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Abstract

New radiochemistry techniques can yield novel PET tracers for COX-2 and address the
shortcomings in in vivo stability and specificity, which have held back clinical translation of
tracers to image COX-2 expression. Current techniques limit radiosynthesis to analogs of
the COX-2 inhibitors with fluorine-18 added via a carbon chain, or on an aromatic position
which renders the radiolabeled analog less specific towards COX-2, resulting in tracers with
low in vivo stability or specificity. To solve this problem, we have developed a new high affin-
ity, '®F-labelled COX-2 inhibitor that is radiolabeled directly on a heteroaromatic ring. This
molecule exhibits favorable biodistribution and increased metabolic stability. Synthesis of
this molecule cannot be achieved by traditional means; consequently, we have developed
an automated electrochemical radiosynthesis platform to synthesize up to 5 mCi of radio-
chemically pure '®F-COX-2ib in 4 hours (2% decay-corrected radiochemical yield). In vitro
studies demonstrated clear correlation between COX-2 expression and uptake of the tracer.
PET imaging of healthy animals confirmed that the molecule is excreted from blood within
an hour, mainly through the hepatobiliary excretion pathway. /n vivo metabolism data dem-
onstrated that > 95% of the injected radioactivity remains in the form of the parent molecule
1 hour after injection.

Introduction

There is strong evidence suggesting a relationship between inflammation and carcinogenesis,
as well as neuroinflammation and CNS disease progression. Several processes that are involved
in carcinogenesis, including apoptosis, angiogenesis, cell proliferation, invasiveness and metas-
tasis, are correlated with COX-2 overexpression. Epidemiological data support the correlation
of COX-2 overexpression with cancer, since aspirin or other NSAIDs lower incidence of
deaths from various types of cancer[1]. Genetic studies have provided further correlation
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between carcinogenesis and COX-2 overexpression. For example targeted COX-2 deletion led
to decreased intestinal polyps in female mice [2] and enhanced COX-2 expression is sufficient
to induce mammary gland tumorigenesis[3]. COX-2 expression has also been shown to have a
direct role in modulating breast cancer progression [4].

Cyclooxygenase-2 (COX-2), located on the luminal side of the endoplasmic reticulum and
nuclear membrane, plays a major role in regulating the rate of conversion of arachidonic acid
to the various prostanoids and their downstream products[5]. COX-2 overexpression is a char-
acteristic feature of many premalignant neoplasms([6] and appears to be both a marker and an
effector of neural damage, both after a variety of acquired brain injuries and in natural or path-
ological aging of the brain[7]. While co-expression of COX-2 with tumor metastatic phenotype
has been observed in certain types of cancer[8], evidence of a direct role for COX-2 in carcino-
genesis and neurodegenerative processes remains controversial, and, in the absence of a viable
COX-2 in vivo imaging agent, hypotheses either way cannot be confirmed without the avail-
ability for non-invasive longitudinal studies. Developing a non-invasive COX-2 imaging agent
will be of great value, contributing to our understanding of the molecular mechanisms associ-
ated with inflammatory processes, by monitoring COX-2 levels throughout the progression of
diseases such as neurodegenerative Alzheimer disease and Parkinson’s disease. Furthermore,
early detection of this inflammation related process, i.e., induction of COX-2 expression, can
potentially stratify patients and provide a rationale for selective therapies and their optimiza-
tion in treatment of CNS disorders and cancers. One such example is a clinical study demon-
strating stratification of patients with the presence of COX-2 in premalignant cancer lesions as
an important determinant of their response to adjuvant celecoxib therapy [9]. Currently, only
ex vivo analysis can provide quantitative information on COX-2 expression. However, ex vivo
analysis is laborious, will not provide localization and biodistribution, and can be inaccurate,
since COX-2 mRNA and protein are not stable ex vivo [10].

Positron emission tomography (PET) is a real-time, in vivo three dimensional imaging
technique that has unparalleled specificity and sensitivity for visualizing biochemical processes
[11]. It is uniquely suited to provide data on in vivo expression of COX-2 and its involvement
in disease development and progression. This modality is already widely used in the clinic and
clinical translation of novel PET tracers has recently yielded an array of newly approved trac-
ers. [12]. The unparalleled sensitivity of this method makes it the only viable candidate for
visualization of low abundance targets, such as COX-2. PET relies on the administration of an
exogenous tracer—a radiolabeled molecule with a known biodistribution, administered at sub-
pharmacological levels for visualizing and quantifying molecular processes in vivo. While a
variety of positron-emitting radionuclides can be used for this purpose, '°F remains the staple
for clinical PET tracers due to the favorable 109.8 min radioactive half-life, 97% low energy
positron emission and the fact that addition of a small fluorine atom minimally perturbs the
parent molecule. Desirable properties of '°F label have given rise to a whole research field of
'8F radiolabeling and continuous advances in this field have yielded an impressive set of tools
for labeling of a wide range of molecules.[13]

Despite these advances, a clinical translatable tracer for visualization of COX-2 expression
through PET imaging still awaits the development of an adequate probe. A large set of potent
COX-2 inhibitors have been developed for therapeutic applications; these molecules can
potentially be used as vectors for radioactive labels. However, low tolerance of these molecules
to structural modifications has left very few options for labeling using traditional methodolo-
gies. Most known attempts have yielded tracers suffering from either low metabolic stability or
low affinity to the enzyme. Previous efforts to address this problem are summarized in a recent
review.[14] However, despite attracting substantial attention, finding a suitable COX-2 PET
tracer remains an unresolved challenge.
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Fig 1. Celecoxib analog 1. IC5o = 1.7 nM.
https://doi.org/10.1371/journal.pone.0176606.9001

