
Functional Imaging of Oxidative Stress with a Novel PET
Imaging Agent, 18F-5-Fluoro-L-Aminosuberic Acid

Jack M. Webster1, Christine A. Morton1, Bruce F. Johnson1, Hua Yang2, Michael J. Rishel1, Brian D. Lee1, Qing Miao2,
Chittari Pabba1, Donald T. Yapp3,4, and Paul Schaffer2

1Diagnostics and Biomedical Technologies, GE Global Research, Niskayuna, New York; 2Nuclear Medicine Division, TRIUMF,
Vancouver, British Columbia, Canada; 3Division of Pharmaceutics and Biopharmaceutics, Faculty of Pharmaceutical Sciences,
University of British Columbia, Vancouver, British Columbia, Canada; and 4Experimental Therapeutics, BC Cancer Agency,
Vancouver, British Columbia, Canada

Glutathione is the predominant endogenous cellular antioxidant,

playing a critical role in the cellular defensive response to oxidative
stress by neutralizing free radicals and reactive oxygen species.

With cysteine as the rate-limiting substrate in glutathione bio-

synthesis, the cystine/glutamate transporter (system xc-) represents

a potentially attractive PET biomarker to enable in vivo quantifica-
tion of xc- activity in response to oxidative stress associated with

disease. We have developed a system xc- substrate that incorpo-

rates characteristics of both natural substrates, L-cystine and L-glu-
tamate (L-Glu). L-aminosuberic acid (L-ASu) has been identified as

a more efficient system xc- substrate than L-Glu, leading to an as-

sessment of a series of anionic amino acids as prospective PET

tracers. Herein, we report the synthesis and in vitro and in vivo
validation of a lead candidate, 18F-5-fluoro-aminosuberic acid

(18F-FASu), as a PET tracer for functional imaging of a cellular re-

sponse to oxidative stress with remarkable tumor uptake and re-

tention.Methods: 18F-FASu was identified as a potential PET tracer
based on an in vitro screening of compounds similar to L-cystine

and L-Glu. Affinity toward system xc- was determined via in vitro

uptake and inhibition studies using oxidative stress–induced EL4

and SKOV-3 cells. In vivo biodistribution and PET imaging studies
were performed in mice bearing xenograft tumors (EL4 and SKOV-3).

Results: In vitro assay results determined that L-ASu inhibited sys-

tem xc- as well as or better than L-Glu. The direct comparison of
uptake of tritiated compounds demonstrated more efficient system

xc- uptake of L-ASu than L-Glu. Radiosynthesis of 18F-FASu allowed

the validation of uptake for the fluorine-bearing derivative in vitro.

Evaluation in vivo demonstrated primarily renal clearance and up-
take of approximately 8 percentage injected dose per gram in

SKOV-3 tumors, with tumor-to-blood and tumor-to-muscle ratios

of approximately 12 and approximately 28, respectively. 18F-FASu

uptake was approximately 5 times greater than 18F-FDG uptake in
SKOV-3 tumors. Dynamic PET imaging demonstrated uptake in EL4

tumor xenografts of approximately 6 percentage injected dose

per gram and good tumor retention for at least 2 h after injection.
Conclusion: 18F-FASu is a potentially useful metabolic tracer for

PET imaging of a functional cellular response to oxidative stress.
18F-FASu may provide more sensitive detection than 18F-FDG in

certain tumors.
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Several 18F-labeled amino acid derivatives have been used as
PET imaging agents to visualize tumors, including anti-1-amino-
3-18F-fluorocyclobutyl-carboxylic acid,O-(2-18F-fluoroethyl)-tyrosine,
6-18F-fluoro-L-dopa, and 18F-(4R)-4-fluoro-L-glutamine (1–4). These
agents rely primarily on the neutral amino acid transporter sys-
tems L (large neutral amino acid preferring) and ASC (alanine-
serine-cysteine preferring) for tumor uptake (5). By comparison,
the most commonly used PET tracer, 18F-FDG, uses an increase in
glucose uptake that feeds increased tumor metabolism. Although
the molecular mechanisms of glucose and amino acid uptake may
differ, they both target augmentations to cellular transport systems
that enable higher demands for energy production and protein
synthesis required for unrestrained proliferation.
System xc- was first described by Bannai and Kitamura as a so-

