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1.1 Blood-brain barrier 

The brain is a vulnerable organ that is susceptible to damage when exposed to harmful 
substances from both in- and outside the human body.1 The blood-brain barrier (BBB) 
serves as a protective layer between the blood stream and the brain to control the influx 
of valuable nutrients and other molecules into the brain, whilst also controlling the 
efflux of breakdown products from the brain. The barrier is formed by endothelial cells 
with tight junctions that surround the cerebral blood vessels. The tight junctions make 
the BBB impermeable by preventing free paracellular passage of bigger molecules.2 
For molecules such as nutrients that need to be transported over the BBB, different 
transporter proteins, like specific amino acid transporters, glucose transporters and the 
super family called ATP-binding cassette (ABC) transporters are present in the BBB. 
The ABC transporter family consists of many subtypes that translocate their substrates 
across the BBB. As such, they play a major role in the efflux of drugs from the brain, 
even preventing them to enter the brain. 

1.2 P-glycoprotein

One of the most prevalent ABC transporters is P-glycoprotein (P-gp),3 which is an 
efflux transporter located on the apical side of the BBB, transporting its substrates 
from the brain back to the blood stream. P-gp has a wide variety of substrates, which 
show distinctive diversity in size, chemical structure and other chemical properties .4 
Altered P-gp function has been linked to different diseases.5 On the one hand, reduced 
function will lead to increased accumulation of unwanted molecules in the brain. This 
has, for example, been shown in Alzheimer’s disease with β-amyloid as an accumulating 
substrate of P-gp.6 On the other hand, increased P-gp function (overexpression and/or 
overactivity) makes it more difficult for compounds to reach the brain. This is the most 
likely cause of drug resistance in, for example, epileptic patients.7 To gain more insight 
into the function of P-gp, positron emission tomography (PET) could be used as an in 
vivo imaging tool.

1.3 Positron emission tomography

PET is a unique molecular imaging modality, which allows for non-invasive in vivo 
assessments of regional tissue function in the human body. It represents the most 
selective and sensitive (pico- to nano-molar range) method for imaging and measuring 
molecular pathways and interactions in vivo. 
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PET imaging is based on the radioactive decay of positron emitting radionuclides. Th ese 
radionuclides are unstable because of an imbalance between protons and neutrons in 
their nuclei. When a proton is converted into a neutron in such an unstable nucleus, 
a positron (β+) is emitted (Figure 1).  Within matter, a positron will be slowed down 
by surrounding electrons and ultimately it will combine with an electron. Almost 
immediately both particles will annihilate, resulting in the emission of two gamma 
photons of 511 keV that travel in opposite directions.

In a PET scanner, a ring of detectors surrounding the subject are able to detect the 
two (simultaneous) annihilation photons using coincident detection. In this way it is 
possible to identify the line of response, i.e. the line along which the original annihilation 
event took place. Finally, through image reconstruction, it is possible to generate a 3D 
representation of the distribution of the radioactivity (Figure 1).

Figure 1. Schematic representation of positron emi ssion tomography.
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The most important positron emitters, together with their characteristics, are listed in 
Table 1. 

Table 1: Commonly used PET radioisotopes. Adapted from.8 

Radionuclide Half-life, t1/2 Production Eβ
+

max (kEv) Max β+ range in H2O (mm)

11C 20.4 min 14N(p,α)11C 960 4.2
13N 9.97 min 16O(p,α)13N 1198 5.5

15O 2.04 min 15N(d,n)15O 1732 8.4
18F 110 min 18O(p,n)18F 634 2.4

89Zr 78.4 h 89Y(p,n)89Zr 902 3.8
124I 100 h 124Te(p,n)124I 1535, 2138 7.1, 10

1.4 PET tracers

Apart from the detection technique (scanner) itself, the radioactive labeled compound, 
c.q. the tracer, is the most important factor to make PET useful. PET tracers should 
be compounds that interact with a target at low concentrations in vivo. A successful 
strategy is to label existing, proven, pharmaceuticals or biological active molecules with 
radioactive isotopes. If the pharmaceuticals already contain one of the atoms from the 
table above, the non-radioactive isotope can be replaced by the radioactive one and the 
molecule will keep all its chemical properties, including interaction with the biological 
target. The main difference with the original pharmaceutical is that, in general, it will be 
administered at a much lower concentration, based on the very low detection thresholds, 
so no pharmacological effects like inhibition are likely to take place in vivo. 

Other parameters to take into account when developing a PET tracer for the CNS is its 
ability to reach the target,9 based on polarity and size of the compound (i.e. the ability 
to cross the BBB), biological stability and high target affinity. 

1.4.1 Advantages of fluorine-18 labeled PET tracers
Within this thesis, the development of a fluorine-18 labeled P-gp PET tracer, based 
on the current carbon-11 labeled tracer (R)-[11C]verapamil is described. Given the 
longer half-life (Table 1), an important advantage of fluorine-18 over carbon-11 labeled 
tracers is the possibility to transport them to hospitals without their own cyclotron. In 
addition, fluorine-18 has a decay profile with 97% b+ decay and 3% electron capture, 
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resulting in a high efficient use of the total radioactivity. Finally, it has low positron 
energy, facilitating high resolution PET.

1.5 Study aim and thesis outline

The aim of the research described in this thesis is the development of a fluorine-18 labeled 
PET tracer for P-glycoprotein and to obtain better understanding of the mechanisms 
behind the interaction of P-gp with its substrates and inhibitors. 

Chapter 2 gives an overview of the currently available clinical PET tracers for P-gp, 
listing their advantages and disadvantages. Chapter 3 described the synthesis and in vivo 
evaluation of two new fluorine-18 analogs of (R)-[11C]verapamil. 

A more advanced, in-depth study is performed in chapter 4, investigating the metabolic 
stability of new deuterium labeled analogs. Chapter 5 presents similarities and 
differences between results of in vitro and in vivo studies in relation to potential for P-gp 
PET tracers.

Finally, chapter 6 summarises the overall work and discusses future prospects within 
this field of research.
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2.1 Abstract

ABC transporters protect the brain by transporting neurotoxic compounds from the 
brain back into the blood. P-glycoprotein (P-gp) is the most investigated ABC (efflux) 
transporter, as it is implicated in neurodegenerative diseases such as Alzheimer’s disease. 
Altered function of P-gp can be studied in vivo, using Positron Emission Tomography 
(PET). To date, several radiopharmaceuticals have been developed to image P-gp 
function in vivo. So far, attempts to image expression levels of P-gp using radiolabeled 
P-gp inhibitors have not been successful. Improved knowledge of compound behavior 
towards P-gp from in vitro studies should increase predictability of in vivo outcome.
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2.2 Blood-Brain Barrier Function

The brain is protected from neurotoxic substances by the blood-brain barrier (BBB), 
a diffusion barrier between central nervous system (CNS) and circulation, which is 
composed of endothelial cells with tight junctions.1 It limits brain penetration of small 
molecules by passive diffusion and paracellular passage and, consequently, it protects 
the CNS from xenobiotics.2 Transcellular passage through the membrane of these 
endothelial cells is possible by selective transport (mainly from blood to brain) of, for 
example, amino acids, vitamins and sugars via their specific transporters.3 Active efflux 
transporters, driven by ATP, mediate the transport of structurally diverse compounds 
from brain to blood. The most prevalent ATP-binding cassette (ABC) transporters 
P-glycoprotein (P-gp), breast cancer resistance protein (BCRP) and multidrug resistance-
associated protein (MRP) 1 have been studied thoroughly over the last few decades.4 

2.2.1 P-glycoprotein 
P-gp is one of the most important ABC transporters located in the blood-brain barrier 
and acts as a xenobiotic efflux pump.5 P-gp is part of the protective function of the 
BBB by selective efflux of xenobiotics that have the ability to penetrate the BBB. It 
belongs to the family of ABC transporters and is an ATP-driven pump removing a 
wide diversity of compounds, its substrates, out of the cell. P-gp consists of 1280 
amino acids, is about 170 kDa and is expressed as a single chain with two homologous 
parts. Each of these parts contains six transmembrane (TM) domains and two ATP 
nucleotide binding domains (NBD) on the intracellular site.6 Substrates of P-gp bind 
to the protein through hydrophobic and aromatic interactions. Interestingly, no general 
chemical structure of a model substrate can be determined. Nevertheless, it should 
contain lipophilic or amphilic groups, electronegative groups and hydrogen bonding 
groups and have a molecular weight of more than 400 Da, with substrates up to 4000 
Da having been identified.7,8

The molecular mechanism of transportation of different substances exported from the 
BBB by P-gp has been investigated intensively. There are several theories about this 
transport (Figure 2). The first one is based on the ‘pore model’ where the substrate 
associates with P-gp at the cytosolic site and is transported out of the brain through 
an open barrel formed by the twelve TM domains of the protein, supported by ATP. 
The substrate is only situated in a hydrophilic environment, since the pore shields the 
substrate from the lipid bilayer. The second theory is based on the ‘flippase’ model, 
claiming the opposite mechanism to the ‘pore model’, where the substrate is absorbed 
by the lipid bilayer by passive diffusion. At the cytosolic site of the membrane, P-gp 
recognizes the substrate and works as a flippase to transport the substrate from the 
cytosolic site of the membrane to the luminal site.9 The third and last model, the 
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‘hydrophobic vacuum cleaner’, proposes an interaction with the lipid bilayer. Th e 
substrate is located in the cytosolic site of the lipid bilayer by passive diff usion and 
is taken up by P-gp and transported to the lumen.10 In the vacuum cleaner model, a 
conformational change takes place when ATP is bound to the intracellular nucleotide-
binding domain. Without ATP binding, P-gp forms a single barrel with a central pore 
through the cellular membrane with its two homologous transmembrane domains. It is 
open at the extracellular face of the membrane and closed at the cytoplasmic surface.11

