
these experiments are prohibitively long for
widespread application.

HP [1-13C]dehydroascorbic acid (DHA) is a
promising probe of redox status: it has a favor-
able T1 of 57 sec at 3 T, is preferentially taken up
by tumor cells, and undergoes rapid reduction to
[1-13C]vitamin C with a chemical shift differ-
ence of 3.8 ppm (Fig. 4Ai; Bohndiek et al.
2011). There are two factors that influence the
kinetics of DHA metabolism. First, DHA is re-
duced to vitamin C in the cell by enzymes that
use GSH or NADPH as a cofactor, so the ratio of
vitamin C toDHA functions as an indirect read-
out of the redox state of the cell. The ratio of HP
DHA to vitamin C is elevated in lymphoma,
prostate cancer, and colorectal cancer tumors,
reflecting unbalanced redox phenotypes (Ke-
shari et al. 2011; Timm et al. 2017). Another
factor that influences the kinetics ofDHA reduc-
tion is an expression of the GLUT transporters,
which import DHA in addition to sugars. In
a transgenic prostate cancer mouse model, in-
creased vitamin C/DHA ratios in tumors corre-

lated with avid FDG-PET uptake (Fig. 4B;
Keshari et al. 2013). Immunohistochemistry
confirmed that these tumorsup-regulateGLUT3
and GLUT4, accounting for the increase of both
PETandHPMRprobe import. The path to clin-
ical translation of HP DHA has been complicat-
ed by concerns with toxicity. In one study, for-
mulations of DHA administered at 10 mg/kg
dose to tumor-bearing mice induced respiratory
arrest and cardiac depression (Timmet al. 2017).
However, studies using large animals and non-
human primates showed that doses of upward
of 500 mg/kg can be well tolerated, suggesting
differential pharmacology of DHA (Banerjee
et al. 1953; Ducruet et al. 2011). More work on
the mechanisms of DHA toxicity is required
before clinical translation of this probe can
progress.

11C-labeled DHA and vitamin C have also
been developed as PET probes for redox, al-
though these molecules are less sensitive to
changes in the chemotherapeutic depletion of
GSH than HP DHA (Carroll et al. 2016, Qin
et al. 2018). A recent alternative for imaging
DHA/vitamin C redox is the PET probe 18F-
KS1, a modified radioanalog of vitamin C (Fig.
4Aii; Sai et al. 2019). 18F-KS1 shows tumor spe-
cificity and favorable pharmacokinetics in ro-
dent and nonhuman primate tumor models,
making it attractive for clinical application
(Damuka et al. 2022). The next step for 18F-
KS1 translation is a pilot study in humans. An-
other recently reported PET probe for redox is
4-[18F]fluoro-1-naphthol ([18F]4FN) (Pisane-
schi et al. 2022). This probe is sensitive only to
radical species with high redox potential, allow-
ing specific imaging of innate immunity activa-
tion. Although [18F]4FN has yet to be applied
to the context of cancer metabolism, its mecha-
nism provides the proof of concept of a tunable
redox PET sensor, which may be leveraged for
finer-grained quantification of intracellular re-
dox states in cancer.

Extracellular pH

Acidification of theTMEcaused byexcess lactate
production is awidely observed cancer metabol-
ic phenotype. Tumors evolve to thrive in this
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acidic environment, with in vitro tumor cell pro-
liferationmaximized at a subphysiological pH of
6.8 (GatenbyandGillies 2004; Zhang et al. 2010).
Lowered extracellular pH (pHe) has thus been
investigated as an imaging biomarker of the
Warburg effect. Imaging of pHe is achieved
with molecular probes that are sensitive to local
changes in pH.

Historically, changes in pH were annotated
using 31P NMR spectroscopy and later spectro-
scopic imaging by measuring chemical shift
changes (Stubbs et al. 1992). While these could
be enhanced through the use of an exogenous
contrast agent (Gillies et al. 1994), these ap-
proaches suffered from low sensitivity due to
the nucleus chosen. pH imaging using 1H MR
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approaches, including relaxivity or magnetiza-
tion transfer, was more suited for spatially re-
solved pH maps given the sensitivity of 1H
MRI (Gillies et al. 2004). Relaxivity imaging in-
volves the injectionof acontrast agent, typically a
gadolinium chelate, whose effect on the T1 re-
laxation of the water 1H MR signal is pH-sensi-
tive (Raghunand et al. 2002). Magnetization
transfer experiments measure the exchange be-
tween labile hydrogens on an injected probe and
bulk water. This exchange process is pH-depen-
dent and can be measured with chemical ex-
change saturation transfer (CEST) techniques
similar to those used in glucoCEST to indirectly
infer pH (Ward and Balaban 2000; Sun and
Sorensen 2008; Longo et al. 2014, 2016). One
major drawback of both these methods is that
the magnitude of the effect of pH on the signal
is dependent on the local concentration of the
contrast agents. These methods thus confound
pHmeasurementwithpharmacokinetic dynam-
ics, requiring reproducible calibration curves.
Since calibration of in vivo signals is often chal-
lenging, these methods have intrinsic issues
with reproducibility and comparability across
contexts.