dium-independent amino acid transport system with a very narrow
natural substrate binding profile (6,7), especially when compared
with other known transporters (8). This cystine/glutamate trans-
porter is a dimeric cell surface transporter that consists of a heavy
chain subunit (4F2hc) for membrane trafficking and xCT, the
smaller subunit that imparts substrate specificity. The xCT subunit
maintains very low basal expression in most normal tissues, with
the exception of the brain, pancreas, spleen, and thymus, but is
universally upregulated as cells respond to oxidative stress (9).
The ubiquitin-ligase protein KEAP1 acts as a biosensor for oxi-
dative stress through a reactive oxygen species–induced covalent
modification of an active site cysteine residue. Modified KEAP1
can no longer facilitate the proteasomal degradation of the tran-
scription factor Nrf2, resulting in the expression of several genes
with antioxidant response element (ARE) promoters, including
xCT (10–13) as shown in Figure 1. The resulting enhanced cystine
influx, and intracellular reduction to cysteine, meets the increased
demand for this rate-limiting precursor of glutathione synthesis.
Therefore, system xc- imaging can provide functional information
about the cellular response to oxidative stress in a tumor or organ,
operating as an in vivo reporter for ARE activation.
Targeting system xc- for PET tracer development has potential

advantages over other amino acid transporters. First, detection of
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oxidative stress distinguishes this biomarker from cell growth and
proliferation-based imaging agents. Second, xCT is accessible at

the cell surface and maintains a well-defined (and narrow) natural

ligand complement, suggesting that PET tracers can be developed

with much better selectivity for this class of transporter. Most

amino acid–based PET agents use transport systems ASC or L,

which transport 14 of the 20 standard amino acids (5), and many

of these amino acids are also substrates for several other molecular

transport systems. Of the standard amino acids, only L-glutamate

(L-Glu) and L-cystine are substrates for system xc-, and far fewer

additional transport systems use either of these substrates (9), most

notably L-Glu as a substrate for the excitatory amino acid trans-

porter of system X-
AG (10,11). Finally, use of an accumulatory

transport mechanism could also serve to improve PET signal con-

trast through enhanced tracer uptake, compared with saturable bind-

ing of an agent to a cell surface protein.
Two groups have reported radiolabeled L-Glu derivatives 18F-

(4R)fluoro-L-glutamate (18F-FGLU) and (4S)-18F-fluoropropyl-

L-glutamate (18F-FSPG) as PET agent substrates of the cystine/

glutamate transporter for cancer imaging (3,14–16). Here, we re-

port evaluation of a series of anionic amino acids of varying carbon

chain lengths to identify the best inhibitor of system xc-, synthesis of

the novel radiofluorinated derivative 18F-5-fluoro-L-aminosuberic acid

(18F-FASu), and preclinical evaluation in tumor xenografts. Our efforts

to develop a PET imaging substrate of system xc- focused on amino

acid derivatives that show molecular similarities to the natural uptake

substrate, L-cystine. We reasoned that the longer carbon backbone of

L-aminosuberic acid (L-ASu) was more cystine-like and may be a bet-

ter transporter substrate because L-cystine was reportedly more potent

toward system xc- than L-Glu (9). In addition, cystine-like derivatives

may be less likely to participate as substrates for other glutamate

transporters or bind to glutamate receptors (17), potentially resulting

in better specificity of 18F-FASu in peripheral tissues and the brain

(18). The cystine/glutamate transporter is often active in oncology

(9,10); using this transporter to image a cellular response to oxidative

stress may provide functional information useful for clinical cancer

care, such as detection, staging, patient stratification, monitoring of

response to therapy, and development of new therapies.

MATERIALS AND METHODS

L-aspartic acid (L-Asp), D-aspartic acid (D-
Asp), L-Glu, L-leucine (L-Leu), L-serine (L-Ser),

suberate, sulfasalazine (SSZ), 2-aminobicyclo-
(2,2,1)-heptane-2-carboxylic acid (BCH), and

diethylmaleate were obtained from Sigma.
L-aminoadipic acid, DL-aminopimelic acid, and

L-aminosuberic acid (L-ASu) were obtained from
Bachem. 3H-L-glutmate (3H-L-Glu) and 3H-L-

Leucine (3H-L-Leu) were purchased from Amer-
ican Radiolabeled Chemicals. L-aminoazelaic

(L-AAz), L-aminosebacic acid, and L-amino
4,5-3H-suberic acid (3H-L-ASu) were synthe-

sized as described in the supplemental data
(supplemental materials are available at http://

jnm.snmjournals.org).