Among COX-2 inhibitors reported to date, the celecoxib analog 1[15] (Fig 1) stands out
because of two major advantages for PET imaging: 1) low nanomolar affinity to the enzyme
and 2) presence of a fluorine atom directly attached to heteroaromatic moiety. Radiolabeling
of this molecule can be performed, with no structural perturbation, by replacing the natural
fluorine isotope with '®F-fluorine. The introduced radioactive label will be present at a meta-
bolically stable position. The importance of minimal structural perturbation is highlighted by
extensive structure-activity studies that suggest bulky substituents on COX-2 inhibitors are
not tolerated in vivo.[15] Tracers having a fluorine atom attached to the aromatic ring gener-
ally exhibit better metabolic stability compared to agents with the '®F label attached to aliphatic
chain, which often experience rapid defluorination, especially if excreted through hepatobili-
ary pathway.[16][17]. Working within the confines of traditional radiochemistry, several
groups have attempted to place an '*F-fluorine on an aromatic moiety of various analogs of
COX-2 inhibitors. Unfortunately, traditional aromatic radiolabeling methods are restricted in
the placement of the '®F label to only a few positions on the COX-2 inhibitor scaffold. How-
ever, substituents on the aromatic ring alter the binding affinity of the radiolabeled COX-2
inhibitors. Such compounds may show probe uptake in COX-2-expressing cells, but were
ineffective in vivo [18-20]. Placing the '*F-fluorine label on the five membered ring thus
emerges as an attractive approach, but there are very few examples of either late stage “cold”
19F-fluorination or '*F radiolabeling of electron rich five-membered heteroaromatic rings.
(21],[22]

Radiofluorination of aromatic molecules in general has so far remained a highly desirable
but elusive goal. Unfortunately, '*F-fluoride, the most accessible form of radioactive fluorine,
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exhibits low reactivity in classic nucleophilic substitution. Historically, electrophilic reactions
involving '®F-F, gas have been a solution for this problem, but these reactions suffer from low
specific activity, lack of availability of "*F-F, and have experimental challenges associated with
the handling of corrosive F, gas. Precursors bearing a strongly electron withdrawing group
can react with fluoride directly, but this method severely restricts the scope of target tracers
[23,24]. A number of methods have been developed to address these challenges. These meth-
ods focus on purely chemical methodologies, employing various catalysts,[25] organometallic
[26] and iodonium[27] leaving groups or strong oxidizing reagents[28], to facilitate unfavor-
able interaction between the negatively charged fluoride anion and the electron rich aromatic
moiety. Recent reviews have summarized these approaches.[29,30]

Electrochemical fluorination stands out from the late stage radiofluorination methods
described above.[31],[32] This method relies on the oxidation of the precursor on an electrode
surface maintained at a potential above the oxidation potential of the precursor, to generate a
cationic species reactive toward fluoride anion. In the context of selective fluorination of
organic molecules, this method has been well studied and applied to a variety of molecules.
[33] However, utilization of this methodology in fluorination of aromatics and radiosynthesis
has been lagging.

Materials and methods

All animal experiments were performed according to protocol approved by the UCLA Office
of Animal Research Oversight. Isoflurane anesthesia was used for the invasive procedures, ani-
mals were sacrificed by carbon dioxide asphyxiation.

Electrochemical radiolabeling was performed using an in-house built radioelectrochemical
synthesizer. A detailed description and evaluation of the apparatus is under preparation for
publication. Fluidic schematic of the platform can be found in Supporting information (52
Protocol, Fig 1). No-carrier added [®F]fluoride was produced via 18O(p,n)lSF nuclear reaction
in a RDS-112 (Siemens, USA) cyclotron by 11 MeV proton bombardment of 95% oxygen-18
enriched water ([**O]H,0, Rotem, Inc., Israel) in a tantalum target with a beam strike volume
of 860uL. A beam current of 35 pA for 60 min yielded ~1100 mCi of ['*F]fluoride, which was
directly delivered to the '*F vial of the radioelectrochemical synthesizer.

After delivery of radioactivity from the cyclotron, [**F] fluoride in target water was pushed
through a cartridge containing 10 mg of anion exchange resin (Bio-Rad AG MP-1M), followed
by 6 ml of dry acetonitrile. The cartridge was further dried by blowing dry nitrogen at 10 psi
for 5 min.

After the cartridge was dried, 4 ml of solution of precursor (50 mM), Bu,NCIO, (50 mM)
and Et,NF*4HF (20 mM) in dry acetonitrile was pushed through the MP-1 cartridge (con-
trolled flow rate of 40 uL/s) and directed into the cylindrical Teflon reactor. The use of the
fluoride salt is primarily dictated by the need for an electrochemically inert anion capable of
replacing fluoride on anion exchange cartridge. While this limits the achievable specific
activity, the added carrier fluoride is not a fundamental prerequisite for the electrochemical
reaction. Details on the synthesis of precursors and standards can be found in Supporting
information (S1 Protocol).

The solution was then electrolyzed at ambient temperature using @1.0 mm Pt wire elec-
trodes (working electrode ~800 mm?, auxiliary electrode ~1300 mm?®) and @1.5 mm Ag wire
as a pseudo reference electrode. Electrolysis and concurrent fluorination in the cell was con-
ducted for 70 min in 700 cycles using an Autolab PGSTAT204 driven by Nova 1.9 software
(Metrohm USA). Each cycle consisted of 5 sec of working phase at 2.7 V and 1 sec of recovery
phase at 0.3 V. A controlled stream of dry nitrogen (0.5 to 2 ml/min) was blown across the
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surface of the solution to remove hydrogen gas formed at the auxiliary electrode. Due to
incomplete conversion of the precursor, chemical yield of the reaction can be improved by
extending the electrolysis process, although this will not improve radiochemical yield because
of the competing radioactive decay.

After hydrolysis, the dark yellow reaction mixture was transferred into a pre-heated reactor
charged with 1 ml of 37% HCl,. The mixture was stirred for 15 min and 12 ml of water was
added. The resulting slurry was passed through a C-18 SPE cartridge (Waters Sep-Pak Classic
Short). The product adsorbed on the cartridge was washed off with 1 ml of EtOH followed
with 1 ml of water.

The resulting suspension of crude product in 50% EtOH was transferred into the loading
loop of the prep-HPLC part of the system and purified using a Phenomenex Gemini column
(21x250 mm) at 20 ml/min of 47% MeCN in water as an eluent. The radioactive peak at
approx. 30 min was collected in approx. 20 ml of eluent.

20 ml of water was added to the collected fraction and the solution was passed through a C-
18 SPE cartridge (Waters Sep-Pak Light). The product was washed off the cartridge using 400
uL of EtOH followed by 400 uL of water.

After radioactive decay and losses in the system, typically, 2 to 5 mCi of the radiochemically
pure final product was obtained. The entire process takes approx. 4 hours (0.8 to 2% DCY).
'H, °C, 'F NMR, ESI MS as well as analytical HPLC of non-radioactive carrier *’F-1 and
radioactive '®F-1 obtained in this reaction are provided in the supporting information (S1
Spectra). Specific activity at the end of synthesis was approximately 3 Ci/mmol. (S2 Protocol,
Fig 2). This is in line with typical carrier added syntheses and approximately 1000 times lower
than a typical no-carrier added synthesis.