Since PET signals are not inherently envi-
ronmentally responsive, imaging pHe with PET
requires coupling probe retention to pH. One
elegant strategy involves PET tracers conjugated
to a pH (low) insertion peptide (pHLIP), a 36-
amino acid-long peptide that only inserts into
lipid bilayer membranes in an α-helical confor-
mation at low pH (Reshetnyak et al. 2006). At
physiological pH, pHLIP is in a random coil
conformation and cannot insert into mem-
branes. This means that a radioisotope-labeled
pHLIP will only retain in membranes and give
persistent PET signal in lowpH regions. Thefirst
pHLIP-based PET probe was conjugated to
64Cu, a radioisotope with an especially long
half-life of∼12.8 h, and showed long-lasting up-
take and retention in prostate cancer xenograft
models (Fig. 4C; Vāvere et al. 2009). Subsequent
work has improved targeting specificity through
structuralmodification of the peptide (Tapmeier
et al. 2015; Wyatt et al. 2018) or substitution of
64Cu with other radioisotopes such as 18F (Dau-
mar et al. 2012) or 89Zr (Bauer et al. 2022). Cor-

relative histology of prostate cancer tumors
showed that low pHe regions detected by
pHLIP-PET are associated with increased ex-
pression of carbonic anhydrase IX (CAIX), a tu-
mor-associated acid-extruding protein (Viola-
Villegas et al. 2014), linking imaging data to
onemolecularmechanism of TME acidification.
So far there has been one phase I clinical trial of
18F-labeled pHLIP (NCT04054986).

The most studied HP probe for acidification
is [13C]bicarbonate (Fig. 4Aiii; Gallagher et al.
2008). Bicarbonate is in pH-dependent equilib-
riumwith carbon dioxide via CAIX, and up-reg-
ulation of CAIX is likely a predominant mecha-
nism of tumor adaptation to hypoxia and TME
acidification (Gallagher et al. 2015). The ratio of
bicarbonate to carbon dioxide concentrations
can be used to calculate pH using the Hender-
son–Hasselbach equation. Since carbon dioxide
can freely diffuse across the cell membrane, the
pH measured by HP bicarbonate does not dis-
tinguish between extracellular and intracellular
compartments. However, some data suggest that
this ratio is weighted to pHe (Gallagher et al.
2011). One particular advantage of imaging in-
jected bicarbonate is that it is an endogenous
buffermolecule,making clinical translation pos-
sible. However, the solubility of sodium bicar-
bonate in suitable formulations for HP is poor
R (Wilson et al. 2010). Recent work has ad-
dressed this limitation through the polarization
of a carbonate precursor and rapid base-
catalyzed hydrolysis to form HP bicarbonate
(Korenchan et al. 2016). To this end, [1-13C]
1,2-glycerol carbonate was used to measure
grade-dependent acidification in transgenic
mouse models of prostate cancer, where pHe

was markedly lower in higher-grade tumors
(Fig. 4Aiv; Korenchan et al. 2019). Interestingly,
in mice that had both low- and high-grade le-
sions, pH imaging allowed the separation of be-
nign from aggressive tumor regions. This study
also found a positive correlation between acidic
TME regions and high expression of MCT4, the
predominant exporter of lactate.

Besides HP bicarbonate, a number of mole-
cules have been investigated for HP pH imaging:
13C-enrichedN-(2-acetamido-)2-aminoethane-
sulfonic acid (Flavell et al. 2015), [1,5-13C2]zy-
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monic acid (Düwel et al. 2017), amino acid de-
rivatives (Hundshammer et al. 2018), [2-13C,
D10]diethylmalonic acid (Korenchan et al.
2017), 15N-pyridine derivatives (Jiang et al.
2015), and 89Y chelates (Jindal et al. 2010;
Wang et al. 2020). Although these exotic probes
all feature suitable in vitro HP probe character-
istics such as favorable T1 times and chemical
shift differences, it is unclear whether they have
much translational utility due to issues with tox-
icity and in vivo uptake.