Radiosynthesis of 18F-FASu

The synthesis of 18F-FASu was indepen-
dently performed at both GE Global Research

and TRIUMF, with efforts at GE Global Re-
search focusing on a radiopharmaceutical

preparation method involving high-perfor-
mance liquid chromatography (HPLC). TRIUMF, along with the BC

Cancer Agency, focused on a SepPak (Waters)-based purification
method, avoiding the use of HPLC altogether. Detailed descriptions

of each group’s experimental protocols are provided in the supple-
mental data. Briefly, 18F-FASu was prepared from the tosylate pre-

cursor using a 2-step anhydrous 18F2 nucleophilic displacement strat-
egy as shown in Figure 2.

Cell Culture Experiments

The human ovarian carcinoma cell line SKOV-3 and murine
lymphoma cell line EL4 were obtained from the American Type

Tissue Collection and cultured according to vendor recommendations.
Cells were maintained in T-75 culture flasks in a humidified incubator

at 37�C and 5% CO2 and routinely passaged at confluence. Tumori-
genic cell lines were chosen for in vitro and in vivo studies. EL4 cells

were chosen to provide large rapidly growing tumors with potential
for assessment in immunocompetent animals (for future studies).

SKOV-3 cells were chosen to provide slower-growing tumors with
more control over tumor size and relevance to human disease.

SKOV-3 cells were subcultured into 12- or 96-well culture-treated
plates and grown to confluence. Cells were incubated with 100 mM

diethylmaleate 24 h before the uptake assay. Cells were washed with
a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid–buffered Hanks

Balanced Salt solution (HBS). 3H-L-Glu, 3H-L-ASu, 3H-L-Leu, or 18F-
FASu was added in the absence or presence of a 1 mM concentration

of test compound. For 12-well plate assays, 0.74 kBq (20 nCi) per well
was delivered in a 500-mL volume (or 0.037 MBq [1 mCi] per well for
18F-FASu). For 96-well plate assays, 7.4 kBq (200 nCi) per well were
delivered in a 50-mL volume. Cells were washed 3 times after the

uptake incubation period with HBS. For 96-well plate assays, the last
wash was aspirated, 200 mL of Microscint 20 (Perkin Elmer) were

added to each well, and the plate was analyzed with a TopCount

microplate scintillation counter (PerkinElmer). For 12-well plate
assays, cells were solubilized by the addition of 1 mL of 1M NaOH.

For uptake in EL4 cells, equal numbers of diethylmaleate-treated cells
were aliquoted into microcentrifuge tubes and washed 2 times with

HBS by centrifugation. Cell pellets were resuspended in HBS con-
taining 18F-FASu in the absence or presence of inhibitor compounds,

incubated while rocking at room temperature for 30 min. Cells were
washed 2 times with fresh HBS, and cell pellets were resuspended in

500 mL of 1M NaOH. Solubilized samples with tritium were trans-

FIGURE 1. Cellular mechanism of xCT expression induced by oxidative stress and promoting

increased glutathione synthesis.
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ferred to a vial with 12 mL of scintillation cocktail and analyzed with
a Tri-Carb scintillation counter (Perkin Elmer). For 18F-FASu assays,

solubilized cells were added to vials and analyzed using a Wizard g

counter (Perkin Elmer).

Small-Animal PET and Biodistribution Studies

CD-1 nude mice were purchased from Charles River Laboratories,

and Rag2-M mice were bred in-house at the BC Cancer Agency.

Animals were housed under sterile conditions with food and water ad

libitum and a 12-h light cycle. Mice were injected subcutaneously
with 1 · 107 EL4 or SKOV-3 cells in phosphate-buffered saline or

culture medium while under 2% isoflurane anesthesia, and tumors
were allowed to grow for approximately 5–10 or 21 d, respectively.

