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Abstract
Positron emission tomography (PET) is a very sensitive molecular imaging technique that when
employed with an appropriate radioligand has the ability to quantititate physiological processes in
a non-invasive manner. Since the imaging technique detects all radioactive emissions in the field
of view, the presence and biological activity of radiolabeled metabolites must be determined for
each radioligand in order to validate the utility of the radiotracer for measuring the desired
physiological process. Thus, the identification of metabolic profiles of radiolabeled compounds is
an important aspect of design, development, and validation of new radiopharmaceuticals and their
applications in drug development and molecular imaging. Metabolite identification for different
chemical classes of radiopharmaceuticals allows rational design to minimize the formation and
accumulation of metabolites in the target tissue, either through enhanced excretion or minimized
metabolism. This review will discuss methods for identifying and quantitating metabolites during
the pre-clinical development of radiopharmaceuticals with special emphasis on the application of
LC/MS.
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INTRODUCTION
Positron emission tomography (PET) is the most sensitive external imaging technique in the
molecular imaging arsenal that can be applied to living patients [1, 2]. The technique images
the co-linear annihilation photons resulting from decay of positron-emitting radionuclides.
Positron-emitting radionuclides most commonly introduced into molecules for PET are C-11
(t½ 20.4 min), and F-18 (t½ 119.8 min). Other radionuclide used in some research centers are
Br-76 (t½ 16.2 h), Cu-64 t½ 12.7 h), Ga-68 (t½ 68 min), and I-124 (t½ 4.18 d). The short
half-lives of the more commonly used C-11 and F-18 create challenges to their application
in PET. The first challenge is the need to incorporate the radionuclide into more complicated
chemical structures. The short half-lives require that the incorporation be performed as close
to the final synthetic step as possible. The second major challenge is completing a radio-
chemical synthesis, purification, and conducting pharmacokinetic imaging studies before the
decay of the radionuclide affects the radioactive counting statistics.
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The true power of the PET technique can be exploited by attaching these positron-emitting
radionuclides to molecules that have high affinity to biological targets or participate in
specific biological transformations (i.e. the specific phosphorylation of 2-[18F]fluorodeoxy-
glucose that results in accumulation of radioactive emission from cells that take up high
quantities of glucose [3]). However, the PET scanner detects only coincident photons; there
is no information concerning the chemical structure to which the radionuclide is attached. In
order to validate a new radioligand for its intended target, assurance that the radioactive
emissions derive primarily from the parent radioligand is required. Knowledge of metabolic
rate and the structure of radiolabeled metabolites can allow prediction of the propensity of
the metabolites to confound image interpretation [4, 5]. Therefore, identification of
metabolic profiles of labeled compounds is an important aspect of design, development, and
validation of new radiopharmaceuticals.

The metabolism profile of a potential radioligand in mice or rats is important for all of the
preclinical validation studies for the purpose of determining specificity or selectivity for the
target. However, the fact that metabolism may be very different in humans requires some
method for assessing species differences [6]. The rodent may turn out to be a very poor
model on which to base preclinical studies. This review will focus on methods of metabolite
identification, species differences of metabolic profiles, and the application of high
performance liquid chromatography/mass spectrometry (LC/MS) in the preclinical design
and evaluation of novel radiopharmaceuticals.

METABOLITE IDENTIFICATION
The pharmaceutical industry expends a great deal of effort to identify metabolites of its drug
candidates in order to understand absorption, distribution, metabolism, excretion, and
toxicity (AD-MET) [7]. Identification of metabolites allows rational pharmaceutical design
to minimize formation of undesirable metabolites that may affect drug safety. In addition,
knowledge of the metabolite structure may allow a study of the contribution of
pharmacologically active or toxic metabolites to the overall pharmacological response. The
pharmaceutical industry integrated LC/MS into its drug discovery process several years ago
[8]. Identification of metabolites of radiopharmaceuticals, which is complicated by the short
half-lives of the radionuclides and the very low dose of the compound [typically less than 10
nmol] administered, may provide suggestions as to the most appropriate position in the
molecule to attach the radiolabel and allow the synthesis and study of the bio-distribution of
the metabolite(s) [9, 10].