Upon ATP binding, the conformation of the barrel changes into three diff erent domains, 
one of which stretches through the entire membrane. Th is allows entry from the inner 
leafl et of the lipid bilayer and could indicate that substrates are transported from the 
bilayer to be extruded by P-gp instead of a direct transport through an ATP-driven pore. 
ATP hydrolyses and P-gp returns to its original state when ADP is released from the 
NBD.10 P-gp takes its substrates directly from the lipid bilayer and pumps them out of 
the brain. Th is could explain the large range of substrates with diff erent properties being 
transported by P-gp.

a b c

Figur e 1. Schematic representation of diff erent P-gp transport models: a) the pore model b) the fl ippase 
model, and c) the ‘hydrophobic vacuum cleaner’ model. 
(Protein Data Bank: 3G61)

Th e transport function of P-gp can be blocked by inhibitors. Th is blocking mechanism 
is, just like the transport mechanism, not fully understood. Inhibition could be caused 
by i) occupation of P-gp by a stronger substrate with higher affi  nity for P-gp than other 
substrates, so that the latter cannot be transported anymore, ii) fast passive diff usion 
through the membrane back into the brain, thereby canceling out net effl  ux, iii) 
alteration of lipids in the membrane, or iv) inhibition of ATPase activity.10,12
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The first two modes of inhibition are based on compounds that can be transported by 
P-gp, but obstruct the efflux of other substrates because of its higher affinity for P-gp or 
slower transport by P-gp, keeping P-gp occupied. The third option considers substrates 
that seem to alter the lipid membrane and might prevent conformational changes of P-gp, 
blocking its function.13 The last option refers to actual inhibitors, which are considered 
not to be transported by P-gp, but rather are bound to P-gp. By binding, they interfere 
with interaction of substrates with P-gp and prevent binding of ATP with NBDs, 
resulting in blocked function of P-gp.14 All these options result in decrease function of 
P-gp, however, the first three options could also behave as substrates, depending on the 
circumstances, like concentration of the substrate. The last option would be considered 
a real inhibitor, as it binds to P-gp and blocks its function.

2.2.2 Breast cancer resistance protein
BCRP, encoded by the ABCG2 gene, is another important ABC transporter present 
in the BBB.15 BCRP is a transmembrane protein, consists of 655 amino acids and is 
about 75 kDa.  Different from P-gp in its structure, it only possesses one NBD and six 
TM segments (Figure 3).16 Dimerization is required for expressing activity. Despite the 
different mechanism of action between P-gp and BCRP, some substrates are transported 
by both. Several cases are reported where P-gp and BCRP are able to take over the 
function of the other transporter or where both transporters amplify each other’s action. 
This is shown in studies of brain uptake of substrates in Mdr1a/1b(-/-), Bcrp1(-/-) and 
Mdr1a/1b(-/-)Bcrp1(-/-) mice, where the highest uptake is seen in triple knockout mice, 
and the lowest or even negligible uptake in single knockout animals.17–19 

Expression levels of both BCRP and P-gp in the BBB are thoroughly discussed in the 
literature. For understanding brain diseases and their relationship to ABC transporters, 
until recently, the main focus has been on P-gp, as it is the most abundant ABC 
transporter in the rodent brain. However, a quantitative study measuring protein 
expression levels with LC-MS from isolated human brain microvessels, showed 1.34-
fold higher BCRP expression levels compared with P-gp expression.20 A comparable 
study was performed in mice brain microvessels, showing that the expression of BCRP 
was only 31.3% of that of P-gp. This should be kept in mind when extrapolating animal 
experiments to humans.
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Figure  2. Schematic representation of three diff erent ABC transporters. P-glycoprotein (P-gp) consists of 
two homologous parts and each of these parts contains six TM segments and two NBDs on the intracel-
lular site. Breast cancer resistance protein (BCRP) only possesses one of these homologous parts with one 
NBD and six TM segments. Th e tertiary structure of multidrug resistance-associated protein 1 (MRP1) 
is similar to P-gp, but contains an additional N-terminal domain, with fi ve TM segments. Adapted from 
Löscher et al. 20052

2.2.3 Multidrug resistance-associated proteins
Another ABC transporter family that has been identifi ed are the multidrug resistance-
associated proteins (MRPs).21 Th e tertiary structure of MRPs is similar to P-gp, except 
for MRP1, MRP2, MRP3 and MRP6, which contain an additional N-terminal 
transmembrane domain. MRP1, encoded by the ABCC1 gene, was found to be 
overexpressed in the multidrug resistant cancer cell line H69AR that did not express 
P-gp and was proven to play an important role in drug and xenobiotic disposition in 
normal cells.22,23 MRP1 is the only family member that is localized at the BBB and it is 
associated with drug resistance in brain diseases. Some substrates of P-gp are transported 
by MRP1 as well.2,24

2.3 Role of BBB in neurodegenerative diseases

2.3.1 Overexpression of ABC transporters
ABC transporters were discovered to be the underlying biological reason for multidrug 
resistance in cancer therapy.5,25 In addition to cancer, multidrug resistance is also observed 
in 20-40% of patients that suff er from brain diseases like epilepsy, schizophrenia and 
depression.26 It has been reported in several studies that P-gp is overexpressed at both 
mRNA and protein levels in tissue of epilepsy patient, compared to non-epileptic tissue.27
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Overexpression of the ABC transporters in the endothelial cells of the BBB is strongly 
associated with multidrug resistance of the brain. When a prescribed therapeutic drug 
is a substrate of the ABC transporters, it is transported out of the brain and will find 
difficulties to reach the desired therapeutic concentration. In case of overexpression of 
the transporters, a higher efflux rate is accomplished and therefore substrates of the 
transporters show even lower concentrations in the brain. It has been shown that 
anti-epileptic drugs like phenytoin are substrates of P-gp, implying that P-gp plays an 
important role in multidrug resistance in epilepsia.27

2.3.2 Reduced expression of ABC transporters
The opposite of ABC transporter overexpression is observed in neurodegenerative 
diseases. Dysfunctioning of the BBB leads to reduced expression of ABC transporters in 
the endothelial cells and could raise different problems in the brain. When transporters 
show lower expression levels, substrates that are normally transported out of the brain 
at a certain rate to maintain desired concentration, will accumulate. This could be 
neurotoxic and harmful and could lead to different kinds of brain diseases.

The most common neurodegenerative disorder related to the CNS is Alzheimer’s 
disease (AD), the major cause of dementia. Although aging plays a role in AD, the exact 
mechanism behind the disease remains unknown. Pathologically, it is known that tangles 
and senile plaques accumulate in the brain. Senile plaques are composed of beta amyloid 
(Aβ) peptides, which are abundantly present in the brain of AD patients. Studies on 
efflux transporters showed that Aβ peptides are transported by P-gp.8 Reduced P-gp 
expression at the BBB has been observed in immunohistochemistry of human brain 
tissue of AD patients compared with healthy controls. Reduced P-gp expression could 
play a role in the accumulation of Aβ peptides.28 

Parkinson’s disease (PD) is another neurodegenerative disorder and again the biological 
mechanism behind the phenotype is not completely understood today. PD is 
characterized by increased cell apoptosis in dopamine generating cells.29 The damage 
to the dopamine producing cells might be caused by accumulation of different and 
unknown toxins in the brain. Accumulation could be caused by dysfunction of the BBB 
and decreased function of P-gp has been proposed as a cause of the high concentration 
of the toxins in the brain.3 However, conflicting results have been reported from studies 
investigating P-gp function in PD patients.30,31
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2.4 PET Imaging

To study the potential role of P-gp in diseases such as AD and PD, ideally a non-
invasive in vivo method is needed that enables the investigation of brain function before 
on-set of clinical symptoms. Starting treatment at an early stage of the disease may 
prevent irreversible damage to the brain. A method to assess fluctuations in expression 
or function of ABC transporters provide information about the pathophysiological 
mechanisms underlying these diseases and serve as a non-invasive diagnostic tool. A 
non-invasive method to image brain function in vivo is the use of Positron Emission 
Tomography (PET) with appropriate radiopharmaceuticals. These radiopharmaceuticals 
are labeled with positron emitting radionuclides such as carbon-11 (half-life: 20.4 min) 
or fluorine-18 (half-life: 109.8 min). As these radiopharmaceuticals are administrated in 
nanomolar concentrations, no pharmacological effects that would affect the biological 
processes under study are expected. 

2.4.1 Radiopharmaceuticals for P-gp function
2.4.1.1 (R/S)- and (R)-[11C]verapamil 
Verapamil was one of the first carbon-11 labeled radiopharmaceuticals that was 
developed for investigating P-gp in vivo (Figure 4).32,33 Although, the original compound 
was designed to be a calcium-channel blocker, it was shown to be a P-gp substrate.34 

Figure 3. Chemical structures of radiolabeled P-gp substrates.