Hypoxia

Finally, a central feature of the TME that shapes
tumor metabolic phenotypes is chronic and
transient hypoxia. A reduction in oxygen limits
the capacity for oxidative phosphorylation in tu-
mor cells, driving the evolution of hypoxia-tol-
erant up-regulation of glycolysis. A number of
methods have been developed to quantitatively
image the partial pressure of oxygen, or concen-
tration of oxygen dissolved in blood (pO2).

The “gold standard” PET probe for hypoxia
is [18F]fluoromisonidazole (18F-FMISO) (Fig.
4Av; Rasey et al. 1989; Koh et al. 1992). Upon
entry into cells, the nitro group on 18F-FMISO is
rapidly reduced, primarily via xanthine oxide. In
cells with physiological oxygen levels, reduced
18F-FMISO is oxidized to its original form,
which can then be exported out of the cell. How-
ever, oxidation is not possible in hypoxic cells
and the reduced probe becomes trapped. Oxida-
tion capacity is used as a proxy for oxygen con-
centration in the cell, making 18F-FMISO an in-
direct reporter of hypoxia. 18F-FMISO has been
used to map hypoxic regions in a wide variety of
cancers (Rajendran et al. 2006; Hendrickson
et al. 2011; Hugonnet et al. 2011; Cheng et al.
2013; Tong et al. 2016). Widespread clinical
translation of 18F-FMISO as a diagnostic probe
has proven difficult due to slow clearance of the
probe from normoxic areas and consequently
low tumor-to-background ratios. Therefore,
other nitroimidazole-derived molecules are be-
ing explored for hypoxia imaging, the most
promising of which is 18F-FAZA, which shows
favorable pharmacokinetics over 18F-FMISO

and is currently under clinical investigation
(Busk et al. 2013; Saga et al. 2015, 2016).

Oxygen levels can be directly imaged with
electron paramagnetic resonance imaging
(EPRI), a technique similar to MRI that instead
detects unpaired electrons such as free radicals
(Krishna et al. 2012). The high sensitivity and
spatial resolution of EPRI have been used to
map pO2 in a variety of tumors (Yasui et al.
2017; Kishimoto et al. 2021; Virani et al. 2021).
These studies tend to focus on the relationship
between therapy resistance and hypoxia, a pos-
ited mechanism for tumor evasion to radiation.
One comparative modality study in pancreatic
cancer mouse xenograft models found that
EPRI pO2 measurements positively correlated
with FDG-PET in the periphery of the tumor
and negatively correlated in the center, indicat-
ing regional differences in response to hypoxia
independent of glucose uptake (Yamamoto et al.
2020).

In conclusion, cancer metabolism can also
be imaged from the perspective of the phenotyp-
ic features that bothdrive andarise in response to
up-regulated proliferation. These characteristics
include altered redox capacity in the cell, in-
creased extracellular acidification, and transient
or chronic hypoxia.

CONCLUDING REMARKS

This review has described various examples of
PET andMRmethods used to image cancer me-
tabolism.Wehope that thisworkprovides aclear
survey of the power of molecular imaging to in-
vestigate tumor metabolism in its native con-
texts. In the clinic, molecular imaging can delin-
eatemalignant regions basedon their underlying
metabolic phenotype, which might be invisible
to anatomic imaging. In basic research, molecu-
lar imaging reveals aspects of spatial heterogene-
ity that guide the metabolism of cancers as they
form, grow, and respond to treatment.

A molecular imaging research program is
inherently interdisciplinary and recursive. Basic
biology identifies suitable metabolic targets for
molecular imaging. Chemists synthesize probes
to target these metabolic processes, and nuclear
physicists optimize methods for the detection of
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the probes in vivo. Biochemists characterize the
metabolic mechanisms governing imaging sig-
nal formation, leveraging the findings of molec-
ular imaging to suggest new avenues of investi-
gation. Each of these phases relies upon and
informs the others. Successful scientific discov-
ery in metabolic imaging of cancer requires the
perspectives from both the biology of metabo-
lism and the development of molecular imaging
techniques.
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