Quantitative whole-body autoradiography (QWBA) [11] and MS imaging [12, 13] have
been used to evaluate drug concentrations ex vivo. QWBA relies on the preparation of
images showing the distribution of radioactivity in the whole body. Although the parent
drug may constitute some of the radioactivity measured, it is probable that radiolabeled
metabolites will also be present in an unknown amount. The separation and evaluation of
mixtures of parent compound and metabolites can only be performed by other analytical
methods. MS imaging has the potential to deliver highly parallel, multiplexed data on the
specific localization of parent and metabolites in tissue samples directly, and to measure and
map the variations of these ions during development and disease progression or treatment.
However, the sensitivity of MALDI –MSI, even with the recently introduced nanostructure
initiator mass spectrometry (NIMS), make it challenging to analyze radiopharmaceuticals
and their metabolites at the radiotracer level.

Although pharmacokinetic analysis of radiotracers can be conducted even if more than one
chemical entity is observed in the target tissue, the analysis is much simpler when only
parent radioligand is present. The time dependent concentration and the relative biological
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activity (receptor affinity or rate of enzymatic conversion) of each radiolabeled component
must be known. Usually this information is unknown and thus the presence of metabolites in
the tissue of interest is a major reason for discontinuing further studies of new ligands [14].

Normal metabolic processes on small drug-like molecules (MW < 1000) usually results in
the generation of more polar species. The blood brain barrier (BBB) generally prohibits
more polar metabolites from crossing into the brain. Traditionally, the observation of
metabolites that cross the BBB results in a search for a new position to insert the
radionuclide or the radioligand is discarded for a different chemical class. The traditional
method for evaluating metabolites in the brain was to extract rat or mouse brain tissue and
evaluate the radioactive components by thin layer chromatography (TLC) or HPLC. With
the increasing application of PET to targets outside the brain, this natural restriction
provided by the BBB has been lost.

The inherent inability of PET to differentiate between a parent compound and its metabolites
confounds the interpretation of images and may impact the identification of the
pathologically induced biochemical changes under investigation. Cytochrome P450 isoforms
play a major role in mammalian xenobiotic biotransformation [15]. The utility of liver
hepatocytes to generate phase 1 (i.e. oxidation by cytochrome P450) and phase 2 metabolites
(i.e. glucuronidation of hydroxyl groups) of proposed radioligands followed by the analysis
of the metabolites has been exploited to determine metabolic pathways [4, 16, 17]. The use
of liver microsomes, which produce predominately first order metabolites, has also been
used extensively [18]. Hepatocytes obtained from Sprague-Dawley rats give fairly consistent
results from lot to lot because of the homogeneous genetic makeup of these animals. Human
hepatocytes, on the other hand, are somewhat more variable between lots. More recently,
commercial vendors of these products are providing hepatocytes that are pooled from 10–50
individual samples; which provides more consistent results. Once these cells have been used
to generate a metabolism profile, LC/MS can be applied to identify the possible structures
and quantitate the metabolism rate of the parent radioligand.

LC/MS has the unique combination of sensitivity and mass selectivity to provide sensitive
detection and mass to charge ratio (m/z) data that can be used to propose metabolite
structure [7]. In addition, the ability to conduct LC/MS/MS studies provides even greater
power for assignment of possible structure. The various m/z components from collision
induced fragmentation of the parent ion can provide information on the structure of the
parent ion. Multiple reaction monitoring (MRM) is an LC/MS/MS technique that allows
scanning for several daughter ions from a single parent ion. Since many metabolites derive
from oxidation, some fragment peaks of metabolites may be the same as the parent. Thus
metabolites may be detected and identified based on observation of the daughter ions from
the parent.

The combination of two general classes of experiments, metabolite generation with
hepatocytes from various species and LC/MS techniques, provides a general approach to
predict the rate of metabolism, predict species differences, and assign chemical structures to
metabolites. The structural identity of metabolites can be utilized to direct the design of
improved radioligands with a new metabolic profile that improves the utility as an imaging
agent. The extreme sensitivity of LC/MS can allow in vivo biodistribution studies of non-
radiolabeled compounds at very low mass doses. In the following sections, we will discuss
specific examples that illustrate the application of these techniques to preclinical studies
with PET radioligands.
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Muscarinic Receptor Ligands
The muscarinic receptor partial agonist 3-(3-(3-fluoropropyl) thio)-1,2,5-thiadiazol-4-
yl-1,2,5,6-tetrahydro-1-methylpyridine (FP-TZTP) [19-23] is a potential tracer for
evaluating M2 muscarinic receptor concentration as a function of Alzheimer’s disease. An
accurate plasma input function was required for the compartment modeling for analysis of
this M2 receptor binding radiotracer, because there is no region in the brain with low or zero
concentration of M2 receptor that could be used as a reference region.