All animal studies were performed in accordance with federal and
Institutional Animal Care and Use Committee guidelines using ap-

proved protocols.
For biodistribution studies, mice bearing EL4 tumor xenografts

were injected via the tail vein with between 0.07 and 0.59 MBq (2–16
mCi) of 18F-FASu. Direct comparison of 18F-FASu and 18F-FDG in-

volved a cohort of 10 nude mice bearing SKOV-3 tumors randomly
separated into 2 groups of 5; each group was injected with approxi-

mately 0.44 MBq (12 mCi) of either 18F-FASu or 18F-FDG. Mice were
euthanized by CO2 asphyxiation at the postinjection time points in-

dicated, and then blood was collected by cardiac puncture and organs
were excised, weighed, and counted on a g counter. All urine was

collected on filter paper and counted with the bladder. The unused
tissues and remaining carcass were collected and counted. The percent-

age injected dose per gram (%ID/g) was calculated using the sum of the

counts from all tissues, urine, and carcass as the injected dose value.
For PET imaging studies, CD-1 nude mice bearing SKOV-3 tumors

were injected with 8.5–11.1 MBq (230–300 mCi) of 18F-FASu via the
tail vein. PET imaging data were acquired with an eXplore VISTA

preclinical PET scanner (GE Healthcare) under 2% isoflurane anes-
thesia. Static PET data conducted at 1 h (65 min) after injection were

acquired over 10 min (55–65 min after injection) using 2 bed posi-
tions. Mice were then immediately euthanized while under anesthesia

by cervical dislocation, and an 18F biodistribution evaluation was per-
formed as described above. Images were reconstructed, and region-of-

interest analysis was performed on the tumor. The injected dose for
imaging studies was determined with a dose calibrator (Capintec). %

ID/g and standardized uptake value were calculated using a scaling factor
determined by analysis of an equivalent acquisition of a dose-calibrated
18F-FASu standard.

Alternatively, Rag2-M mice bearing EL4 tumors were anesthetized

(2% isoflurane), a 27.5-Ga catheter intravenous line containing saline
was placed into the tail, and the rodent was positioned on the scanner

imaging bed with integrated heating pad (Inveon; Siemens). Each PET
scan was initiated using between 4.5 and 16.4 MBq (122–444 mCi) of
18F-FASu in no more than 125 mL of saline administered via the
intravenous line. PET data were collected in list-mode for up to 2 h

after injection of the tracer. Scan data were then reconstructed with
correction from CT-based attenuation, and regions of interest were placed

on the tumor and organs of interest to evaluate the time–activity curves for
18F-FASu in the tissues of interest.

RESULTS

In Vitro Cell Uptake Studies

The inhibition of 3H-L-Glu uptake in SKOV-3 cells determined
for anionic amino acids ranging from 4 carbons (C4) to 10 carbons
(C10) is shown in Figure 3A. L-Leu and suberate were also exam-
ined as negative control compounds. A specific system xc- non-
substrate inhibitor, sulfasalazine, was used as a positive control.
The results show that the 5-carbon L-Glu inhibits 3H-L-Glu uptake
via the xc- transporter by 83%. As the carbon chain is extended to
6-, 7-, or 10-carbon atoms in length, the inhibition of 3H-L-Glu
uptake is reduced to between 40% and 70%. However, the 8-carbon
compound L-ASu and the 9-carbon derivative L-AAz demonstrate
inhibition of 3H-L-Glu uptake similar to L-Glu at 85% and 79%,
respectively. The best inhibitors appear to have a distance between
the 2 terminal carboxyl groups (in a fully extended conformation)

FIGURE 2. 2-step radiosynthesis and identification of 18F-FASu. HPLC

of final product with γ detector demonstrates more than 98% radio-

chemical purity. HPLC of 19F-FASu standard with evaporative light

scattering detector (ELSD) shows that differences in retention time of

peaks matches 0.27-min (16-s) delay between the 2 detectors.
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that best approximates the distances in the natural substrates L-Glu
(5.0 Å, C5) and L-cystine (9.8 Å, between C8 and C9). Negative
controls suberate and L-Leu, as well as the 4-carbon L-Asp, showed
less than 20% inhibition of 3H-L-Glu uptake.
A comparison of direct uptake of 3H-L-ASu and 3H-L-Glu in