At first, the racemic mixture of [11C]verapamil was used for PET studies. However, the 
(R)-enantiomer of [11C]verapamil is metabolically more stable than the (S)-isomer33,35 
and the use of a single isomer is essential for quantification of P-gp function. In vivo 
studies in rats showed low brain uptake of (R)-[11C]verapamil in healthy rats, which 
would be expected for a substrate P-gp. In addition, after administering the P-gp 
inhibitor tariquidar, brain uptake increased up to 12-fold compared with the untreated 
rats.36 When this study was repeated in humans, only a 1.2-fold higher brain uptake 
was observed.37 This lower, but significant, increase in brain uptake could be due to the 
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relatively low dose of tariquidar used (2mg/kg i.v. vs 15 mg/kg i.v. in rats). However, 
when considering plasma concentrations this likely is not the only reason. It might 
imply differences in both inhibition and function of P-gp between humans and rats. 
This species difference was more comprehensively tested in rats and humans at doses of 
tariquidar (15 mg/kg i.v. and 6 mg/kg i.v., respectively) that showed the highest brain 
uptake, resulting in an 11-fold increase in brain uptake in rats and a 2.7-fold increase 
in humans.38

A disadvantage of (R)-[11C]verapamil is the formation of labeled metabolites, which 
also act as P-gp substrates. A possible solution around this problem is the use of the 
metabolite itself as a P-gp radiopharmaceutical. D-617, the main metabolite of (R)-
[11C]verapamil, has indeed been labeled with carbon-11 and tested in vivo with co-
administration of inhibitor.39 [11C]D617 showed similar kinetics as (R)-[11C]verapamil 
in untreated rats, but only showed a 2-fold higher brain uptake in treated animals 
compared with the >10-fold higher brain uptake of (R)-[11C]verapamil, indicating that 
[11C]D617 is a weak P-gp substrate.

In rats, metabolites were formed primarily by N-demethylation, resulting in polar 
radiometabolites that are considered not to enter the brain. When tested in humans, 
however, the metabolic profile was different from that in rats with radiometabolites 
being formed by N-dealkylation, resulting in [11C]D617. To properly quantify the 
PET signal, the contribution of radiometabolites in the brain should be taken into 
account.40 To circumvent this problem, initially it was proposed to only estimate the 
rate of influx (K1) over the first 10 minutes, at which time the effects of radiolabeled 
metabolites should still be negligible.41 However, K1 might not fully reflect changes in 
P-gp function, as it also depends on perfusion. If [11C]verapamil enters the brain, but is 
directly transported back to the blood, the most important parameter should be k2, the 
rate of efflux. As it was difficult to measure k2 accurately, the volume of distribution VT 
has been used instead.42 Using extensive simulation studies, it was shown that kinetics of 
verapamil and D617 appeared to be similar and stable VT results could be obtained by 
pooling (R)-[11C]verapamil and [11C]D617 in both plasma and tissue.40 
(R)-[11C]verapamil has been the most common radiopharmaceutical used for investigating 
P-gp function in the BBB, often in combination with a non-labeled inhibitor. It has been 
used in clinical studies to assess P-gp function in PD, AD and normal aging.43 Different 
studies with PD patients showed conflicting results. A pilot study comparing five PD 
patients with five healthy controls using racemic [11C]verapamil PET scan showed an 
18% increase in VT in the midbrain.31 However, when the study was repeated using 
(R)-[11C]verapamil in ten PD patients, no significant difference in VT between patients 
and controls was observed. In the second study, patients were included with an earlier 
stage of PD than in the first study, which might indicate that P-gp function is altered 
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only at later stages of PD.30 This was investigated further in a follow-up study, where 
patients with different stages of PD were included. As expected, advanced PD patients 
showed increased (R)-[11C]verapamil uptake in frontal white matter regions compared 
with healthy controls. In early stage PD patients, however, decreased P-gp function was 
not observed, indicating that P-gp function might not be involved in the onset of the 
disease.30

(R)-[11C]verapamil PET study was performed in a group AD patients and the P-gp 
function at the BBB was compared with age matched healthy volunteers. A 23% global 
increase in (R)-[11C]verapamil binding potential was observed in the AD patients 
compared with healthy controls. In addition, 33% increased uptake in smaller regions 
like posterior cingulate cortex was observed.44 These results were confirmed in another 
PET study that showed a reduction of P-gp activity of nearly 50% in the parietotemporal 
and posterior cingulate cortices of mild AD patients compared with healthy controls.45 
Both studies strongly indicate decreased function of P-gp in AD patients.

Aging by itself could affect P-gp function. A study with (R)-[11C]verapamil showed brain 
uptake of in two different age groups, observing a significant increase in VT in the elderly 
group.46 These results indicate decreasing function of P-gp with increasing age, which 
was confirmed and extended by other studies.47,48 Additionally, a study was performed 
including three different age groups with both men and women. Male subjects showed 
significant increase in VT between young (21-27 years) and middle (42-50 years) aged 
groups, and young and elderly (57-69 years) aged groups. However, in young female 
subjects a higher VT was observed compared with young male subjects. Interestingly, in 
female subjects, no significant difference was observed between young, middle or elderly 
aged groups. These results suggest different patterns of aging, related to differences in 
P-gp function, between men and women.49

2.4.1.2  [11C]Loperamide and [11C]-N-Desmethyl-Loperamide
To circumvent the main disadvantage of (R)-[11C]verapamil (i.e. radiolabeled 
metabolites), other potential radiopharmaceuticals for P-gp function have been 
investigated. Loperamide was developed as an opiate receptor agonist and was used in 
the treatment for diarrhea, amongst others. No side effects in the central nervous system 
were observed, indicating that the brain may be protected from this compound by the 
BBB. It was hypothesized that loperamide may be substrate of P-gp, which was confirmed 
by an in vivo study using low concentrations of [3H]loperamide in combination with 
known inhibitors.50 
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[11C]loperamide has been used as a PET radiopharmaceutical to monitor P-gp function 
in both animals and humans. Its major metabolite, [11C]-N-desmethyl-loperamide ([11C]
dlop) also behaves as a P-gp substrate (Figure 4). In contrast to its parent compound, 
[11C]dlop only showed minor levels of radiometabolites entering the brain.51 Therefore, 
[11C]dlop is favored over [11C]loperamide, also because [11C]dlop is highly selective for 
P-gp. A clinical study showed a 4-fold increase in brain uptake of [11C]dlop in patients 
treated with tariquidar at 6 mg/kg i.v.52 This increase in humans is larger than for [11C]
verapamil. A potential drawback of [11C]dlop is its low brain uptake at baseline, which 
makes it difficult to measure increased P-gp function, as this would be accompanied by 
an even lower brain uptake.

To date, [11C]dlop is used in inhibitor co-administration experiments to study P-gp 
function at the level of the BBB, especially in PD and AD patients. It is, however, not 
useful for studies in epilepsy, where brain uptake is too low for reliable quantification, 
especially in case of overexpression of P-gp.53

2.4.1.3 [11C]phenytoin
Over decades, phenytoin has been used as an anti-epileptic drug.54 Phenytoin is known 
to be a weak substrate of P-gp, and therefore was expected to have higher baseline brain 
uptake. This is desirable for detecting overexpressing of P-gp, which would result in a 
lower brain uptake compared with baseline levels.

[11C]phenytoin was synthesized using an improved method and it was tested in vivo 
(Figure 4).55,56 In normal rats it showed a two times higher brain uptake compared with 
(R)-[11C]verapamil. Blocking with tariquidar (15 mg/kg i.v.) resulted in only a moderate 
increase of 50% in the brain uptake, while for (R)-[11C]verapamil this could lead to a 
12-fold increase. These results confirm the behavior of a weak substrate for P-gp. [11C]
phenytoin is more likely able to detect an increase in P-gp function, translated into a 
measurable decrease in brain uptake assessed by PET and is currently tested in the clinic. 
(M.S. Mansor, R. Boellaard, E.D.M. Bakker, F.E. Froklage, M. Yaqub, R.A. Voskuyl, et 
al. unpublished data) 

2.4.2 Radiopharmaceuticals for P-gp expression
2.4.2.1 [11C]laniquidar
The P-gp radiopharmaceuticals mentioned in the previous section are able to image 
decrease in function of P-gp. However, the low brain uptake in healthy controls makes 
it difficult to detect increased function or overexpression of P-gp, as this leads to even 
lower brain uptake resulting in very low signal to noise ratios. To measure (increased) 
P-gp expression, the radiopharmaceutical should bind to P-gp and consequently studies 
have focused on radiolabeled P-gp inhibitors.57
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Laniquidar inhibits P-gp as demonstrated by various in vitro and in vivo models. Safety 
and pharmacokinetics were investigated in healthy subjects.58 The combination of oral 
laniquidar and docetaxel, an anticancer drug and confirmed P-gp substrate, was shown 
to be safe at the dose levels used.59. Given this profile, laniquidar, a so-called third-
generation inhibitor, was labeled with carbon-11 (Figure 5) to assess whether it could 
be used as a tracer of P-gp overexpression. Unfortunately, laniquidar did not show the 
expected brain uptake in in vivo studies. In fact, brain uptake was lower than that of 
(R)-[11C]verapamil.60 This was not due to metabolism, as the rate of metabolism of [11C]
laniquidar was low in rats. Thirty minutes after injection, still 68% of radioactivity 
in plasma was due to parent [11C]laniquidar. The most likely explanation for its low 
brain uptake could be that, at tracer levels, laniquidar behaves as a substrate rather than 
an inhibitor. Rats were pretreated with the cold inhibitor cyclosporine A and, after 
injection of [11C]laniquidar, increased brain uptake was observed. This clearly indicates 
substrate behavior. 

Figure 4. Chemical structures of radiolabeled P-gp inhibitors.