We incubated cultured rat hepatocytes with [18F]FP-TZTP [24]. The time course of
metabolite formation from the time dependent analysis of the no-carrier-added [18F]FP-
TZTP revealed that the radiolabeled parent compound was nearly consumed within 2 h,
concomitant with the formation of radiolabeled metabolites based on radiochemical
detection Fig. (1). The experiment was repeated with the addition of carrier FP-TZTP to
provide additional mass to more easily identify the metabolites by LC/MS Fig. (2). Two of
the compounds showed a mass increase of 16 from the parent ligand. This is consistent with
oxidation of nitrogen (Met-1) or sulfur (Met-2). Another metabolite showed a mass decrease
of 14, consistent with N-demethylation (Met-3). Another metabolite showed a mass decrease
of 4, which can be rationalized as oxidation of the N-methyl tetrahydropyridine ring into an
N-methylpyridinium structure (Met-4). One metabolite showed a mass increase of 15 over
the metabolite Met-4, and can be rationalized as the cyclic amide Met-5. For four of these
metabolites, Met-1, Met-2, Met-3, and Met-4, the structures were confirmed by comparison
of retention time and LC/MS/MS fragmentation with chemically synthesized authentic
standards. This observed metabolic profile was very similar in human hepatocytes [24].

Mass spectral detection is usually not quantitative among different structures as the mass
spectral response is compound specific. We relied on the HPLC radiochromatogram for
quantitation with an on-line radio detector between UV and MS. N-oxidation (Met-1) was
the major radioactive metabolite. In addition to these major metabolites of FP-TZTP
identified above, two more polar radioactivity peaks were found in the radiochromatogram.
The peak eluting at the solvent front was assigned as [18F]fluoride based on co-elution with
authentic [18F]fluoride. The remaining peak which eluted just after fluoride (Fig. (2)) was
not identified as we could not arrive at a structural assignment based on the LC/MS/MS
data.

We observed that the rat metabolite profile in vivo of plasma extracted radioactivity was
similar to that found with hepatocytes in vitro. As previously stated, the imaging application
of [18F]FP-TZTP required a plasma input function corrected for the parent concentration in
human. Since we knew the identification of the metabolites, we developed a two-step liquid-
liquid extraction procedure that allowed quantification of parent [18F]FP-TZTP
concentration in plasma [25]. The plasma was added to KCl-NaOH buffer followed by
extraction with organic solvent (Hexane:EtOAc = 4:1). After mixing, the layers were
separated by centrifugation. The aqueous phase was frozen in dry ice; the organic phase was
collected and treated with acetic anhydride. The organic fraction was extracted with 0.1 M
HCl. The aqueous phase contained unmetabolized parent compound. After the first
extraction step, the organic soluble material contains both [18F]FP-TZTP and the
demethylated metabolite (Met-3), while the N-oxide metabolite (Met-1), Met-4, and Met-2
remained in the aqueous layer Fig. (3a). Acetylation of the secondary amine of Met-3, by
treating the organic extract with acetic anhydride, formed an amide and allowed extraction
of the parent in acidic aqueous media Fig. (3b). When using pure parent [18F]FP-TZTP, the
total extraction efficiency of parent in this study for the two extraction steps was 92.0 ±
2.8%.
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We also analyzed a second compound, an [18F] analogue of xanomeline [26] in this
thiadiazole series of muscarinic ligands, one that possesses some selectivity for M1. This
compound differs structurally from FP-TZTP in that it lacks the side chain sulfur and has a
longer alkyl chain. Similar to [18F]FP-TZTP, the major metabolite of [18F]xanomeline was
identified as the N-oxide, consistent with our observations with FP-TZTP and with literature
from the group at Eli Lilly [27, 28] Fig. (4). Since [18F]xanomeline lacks the sulfur atom,
the sulfoxide metabolite was avoided. The other metabolites were also consistent with our
results from FP-TZTP, demethylation of the tertiary amine, dehydrogenation of the tetra-
hydropyridine ring, and its oxidation product, respectively. Rat, monkey and human
hepatocytes produced a similar metabolite profile. We also compared the metabolism rate in
hepatocytes of the three species using LC/MS and radio-chromatography and found that the
relative metabolism rate is monkey > rat > human [26].