SKOV-3 cells is shown in Figure 3B. 3H-L-ASu uptake was 2.3,
2.0, 1.9, and 1.7 times more than the uptake of 3H-L-Glu at 5, 20,
40, and 60 min, respectively. These results suggest that while
competitive inhibition results were similar, L-ASu appears to be
a more efficient transporter substrate, resulting in better in vitro
uptake. Uptake of 3H-L-ASu and 3H-L-Glu was inhibited 92.6%
and 92.1%, respectively, with 500 mM sulfasalazine, suggesting
that most uptake of these agents can be attributed to the xc- trans-
porter.
To evaluate specificity of L-ASu for the system xc- transporter,

we measured the uptake of 3H-L-Glu, 3H-L-ASu, and 3H-L-Leu in
the absence and presence of inhibitors (Fig. 3C). Inhibitors used
included the system xc- inhibitor sulfasalazine; the excitatory
amino acid transporter inhibitor D-Asp; transport systems L, B0,
and B01 inhibitor L-Leu; transport system L inhibitor BCH; and
systems A, ASC, B0, and B01 inhibitor L-Ser. Results demonstrate
less than 20% uptake relative to controls for 3H-L-Glu and 3H-L-
ASu in the presence of L-Glu, L-ASu, and sulfasalazine, with little,
if any, effect on uptake in the presence of L-Leu, BCH, and L-Ser.
An inverse relationship was noted for 3H-L-Leu, demonstrating
more than 80% uptake in the presence of L-Glu, L-Asu, and sulfa-
salazine and pronounced inhibition with the latter 3 inhibitors. D-
Asp had little inhibitory effect on all tracers.

Radiosynthesis and Uptake of 18F-FASu

Both GE Global Research and TRIUMF used a 2-step nucleo-
philic displacement strategy for the synthesis of 18F-FASu (Fig. 2)
but proceeded to tracer formulation with and without HPLC purifi-
cation, respectively. Decay-corrected yields were between 5% and
15%, with more than 98% radiochemical purity as determined by
peak integration of the corresponding analytical HPLC traces, and
were dependant on the experimental protocol. The radiochemical
purity of the final product after isolation was more than 98%, re-
gardless of the synthetic method used.
The uptake of 3H-L-ASu and 18F-FASu were both inhibited in

EL4 cells by L-ASu and L-Glu (Fig. 4A), suggesting that 18F-FASu
is also a substrate for the system xc- transporter. 18F-FASu was
assayed for cell uptake in cultured SKOV-3 cells (Fig. 4B) and
showed nonsaturable uptake over 1 h, which is potently inhibited
to between 7% and 16% of control by sulfasalazine, consistent
with uptake via system xc-. Because system xc- activity and 18F-
FASu uptake were observed in these in vitro models, we decided
to evaluate uptake and imaging in EL4 and SKOV-3 subcutaneous
xenograft tumors in vivo.

18F-FASu In Vivo Biodistribution and Imaging Studies

In vivo biodistribution studies were first performed in CD-1
nude mice bearing subcutaneous EL4 xenograft tumors. The
clearance of 18F-FASu in mice is shown in Figure 5A. Renal
clearance predominates because most activity is quickly parti-
tioned to the kidney, bladder, and urine. Tracer continued to ac-
cumulate in the bladder and urine and to clear from blood, kidneys,
liver, and spleen over the course of 4 h. Figure 5B shows that EL4
tumor uptake is significant and remains fairly constant up to 2 h
after injection. Evaluation of 18F-FASu tissue distribution at 1 h
after tail vein injection is shown in Table 1, with tumor-to-blood

FIGURE 3. In vitro system xc- inhibition, uptake, and specificity studies

in diethylmaleate-treated SKOV-3 cells. (A) Competitive inhibition of test

agents on 3H-L-Glu uptake during 30-min incubation. L-Asp, L-Glu,

L-aminoadipic acid, DL-aminopimelic acid, L-ASu, L-AAz, and L-aminose-

bacic acid are all anionic amino acids from 4 to 10 carbons (C4–C10) in

length, respectively. Values are normalized to uptake of 3H-L-Glu in phos-

phate-buffered saline alone (mean ± SD, n 5 3). (B) Comparison of direct

cell uptake of 3H-L-ASu and 3H-L-Glu. 3H-L-ASu and 3H-L-Glu were

matched for specific activity and radiation dose per sample. Uptake val-

ues are expressed as percentage of total activity used per well (mean ±
SD, n5 3). (C) Comparison of 3H-L-Glu, 3H-L-ASu, and 3H-L-Leu uptake in