Moerman and coworkers61 also looked into this issue, by performing in vivo experiments 
with the same dose of labeled [11C]laniquidar, but in the presence of different levels of cold 
laniquidar. It was confirmed that laniquidar behaves as a substrate at lower concentration, 
tracer levels (≤0.025 mg/kg body weight). When the carrier was added and the total dose 
was increased (60 mg/kg i.v.), laniquidar started to show inhibitory effects. In the control 
group with knockout mice, no significant difference in brain uptake was observed between 
non-carrier and carrier treated mice. In summary, it seems that, at lower (0.025-5 mg/kg) 
concentrations, laniquidar acts as a substrate for P-gp at the BBB.61
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[11C]laniquidar was tested in humans and showed rapid metabolism. After 10 minutes, 
only 50% of radioactivity in plasma was due to parent [11C]laniquidar. Quantitative 
modelling suggested that the labeled metabolites enter the brain. Nevertheless, a reliable 
model could still be made in the first 3 minutes of PET data.62

2.4.2.2 [11C]elacridar
Originally, elacridar was described as a specific P-gp inhibitor, but when BCRP was 
discovered, many studies reported an inhibitory effect also on BCRP, indicating that 
elacridar is not specific to P-gp.63

Elacridar was labeled with carbon-11 (Figure 5) and tested in healthy rats with increasing 
doses of unlabeled elacridar. In addition, studies were performed in wild type, P-gp 
knockout and BCRP knockout mice.64 Brain uptake of [11C]elacridar in untreated 
rats was low, but increased 5.4-fold after i.v. administration of 5 mg/kg elacridar. P-gp 
knockout and BCRP knockout mice showed 2.5-fold and 1.3-fold higher brain uptake 
than wild type mice, respectively. It was concluded that [11C]elacridar was a high-affinity 
binding tracer that was unable to cross the BBB. However, in line with the findings for 
[11C]laniquidar, substrate behavior of [11C]elacridar at tracer levels, cannot be excluded. 
Remarkably, BCRP knockout mice showed only a small increase in brain uptake of 
[11C]elacridar, suggesting that elacridar is more specific for P-gp transport than thought 
previously.

2.4.2.3 [11C]tariquidar
Tariquidar was shown to be good P-gp inhibitor in an in vitro assay in combination 
with the anti-cancer drug and P-gp substrate paclitaxel.65 It was claimed to be a non-
competitive P-gp inhibitor and no substrate behavior towards P-gp was observed in cell 
assays.66 Clinical trials in combination with anti-cancer drugs showed an increase in 
positive treatment outcome.67

Since tariquidar had already been tested in humans, radiolabeled tariquidar could easily be 
translated into clinical trials. Tariquidar was successfully labeled with carbon-11 (Figure 5) 
and in vivo studies were performed in rats.68 First, rats were injected with [11C]tariquidar 
and treated with carrier tariquidar (15 mg/kg i.v.) or elacridar (5 mg/kg i.v.). Before 
treatment with pharmacological concentrations of inhibitor, no uptake in the brain was 
observed.  Immediately after administration of carrier tariquidar or elacridar, activity in 
the brain increased by 2.9-fold and 4.3 fold, respectively. Again, this could indicate that 
tariquidar behaves as a P-gp substrate, in contrast to findings from previous studies.66 An 
in vivo study with wild type, P-gp knockout, BCRP knockout and triple P-gp/BCRP 
knockout mice and injection of [11C]tariquidar showed no brain uptake in the wild type 
mice. Compared with wild type mice, blood-to-brain ratios were 3.4, 1.8 and 14.5-fold 
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higher in P-gp, BCRP and triple P-gp/BCRP knockout mice, respectively. This was in 
line with the rat study and confirms substrate behavior of tariquidar. In addition, these 
results showed that [11C]tariquidar is a substrate for both P-gp and BCRP. The triple 
knockout mice show brain uptake greater than the sum of the individual P-gp and 
BCRP knockout mice, which could point to cooperation between the ABC transporters. 

These results were further interrogated using an in vitro study with tariquidar at 
different concentrations.69 Tariquidar was tested in a calcein-AM assay in P-gp 
and BCRP overexpressing cell lines, where higher accumulation of the fluorescent 
transporter substrate calcein-AM indicates blocking of the expressed transporter. No 
increased uptake of calcein-AM was observed at 10 nM of tariquidar, but at higher 
concentrations of 100nM and 1µM, accumulation of calcein-AM was observed in the 
P-gp overexpressing cell, indicating inhibition of P-gp efflux. The same results were 
obtained for the BCRP overexpressing cells. These results indicated a concentration 
dependent inhibition of both BCRP and P-gp by tariquidar. 

In another cell assay, tariquidar has been labeled with tritium (3H) to be able to 
detect lower concentrations of tariquidar and test its possible substrate behavior 
towards P-gp or BCRP. Uptake of [3H]tariquidar (1nM) was measured in different 
cell-lines, overexpressing P-gp or BCRP. BCRP overexpressing cells showed decreased 
accumulation compared with the parental cell line, indicating substrate behavior at low 
concentrations. However, [3H]tariquidar showed higher uptake in P-gp overexpressing 
cells compared with the parental cell line. It was hypothesized that this increased uptake 
was due to binding of [3H]tariquidar to P-gp. On the other hand, potential binding did 
not inhibit P-gp function, as shown by the calcein-AM assay. One explanation could be 
that P-gp function is so fast, that even when a lot of the total P-gps is inhibited, there is 
still sufficient capacity for an overal efflux function. Alternatively, BCRP could interfere 
by pumping tariquidar out of the cell. 

Bankstahl and colleagues performed a comprehensive study on the behavior of both 
tariquidar and elacridar as radiopharmaceuticals combining in vitro and in vivo studies 
and using different concentrations in these experiments.70 In both in vivo and in vitro 
assays, P-gp, BCRP and triple P-gp/BCRP knockout models were used together with a 
known inhibitor for P-gp and/or BCRP. The double knockout model was used to ensure 
that there was no compensatory increase in activity of the other transporter when one 
was knocked out. This approach ensured that each behavior of the radiopharmaceuticals 
in different environments would be noticed and verified. 
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In the in vivo studies, both [11C]tariquidar and [11C]elacridar showed limited brain 
uptake at tracer levels in wild type as well as in P-gp and BCRP knockout mice. In the 
triple knockout model efflux of the radiopharmaceuticals from the brain was blocked, 
indicating that both elacridar and tariquidar are substrates for P-gp and also for BCRP, 
at least at tracer doses. After co-administration of carrier (15 mg/kg i.v. for tariquidar 
and 5 mg/kg i.v. for elacridar), increased uptake in the brain was visible in all mice, 
except for the triple knockout, suggesting inhibitor behavior towards both P-gp and 
BCRP at higher concentrations. 

The results were confirmed with in vitro assays, using known inhibitors as control 
condition. Accumulation of 1 nM [3H]elacridar or [3H]tariquidar was lower in cells 
overexpressing mouse mdr1a, human MDR1 or Bcrp1 compared to wild type. Uptake 
was increased significantly when the specific inhibitor was added to the medium, proving 
substrate behavior for both tracers at low concentrations. When a higher concentration 
(1 μM) of [3H]elacridar or [3H]tariquidar was used, no difference in cell accumulation 
was noticed between wild type and P-gp overexpressing cells, and subsequently between 
untreated and inhibited cells, indicating inhibitor behavior towards P-gp. [3H]elacridar 
showed similar behavior in BCRP overexpressing cell, but [3H]tariquidar needed a 
concentration of 5 μM to fully inhibit transport by BCRP. The results again support 
that elacridar and tariquidar behave as substrates at nanomolar levels and as inhibitors at 
micromolar levels of P-gp and BCRP.

Despite these disappointing results in vivo, both [11C]elacridar and [11C]tariquidar were 
tested in healthy subjects to measure P-gp density in the human brain.71 As expected, 
low brain uptake of the radiopharmaceuticals was observed, and after treatment with 
tariquidar (3 mg/kg i.v.) no significant increase in brain uptake was seen. This could 
be explained by the dual P-gp/BCRP substrate behavior of the radiopharmaceuticals. 
Although tariquidar inhibits both transporters, the corresponding dose required for 
inhibition is different. Therefore, most likely, BCRP was not inhibited at a dose of 3 
mg/kg tariquidar and would still transport the radiopharmaceuticals.

To date, no compound has been described that inhibits P-gp or BCRP at nanomolar 
concentrations or that binds with high affinity to one of the transporters. These 
properties really are necessary to measure P-gp density or expression in the brain using 
PET. Nevertheless, the current radiopharmaceuticals such as [11C]tariquidar and [11C]
elacridar could still be used in the clinic to evaluate the relationship between P-gp and 
BCRP at the human BBB.



Chapter 2

32

2.5 Future developments

The currently available radiopharmaceuticals targeting P-gp can definitely be improved. 
[11C]verapamil is a valid P-gp substrate and could be utilized to study P-gp function in 
clinical trials in combination with co-administration of known P-gp inhibitors at high 
concentrations. However, radiolabeled metabolites that also show substrate behavior for 
P-gp remain a problem for quantitative PET results.

The baseline uptake level of [11C]verapamil is low and therefore not suitable for detecting 
an increase in P-gp function. Radiopharmaceuticals with higher baseline brain uptake 
would be better suited to detect these changes. [11C]phenytoin already showed a lower 
baseline uptake level compared with [11C]verapamil and further research is needed to 
confirm the suitability as a radiopharmaceutical for imaging increased P-gp function.