Detailed protocols for in-vitro cell-association assay (S3 Protocol), in vivo imaging (54 Pro-
tocol) and in-vivo metabolism studies (S5 Protocol) can also be found in supporting
information.

Results
Radioelectrochemical synthesis

Here we present a new method of radiofluorination of the pyrazole moiety based on electro-
chemical oxidation. We demonstrate the method by synthesis of an isotopomer of 1. The
resulting molecule '®F-1, shows both in vivo stability not previously demonstrated for '*F-
labelled COX-2 inhibitors and in vitro specificity to COX-2 expression, making it a promising
candidate as a molecular probe for visualization of COX-2 expression. We also demonstrate
short blood half-life and fast excretion in a healthy mouse model. In its current form, the
method only yields a marginal specific activity of 3 Ci/mmol (S2 Protocol, Fig 2), which needs
to be improved before the tracer can be used as a sensitive in vivo imaging agent for COX-2
expression.

Q(YC&

+ DMA, HCI N-N Boc,0, DMAP NN
NHNH, Q CHCl, fix
Oy 3s,
O:SQ HleS:O BOC"\I\B °©
HN O 84% C 34%

Fig 2. Synthesis of radiolabeling precursor.
https://doi.org/10.1371/journal.pone.0176606.g002
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We prepared '®F-1, a radiolabeled version of COX-2 inhibitor 1, using the electrochemical
radiofluorination approach presented in Fig 4. The final precursor for the electrochemical
radiolabeling was synthesized via a two-step process presented in Fig 2. Electrolysis was per-
formed under pulsating potentiostatic conditions on platinum wire electrodes. Oscillating
potential on the working electrode was used to prevent electrode surface fouling. Potential was
kept at 2.7 V for 4 seconds, followed by a 1 sec 0.3 V pulse to regenerate the surface. Fig 3a
shows a typical current vs time curve for this experiment. Inset in the figure demonstrates the
section of the curve that corresponds to two consecutive voltage oscillations. Fig 3b represents
cyclic voltammograms (CV) of the reaction mixture before and after electrolysis, along with
the CV of the background solution (electrolyte + Et,NF*4HF), which guided the selection of
the oxidation potential for the reaction. Onset potential for the oxidation of the precursor
was ~2.2 V and at the 2.7 V operating voltage of the cell, ~10 mA of current was due to precur-
sor oxidation above the background current at this potential (Fig 3b). As expected, after elec-
trolysis, oxidation current was found to be lower due to both precursor and electrolyte
consumption.

The structure of the final product was confirmed using NMR and AP-ESI mass spectros-
copy. Due to the carrier added mode of the synthesis, the amount of the product produced
during radiosynthesis was sufficient for NMR characterization; therefore, all analysis was done
on the decayed samples obtained in the radiolabeling runs. Typically, semipreparative HPLC
trace (Fig 4, green trace) of the reaction mixture contains two major radioactive peaks along
with smaller unidentified byproducts. Both compounds were isolated and analyzed using 'H,
°C, F NMR. "’F NMR (Fig 4, red trace) clearly shows that the compounds of the earlier frac-
tion do not contain any '°F nuclei coupled with -CF group (singlets at ~-60.9 ppm) while the
compound in the later fraction exhibits a spectral pattern consistent with-F substituent (g, 6.9
Hz, -171.7 ppm) coupled with -CF; group (d, 6.9 Hz, -60.4 ppm). 'H and ">C NMR as well as
AP-ESI mass spectra are also consistent with the structure of 1 (SI Spectra).

Up to 5 mCi of the final purified product was obtained using this procedure (2% DCY).
After HPLC purification and subsequent reformulation, chemically and radiochemically pure
doses of '*F-1 were produced and used in subsequent studies. Analytical HPLC traces of the
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Fig 3. Electrochemical characteristics of radiolabeling process. A) is a typical current vs time plot for the duration of electrolysis and B)
shows the cyclic voltammogram of the background and the reaction mixture before and after electrolysis.

https://doi.org/10.1371/journal.pone.0176606.9003
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Fig 4. The reaction scheme of the electrochemical radiosynthesis of COX-2 inhibitor '®F-1. Green trace is the preparative radiochromatogram of
the reaction mixture. Areas shaded green correspond to the collected fractions, the key areas of the '°F-NMR spectra of the collected fractions are shown

above.

https://doi.org/10.1371/journal.pone.0176606.g004

pure injectable dose produced following this procedure is presented in the supporting infor-
mation (S1 Spectra). Due to low solubility in aqueous ethanol, the compound was formulated
in 40% EtOH prior to in vitro or in vivo administration.

In vitro cell uptake studies

To demonstrate the potential of "*F-1 for quantification of COX-2 expression, in vitro COX-2
dependent uptake of the probe in LPS-treated RAW264.7 mactrophage-like cells was demon-
strated. Further details on the in vitro uptake experiments can be found in the supporting
information (S3 Protocol).

A clear dependence of the '®F-1 uptake on the concentration of LPS was observed in these
experiments. Fig 5 shows progressive increase in the uptake with increasing LPS concentration
and COX-2 levels up to 400 ng/ml, followed by uptake saturation beyond LPS concentrations
exceeding 500 ng/ml. Analysis of the western blot data overlaid in Fig 5 illustrates that COX-2
expression with LPS stimulation also starts to saturate above 400ng/ml and probe uptake and
expression data closely parallel one another.

Additionally, LPS induced uptake of '*F-1 was blocked by 32 pg/ml of Celecoxib, a selective
COX-2 inhibitor (Fig 5), supporting the conclusion that COX-2 expression is responsible for
probe retention in the cells.