presence of selected amino acid transporter inhibitors for 30 min. 3H-L-

Glu, 3H-L-ASu, and 3H-L-Leu were matched for specific activity and radi-

ation dose per sample. Values are normalized to uptake of each agent in

phosphate-buffered saline alone (mean ± SD, n5 3). SSZ5 sulfasalazine.
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ratios of approximately 12 and tumor-to-muscle ratios of approx-
imately 28. 18F-FASu also demonstrated prominent retention in
the pancreas and significant retention in the spleen.
We conducted a side-by-side comparison of 18F-FASu and 18F-

FDG in CD-1 nude mice bearing SKOV-3 tumors at 1 h after
injection (Table 1); we chose the SKOV-3 cells for this study
because their slow growth allowed for more control over tumor
size. 18F-FASu tumor uptake at 1 h after injection reached 8.1
%ID/g, with tumor-to-blood and tumor-to-muscle ratios of ap-
proximately 12 and approximately 30, respectively. As expected,
18F-FASu also showed pronounced uptake in the pancreas and
spleen. 18F-FDG tissue distribution is also shown in Table 1. Com-
pared with 18F-FDG, 18F-FASu showed a 5.2-fold-greater tumor up-
take and a 4.6-fold-greater tumor-to-blood ratio. 18F-FASu also dem-
onstrated much lower background in muscle, heart, and brain.

CD-1 nude mice bearing SKOV-3 tumor xenografts were
injected with 18F-FASu by tail vein, and PET imaging was con-
ducted 1 h after injection (Fig. 6). Tumor uptake obtained by
necropsy biodistribution evaluation of the mouse immediately af-
ter imaging, 8.4 %ID/g, correlated well with the mean tumor
uptake analysis from the PET image, 8.6 %ID per cubic centime-
ter (%ID/cm3). Maximum pixel intensity in the tumor was 16.7
%ID/cm3. The mean standardized uptake values of the tumor were
2.5 and 4.9, respectively. Imaging results were consistent with
SKOV-3 biodistribution data shown in Table 1.
Dynamic PET images of EL4 tumors in Rag2-M mice (Fig. 7A)

revealed a rapid and high initial tumor uptake exceeding 6 %ID/cm3

by 40 min after injection, staying close to this level for the 2-h
duration of the scan (Fig. 7B). A high tumor-to-muscle ratio of
approximately 13 at 120 min after injection was also indicative of
a low overall background uptake of the tracer. Uptake in the kidneys

FIGURE 4. Uptake of HPLC-purified 18F-FASu in EL4 and SKOV-3

cells in vitro. (A) EL4 cells were evaluated for uptake of 3H-L-ASu and
18F-FASu in absence or presence of 1 mM L-Glu or L-ASu for 30 min.

Uptake and inhibition profiles were similar for both radiolabeled com-

pounds. Values are normalized to uptake of each agent in phosphate-

buffered-saline-alone control (mean ± SD, n5 4). (B) 18F-FASu uptake in

SKOV-3 cells in absence and presence of 0.5 mM sulfasalazine was

evaluated with 5-, 20-, 40-, and 60-min incubations. Uptake values

are raw CPM values per sample (mean ± SD, n 5 3). SSZ 5 sulfasala-

zine.

FIGURE 5. In vivo biodistribution in CD-1 nude mice bearing EL4

xenograft tumors with HPLC-purified 18F-FASu. (A) 18F-FASu retention

in clearance organs at 5, 30, 60, 120, and 240 min after injection are

shown in %ID/organ. (B) 18F-FASu retention in tumor, blood, muscle, bone,

brain, and liver. Data are %ID/g (mean ± SD, n ≥ 4).
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and bladder was consistent with renal clearance. Liver retention
was low relative to tumor, and the bone signal cleared to less than 1
%ID/cm3, indicating that defluorination is not a prevalent metabolic
pathway for 18F-FASu.