To explore the expression of P-gp in for example disease models, a compound that 
inhibits P-gp or binds to the protein is needed. This would be a key requirement in 
the development of a diagnostic radiopharmaceutical to measure the expression levels 
of P-gp and to be able to couple these levels to a possible onset of neurodegenerative 
diseases, which would allow for earlier treatment. The assumed inhibitors laniquidar, 
tariquidar and elacridar behave like substrates at low concentrations and they also are 
not specific for P-gp. It has been hypothesized that higher binding affinities (KD) are 
needed for inhibitors to be able to image P-gp expression levels.72 In the latter study, Bmax 
(protein density) of P-gp was estimated for the brain. Although the expression level of 
P-gp in brain capillaries themselves is high, the total volume of capillaries in the brain is 
very low, leading to a rather low total Bmax of P-gp (1.3 nM). It follows that, based on the 
assumption that the receptor-radioligand binding potential (Bmax/KD) should be >5-10, 
the affinity of an inhibitor has to be in the picomolar range.73

The proper selection of lead compounds begins with increased knowledge of the 
mechanisms of P-gp efflux and sufficient in vitro assays to predict in vivo outcome. To 
define the best correlation between in vitro and in vivo data, several points must be taken 
into account. Firstly, the expression level of P-gp in different cell lines affects the behavior 
of compounds and, consequently, obtained data needs to be normalized to expression 
level. Secondly, the difference in human and mouse P-gp should be taken into account. 
An in vitro assay using different cell lines expressing either the human MDR1a/b gene 
or the mouse mdr1a/b gene will act as a good control. Next, the affinity of potential 
compounds for other transporters like BCRP or MRP1 has to be considered. In vitro, as 
well as in vivo, the behavior of compounds must be tested in a knockout environment. 
Finally, the most important characteristic to be investigated is the behavior at different 
concentrations of the compound. As mentioned above, proposed P-gp inhibitors 
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such as tariquidar, behaved as an inhibitor in in vitro assays but in vivo PET studies 
did not shown the expected higher brain uptake. A simple explanation is the higher 
concentration used for the (non-labeled) in vitro assay. At higher concentrations, P-gp 
can be occupied by the inhibitor and be blocked. In vitro assay should be carried out 
at the same concentration as used in PET studies to be able to predict in vivo behavior. 
These low, but detectable concentrations are possible with tritium labeled analogs of the 
compounds tested. 

To date, new radiopharmaceuticals have been reported in preclinical studies that seem 
to behave differently and might be binding to P-gp. [11C]MC18 was tested in rats and 
showed a higher baseline brain uptake compared with [11C]verapamil. This uptake 
decreased by 23% after treatment with higher concentrations of MC18 (15 mg/kg 
i.v.) indicating saturation of and binding to P-gp.74 These properties are essential for 
measuring expression levels of P-gp, but a disadvantage of MC18 is its low specific 
binding in the brain, making quantification more difficult. Therefore, the search for an 
inhibitor with a higher affinity for P-gp is still open.

Other interesting results have been reported with a new radiopharmaceutical, the 
4-[18F]fluoro analog of (Z)-2-(5-fluoro-2-oxoindolin-3-ylidene)-N-(4-methoxyphenyl)
hydrazine-carbothioamide. In vivo tests suggest that this compound behaves as a 
non-transported P-gp inhibitor. Untreated rats already showed high brain uptake, 
and this remained unchanged following treatment with tariquidar (15 mg/kg i.v.).75 
These results are hopeful, but further studies are needed to assess its potential as a P-gp 
radiopharmaceutical.

In the development of new P-gp radiopharmaceuticals, another important feature would 
be to have a fluorine-18 labeled compound. Because of the longer half-life of fluorine-18 
compared to carbon-11, P-gp PET could be applied in hospitals lacking radiochemistry 
facilities. This would be even more important for development of a radiopharmaceutical 
that would be utilized as a diagnostic tool for patients with AD since many hospitals 
have PET, but only a few have radiochemistry facilities.

2.6 Conclusion

PET has proven to be a powerful method to investigate and measure the function of 
ABC transporters, and their role in the development of neurodegenerative disease such 
as AD. It is important that the radiopharmaceutical is specific for P-gp to give reliable 
PET results. (R)-[11C]verapamil is the most widely used P-gp radiopharmaceutical for 
assessing P-gp function and showed clinical relevance in AD patients. There is, however, 
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still scope for improvement as uptake of labeled metabolites is a complicating factor for 
quantification. 

A radiopharmaceutical that binds to P-gp is needed to measure P-gp expression, but 
to date, no successful radiopharmaceutical has been reported yet. Presumed inhibitors 
show substrate behavior at the low tracer concentrations. Dose-dependent in vitro 
studies starting at nanomolar concentrations could give a more reliable prediction for 
in vivo behavior. 

If from these ongoing studies a P-gp binder at low nanomolar concentrations could be 
selected, this radiolabeled compound could be used with PET as a diagnostic tool to 
determine expression levels of P-gp and the corresponding state of a neurodegenerative 
disease. However, this remains a distant prospect as the exact function of P-gp in these 
diseases still needs to be evaluated further and PET could play a pivotal role in these 
developments.
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3.1 Abstract

P-glycoprotein is an efflux transporter located in the blood-brain barrier. (R)-[11C]
verapamil is widely used as a PET tracer to investigate its function in patients with 
epilepsy, Alzheimer’s disease and other neurodegenerative diseases. Currently it is not 
possible to use this successful tracer in clinics without a cyclotron, because of the short 
half-life of carbon-11. We developed two new fluorine-18 labeled (R)-verapamil analogs, 
with the benefit of a longer half-life. The synthesis of (R)-N-[18F]fluoroethylverapamil 
([18F]1) and (R)-O-[18F]fluoroethylnorverapamil ([18F]2), has been described. [18F]1   
was obtained in reaction of (R)-norverapamil with the volatile [18F]fluoroethyltriflate 
acquired from bromoethyltosylate and a silvertrilate column with a radiochemical 
yield of 2.7 ± 1.2%. [18F]2 was radiolabeled by direct fluorination of precursor 13 and 
required final Boc-deprotection with TFA resulting in a radiochemical yield of 17.2 
± 9.9 %. Both tracers [18F]1 and [18F]2 were administered to Wistar rats, and blood 
plasma and brain samples were analyzed for metabolic stability. Using [18F]1 and [18F]2, 
PET scans were performed in Wistar rats at baseline and after blocking with tariquidar, 
showing a 3.6 and 2.4-fold increase in brain uptake in the blocked rats, respectively. In 
addition, for both [18F]1 and [18F]2, PET scans in Mdr1a/b(-/-), Bcrp1(-/-) and WT mice 
were acquired, in which [18F]2 showed a more specific brain uptake in Mdr1a/b(-/-) mice 
and no increased signal in Bcrp1(-/-) mice. [18F]2 was selected as the best performing 
tracer and should be evaluated further in clinical studies. 
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3.2 Introduction

The blood-brain barrier (BBB) is a diffusion barrier between the central nervous system 
and the circulation that protects the brain from entrance of neurotoxic substances. 
Endothelial cells with tight junctions prevent paracellular passage. Transcellular passage is 
possible by selective transport of, for example, amino acids, vitamins, and sugars via their 
specific transporters.1 ATP-binding cassette (ABC) transporters constitute an important 
transporter family at the BBB with the most investigated ones being P-glycoprotein 
(P-gp/ABCB1) and breast cancer resistance protein (BCRP/ABCG2). Both are ATP 
dependent efflux transporters, mediating the transport of structurally diverse compounds 
from brain to blood, and share some substrates. Research supports that P-gp function is 
diminished in Alzheimer’s disease, causing accumulation of β-amyloid, in the brain.2 On 
the other hand, several studies have shown increased P-gp function in epilepsy patients, 
causing drug resistance.3 A number of studies have used positron emission tomography 
(PET) to investigate the function of P-gp with radiolabeled substrates. The most widely 
used PET tracer for P-gp is [11C]verapamil, originally a calcium channel blocker, but 
also a substrate of P-gp.4 In early studies it was used as a racemic mixture, but later it was 
shown that the (R)-enantiomer had better in vivo stability than the (S)-isomer and the 
use of a single isomer is essential for quantification of P-gp function.5 In a clinical PET 
study using (R)-[11C]verapamil, (mild) AD patients showed 50% reduced P-gp function 
in brain regions related to AD compared with healthy, age-matching controls.6 

Although (R)-[11C]verapamil has shown its usefulness in clinical research, it has 
several drawbacks. Metabolite studies have shown that N-dealkylation of the parent 
compound results in the radiolabeled metabolite [11C]D617, which turned out to be 
a P-gp substrate as well. Metabolite formation could disturb the PET image when 
the radiolabeled metabolites interact with P-gp in a different matter than the parent 
compound and makes quantification challenging. To circumvent this problem, [11C]
D617 itself was investigated as a P-gp tracer.7 In vivo studies, however, showed lower 
affinity of [11C]D617 for P-gp than (R)-[11C]verapamil and therefore it was not be a 
satisfactory substitute. The aspect of (R)-[11C]verapamil we want to tackle is the use 
of the isotope carbon-11, with the short half-life of 20 minutes. Although, the rapidly 
decaying isotope gives the opportunity for multiple PET scans in one day with the same 
object, it is only possible to perform studies with the PET tracer at a facility in close 
proximity of a cyclotron. A fluorine-18 labeled PET tracer would give the opportunity to 
investigate P-gp in almost all facilities in possession of a PET scanner. Besides transport, 
a longer half-life gives the opportunity for longer scan time and multiple patient batches 
out of one tracer production. The energy of the positron emission of fluorine-18 is lower 
compared with carbon-11 and results in a lower range and better resolution of the PET 
image.
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Recently, some new fluorine-18 labeled P-gp PET tracers have been developed. [18F]
Gefitinib, originally an epidermal growth factor receptor inhibitor and a substrate for 
P-gp and BCRP,8 was used in a study to examine drug-drug interactions at the BBB. 
However, again this is not a specific P-gp tracer, since it is also transported by BCRP.9 In 
another comprehensive study of Sander et al., fluorine-18 labeled tracers were used in a 
new approach to metabolically activate a dual P-gp/BCRP substrate. Although the proof-
of-concept was successful, slow rates of enzymatic conversion towards the prodrug tracer 
did not give the anticipated results.10 Another study proposed three new fluorine-18 
labeled P-gp tracers. Only one of the three showed P-gp substrate functionality in vivo 
although all tracers were evaluated as substrates in vitro.11, 12

Whilst these studies are all attempts to label a substrate of P-gp, to image the expression 
levels of P-gp in relevant brain regions, an inhibitor of binding ligand is needed. Two 
fluorine-18 labeled P-gp tracers were based on analogs of the P-gp inhibitors tariquidar 
and elacridar. 1-[18F]fluoroelacridar showed excessive defluorination in vivo and was 
not further developed.13 [18F]fluoroethylelacridar and [18F]fluoroethyltariquidar showed 
P-gp substrate behavior in vivo, with a small increase in brain uptake for Mdr1a/b(−/−) 
mice, but much higher for Mdr1a/b(−/−)Bcrp1(−/−) mice, indicating that they were 
substrates for both P-gp and BCRP.14 Therefore, the tracers could not be used for the 
intended purpose of quantification of P-gp function.