In vivo metabolism and PET imaging

In vivo metabolic stability of the probe was investigated. 1h after bolus injection of '*F-1,
urine, kidney, brain, liver, small intestines and blood plasma were collected from 3 healthy
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Fig 5. In vitro experiments. (A) Western blot analysis of LPS treated cells. The upper panel is COX-2
expression and the lower blot is GAPDH loading control, (B) In vitro COX-2 dependent uptake of the probe in
LPS-treated RAW264.7 macrophage-like cells, normalized to 1000 ng/ml of LPS.

https://doi.org/10.1371/journal.pone.0176606.9005

female mice and the radioactivity was extracted and analyzed by HPLC. Experimental proto-
cols are detailed in the supporting information (S5 Protocol). HPLC traces show over 95%
intact probe and no discernable metabolites from the radio-HPLC analysis of the organic
extracts (Fig 6A). The results of radio-TLC analysis of the same fractions agree with the HPLC
traces (see SI). Metabolized radiolabelled molecules were observed in the urine where polar
metabolites are excreted, and in the aqueous extracts of the major organs. However, these deg-
radation products accounted for less than 1% of the total activity in all major organs. This is
illustrated in (Fig 6B), which presents the chromatograms of the aqueous and organic extracts
of small intestines as an example. While the organic fraction is composed of >98% of the par-
ent compound, the aqueous fraction composition includes only approx. 20% of parent in the
mixture. However, the amount of radioactivity in the aqueous solution is approximately 1% of
the radioactivity in the organic phase, indicating that the metabolites comprise only an insig-
nificant fraction of the total radioactivity.

Ex-vivo biodistribution of the tracer was also studied following a 1 h uptake after
administration of the probe. The same organs were collected and radioactivity accumula-
tion was measured and normalized by weight and injected dose. Detailed protocols can be
found in supporting information (S4 Protocol). The data presented in Fig 7 show that liver,
kidney, and intestines accumulated the most radioactivity. Blood, muscle and brain each
accumulated only 1% ID/g. The lowest amount of radioactivity was found in urine and
bones.
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Static and dynamic PET imaging studies were performed following bolus injection of °F-1
in healthy wild-type mice. The time series PET images are presented in the supporting infor-
mation (54 Protocol) and the region of interest (ROI) analysis from the 60 minutes post injec-
tion image is in agreement with the ex-vivo biodistribution data.
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Fig 7. Ex-vivo biodistribution of '8F-1. Healthy mice (n = 5) 1 hour after bolus injection.

https://doi.org/10.1371/journal.pone.0176606.9007
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Discussion
Radioelectrochemical synthesis of COX-2 inhibitor 1

The mechanism of the electrochemical fluorination of aromatic compounds has been exten-
sively studied over the past 40 years.[34] The current consensus is that the reaction follows the
ECEC sequence presented in Fig 8 and that the mechanism involves four distinct steps: elec-
trochemical oxidation leading to radical cation I in Fig 8, followed by nucleophilic attack of
fluoride (I in Fig 8), then another oxidation and the production of the cation III in Fig 8 and
subsequent deprotonation and synthesis of the product.

The details of this mechanism dictated the choice of the starting material. Cationic species
(Iin Fig 8) originating at the electrode surface must participate in a bimolecular reaction with
fluoride anion in order to form the target product. Monomolecular decomposition of I how-
ever, can occur immediately after its formation, thus slowing conversion to the target mole-
cule. This reasoning guided selection of protecting groups for the sulfonamide moiety, in that
both hydrogen atoms have to be replaced by protecting groups stable toward monomolecular
decomposition. Indeed, our attempts to use a precursor having only one Boc protecting group
failed to yield any radiofluorinated products (fluoride conversion 0%). Upon substitution of a
protecting group for a trityl, 24% fluoride conversion was achieved, but the only fluorinated
product was found to be trityl fluoride, most likely due to the high stability of trityl cation
that was in turn formed via the same unimolecular decomposition of the cation-radical
intermediate.

Development of an automated electrochemical radiosynthesizer platform was a critical ele-
ment for successful radiosynthesis of the target compound '®F-1. This was due to large quanti-
ties (up to 1000 mCi) of radioactive precursor used in the synthesis, the need to tightly control
the electrolysis parameters, and sensitivity of the reaction to moisture and other impurities.
Using the in-house built automated platform, we achieved reliable production of the target

O
BoczN\S”
7
o}

Precursor

+++++++++++++++++++++F+++ 4+
Anode surface

Fig 8. Mechanism of product formation.
https://doi.org/10.1371/journal.pone.0176606.g008
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molecule. More than 20 runs, needed for the studies discussed below, were performed and
resulted in up to 5 mCi of the final purified product (2% DCY).

In vitro studies

Reliable supply of the radiolabeled '*F-1 enabled us to probe the factors affecting the in vitro
cell uptake of the probe. Studies in macrophages demonstrated that the uptake of the tracer
increases proportionately to LPS stimulation and can be blocked by excess Celecoxib. These
observations illustrate the specificity of '®F-1 as a potential imaging agent.

Multiple processes can drive accumulation of the probe in the cells. Depending on the cell
type, the COX-2 enzyme is localized in the nuclear envelope and/or endoplasmic reticulum.
[35],[36] The enzyme itself is a homodimer tethered to the membrane surface via the inter-
membrane domain.[37] Therefore, before associating with the target protein, '*F-1 has to dif-
fuse through two membranes and cross two cell compartments filled with protein solution.
Considering that >95% protein binding of celecoxib in plasma,[38] it is reasonable to expect
the tracer, ®F-1, to be bound to one of the cytosolic proteins. Moreover, it has been recently
suggested that COX-2 inhibitors have to first enter through the membrane binding domain,
before passing through an opening, made exclusively of hydrophobic residues, before entering
the active site of the enzyme.[39] Therefore, the diffusion process from the medium to the
COX-2 molecule involves many intermediate steps (Fig 9). While available data do not provide
any information on the relative rates of these steps, it is clear that dissociation of '*F-1 from
the COX-2 molecule is the slowest process. The fact that LPS treatment modulates the uptake
of the tracer (Fig 5) is likely due to the increased expression of COX-2 in response to LPS treat-
ment.[40] Close correlation of COX-2 expression measured with western blot and the radioac-
tivity uptake indicates that the uptake saturation is likely due to saturation of COX-2 enzyme
expression with increasing LPS, and not because of loss of '*F-1 binding affinity to COX-2.
Reduction of uptake in presence of excess celecoxib also points to the fact that association of
the probe with the catalytic site of COX-2 enzyme is the driving force in tracer uptake.

In vivo metabolism and PET imaging

Study of the metabolic fate of the compound following in vivo administration in mice con-
firmed that the aromatic position of the fluorine atom confers high in vivo stability. This is an
improvement over other attempts at creating COX-2 imaging agents. Previous use of the
known celecoxib analogs as PET imaging tracers was crippled by low metabolic stability. Up to
83% of radioactivity was found to be metabolized 1 hour after injection in baboons [18]. Our
data demonstrates that '°F-1 is free of this drawback.