DISCUSSION

18F-FDG and many amino acid analog PET tracers enable de-
tection and monitoring of tumors based on cellular metabolic
changes required for sustaining cell growth and proliferation.
Amino acids are needed by highly proliferative cells for anabolic
protein and nucleotide synthesis and also contribute to energy
metabolism by providing a carbon source for the tricarboxylic acid
cycle (19). The use of amino acid analogs as PET tracers is useful,
not because tumor cells increase their metabolism but rather be-
cause they enhance amino acid transport mechanisms to feed that
metabolism. Here we use an L-cystine analog to target the narrow
substrate profile of the cystine/glutamate transporter as a reporter
of oxidative stress.
Two glutamate analogs have been reported as system xc- sub-

strate PET agents, 18F-FGLU and 18F-FSPG (3,14). Our develop-
ment strategy differed from previous reports in that we focused
on a compound with similarity to the preferred uptake substrate
L-cystine (9). Our lead compound, L-ASu, has an 8-atom backbone
mirroring cystine while lacking a problematic disulfide bond and
1 amine to better maintain the anionic nature vital to system xc-

substrates at physiologic pH. Indeed, we demonstrated that 3H-L-
ASu was taken up more efficiently than 3H-L-Glu in our in vitro
studies with SKOV-3 cells. Longer-chain anionic amino acids,
such as L-ASu, have been shown to have drastically reduced
affinity for metabotropic glutamate receptors (17,20); therefore,
we proposed that cystine-like compounds may have a benefit of
specificity over glutamate-like compounds, which are more
likely to bind various glutamate receptors or use transport system
X-

AG. Koglin et al. reported 18F-FSPG uptake in SKOV-3 tumors
at approximately 3 %ID/g, whereas we demonstrated 18F-FASu
SKOV-3 tumor uptake of approximately 8 %ID/g at the same

time after injection. In addition, reports of preclinical and human
evaluation of 18F-FSPG have generally demonstrated tumor up-
take similar to or less than 18F-FDG (14–16). We demonstrated
here that 18F-FASu resulted in a 5-fold enhanced uptake over 18F-
FDG in SKOV-3 tumor xenografts. Further studies comparing xc-

selectivity; glutamate receptor binding; in vitro system xc- uptake;
in vivo biodistribution; and imaging with 18F-FASu, 18F-FGLU,
and 18F-FSPG will help evaluate differences in tracer perfor-
mance. Additional comparisons with 18F-FDG may reveal specific
indications in which 18F-FASu would be superior to or useful in
addition to 18F-FDG.
Activation of the gene (SLC7A11) encoding the xCT subunit of

the xC- transport system has been reported in several cancers and
cancer cell lines (10), with several groups exploring the feasibil-
ity of using the xCT transporter as a viable target for cancer
therapy (10,21,22) by inducing cysteine starvation. Inhibition of
the transporter reportedly restricts the growth of lymphoma
(23,24), glioma (25,26), head and neck (27), breast (22), prostate
(28), lung (29), and pancreatic (21,30) cancer cells both in culture
and in in vivo xenograft tumors. Increased xCT transporter activ-
ity is also associated with resistance of tumors to certain types of
chemotherapy, and inhibition of the xCT transporter has been
shown to increase the sensitization of cancer cells to the chemo-
therapeutic drugs cisplatin, doxorubicin, gemcitabine, celastrol,
and etoposide (27,31). Recently, a role for xCT in tumor meta-
static potential has been established (32). xCT has also been
linked to an undifferentiated stem-like tumor cell phenotype
through its interaction with CD44 (27,33). A limited clinical
study showed some success with sulfasalazine in combination
with melphalan in ovarian cancer (34), whereas more recently
a clinical trial has started in Japan for treatment of advanced
gastric cancer with sulfasalazine (Unique Trial Number
UMIN000010254). Using this transporter to image a cellular re-
sponse to oxidative stress may provide functional information
useful for clinical cancer care, such as detection, staging, patient
stratification, and monitoring of response to therapy. If system
xc--targeted therapies such as sulfasalazine prove efficacious in

TABLE 1
Biodistribution of 18F-FASu and 18F-FDG in Mice Bearing Xenograft Tumors

SKOV-3 tumors

Organ or tissue EL4 tumors, 18F-FASu 18F-FDG 18F-FASu

Blood 0.49 ± 0.12 0.58 ± 0.30 0.72 ± 0.30

Tumor 5.81 ± 1.26 1.55 ± 0.96 8.08 ± 2.03
Muscle 0.25 ± 0.16 4.92 ± 2.26 0.35 ± 0.17