Serotonin 5HT1A Receptor Ligand Compounds
In contrast to FP-TZTP, the class of serotonin compounds based onWAY100635 (N-(2-(1-
(4-(2-methoxyphenyl)piperazinyl)ethyl))-N-(2-pyridinyl)cyclohexanecarboxamide) Fig. (5)
demonstrated a significant species difference. This example demonstrates the utility of
metabolite information to guide radioligand design. WAY-100635 was developed as a
radioligand for static measurement of 5-HT1A receptor distribution in the human brain
utilizing PET in patients with psychiatric and neurological disorders, such as anxiety,
depression, and Alzheimer’s disease [29]. This compound was first radiolabeled with an 11C
methyl group on the phenolic methyl position [30]. A radiometabolite was observed in the
brain and identified as WAY100634 [31, 32], which was the result of amide hydrolysis. This
radiolabeled metabolite was problematic in that it displayed specific receptor mediated
uptake as well as non-specific uptake. With the knowledge of this metabolite formation, the
radiolabel was moved into the cyclohexanecarboxylate portion of the structure with the
expectation that the radiolabeled metabolite would be a polar carboxylic acid. Amide
hydrolysis by metabolic enzymes, presumably located in liver, formed [11C]cyclohexane-
carboxylic acid as the primary radiometabolite, which gained only transient and low access
to brain [31]. The location of the radiolabel in the carboxyl carbonyl resulted in a much
improved carbon-11 labeled radiopharmaceutical. In an effort to reduce the amide
hydrolysis, one research group has reported preparing more hindered amide groups than
cyclohexanecarboxamide [33]. Another analogous radioligand, (R)-[11C]RWAY [14], was
developed that displays an amide that resisted enzymatic hydrolysis. (R)[11C]RWAY gave
blood and urine radiometabolites that were less lipophilic than the parent molecule [34–36].

We developed [18F]fluorine analogues of WAY100635 in order to evaluate the potential
benefits of the longer-lived radionuclide and to evaluate the use of ligands with slightly
lower affinity and slower pharmacokinetics that may be sensitive to endogenous ligand
concentration. Placing the fluorine in the cyclohexane ring resulted in formation of different
isomers. We examined the relationship between structure and metabolism [9, 10, 37, 38].
The first four compounds, prepared both chemically and radiochemically, were 4-cis, 4-
trans, 3-cis, and 3-trans isomers of N-{2-[4-(2-metho-xyphenyl)piperazinyl]ethyl}-N-
(pyridin-2-yl) -fluorocyclohexane-carboxamides (FCWAY’s) Fig. (5) [10]. The higher
affinity 4-trans-[18F]FCWAY was most promising for measuring receptor density given its
high hippocampus to cerebellum ratio in rat, whereas 3-cis-[18F]FCWAY could be sensitive
to competition by endogenous serotonin ligand due to the lower affinity and faster clearance
from the brain [9].

The in vitro hepatocyte metabolism of 4-trans-FCWAY revealed a very complex mixture of
metabolites Fig. (6) [39]. Both rat and human species showed common pathways of
oxidation, de-fluorination, and dealkylation. In addition, human hepatocytes showed amide
hydrolysis. Oxidation with formation of a phenol was the major metabolic pathway for rat
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hepatocytes and amide hydrolysis was the major metabolic pathway for human hepatocytes.
The position of the oxidation was suggested based on LC/MS/MS. The phenolic metabolite
was identified based on the fact that the daughter ion containing the anisole ring had an
increase of 16 mass units compared to the daughter ion of parent FCWAY. It is important to
point out that many of the metabolites no longer contain fluorine. For imaging purposes,
only radiolabeled metabolites are of concern.