HPLC analyses of the radioactivity accumulated in all major organs estimated the amount
of metabolites 1h post injection to be on the scale of 1% of the amount of the radioactivity pres-
ent. The great majority of the radioisotope was still present in the form of unchanged parent
compound '®F-1. TLC trace, a method much more sensitive to the presence of polar metabo-
lites, also found no polar metabolites in all major organs.

Analysis of PET images also supports the notion of high metabolic stability. Fig 10 presents
a PET/CT image of the head of a healthy mouse inoculated with '*F-1 90min prior to the scan.
Noticeably, there is no significant increase in '*F-1 retention in the skull or vertebras, where
bone uptake if present, would be easily visualized. Due to the small size of the structure, quan-
titative analysis of the image is not possible, but a characteristic pattern of fluoride uptake in
the bone structures,[18] resulting from de-fluorination of the tracer, is not apparent on this
image.
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Fig 9. Schematic for association of 18F-1 with COX-2 in cell culture.

https://doi.org/10.1371/journal.pone.0176606.9009

Accumulation patterns observed in ex-vivo organ counting agrees with the notion of high
metabolic stability as well. Bone uptake, the main indicator of de-fluorination, was at the same
level as muscle uptake and below that of blood and brain. Furthermore, there was no free '°F-
fluoride present in the ex-vivo TLC analysis of the blood.

It is important to note that the metabolic behavior of the tracer is very different from that of
celecoxib.[41] While celecoxib is almost completely metabolized through oxidation of the
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Fig 10. PET/CT image of the mouse head. 90 min after administration of '8F-1.
https://doi.org/10.1371/journal.pone.0176606.9010

methyl group, compound 1 remains virtually unchanged due to the lack of this substituent.
This observation highlights an advantage of '®F-1, as compared to drugs such as celecoxib, for
imaging applications.

Dynamic PET/CT scans of healthy mice demonstrated favorable pharmacokinetics of '*F-1
for imaging studies with background subsiding within 1 hour and no noticeable defluorina-
tion. Fig 11 shows the relative time-activity profiles of all major organs. Within 1 hour after
injection concentration of the tracer in all major organs, with the exception of the small intes-
tine and the right side of the liver discussed below, stabilized at a level not exceeding twice that
of muscle non-specific uptake. This indicates that there is potential of reaching a good image
contrast within 1 hour after injection. Imaging data are in line with ex-vivo biodistribution
(Fig 7) with kidney being a notable exception. While the dynamic scan indicates little differ-
ence in uptake in the kidney, blood and brain, ex-vivo counting indicates approximately 50%
more accumulation in kidney as compared to the brain and blood. The apparent discrepancy
between imaging and ex vivo counting data may be due to accumulation of activity in the thin
renal cortex excluded from the conservatively defined ROL[42] Uptake of "*F-1 in the kidney
may be attributed to known high levels of COX-2 expression in this organ.[43]

Gallbladder is likely the main excretion organ for the tracer. Increase in activity with time
in the intestine and low activity in the bladder rule out urinary excretion. Unexpectedly, the
left and right sides of the liver exhibit a 2 fold difference of the radioactivity uptake after 90
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Fig 11. Time-activity profile of major organs. Healthy mouse after bolus iv administration of '8F-1.

https://doi.org/10.1371/journal.pone.0176606.9011

min. Furthermore, activity in one side of the liver increased with time while the other side of
the liver demonstrated a washout rate similar to that of other organs. Additionally, static
images reveal boluses of radioactivity distributed along the intestines, likely due to accumula-
tion in feces. A similar accumulation pattern has been reported previously in human subjects
for other 18F labeled tracers, where larger image sizes allowed for positive identification of
gallbladder as the main excretion organ. [44]

Of particular interest is the time-activity curve of the brain ROI Following the initial ramp
up, brain radioactivity concertation decreases and is then stabilized at a level similar to other
organs and twice the uptake of muscle. This is likely due to initial diffusion across the blood
brain barrier and subsequent washout of the tracer from brain tissue. This indicates the poten-
tial applicability of this molecule for brain imaging of COX-2 expression, which is of particular
interest for imaging of neurodegenerative diseases.[45]

Conclusion

Early detection and imaging of COX-2 overexpression would be an important clinical tool for
monitoring disease progression, therapy intervention, evaluation of therapeutic treatment effi-
cacy, and identification of patients who can be selected for COX-2 inhibitor or NSAID treat-
ment. A COX-2 PET probe could potentially replace invasive biopsy and should reduce
sampling errors due to target heterogeneity, as well as instability of COX-2 protein and
mRNA, and should help determine the pharmacokinetics and in vivo binding characteristics
of new COX-2 inhibitors.

The probe structure of '*F-1 is based on some of the lessons learned over the last two
decades of research in developing a viable COX-2 PET tracer. To address the challenges of in
vivo stability, we have placed '°F on a stable heteroaromatic ring in a structure that maintains
high COX-2 affinity and specificity, using a synthesis that is practical and made possible
through the electrochemical platform. Electrochemical synthesis, performed on the automated
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platform developed in our lab, is readily adaptable for use by imaging researchers without
requiring expertise in electrochemistry. Pharmacokinetic studies with '®F-1 in healthy mice
revealed no bone retention or defluorination within 2 hours of injection, significant blood
clearance, crossing of the BBB and no significant metabolites in major organs, making the
probe ideally suited for imaging studies.

The current decay corrected radiochemical yield of 2%, although enough for preclinical
studies and production of a single patient dose, needs improvement. More importantly, the
use of Et,NF*4HF has limited the specific activity to 3 Ci/mmol, severely limiting the applica-
tion of the probe as a successful imaging agent. We anticipate that the use of microfluidics and
electrochemical flow cells for this surface activated reaction will increase the yield and specific
activity. To address the specific activity problem, we are investigating the use of alternative
quaternary ammonium or phosphonium salts of non-nucleophilic anions, polar and solvating
solvents and reducing cation reactivity through cold temperature electrolysis and stabilized
cation pools.[46]

Supporting information

S1 Protocol. Synthetic procedures for precursor and standards.
(DOCX)

$2 Protocol. Radioelectrochemistry protocol and experimental set up.
(DOCX)

$3 Protocol. In vitro cell association studies protocol.
(DOCX)

S4 Protocol. Ex vivo biodistribution studies and imaging protocol and data.
(PDF)

S5 Protocol. Metabolism study protocol.
(DOCX)

S1 Spectra. Spectroscopic and chromatographic data for all stable and radioactive com-
pounds.
(PDF)

Author Contributions
Conceptualization: AL HH SS.
Data curation: AL JL.