To date, no fluorine-18 labeled P-gp tracer is available for clinical use. Since (R)-
[11C]verapamil has shown its value in multiple clinical studies, the purpose of the 
present study was to investigate two novel fluorine-18 analogs of verapamil, (R)-N-
[18F]fluoroethylverapamil ([18F]1) and (R)-O-[18F]fluoroethylnorverapamil ([18F]2), as 
tracers of P-gp function.

3.3 Results & Discussion

3.3.1 Chemistry 
The aim of this study was to develop a new fluorine-18 labeled P-gp substrate, therefore 
two verapamil analogs containing a fluoroethyl group were investigated. The two 
different positions of the fluoroethyl group were chosen in order to investigate the effect 
on pharmacokinetics and metabolism. For [18F]1, the fluoroethyl group was placed on 
the original position of the [11C]methyl group on the amine. To make [18F]2 less prone 
to metabolism, one of the methoxy groups was replaced with the fluoroethyl group, 
keeping in mind that the average bond enthalpy between a C-O bond is higher and 
therefore stronger than a C-N bond.15 The metabolic pathway of [11C]verapamil has 
been studied thoroughly16 and its main metabolite is norverapamil, with the [11C]methyl 
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group cleaved off resulting in polar radioactive metabolites (Scheme 1). In addition, the 
formed metabolite [11C]D617 of [11C]verapamil, was proven to be a substrate of P-gp,7 
and it is assumed that the 18F-analog of D617 would also act as a substrate of P-gp.17 The 
formation of radioactive metabolites could provide an (unknown) background signal to 
the PET images and, therefore, make quantitative interpretation of PET data difficult 
if not impossible. To circumvent these issues, the [18F]fluoroethyl group was placed on 
the phenol that is not part of D617, at the same time removing the methyl group on the 
amine to avoid the first metabolic step towards norverapamil, since this is a substrate of 
P-gp as well.17

Scheme 1. Metabolic pathway of [11C]verapamil as adapted from Luurtsema et al.18 The two proposed 
P-gp PET tracers with likely positions for metabolic cleavage are depicted at the bottom of the schematic.

It is known that the (R)-enantiomer of verapamil is less prone to metabolism, has 
lower affinity for the calcium channel and shows better pharmacokinetics than the (S)-
enantiomer.5, 18 Therefore, the (R)-enantiomer of the precursor and reference compound 
of [18F]2 were synthesized. To avoid the use of expensive starting materials or chiral 
HPLC purification, the method of Gilmore et al. was used.19 (Schemes 2 and 3) Using 
this method, the (R,S/R,R)-diastereomer intermediate 10 is synthesized, which enables 
stereochemical purification by flash column chromatography, in batches up to multiple 
grams. After purification of the (R,R)-intermediate, acidic hydrolysis and periodate 
cleavage of the resulting diol, gave (R)-aldehyde 11. Elongation of aldehyde 11 was 
executed through a Wittig reaction followed by acidic hydrolysis to (R)-aldehyde 12. 
The second difficulty occurred during the reductive amination between obtained 
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(R)-aldehyde 12 and amine 7. The secondary amine was formed, but could not be 
purified. The reaction did not proceed efficiently due to formation of a by-product 
by intermolecular substition, with tosylate acting as leaving group to form a dimer, 
as identified by MS. To prevent this undesirable side-reaction, the Boc protection was 
carried out immediately after work-up of the reductive amination, without reducing the 
volume of solvent. With a yield of 44% over the reductive amination and Boc protection, 
this is a viable method to synthesize (R)-precursor 13. The reference compound 2 was 
synthesized from aldehyde 12 and amine 8 containing the fluoroethoxy group.

 

Scheme 2. (a) Boc2O, Et3N, MeOH, r.t., 2h (b) synthesis of 5: Ethylene di(p-toluenesulfonate), K2CO3, 
KI, DMF, r.t., 3h; synthesis of 6: 1-bromo-2-fluoroethane, K2CO3, KI, DMF, 75°C, 18h (c) TFA, DCM, 
r.t., 1h

Scheme 3. (a) NaH, DMF, 65°C, 3h, (R)-2,2-dimethyl-1,3-dioxolan-4-ylmethyl 4-methylbenzene-
sulfonate, 65°C, 18h, flash column chromatography; (b) AcOH, H2O, r.t., 18h; (c) NaIO4, NaHCO3, 
CH2Cl2, r.t., 4h; (d) MeOCH=PPh3, THF, -80°C to r.t., 4h; subsequently: p-TSA, i-PrOH, H2O, 80°C, 
3h; (e) synthesis of 2: 8, NaBH(OAc)3, Na2SO4, MeOH, r.t., 18h; synthesis of 10: (i) 7, NaBH(OAc)3, 
Na2SO4, DCE, r.t., 18h; (ii) Boc2O, Et3N, EtOAc, r.t., 1.5h;

precursor of [18F]1, (R)-norverapamil, was kindly donated by Abbott Laboratories and 
therefore the synthesis of the reference compound of [18F]1 was straightforward. (R)-
norverapamil was alkylated with 1,2-bromofluoroethane to obtain reference compound 1. 
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3.3.2 Radiochemistry 
Although its precursor was readily available, the radiochemical synthesis of [18F]1 was 
more challenging. Radiolabeling of (R)-norverapamil to obtain [18F]1 was first pursued 
by fluorinating bromoethyltosylate to give bromo[18F]fluoroethane ([18F]15), which 
was distilled into a second vial containing a solution with 3 mg (R)-norverapamil 17 
and 1.6 mg K2CO3 that was heated to 120 °C in MeCN. However, for the second 
step, only 0.5% conversion was observed on HPLC. Therefore, a silvertriflate oven 
was introduced, to conduct volatile bromo[18F]fluoroethane conversion into [18F]
fluoroethyltriflate ([18F]16), substituting the bromine for a stronger leaving group, and 
this intermediate was bubbled through the precursor solution (Scheme 4). This resulted 
in higher conversion and when the solution was also stirred to improve solubility of 
K2CO3, the final reaction conditions were achieved, resulting in an overall yield of 
2.4 ± 1.4%, a specific activity of 143 ± 88 GBq/µmol and a radiochemical purity of 
>99%. The yield of [18F]1 was still lower than expected, which is mainly caused by poor 
trapping of activity in the second reaction vial after distillation. Nevertheless, sufficient 
activity was obtained for preclinical studies. For [18F]2, the precursor synthesis was 
designed to prevent this problem by addition of a tosyl group for direct fluorination, 
followed by Boc-deprotection (Scheme 5). No optimization was required for animal 
experimentation and the overall yield was 14.3 ± 6.8 %, with a specific activity of 151 ± 
74 GBq/µmol and a radiochemical purity of >99%.

Scheme 4. (a) 18F/K2.2.2/K
+, DMF, 90°C, 15 min; (b) AgOTf, 200°C, 15 min; (c) [18F]fluoroethyltriflate, 

K2CO3, MeCN, 120°C, 15 min

Scheme 5. (a)18F/K2.2.2/K
+, MeCN, 90°C, 5 min; (b) TFA, 20°C, 10 min
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3.3.3 Biodistribution
Th e biodistribution of [18F]1 in Wistar rats shows a relatively slow washout from the 
blood pool and other related organs and low brain uptake, presumably caused by the 
effl  ux transport of P-gp (Figure 1). Since bone uptake was low and did not increase 
over time, defl uorination of the tracer appears to be absent. Diff erent behavior in rats 
was observed for [18F]2, with lower brain uptake (compared with [18F]1) and high 
initial uptake in kidney and lung, which decreases over time. Th is is similar to the 
biodistribution of [11C]verapamil.20 In some cases, high lung uptake can be explained 
by perfusion, which is related to the activity in plasma. However, the blood values for 
[18F]2 are even lower than [18F]1, therefore this could not be concluded. [18F]2 is not 
prone to defl uorination based on its low bone uptake.

Figure 1. Biodistribution of [18F]1 and [18F]2 in selected organs. Data are expressed as percentage injected 
dose per gram tissue (%ID/g).
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3.3.4 Metabolite analysis
Metabolite analyses of both tracers were performed in healthy Wistar rats, 5, 15 and 
60 min after tracer injection, and the results are shown in Table 1. For both tracers, the 
parent tracer was found in the non-polar fraction and was identified by HPLC. The 
metabolite analysis showed a rapid rate of metabolism in rats for both PET tracers. The 
main metabolite fraction was the polar metabolites. Since bone uptake is not observed 
in the PET scans (vide infra) and biodistributions, the polar metabolites are not products 
of defluorination. Therefore, the high polar fraction consists of metabolites most likely 
formed via cleavage of the fluoroethyl group. 