The 4-trans-[18F]FCWAY was studied extensively by us in rhesus monkeys and eventually
applied to human studies. The metabolite 4-trans-fluorocyclohexane carboxylic acid was
found to have a very low uptake into the brain, but uptake sufficient that correction of the
PET data for its presence in the brain improved the statistical fit to the pharmacokinetic
model [37]. Metabolic de-fluorination of [18F] fluoride was not insignificant and presented
no problems in PET data interpretation in the rhesus monkey. However in human, the higher
amount of defluorination, probably due to the higher amount of amide hydrolysis, coupled
with a thicker skull caused spill-over of radioactive counts into the brain from the skull
uptake. This created difficulties in interpretation of PET data when the brain region of
interest was located near the skull (i.e. cortex) but not with brain regions farther from the
skull. We utilized our knowledge of the structure of the metabolites to develop a procedure
to extract parent FCWAY into 20% ethyl acetate in hexane from pH 12.5 buffer, leaving the
major radiolabeled metabolites, 4-fluoro-cyclohexanecarboxylic acid and the phenol in the
aqueous phase layer Fig. (7) [25]. Therefore, we can determine parent concentration in
plasma using a single extraction by counting the radioactivity of organic phase which
contained only parent compound. The parent fraction obtained from this extraction
procedure was used to generate the metabolite corrected plasma input function for analyzing
PET imaging data according to mathematical models [33, 40].

The extraction procedure has advantages over chromatography for the parent concentration
because of its simplicity and speed. The expectation is that clinical plasma samples may not
contain sufficient mass for detection and quantification. For quantitative analysis,
radioactivity is the more sensitive detection method. HPLC flow radioactivity detectors are
typically not sensitive enough for plasma extract samples, particularly at late time points
following injection. Thus, radioactivity counting requires the use of a gamma counter and
the parent radioligand quantification will require an efficient separation from radiolabeled
metabolites. Standard analytical HPLC separation and fraction collection was necessary
prior to gamma counting. The validated extraction procedure allows more samples to be
processed and counted compared with standard HPLC during the short half-life of F-18 and
C-11 radioisotopes. With continued improvements in HPLC/MS sensitivity, this technique
may eventually prove superior to extraction.

We further evaluated the metabolism of 3-cis and 3-trans-FCWAY in rat, monkey and
human hepatocytes and obtained similar profiles and species differences as observed with 4-
trans-FCWAY [6]. The metabolism of this class of compounds undergoes a transition from
aromatic oxidation to amide hydrolysis as the major metabolic pathway as one progresses up
the species ladder from rat to human. In human, hydrolysis of the amide linkage was the
major metabolic pathway. In monkey, both pathways (oxidation and amide hydrolysis) were
observed.

We also examined 4-fluorobenzamide analogues, FBWAY, FPWAY, and MeFBWAY Fig.
(5), because arylfluorides tend to resist defluorination [41]. These in vitro metabolism
studies indicated that hydrolysis of the amide linkage was the major metabolic pathway for
FPWAY and FBWAY in human hepatocytes, whereas aromatic oxidation is the major
metabolic pathway for MeFBWAY. The unique metabolite that was observed in these
compounds was O-demethylation of the aromatic methoxy moiety. The comparative
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metabolic rate, measured by decrease in parent compound, in human hepatocytes was
FPWAY > FBWAY > MeFBWAY. In rat hepatocytes, aromatic oxidation was the major
metabolic pathway for all three analogs and the rate was similar for all of the analogues.

In rat, monkey and human hepatocyte assays, the relative rate of defluorination was 4-trans
= 4-cis ≈ 3-trans ≫ 3-cis-FCWAY ≈ FBWAY. This result corresponds well with in vivo
bone uptake studies. Based on our results with this short series of WAY analogues,
defluorination seems to correspond to the amount of amide hydrolysis leading us to
hypothesize that defluorination proceeds from the fluorocyclohexane carboxylic acid. The
low defluorination of the aromatic acids was expected based on previous literature and the
low defluorination of cis-3-fluoro was not predicted.