Formal analysis: AL.

Funding acquisition: SS HH.
Investigation: AL JL NA JJ FY.
Methodology: AL HH SS.
Project administration: SS.
Supervision: SS HH.
Validation: NA.

Visualization: AL JL.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176606 May 2, 2017 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176606.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176606.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176606.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176606.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176606.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176606.s006
https://doi.org/10.1371/journal.pone.0176606

@° PLOS | ONE

Electrochemical radiolabeling of a COX-2 inhibitor

Writing - original draft: AL SS.

Writing - review & editing: AL SS HH.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Harris RE, Beebe-Donk J, Doss H, Burr Doss D. Aspirin, ibuprofen, and other non-steroidal anti-inflam-
matory drugs in cancer prevention: a critical review of non-selective COX-2 blockade (review). Oncol
Rep. 2005; 13: 559-583. PMID: 15756426

Cherukuri DP, Ishikawa T, Chun P, Catapang A, Elashoff D, Grogan TR, et al. Targeted Cox2 gene
deletion in intestinal epithelial cells decreases tumorigenesis in female, but not male, ApcMin/+ mice.
Mol Oncol. 2014; 8: 169-177. https://doi.org/10.1016/j.molonc.2013.10.009 PMID: 24268915

Liu CH, Chang SH, Narko K, Trifan OC, Wu MT, Smith E, et al. Overexpression of cyclooxygenase-2 is
sufficient to induce tumorigenesis in transgenic mice. J Biol Chem. 2001; 276: 18563—18569. hitps://
doi.org/10.1074/jbc.M010787200 PMID: 11278747

Esbona K, Inman D, Saha S, Jeffery J, Schedin P, Wilke L, et al. COX-2 modulates mammary tumor
progression in response to collagen density. Breast Cancer Res BCR. 2016; 18: 35. https://doi.org/10.
1186/s13058-016-0695-3 PMID: 27000374

Fujiwaki R, lida K, Kanasaki H, Ozaki T, Hata K, Miyazaki K. Cyclooxygenase-2 expression in endome-
trial cancer: correlation with microvessel count and expression of vascular endothelial growth factor and
thymidine phosphorylase. Hum Pathol. 2002; 33: 213-219. PMID: 11957147

Knudson AG. Two genetic hits (more or less) to cancer. Nat Rev Cancer. 2001; 1: 157-162. https://doi.
0rg/10.1038/35101031 PMID: 11905807

Minghetti L. Cyclooxygenase-2 (COX-2) in inflammatory and degenerative brain diseases. J Neuro-
pathol Exp Neurol. 2004; 63: 901-910. PMID: 15453089

Tsuijii M, Kawano S, DuBois RN. Cyclooxygenase-2 expression in human colon cancer cells increases
metastatic potential. Proc Natl Acad Sci U S A. 1997; 94: 3336—-3340. PMID: 9096394

Edelman MJ, Watson D, Wang X, Morrison C, Kratzke RA, Jewell S, et al. Eicosanoid modulation in
advanced lung cancer: cyclooxygenase-2 expression is a positive predictive factor for celecoxib + che-
motherapy—Cancer and Leukemia Group B Trial 30203. J Clin Oncol Off J Am Soc Clin Oncol. 2008;
26: 848-855.

Inoue H, Taba Y, Miwa Y, Yokota C, Miyagi M, Sasaguri T. Transcriptional and posttranscriptional regu-
lation of cyclooxygenase-2 expression by fluid shear stress in vascular endothelial cells. Arterioscler
Thromb Vasc Biol. 2002; 22: 1415-1420. PMID: 12231559

Phelps ME. Positron emission tomography provides molecular imaging of biological processes. Proc
Natl Acad Sci U S A. 2000; 97: 9226-9233. PMID: 10922074

Mosessian S, Duarte-Vogel SM, Stout DB, Roos KP, Lawson GW, Jordan MC, et al. INDs for PET
Molecular Imaging Probes-Approach by an Academic Institution. Mol Imaging Biol MIB Off Publ Acad
Mol Imaging. 2014;

Cole EL, Stewart MN, Littich R, Hoareau R, Scott PJH. Radiosyntheses using Fluorine-18: the Art and
Science of Late Stage Fluorination. Curr Top Med Chem. 2014; 14: 875-900. PMID: 24484425

Laube M, Kniess T, Pietzsch J. Radiolabeled COX-2 Inhibitors for Non-Invasive Visualization of COX-2
Expression and Activity—A Critical Update. Molecules. 2013; 18: 6311-6355. https://doi.org/10.3390/
molecules18066311 PMID: 23760031

Penning TD, Talley JJ, Bertenshaw SR, Carter JS, Collins PW, Docter S, et al. Synthesis and Biological
Evaluation of the 1,5-Diarylpyrazole Class of Cyclooxygenase-2 Inhibitors: Identification of 4-[5-(4-
Methylphenyl)-3- (trifluoromethyl)-1H-pyrazol-1-ylJbenzenesulfonamide (SC-58635, Celecoxib). J Med
Chem. 1997; 40: 1347—-1365. https://doi.org/10.1021/jm960803q PMID: 9135032

Kharasch ED, Thummel KE. Identification of cytochrome P450 2E1 as the predominant enzyme cata-
lyzing human liver microsomal defluorination of sevoflurane, isoflurane, and methoxyflurane. Anesthesi-
ology. 1993; 79: 795-807. PMID: 8214760

Park BK, Kitteringham NR, O’Neill PM. Metabolism of Fluorine-Containing Drugs. Annu Rev Phar-
macol Toxicol. 2001; 41: 443—-470. https://doi.org/10.1146/annurev.pharmtox.41.1.443 PMID:
11264465

Prabhakaran J, Underwood MD, Parsey RV, Arango V, Majo VJ, Simpson NR, et al. Synthesis and in
vivo evaluation of [18F]-4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yllbenzenesulfonamide
as a PET imaging probe for COX-2 expression. Bioorg Med Chem. 2007; 15: 1802—1807. hitps://doi.
org/10.1016/j.bmc.2006.11.033 PMID: 17166726

