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Introduction: Few, if any, radiotracers are available for the in vivo imaging of reactive oxygen species (ROS) in the
central nervous system. ROS play a critical role in normal cell processes such as signaling and homeostasis but
overproduction of ROS is implicated in several disorders. We describe here the radiosynthesis and initial
ex vivo and in vivo evaluation of [11C]hydromethidine ([11C]HM) as a radiotracer to image ROS using positron
emission tomography (PET).
Methods: [11C]HM and its deuterated isotopologue [11C](4) were produced using [11C]methyl triflate in a one-
pot, two-step reaction and purified by high performance liquid chromatography. Ex vivo biodistribution studies
were performed after tail vein injections of both radiotracers. To demonstrate sensitivity of uptake to ROS, [11C]
HM was administered to rats treated systemically with lipopolysaccharide (LPS). In addition, ex vivo
autoradiography and in vivo PET imaging were performed using [11C]HM on rats which had been microinjected
with sodium nitroprusside (SNP) to induce ROS.
Results: [11C]HM and [11C](4) radiosyntheses were reliable and produced the radiotracers at high specific
activities and radiochemical purities. Both radiotracers demonstrated good brain uptake and fast washout of
radioactivity, but [11C](4) washout was faster. Pretreatment with LPS resulted in a significant increase in brain
retention of radioactivity. Ex vivo autoradiography and PET imaging of rats unilaterally treated with
microinjections of SNP demonstrated increased retention of radioactivity in the treated side of the brain.
Conclusions: [11C]HM has the attributes of a radiotracer for PET imaging of ROS in the brain including good brain
penetration and increased retention of radioactivity in animal models of oxidative stress.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

While reactive oxygen species (ROS) such as superoxide, hydrogen
peroxide, hydroxyl radicals, and peroxynitrite play an important role
in normal cell signaling, metabolism, and homeostasis, overproduction
of ROS, or oxidative stress, has been implicated in many physiological
and psychological disorders [1–7]. Several fluorescent and other optical
probes have been developed to detect ROS in vitro and ex vivo [8,9] but
only recently have a few reports on positron emission tomography
(PET) based radiotracers emerged, which might allow in vivo detection
and quantification of ROS [10]. These include [11C]ascorbic acid [11],
PC[18F]FLT-1 which is a boronated prodrug of FLT [12], the
dihydroquinoline [11C]DHQ1 [13], [18F]ROS1, a hydrocyanine dye deriv-
ative [14], and [18F]DHMT, a derivative of the fluorescent dye ethidium
[15]. While a few of these probes have had promising results in small

animal studies, only [11C]DHQ1might permit imaging of ROS in the cen-
tral nervous system.

Hydromethidine (HM) is the closely related analogue of
hydroethidine (HE)which has been studied extensively as a fluorescent
probe for the detection of ROS. Oxidation of HE by ROS leads to a num-
ber of products including ethidium(E+) by non-specific oxidation reac-
tions and 2-hydroxyethidium (2-OH-E+) by specific oxidation with
superoxide anion (Scheme 1) [8,16]. Recently Abe et al. reported the
synthesis and ex vivo evaluation of [3H]HM as a potential ROS probe
[17,18]. They demonstrated that administration of [3H]HM to mice re-
sulted in good brain uptake of radioactivity and that brain retention of
radioactivity could be enhanced by micro injections of sodium nitro-
prusside (SNP) in the striatum of mice, reflecting an increase in ROS at
the site of injection. The underlying hypothesis is that HM, being neu-
tral, readily crosses cell membranes including the blood–brain barrier
while oxidized species are trapped by virtue of their charge and/or by
interchelating with cellular DNA [19]. While [3H]HM cannot be used
for in vivo imaging due to its low energy beta emissions, its isotopologue
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[11C]HM could. We thus report here the radiosynthesis of [11C]HM and
an initial evaluation of its potential to image ROS using PET.

2. Methods

An IBA cyclone2 cyclotron was used for radionuclide production.
[11C]CO2, produced by the 14N(p,α)11C nuclear reaction, was then
transformed into [11C]methyl triflate via [11C]iodomethane using a
commercial module (GE FXMei). Purifications and analyses of radioac-
tive mixtures were performed by high performance liquid chromatog-
raphy (HPLC) with an in-line UV (345 nm) detector in series with a
NaI crystal radioactivity detector (purifications) or a Bioscan Flowcount
coincidence radioactivity detector (analyses). Isolated radiochemical
yields were determined with a dose-calibrator (Capintec CRC-712 M).
Automated radiosyntheses were controlled by Labview™ software. Un-
less stated otherwise, all radioactivity measurements were normalized
for radioactive decay. Methylethyl ketonewas dried with 4 Åmolecular
sieves. Proton and carbon-13 NMR spectra were recorded at 25 °C on a
Varian Mercury 400 MHz spectrometer Electrospray ionization mass
spectrometry was conducted with JMS T100-LC AccuTOF DART (JEOL)
mass spectrometer to obtain the HRMS. All tested compounds had a pu-
rity of N95% as determined by reverse-phase HPLC. All animal experi-
ments were carried out under humane conditions, with approval from
the Animal Care Committee at the Centre for Addiction and Mental
Health, and in accordance with the guidelines set forth by the Canadian
Council on Animal Care. Male rats were kept on a reversed 12-h light/
12-h dark cycle. Male Sprague–Dawley rodents, 300–350 g for ex vivo
studies were allowed food and water ad libitum while a Long-Evans
male rat, 445 g and used for the PET imaging study, was restricted to 6
food pellets per day.