In order to demonstrate the potential for metabolite quantification of FPWAY in vivo, we
analyzed plasma and brain tissue extracts following i.v. administration to rats using a MRM
mass scanning procedure. The plasma extracts obtained at 30 min exhibited mass spectral
signals consistent with parent compound (A), oxidation (B), amide hydrolysis metabolites
(C), and demethylation (D) (Fig. (8)) as expected from our previous metabolism study. In
this same experiment, extracts of the rat brain presented mass spectral signals consistent
with parent FPWAY, oxidation, and demethylation metabolites.

Radiolabeled Paclitaxel
Paclitaxel (PAC) is a complex diterpene natural product that has application as a
chemotherapeutic agent in a number of solid tumors [42]. However, the P-glycoprotein (P-
gp) efflux pump reduces the effectiveness of paclitaxel in treating some tumors.
Measurement of the in vivo concentration of a positron-emitting PAC derivative in tumors
could non-invasively predict, prior to chemotherapy, therapeutic efficacy. The derivative
[18F]-Paclitaxel ([18F]FPAC) was sensitive to the presence or absence of P-gp in knockout
mice and sensitive to administration of XR9576, a P-gp modulator in monkeys [43, 44].

Metabolism studies of [18F]FPAC, [76Br]BPAC and [124I]IPAC were conducted using
cryopreserved hepatocytes from rat and human tissue. In human hepatocytes, [18F]FPAC
parent compound represented approximately 50% of the radioactivity after 4 h. A single
radioactive metabolite was observed that represented the remainder of the radioactivity. This
metabolite is believed to be the known 6-hydroxy paclitaxel analog by analysis of daughter
ions by HPLC/MS/MS. [76Br]BPAC and [124I]IPAC showed the same profile with a single
metabolite that is also consistent with hydroxylation. The t1/2 for parent compound was 172,
408, and 547 min for [18F]FPAC, [76Br]BPAC, and [124I]IPAC, respectively.

In rat hepatocytes, three metabolites were observed for each of the radioligands (Fig. (9)).
The major metabolite, in the case of FPAC was identified as N-(4-fluorobenzoyl)
phenylisoserine (4), product of hydrolysis of the C-13 ester of paclitaxel. The other
metabolites were the products of hydroxylation (2) and de-acylation (3). The rates of
metabolism were similar for [76Br]BPAC and [124I]IPAC, with calculated t1/2 values of 277
and 270 min, respectively. The fluoro analogue was metabolized more rapidly, as observed
in human hepatocytes, with a t1/2 of 194 min.

Radiometal Complexes of Azamacrocycles
Radiometals are of significant interest for PET radiochemistry; they exhibit a variety of half-
lives and positron energies that are complimentary to the more common radioisotopes.
Labeling with metals requires the use of a bifunctional chelating group that provides for
attachment to biological targeting molecules and chelation of the metals. The
azamacrocycles are very often used as chelators for radiometals such as Cu-64 as they
provide highly stable complexes. The stability of the metal chelate in vivo is of high
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importance as the exchange of the metal leads to background radioactivity emissions in an
analogous fashion to the metabolic loss of F-18 that has been described above.

An LC-MS methodology for separation and characterization of radiometal-labeled
complexes would be advantageous because of the requirement of high sensitivity for
detection and characterization of these radiometal complexes at or near the tracer level [45].
Incorporation of the metal into the desired ligand may be confirmed by comparing the
retention times of radiolabeled species with the appropriately characterized natural metal
complexes confirmed by LC-MS. This radio-LC-MS approach was used to confirm the
identities of 99mTc-Sestamibi [46] and other 99mTc radiopharmaceuticals [47, 48], a process
that is usually achieved at the tracer level only indirectly by assessment of RP-HPLC
retention times. Boswell et al. [45] described the confirmation of the formation of
desired 64Cu-azamacrocyclic complexes at the tracer level, identification of 64Cu-labeled
impurities, and investigation of the extent of 64Cu-azamacrocyclic complex metabolism in
vivo.