For [18F]1, the metabolic pathway is expected to be similar to [11C]verapamil, which 
gives nor-verapamil as the main metabolite, next to polar mono-carbon labeled ones 
like [11C]formaldehyde, [11C]formic acid and [11C]carbon dioxide (Scheme 1). The 
high polar fraction observed in the metabolite analysis of [18F]1 indicates that the 
[18F]fluoroethyl group is even more prone to metabolism than the [11C]methyl group, 
resulting in [18F]fluoroacetaldehyde, and other small oxidized fractions. Furthermore, a 
peak, likely corresponding to [18F]fluoroethyl labeled D617, was observed in the non-
polar fraction on HPLC. This presumably can act as a substrate of P-gp, similar to 
[11C]D617, which could interfere with the PET signal when it interacts with P-gp in a 
different matter than the parent tracer.

With this in mind, it was expected that [18F]2 would show a lower rate of metabolism, 
since this first metabolic step is avoided by eliminating the amine bound methyl group 
in the designed structure. However, this effect was not observed and high polar fractions 
were measured. Possible enzyme cleavage sites are the [18F]fluoroethyl group and the 
amine bound alkyl groups, with the latter being less sterically hindered in the secondary 
amine compared with a tertiary amine (Scheme 1). Labeled metabolites will not be 
analogs of D617, since that part of the molecule was not labeled with fluorine-18. 
Therefore, it is unlikely that labeled metabolites are substrates of P-gp. 

It was shown that metabolism of [11C]verapamil was less rapid in humans compared 
with rats. While only 28.1 ± 2.7% of the total activity in the rat plasma was parent tracer 
at 60 min,21 in humans it was 45 ± 9%.22 Therefore we anticipate that while tracers 
[18F]1 and [18F]2 are metabolized rapidly in rats, in humans this will likely be slower, but 
must be monitored during the translation of these tracers to humans. 
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Table 1: [18F]1 and [18F]2 and its radiolabeled metabolites in plasma and brain tissue (percentage of total 
radioactivity, mean ± SD) in Wistar rats. 

[18F]1 [18F]2

min plasma brain plasma brain

 parent tracer

5 46 ± 14% 41 ± 10% 20 ± 3% 26 ± 6%

15 19 ± 2% 14 ± 2% 8 ± 3% 17 ± 7%

60 3 ± 1% 2 ± 0.3% 4 ± 1% 6 ± 1%

 non-polar metabolites

5 5 ± 2% 5 ± 3%

15 9 ± 3% 5 ± 1%

60 5 ± 1% 3 ± 1%

 polar metabolites

5 49 ± 11% 75 ± 3%

15 71 ± 2% 87 ± 1%

60 92 ± 1% 93 ± 2%

brain metabolites

5 59 ± 10% 74 ± 6%

15 86 ± 2% 83 ± 7%

60 98 ± 0.3% 94 ± 1%

3.3.5 P-gp blocking study with tariquidar
Rats were treated with P-gp inhibitor tariquidar 30 min before injection of [18F]1 or 
[18F]2, a method in line with previous reports studying P-gp in rats.23 Brain uptake 
of [18F]1 was 3.6-fold higher than in the baseline scans (Figure 2a). The highest brain 
uptake was at 5 min. For [18F]2, a 2.4-fold higher brain uptake was observed in tariquidar 
treated animals compared with baseline brain uptake (Figure 2b). However, a difference 
was observed in pharmacokinetics between the two tracers. Whilst behavior of [18F]1 
was similar to that of verapamil, with an injection peak followed by washout over time, 
[18F]2 showed no injection peak, while both tracers were injected via a comparable 
bolus injection. Instead, a more steady time activity curve of [18F]2 resulted in higher 
activity levels at the end of the scan. It is likely that this difference is caused by the higher 
polarity of [18F]2, due to the secondary amine, as compared with the tertiary amine of 
[18F]1. This could lead to more difficult, thus slower, passive diffusion of [18F]2 through 
the BBB and therefore delayed interaction with P-gp. This is supported by the measured 
log D values of 2.08 and 1.61, of [18F]1 and [18F]2, respectively.
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Figure 2. Whole brain time-activity curves of [18F]1 and [18F]2 in Wistar rats at l baseline and n after 
treatment with tariquidar (15 mg/kg). 

3.3.6 PET imaging in Mdr1a/b(−/−) and Bcrp1(−/−) mice
Given that, at a dose of 15 mg/kg, tariquidar is known to be an inhibitor of both 
P-gp and BCRP,24, 25 another PET study using knockout animals was performed to 
assess the specifi city of the two tracers (Figure 3). To enable a direct comparison, a 
similar study was performed using (R)-[11C]verapamil (Figure 4). Unfortunately, as the 
HRRT scanner had just been decommissioned, the [18F]2 study in Mdr1a/b(−/−) mice vs. 
wild-type (WT) mice was performed using new PET/CT and PET/MR small animal 
scanners. Th is led to slightly diff erent results for the wild-type animals, compared with 
the Bcrp1(−/−) vs. wild-type mice study, probably due to diff erences in spatial resolution. 
Th erefore, TACs are presented separately in Figures 3a-d. Figures 3e and 3f represent the 
ratio of brain uptake in Mdr1a/b(−/−)/WT and Bcrp1(−/−)/WT for both [18F]1 and [18F]2, 
respectively, to normalize for the scanner diff erences. 

For both tracers, no signifi cant diff erences in brain uptake were observed between wild-
type and Bcrp1(−/−) mice, indicating that neither are BCRP substrates (Figures 3c,d). 
Both tracers showed increased brain uptake in Mdr1a/b(−/−) mice (Figures 3a,b). A 
smaller diff erence in brain uptake was noticed for [18F]1, with only a 1.4-fold higher 
brain uptake during the fi rst 10 minutes compared with wild-type mice. Th is is mainly 
due to high uptake in the wild-type animals, which suggests that [18F]1 is a poorer tracer 
of P-gp (Figure 3e) than [18F]2. For [18F]2, uptake in wild-type mice was similar to that 
of [11C]verapamil. Although metabolism of [18F]2 was even more rapid than that of 
[18F]1, [18F]2 in Mdr1a/b(−/−) mice showed steady brain uptake up to a 6.4-fold higher 
level than that in wild-type mice, reaching a SUV plateau of about 0.9 at the end of 
the scan. Th e slower increase in brain uptake could be due to the lower log D value and 
therefore diffi  culty in crossing the BBB. Th e irreversible kinetics of [18F]2 are in general 
not ideal for PET analysis. In this study, no blood samples were collected from mice, 
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therefore kinetic modelling was not possible. To obtain more insight in the relationship 
between the activity concentration in the blood and total brain uptake, blood data was 
collected from the scans.

As shown in Table 2, both [18F]1 and [18F]2 showed a higher brain-to-blood AUC 
ratio in Mdr1a/b(−/−)

 mice, compared with WT animals. However, [18F]1 also showed 
an increased brain-to-blood ratio in Bcrp1(-/-) mice. Since both compounds are close 
analogs of (R)-[11C]verapamil, which is a P-gp specific PET tracer, the dual P-gp/Bcrp 
PET tracer behavior of [18F]1 is an unexpected observation.

Table 2: Brain-to-blood AUC ratios
groups brain-to-blood  AUC ratios

[18F]1 WT 0.52 ± 0.05

Mdr1a/b(-/-) 0.98 ± 0.07

Bcrp1(-/-) 0.88 ± 0.06

[18F]2 WT 0.18 ± 0.04

Mdr1a/b(-/-) 0.75 ± 0.14

Bcrp1(-/-) 0.20 ± 0.02

In case of [18F]2, brain-to-blood AUC ratios were statistically significant (P < 0.05, 
Student’s t-test for paired data) for Mdr1a/b(-/-) vs. WT and Mdr1a/b(-/-) vs. Bcrp(-/-) 
animals. This was not the case for [18F]1 where the difference between Mdr1a/b(-/-) vs. 
WT mice and Bcrp(-/-) vs. WT mice were significant, but not that between Mdr1a/b(-/-) 
vs. Bcrp(-/-) animals.
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Figure 3. Time-activity curves of whole brain uptake of [18F]1 and [18F]2 in l wild-type (WT) mice n
Bcrp1(−/−) mice or Mdr1a/b(−/−) mice. [18F]1 in a) WT vs. Mdr1a/b(−/−) c) WT vs. Bcrp1(−/−) e) Ratio of 
both Mdr1a/b(−/−)  and Bcrp1(−/−) over WT. [18F]2 in b) WT vs. Mdr1a/b(−/−) d) WT vs. Bcrp1(−/−) f ) Ratio of 
both Mdr1a/b(−/−)  and Bcrp1(−/−) over WT. 
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The high Mdr1a/b(−/−)/WT ratio of [18F]2 over 60 min (Figure 3f ) shows a specific P-gp 
substrate at the same ratio of (R)-[11C]verapamil, which is confirmed by the significant 
differences of the brain-to-blood AUC ratios, despite the rapid rate of metabolism 
from the previous analysis (Table 1). Possible explanations are differences in expression 
of P-gp between species and the rate of metabolism in rats vs. mice.21, 26, 27 Another 
explanation of the stable TAC pattern of [18F]2, is found in the similarity with [11C]
dLop, another P-gp PET tracer, which was shown to be caused by acidic lysosomal 
trapping in the brain. This is possible for more basic radiotracers, like [18F]2 with the 
secondary amine, that have the ability to diffuse into lysosome and subsequently be 
protonated in the acid lysosomal interior.28 A third possibility is the effect of anesthesia 
on the different species and the different time frames (repeated anesthesia in rats vs. one 
time anesthesia in mice), which was not examined. However, in a paper of Wanek et al. 
mice were tested with (R)-[11C]verapamil under long and short period of time (160 and 
5 min, respectively) under anesthesia, and no significant effect was observed.27 Whilst 
this behavior is not fully explained for [18F]2, it does show specific brain uptake in 
Mdr1a/b(−/−) mice supporting its potential use as P-gp PET tracer.