PLOS ONE | https://doi.org/10.1371/journal.pone.0176606 May 2, 2017 16/18


http://www.ncbi.nlm.nih.gov/pubmed/15756426
https://doi.org/10.1016/j.molonc.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24268915
https://doi.org/10.1074/jbc.M010787200
https://doi.org/10.1074/jbc.M010787200
http://www.ncbi.nlm.nih.gov/pubmed/11278747
https://doi.org/10.1186/s13058-016-0695-3
https://doi.org/10.1186/s13058-016-0695-3
http://www.ncbi.nlm.nih.gov/pubmed/27000374
http://www.ncbi.nlm.nih.gov/pubmed/11957147
https://doi.org/10.1038/35101031
https://doi.org/10.1038/35101031
http://www.ncbi.nlm.nih.gov/pubmed/11905807
http://www.ncbi.nlm.nih.gov/pubmed/15453089
http://www.ncbi.nlm.nih.gov/pubmed/9096394
http://www.ncbi.nlm.nih.gov/pubmed/12231559
http://www.ncbi.nlm.nih.gov/pubmed/10922074
http://www.ncbi.nlm.nih.gov/pubmed/24484425
https://doi.org/10.3390/molecules18066311
https://doi.org/10.3390/molecules18066311
http://www.ncbi.nlm.nih.gov/pubmed/23760031
https://doi.org/10.1021/jm960803q
http://www.ncbi.nlm.nih.gov/pubmed/9135032
http://www.ncbi.nlm.nih.gov/pubmed/8214760
https://doi.org/10.1146/annurev.pharmtox.41.1.443
http://www.ncbi.nlm.nih.gov/pubmed/11264465
https://doi.org/10.1016/j.bmc.2006.11.033
https://doi.org/10.1016/j.bmc.2006.11.033
http://www.ncbi.nlm.nih.gov/pubmed/17166726
https://doi.org/10.1371/journal.pone.0176606

@° PLOS | ONE

Electrochemical radiolabeling of a COX-2 inhibitor

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

de Vries EFJ, van Waarde A, Buursma AR, Vaalburg W. Synthesis and In Vivo Evaluation of 18F-Des-
bromo-DuP-697 as a PET Tracer for Cyclooxygenase-2 Expression. J Nucl Med. 2003; 44: 1700—1706.
PMID: 14530489

McCarthy TJ, Sheriff AU, Graneto MJ, Talley JJ, Welch MJ. Radiosynthesis, In Vitro Validation, and In
Vivo Evaluation of 18F-Labeled COX-1 and COX-2 Inhibitors. J Nucl Med. 2002; 43: 117—124. PMID:
11801714

Makino K, Yoshioka H. Selective fluorination of ethyl 1-methylpyrazole-4-carboxylates with poly(hydro-
gen fluoride)-amine complex under electrolytic anodic oxidation. J Fluor Chem. 1988; 39: 435—440.

Siméon FG, Wendahl MT, Pike VW. The [18F]2-fluoro-1,3-thiazolyl moiety—an easily-accessible struc-
tural motif for prospective molecular imaging radiotracers. Tetrahedron Lett. 2010; 51: 6034—6036.
https://doi.org/10.1016/j.tetlet.2010.09.037 PMID: 21057601

Kniess T, Laube M, Bergmann R, Sehn F, Graf F, Steinbach J, et al. Radiosynthesis of a 18F-labeled
2,3-diarylsubstituted indole via McMurry coupling for functional characterization of cyclooxygenase-2
(COX-2) in vitro and in vivo. Bioorg Med Chem. 2012; 20: 3410-3421. https://doi.org/10.1016/j.bmc.
2012.04.022 PMID: 22560838

Tian H, Lee Z. Synthesis of 18F-labeled cyclooxygenase-2 (COX-2) inhibitor as a potential PET imaging
agent. J Label Compd Radiopharm. 2006; 49: 583-593.

Lee E, Kamlet AS, Powers DC, Neumann CN, Boursalian GB, Furuya T, et al. A Fluoride-Derived Elec-
trophilic Late-Stage Fluorination Reagent for PET Imaging. Science. 2011; 334: 639-642. https://doi.
org/10.1126/science.1212625 PMID: 22053044

Lee E, Hooker JM, Ritter T. Nickel-Mediated Oxidative Fluorination for PET with Aqueous [18F] Fluo-
ride. J Am Chem Soc. 2012; 134: 17456—17458. https://doi.org/10.1021/ja3084797 PMID: 23061667

Rotstein BH, Stephenson NA, Vasdev N, Liang SH. Spirocyclic hypervalent iodine(l1l)-mediated radio-
fluorination of non-activated and hindered aromatics. Nat Commun. 2014; 5.

Gao Z, Lim YH, Tredwell M, Li L, Verhoog S, Hopkinson M, et al. Metal-Free Oxidative Fluorination of
Phenols with [18F]Fluoride. Angew Chem Int Ed. 2012; 51: 6733-6737.

Tredwell M, Gouverneur V. 18F labeling of arenes. Angew Chem Int Ed Engl. 2012; 51: 11426-37.
https://doi.org/10.1002/anie.201204687 PMID: 23086547

Preshlock S, Tredwell M, Gouverneur V. 18F-Labeling of Arenes and Heteroarenes for Applications in
Positron Emission Tomography. Chem Rev. 2016; 116: 719-766. https://doi.org/10.1021/acs.chemrev.
5b00493 PMID: 26751274

He Q, Wang Y, Alfeazi |, Sadeghi S. Electrochemical nucleophilic synthesis of di-tert-butyl-(4-[18F]
fluoro-1,2-phenylene)-dicarbonate. Appl Radiat Isot. 2014; 92: 52—57. https://doi.org/10.1016/j.
apradiso.2014.06.013 PMID: 25000498

Kienzle GJ, Reischl G, Machulla H-J. Electrochemical radiofluorination. 3. Direct labeling of phenylala-
nine derivatives with [18F]fluoride after anodic oxidation. J Label Compd Radiopharm. 2005; 48: 259-
273.

Noel M, Suryanarayanan V. Current approaches to the electrochemical synthesis of organo-fluorine
compounds. J Appl Electrochem. 2004; 34: 357-369.

Rozhkov IN. Radical-cation Mechanism of the Anodic Fluorination of Organic Compounds. Russ Chem
Rev. 1976; 45: 615—-629.