The metabolic fates of the 64Cu-labeled azamacrocycles Fig. (10) were investigated by
analysis of samples extracted following in vivo administration to rats. This was
accomplished by analysis of liver extracts obtained from rats at 4 h following intravenous
injection of highly concentrated (5 mg/mL) carrier-added 64Cu-CB-TE2A (4,11-
bis(carboxymethyl)-1,4,8,1-tetraazabicyclo[6.6.2] hexadcane) or 64Cu-TETA (1,4,8,11-
tetraazacyclotetradecane-1,4,8,11-tetraacetic acid). The liver extracts were analyzed by
radio-HPLC-MS. Because the HPLC elution times of 64Cu-TETA and 64Cu-CB-TE2A were
extremely sensitive to the concentration of the injection, LC/MS was essential in identifying
the chemical species eluting with the radioactivity. The resulting radioactivity and LC/MS
chromatograms indicated that 64Cu-TETA was metabolized to a significant extent in rat
liver while a significant proportion of 64Cu-CB-TE2A remained intact.

The Use of LC/MS to Evaluate Biodistribution
The value of LC-MS as a complementary research tool to evaluate the primary
biodistribution of PET radiotracers has been demonstrated. The extremely high sensitivity of
newly developed LC/MS equipment allowed quantitative determination of the distribution
of radiopharmaceuticals in target tissue at injected masses similar to the radiotracer level
[49]. Because LC/MS analyzes the stable nuclides, samples could be stored and used to
conduct metabolite assays at a later time; this is not possible using radiodetection of short-
lived PET radionuclides. In addition, analyses may be conducted multiple times with the
same sample to provide more precision and accuracy. High sensitivity and high resolution
LC/MS instrumentation has been applied in PET radiopharmaceutical development to
provide quantitative measurement of the mass of radiotracers extracted from tissues of rats
[50, 51].

We employed the highly sensitive Waters Q-TOF premier MS coupled with an Acquity
UPLC system to demonstrate that LC-MS can generate ex vivo biodistribution data for the
5-HT1A PET ligand FPWAY without the need to radiolabel45. Quantitative measurement of
parent compound concentration in various tissues by LC-MS, following an administered
mass dose of 1 nmol/250 g rat, was compared with quantitative data obtained by gamma
counting of co-injected radioactive [18F]FPWAY (0.5–1 mCi/250 g rat, specific acitivity).
The six regions of rat brain [hippocampus (Hp), cortex (Cx), cerebellum (Cb), caudate (Cd),
brain stem (BS), and thalamus (Th)] and plasma (P) were processed for quantitative
measurement of parent compound concentration by LC-MS. The data were converted to (A)
the differential uptake ratio DUR (%ID/g × body weight/100) and (B) the brain tissue-
specific binding ratio [(DURtissue/DURcerebellum) − 1] to allow direct comparison with data
obtained by gamma counting of the coinjected radioactive [18F]FPWAY Fig. (11). The
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cerebellum had the lowest uptake because it has no 5-HT1A receptor, therefore cerebellum
served as the reference tissue for specific binding. The brain tissue specific uptake ratios and
binding ratio determined by the two methods differed by less than 20% and was determined
to be not significant [paired t-test, p>0.05]. The differential uptake ratio (DUR) and the brain
tissue specific binding ratio calculated using the LC-MS method showed a high degree of
correlation with the values obtained by standard radioactivity measurements of co-injected
[18F]FPWAY. This concordance demonstrates the high sensitivity of LC/MS and validates
LC/MS as a new tool for evaluating biodistribution of potential new molecular imaging
probes.

CONCLUSIONS
The development of radiopharmaceuticals for PET is complicated by the short half-lives of
the radionuclides, the very low dose administered to animals for in vivo imaging, and the
complex sample matrices provided by tissue extraction. Because LC/MS is generally more
sensitive than UV detection and more selective than online γ-radioactivity detection, the
technique has been employed in the evaluation of PET radiopharmaceuticals. Hepatocytes
from various species were used to generate metabolites of PET radiotracers and LC/MS was
employed to analyze the resulting mixtures. LC/MS data can be used to probe species
variations in both the identity of metabolites and the rate of metabolism. The combination of
LC and MS/MS can provide both structural information for identification of metabolites and
high selectivity for accurate quantitation. Knowledge of the metabolites’ structures can be
used to design radiotracers that have improved properties with respect to stability and
biodistribution. Finally, analysis of in vitro hepatocyte incubations with LC/MS provides an
efficient and sensitive method for screening radiotracer candidates without the need for
radiolabeling.
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ABBREVIATIONS