2.1. Di-tert-butyl (6-phenylphenanthridine-3,8-diyl)dicarbamate (1)

A mixture of 3,8-diaminophenanthridine (1.1 g, 3.85 mmol), di-t-
boc anhydride (1.69 g, 5.17 mmol) and K2CO3 (1.1 g, 9.6 mmol) in
6mL of 50% aq.MeOHwas stirred at ambient temperature for 2 h. A fur-
ther 0.5 g of di-t-boc anhydride (2.3 mmol) and 0 3 g (2.6 mmol) of
K2CO3 was then added and the mixture stirred for a further 2 h, diluted
with water, and the precipitate collected by vacuum filtration. The col-
lected solid was washed with copious amounts of water and dried in
vacuo to leave an orange powder (1.87 g). Recrystallization from etha-
nol gave a pale yellow powder (1.47 g, 79%). 1H NMR (500 MHz,
DMSO-d6) δ ppm 1.44 (s, 9 H) 1.52 (s, 9 H) 7.54–7.62 (m, 3 H) 7.67–
7.73 (m, 2 H) 7.81 (dd, J = 8.99, 2.26 Hz, 1 H) 8.01 (d, J = 8.31 Hz, 1
H) 8.19 (d, J = 1.96 Hz, 1 H) 8.21 (d, J = 1.59 Hz, 1 H) 8.60 (d, J =

9.17 Hz, 1 H) 8.70 (d, J = 9.17 Hz, 1 H) 9.70 (br. s., 1 H) 9.73 (s, 1 H);
13C NMR (126 MHz, DMSO-d6) δ ppm 28.05, 28.13, 79.34, 79.38,
114.98, 116.33, 118.27, 118.91, 122.55, 122.80, 122.99, 124.31, 128.06,
128.19, 128.58, 129.57, 138.15, 139.53, 139.57, 143.24, 152.74, 152.79,
160.24; HRMS (ESI+) m/z calc'd for [m + H]+ C29H32N3O4;
486.23843, found 486.23928.

For radiochemistry procedures a sample was further purified by
recrystallization from 2-propanol.

2.2. 3,8-bis((tert-butoxycarbonyl)amino)-5-methyl-6-phenylphenanthridin-
5-ium iodide (2)

0.2 g (0.41 mmol) of (1) and 2 mL of iodomethane (3.2 mmol) in
10mL of dry THF was heated at 85 °C in a sealed tube for 72 h. Evapora-
tion of volatiles gave an orange sticky solid (quantitative). 1H NMR
(500 MHz, DMSO-d6) δ ppm 1.40 (s, 9 H) 1.53 (s, 9 H) 4.13 (s, 3
H) 7.68–7.72 (m, 2 H) 7.74 (d, J = 2.20 Hz, 1 H) 7.76–7.82 (m, 3
H) 8.03 (dd, J = 9.11, 1.90 Hz, 1 H) 8.33 (dd, J = 9.17, 1.96 Hz, 1
H) 8.71 (d, J = 1.47 Hz, 1 H) 8.98 (d, J = 9.29 Hz, 1 H) 9.01 (d, J =
9.29 Hz, 1 H) 9.95 (s, 1 H) 10.26 (s, 1 H). 13C NMR (126 MHz, DMSO-
d6) δ ppm 28.39, 28.47, 43.73, 80.54, 81.03, 106.40, 117.90, 120.75,
121.90, 123.93, 125.32, 125.55, 129.00, 129.22, 129.77, 130.11, 131.74,
131.98, 135.75, 140.54, 142.77, 152.92, 153.14, 163.27. HRMS (ESI+)
m/z calc'd for [m]+ C30H34N3O4; 500.2547, found 500.2544.

2.3. 5-methyl-6-phenyl-5,6-dihydrophenanthridine-3,8-diamine,
(hydromethidine, HM)

Under N2, 0.12 g (0.19mmol) of (2)wasmixedwith 1mL of ice-cold
4 M solution of HCl in dioxane. After 15 min stirring at RT the solvent
was evaporated by N2 flow. The residue was dissolved in 1 mL of
MeOH and treatedwith 0.02 g (0.53mmol) of solid NaBH4. After stirring
for 20 min, water (5 mL) and EtOAc (5 mL) were added. The organic
layer was separated under N2, and dried and filtered through a plug of
Na2SO4. Evaporation of the solvent by a N2 stream gave a pale yellow
solid (0.038 g, 65%) of HM which slowly turned orange upon storage.
Long-term stability of HM was best achieved by addition of ascorbic
acid (1 equiv.) and storage under N2 in tightly sealed vials at −15 °C
in the absence of light. 1H NMR (500 MHz, DMSO-d6) δ ppm 2.71 (s, 3
H) 4.85 (s, 2 H) 4.91 (s, 2 H) 5.19 (s, 1 H) 5.82 (d, J = 2.08 Hz, 1
H) 5.99 (dd, J = 8.07, 2.08 Hz, 1 H) 6.28 (d, J = 2.32 Hz, 1 H) 6.47 (dd,
J = 8.38, 2.38 Hz, 1 H) 7.08–7.20 (m, 5 H) 7.28 (d, J = 8.31 Hz, 1
H) 7.35 (d, J = 8.56 Hz, 1 H). 13C NMR (126 MHz, DMSO-d6) δ ppm
36.63, 66.64, 98.07, 103.83, 111.50, 111.86, 13.88, 119.76, 121.68,
122.05, 126.47, 127.03, 128.13, 134.72, 142.22, 144.32, 146.30, 148.24.

Scheme 1. Oxidation of hydroethidine (HE) to ethidium (E+) and 2-hydroxyethidium (2-OH-E+) and, by analogy, of hydromethidine (HM).
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