Liver 1.24 ± 0.18 0.74 ± 0.15 0.86 ± 0.08

Kidney 10.11 ± 2.58 1.04 ± 0.16 15.36 ± 5.63
Spleen 4.98 ± 1.28 1.73 ± 0.59 6.74 ± 1.02

Heart 0.33 ± 0.09 54.11 ± 29.00 0.32 ± 0.07

Lungs 2.00 ± 0.38 3.61 ± 1.68 1.95 ± 0.97

Brain 0.11 ± 0.03 7.76 ± 2.77 0.09 ± 0.02
Bone 0.85 ± 0.26 3.58 ± 1.74 0.85 ± 0.53

Pancreas 23.34 ± 5.73 1.49 ± 0.54 21.19 ± 6.61

Fat 0.29 ± 0.22 0.59 ± 0.36 0.62 ± 0.67

Tumor-to-blood 12.01 ± 1.58 2.61 ± 0.27 12.08 ± 0.4.39
Tumor-to-muscle 28.16 ± 10.39 0.33 ± 0.13 29.59 ± 19.44

Tumor size 1,140 ± 296 72.60 ± 37.65 71.60 ± 39.09

Uptake values are %ID/g of tissue at 1 h after tracer injection; tumor size is in mg, mean ± SD (n ≥ 5).
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clinical trials, companion diagnostic xCT-targeted PET tracers,
such as 18F-FASu, may allow stratification of patients who will
respond to treatment.
Oxidative stress has also been implicated in a wide variety

of pathologies other than oncology, including neurodegenerative

diseases, atherosclerosis, ischemia, organ transplant rejection,
autoimmune diseases, and inflammatory conditions. An xCT-
targeted imaging agent such as 18F-FASu may provide functional
information relevant to many pathologic conditions. For example,
whereas xc- transporter activity in the brain will provide an anti-
oxidant defense against oxidative stress, the same mechanism
appears to be complicit in neurodegeneration resulting from exci-
totoxic stimulation of ionotropic glutamate receptors by glutamate
effluxed via system xc- (9,35–38). 18F-FASu, 18F-FGLU, and 18F-
FSPG are not expected to be permeable to an intact blood–brain
barrier, and high basal expression of xCT is reported in normal
brain. Despite this, others have reported uptake of 18F-FSPG in
human brain tumors (39). However, the mechanism of uptake is
not clearly tumor cell–specific, because normal brain tissue uptake
might be expected in regions of blood–brain barrier perturbations
correlating with tumor growth or other conditions. Future studies
in our group will seek to evaluate the feasibility of xCT in the
brain as a potential PET tracer target.

CONCLUSION

L-ASu is taken up into cells with system xc- activity more read-
ily than the natural substrate L-Glu. We have developed a novel
system xc- substrate and demonstrated feasibility of PET imaging
in SKOV-3 and EL4 tumor xenografts. 18F-FASu essentially serves
as a reporter for the activation of the ARE promoter, allowing
functional PET imaging of a universal cellular response to oxida-
tive stress. The mechanism of 18F-FASu uptake is orthogonal to
increased glucose and general amino acid uptake that is common
to highly proliferative cells. 18F-FASu may provide more sensitive
detection than 18F-FDG for certain tumor types, as was seen in
SKOV-3 xenografts. Oxidative stress imaging may also find utility
in determining chemotherapy resistance and as a predictor of early
response to therapy.
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FIGURE 6. 18F-FASu PET imaging in CD-1 nude mice bearing SKOV-3

xenograft tumors 1 h after injection. Maximum-intensity-projection im-

age of 1 of 2 SKOV-3 tumor–bearing nude mice imaged in this study;

tumor is indicated by green arrow. 18F-FASu was HPLC-purified. On

necropsy, it was determined that weight of this tumor was 31 mg.

FIGURE 7. In vivo 18F-FASu dynamic PET imaging in Rag2 Mmice bearing EL4 xenograft tumor.
18F-FASu was SepPak-purified. (A) PET/CT image summed over 110–120 min after injection.

Tumors are indicated by arrows. (B) Region-of-interest analysis of 18F-FASu uptake in tumor,

liver, bone, and muscle (mean ± SD, n 5 4).
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