PET Positron emission tomography

LC/MS Liquid chromatography/mass spectrometry

ADMET Absorption, distribution, metabolism, excretion, and toxicity

QWBA Quantitative whole-body autoradiography

NIMS Nanostructure initiator mass spectrometry

MALDI MSI Matrix-assisted laser desorption/ionization mass spectrometric imaging

MRM Multiple reaction monitoring

BBB Blood brain barrier

DUR Differential uptake ratio

TLC Thin layer chromatography

FP-TZTP 3-(3-(3-fluoropropyl)thio)-1,2,5-thiadiazol-4-yl-1,2,5,6-tetrahydro-1-
methylpyridine

FCWAY N-{2-[4-(2-methoxyphenyl)piperazinyl]ethyl}-N-(pyridin-2-yl) –
fluorocyclohexanecarboxamide
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PAC Paclitaxel

P-gp P-glycoprotein

CB-TE2A 4,11-bis(carboxymethyl)-1,4,8,1-tetraazabicyclo[6.6.2]hexadcane

TETA 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
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Fig. 1.
In vitro metabolites of FP-TZTP upon incubation with hepatocytes (rat, monkey, and
human). Structures were determined by LC/MS/MS and compared with synthesized
standards. There were no significant species differences in the metabolite profile.
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Fig. 2.
Chromatograms of carrier-added 18F-FP-TZTP metabolites produced by 2-h incubation
using cryopreserved human hepatocytes. HPLC elution was monitored by online
radioactivity detector and ESI-MS. Top: MS TIC; bottom: on-line radioactivity.
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Fig. 3.
Quantitative extraction of parent FP-TZTP from its metabolites in plasma by a two-step two-
phase solvent system. (A) Radio-HPLC chromatograms of organic and aqueous phases of
(A) first extraction and (B) second extraction. The peaks are labeled with the proposed
structure.
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Fig. 4.
In vitro metabolites of fluoro xanomeline upon incubation with hepatocytes (rat, monkey,
and human). Structures were determined by LC/MS/MS and compared with synthesized
standards. There were no significant species differences in the metabolite profile.
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Fig. 5.
Structures of 5-HT1A receptor ligands and related compounds
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Fig. 6.
LC/MS chromatogram of t-4-FCWAY metabolites produced by 2-h incubation using
cryopreserved rat (A) and human (B) hepatocytes. Structures were determinate by LC/MS/
MS and compared with synthesized standards. t-OFCWAY was the major metabolite of rat
hepatocytes and WAY100634 was the major metabolite of human hepatocytes.
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Fig. 7.
(A) Radiochromatogram of carrier-added 18F-t-4-FCWAY metabolites after incubation with
human hepatocytes. Free fluoride and FC (4-trans-fluorocyclohexanecarboxylic acid) were
the major radiolabeled metabolites. (B) 18F-t-4-FCWAY standard.
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Fig. 8.
The metabolites of FPWAY in brain extract after intravenous administration with FPWAY
(110 nmol) and sacrificed after 30 min. The brains were removed and extracted with
acetonitrile (1:1; g:ml). The identities of the metabolites were determined by MRM of parent
compound (A: m/z 436/244), oxidation (B: m/z452/244), amide hydrolysis metabolites (C:
m/z 314/122), and demethylation (D: m/z 422/244).
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Fig. 9.
Radiochromatogram of 18F-Paclitaxel metabolites from rat hepatocytes.
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Fig. 10.
Structural comparison of H2CB-TE2A, H4TETA (top), and structural representations of the
corresponding 64Cu-labeled complexes based on solved crystal structures.
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Fig. 11.
The biodistribution studies of [18F]FPWAY. The six regions of rat brain [hippocampus
(Hp), cortex (Cx), cerebellum (Cb), caudate (Cd), brain stem (BS), and thalamus (Th)] and
plasma (P) were processed for quantitative measurement of parent compound concentration
by LC-MS. The data (black bar) were then converted to (A) the differential uptake ratio
DUR (%ID/g × body weight/100) and (B) the brain tissue-specific binding ratio [(DURtissue/
DURcerebellum) − 1] to allow direct comparison with data (white bar) obtained by gamma
counting of the coinjected radioactive [18F]FPWAY. The DUR and the brain tissue-specific
binding ratio calculated using the LC-MS method were highly correlated to the values
obtained by standard radioactivity measurements of [18F]FPWAY.
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