Parfenova H, Parfenov VN, Shlopov BV, Levine V, Falkos S, Pourcyrous M, et al. Dynamics of nuclear
localization sites for COX-2 in vascular endothelial cells. Am J Physiol Cell Physiol. 2001; 281: C166—
178. PMID: 11401839

Liou J-Y, Aleksic N, Chen S-F, Han T-J, Shyue S-K, Wu KK. Mitochondrial localization of cyclooxygen-
ase-2 and calcium-independent phospholipase A2 in human cancer cells: implication in apoptosis resis-
tance. Exp Cell Res. 2005; 306: 75-84. https://doi.org/10.1016/j.yexcr.2005.01.011 PMID: 15878334

Rouzer CA, Marnett LJ. Cyclooxygenases: structural and functional insights. J Lipid Res. 2009; 50:
S29-S34. https://doi.org/10.1194/jlr. R800042-JLR200 PMID: 18952571

Paulson SK, Kaprak TA, Gresk CJ, Fast DM, Baratta MT, Burton EG, et al. Plasma protein binding of
celecoxib in mice, rat, rabbit, dog and human. Biopharm Drug Dispos. 1999; 20: 293-299. PMID:
10701700

Blobaum AL, Xu S, Rowlinson SW, Duggan KC, Banerjee S, Kudalkar SN, et al. Action at a Distance
MUTATIONS OF PERIPHERAL RESIDUES TRANSFORM RAPID REVERSIBLE INHIBITORS TO
SLOW, TIGHT BINDERS OF CYCLOOXYGENASE-2. J Biol Chem. 2015; 290: 12793-12803. https://
doi.org/10.1074/jbc.M114.635987 PMID: 25825493

Wadleigh DJ, Reddy ST, Kopp E, Ghosh S, Herschman HR. Transcriptional Activation of the Cyclooxy-
genase-2 Gene in Endotoxin-treated RAW 264.7 Macrophages. J Biol Chem. 2000; 275: 6259-6266.
PMID: 10692422

PLOS ONE | https://doi.org/10.1371/journal.pone.0176606 May 2, 2017 17/18


http://www.ncbi.nlm.nih.gov/pubmed/14530489
http://www.ncbi.nlm.nih.gov/pubmed/11801714
https://doi.org/10.1016/j.tetlet.2010.09.037
http://www.ncbi.nlm.nih.gov/pubmed/21057601
https://doi.org/10.1016/j.bmc.2012.04.022
https://doi.org/10.1016/j.bmc.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22560838
https://doi.org/10.1126/science.1212625
https://doi.org/10.1126/science.1212625
http://www.ncbi.nlm.nih.gov/pubmed/22053044
https://doi.org/10.1021/ja3084797
http://www.ncbi.nlm.nih.gov/pubmed/23061667
https://doi.org/10.1002/anie.201204687
http://www.ncbi.nlm.nih.gov/pubmed/23086547
https://doi.org/10.1021/acs.chemrev.5b00493
https://doi.org/10.1021/acs.chemrev.5b00493
http://www.ncbi.nlm.nih.gov/pubmed/26751274
https://doi.org/10.1016/j.apradiso.2014.06.013
https://doi.org/10.1016/j.apradiso.2014.06.013
http://www.ncbi.nlm.nih.gov/pubmed/25000498
http://www.ncbi.nlm.nih.gov/pubmed/11401839
https://doi.org/10.1016/j.yexcr.2005.01.011
http://www.ncbi.nlm.nih.gov/pubmed/15878334
https://doi.org/10.1194/jlr.R800042-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18952571
http://www.ncbi.nlm.nih.gov/pubmed/10701700
https://doi.org/10.1074/jbc.M114.635987
https://doi.org/10.1074/jbc.M114.635987
http://www.ncbi.nlm.nih.gov/pubmed/25825493
http://www.ncbi.nlm.nih.gov/pubmed/10692422
https://doi.org/10.1371/journal.pone.0176606

@° PLOS | ONE

Electrochemical radiolabeling of a COX-2 inhibitor

41.

42,

43.

44,

45.

46.

Gong L, Thorn CF, Bertagnolli MM, Grosser T, Altman RB, Klein TE. Celecoxib pathways: pharmacoki-
netics and pharmacodynamics. Pharmacogenet Genomics. 2012; 22: 310-318. PMID: 22336956

Soret M, Bacharach SL, Buvat I. Partial-Volume Effectin PET Tumor Imaging. J Nucl Med. 2007; 48:
932-945. https://doi.org/10.2967/jnumed.106.035774 PMID: 17504879

Breyer MD, Harris RC. Cyclooxygenase 2 and the kidney. Curr Opin Nephrol Hypertens. 2001; 10: 89—
98. PMID: 11195058

Koole M, Lewis DM, Buckley C, Nelissen N, Vandenbulcke M, Brooks DJ, et al. Whole-Body Biodistribu-
tion and Radiation Dosimetry of 18F-GE067: A Radioligand for In Vivo Brain Amyloid Imaging. J Nucl
Med. 2009; 50: 818—-822. https://doi.org/10.2967/jnumed.108.060756 PMID: 19372469

Choi S-H, Aid S, Bosetti F. The distinct roles of cyclooxygenase-1 and -2 in neuroinflammation: implica-
tions for translational research. Trends Pharmacol Sci. 2009; 30: 174—181. https://doi.org/10.1016/j.
tips.2009.01.002 PMID: 19269697

Suga S, Suzuki S, Yoshida J. Reduction of a “cation pool”: a new approach to radical mediated C—C
bond formation. J Am Chem Soc. 2002; 124: 30-31. PMID: 11772058

PLOS ONE | https://doi.org/10.1371/journal.pone.0176606 May 2, 2017 18/18


http://www.ncbi.nlm.nih.gov/pubmed/22336956
https://doi.org/10.2967/jnumed.106.035774
http://www.ncbi.nlm.nih.gov/pubmed/17504879
http://www.ncbi.nlm.nih.gov/pubmed/11195058
https://doi.org/10.2967/jnumed.108.060756
http://www.ncbi.nlm.nih.gov/pubmed/19372469
https://doi.org/10.1016/j.tips.2009.01.002
https://doi.org/10.1016/j.tips.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19269697
http://www.ncbi.nlm.nih.gov/pubmed/11772058
https://doi.org/10.1371/journal.pone.0176606