Figure 4. a) Time-activity curve of whole brain uptake of [11C]verapamil in l wild-type (WT) mice 
(n=2) n Bcrp1(−/−) mice (n=3) or Mdr1a/b(−/−) mice (n=2). b) Ratio of both Mdr1a/b(−/−) and Bcrp1(−/−) over 
WT.

3.4 Conclusion

Both PET tracers showed substrate behavior in tariquidar treated rats with different 
patterns over time. Whilst [18F]1 showed higher initial uptake followed by faster 
washout, [18F]2 showed slower brain uptake. As tariquidar is an inhibitor of both BCRP 
and P-gp, the PET study in knockout mice showed that [18F]2 was more specific for 
P-gp, despite its fast rate of metabolism. As the rate of metabolism is species dependent 
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further studies in humans are needed to assess the potential of [18F]2 as a clinical PET 
tracer.  

3.5 Methods

3.5.1 General
Chemicals and solvents were purchased from commercial sources, Sigma-Aldrich 
(Zwijndrecht, the Netherlands), Fluorochem (Hadfield Derbyshire, UK), ABCr GmbH 
(Karlsruhe, Germany) and Biosolve (Valkenswaard, the Netherlands), without further 
purification unless stated otherwise. (R)-desmethyl-verapamil was kindly donated by 
Abbott Laboratories (IL, USA). Dichloromethane (DCM), dichloroethane (DCE), 
methanol (MeOH) and dimethylformamide (DMF) were dried over 3 Å molecular 
sieves for at least 24 h prior to use. Tetrahydrofuran (THF) was first distilled from 
LiAlH4 and then dried over 3 Å molecular sieves. Thin layer chromatography (TLC) 
was performed on Merck (Darmstadt, Germany) precoated silica gel 60 F254 plates. 
Spots were visualized by UV quenching or ninhydrin. Column chromatography was 
carried out either manually by using silica gel 60 Å (Sigma-Aldrich) or on a Buchi 
(Flawil, Switzerland) sepacore system (comprising of a C-620 control unit, a C-660 
fraction collector, 2 C601 gradient pumps and a C640 UV detector) equipped with 
Buchi sepacore prepacked flash columns. 1H and 13C nuclear magnetic resonance 
(NMR) spectra were recorded on a Bruker (Billerica, USA) Avance 500 (500.23 MHz 
and 125.78 MHz, respectively) with chemical shifts (δ) reported in ppm relative to the 
solvent. Electrospray ionization mass spectrometry (ESI-MS) was carried out using a 
Bruker microTOF-Q instrument in positive ion mode (capillary potential of 4500 V).

QC analysis was performed using an HPLC system of Jasco (Easton, MD, USA) 
containing a PU-2089 pump station equipped with a Varian Kromasil C18 column 
(10  μm, 250  ×  4.6  mm, EKA Chemicals AB or AkzoNobel, Sweden) using H2O/
MeCN/DIPA (40:60:0.2, v/v/v, method: A) as eluent, or Grace Alltima C18 column (5 
μm, 250 mm × 4.6 mm, Grace, Columbia, USA) using H2O/MeCN/DIPA (40:60:0.2, 
v/v/v, method: B) or H2O/MeCN/TFA (60:40:0.2, v/v/v, method: C) or H2O/
MeCN/TFA (30:70:0.2, v/v/v, method: D (intermediate)) as eluent at a flow rate of 
1 mL·min−1, with a Jasco UV-2075 UV detector (λ=232 nm) and a NaI radioactivity 
detector (Raytest, Straubenhardt, Germany). Chromatograms were acquired using 
Raytest GINA Star software (version 5.01). Semi-preparative HPLC was performed on 
a Jasco PU-2089 pump station equipped with Luna C18(2) column (10 μm, 250 mm 
× 10 mm, Phenomenex, California, USA)  using 5 mM K3PO4/MeCN (28:72, v/v, 
pH=10.0 method: E) or H2O/MeCN/TFA (60:40:0.2, v/v/v, method: F) as eluent at 
a flow rate of 4 mL·min−1, a Jasco UV-1575 Plus UV detector (λ =254 nm), a custom 
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made radioactivity detector and Jasco ChromNAV CFR software (version 1.14.01) for 
data acquisition.

Metabolite analysis was performed on Dionex (Sunnyvale, CA, USA) UltiMate 3000 
HPLC equipment with Chromeleon software (version 6.8). A LUNA C8 (5 βm, 250 
mm x 10 mm, Phenomenex) column was used (method F) using 5 mM NH4OAc/
MeCN (1:1, v/v, pH=4.2) as eluent at a flow rate of 3.5 mL/min.

3.5.2 Chemistry
(R)-2-(3,4-dimethoxyphenyl)-2-(((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3-
methylbutanenitrile (10)
To a stirred solution of 2-(3,4-dimethoxyphenyl)-3-methylbutanenitrile (9) (3.83 
g, 17.5 mmol) in 60 mL dry DCM was added sodium hydride (60% dispersion in 
mineral oil; 1.40 g, 34.9 mmol) and heated to 65°C. After 3 h the reaction mixture 
was cooled to room temperature, (R)-(2,2-dimethyl-1,3-dioxolan-4-yl)methyl 
4-methylbenzenesulfonate (5.00 g, 17.5 mmol) dissolved in 5 mL dry THF was added 
and the reaction mixture was stirred at 65°C overnight. The dark brown mixture was 
quenched with water, extracted into diethyl ether, organic layers were washed with 
water and brine, dried over Na2SO4 and the solvent was evaporated in vacuo. The crude 
product was purified by flash column chromatography (10-30% EtOAc/hexane) to 
yield the R,R-diastereomer 10 (3.96 g, 11.9 mmol, 68.1% yield) as a light brown oil. 
1H NMR (CDCl3) δ 6.95-6.83 [3H, m, CHAR], 4.03-3.92 [1H, m, CHO], 3.89 [3H, 
s, CH3O], 3.90 [3H, s, CH3O], 3.19 [1H, dd, J = 5.6 and 8.3 Hz, CH2O], 2.98 [1H, 
t, J = 7.9 Hz, CH2O], 2.65 [1H, dd, J = 4.6 and 13.8 Hz, CH2CHO], 2.15 [1H, 
sept, J = 6.7 Hz, CH(CH3)2], 1.90 [1H, dd, J = 7.7 and 13.6 Hz, CH2CHO], 1.36 
and 1.26 [3H each, s, C(CH3)2], 1.23 and 0.79 [3H each, d, J = 6.7 Hz, CH(CH3)2]; 
13C NMR (CDCl3) δ 149.12, 148.71, 129.9, 120.47, 118.6, 111.19, 109.53, 108.14, 
73.7, 69.34, 56.06, 55.92, 51.1, 42.38, 37.92, 26.78, 25.72, 18.6, 18.52; ESI-HRMS: 
calculated for C19H27NO4: 333.1940; found 334.2058 [M + H]+, 356.1898 [M+Na]+.

(R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-4-oxobutanenitrile (11)
(R)-2-(3,4-dimethoxyphenyl)-2-(((R)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3-
methylbutanenitrile 10 (847 mg, 2.54 mmol) was dissolved in water (4 ml) and acetic 
acid (12 ml) and stirred at room temperature overnight. The volume was reduced by 
evaporation, giving the crude diol as a colourless oil. The crude reaction mixture was 
dissolved in DCM (35 mL), and 1M NaHCO3 (16.9 mL, 16.9 mmol) was added. To the 
stirred biphasic system was added a solution of sodium periodate (2.20 g, 10.3 mmol) 
in water (11 mL) dropwise over 2 hours. The white suspension was stirred for another 
2 hours. The suspension was diluted with DCM and the organic phase was separated, 
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washed with water and dried over Na2SO4 and the solvent was evaporated in vacuo. The 
resulting brown oil was purified by flash column chromatography (25% EtOAc/Hex) to 
obtain (R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-4-oxobutanenitrile 11 (434 mg, 1.66 
mmol, 65.4% yield) as a colorless oil.  1H NMR (CDCl3) δ 6.93-6.84 [3H, m, CHAR], 
3.90 [3H, s, OCH3], 3.88 [3H, s, OCH3], 3.14-2.87 [2H, m, CH2CHO], 2.14 [1H, 
sept, J = 6.7 Hz, CH(CH3)2], 1.18 and 0.89 [3H each, d, J = 6.7 Hz, CH(CH3)2]; 

13C 
NMR (CDCl3) δ 149.35, 148.93, 128.75, 120.45, 118.81, 111.35, 109.70, 56.09, 
55.95, 49.80, 48.66, 38.19, 18.43, 18.22 ESI-HRMS: calculated for C15H19NO3: 
261.1365; 262.1458 [M + H] + and 284.1285 [M + Na] + found. 

(R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-oxopentanenitrile (12)
(Methoxymethyl)triphenylphosphonium chloride (3.33 g, 9.71 mmol) was suspended 
in THF (50 mL), brought to -50 °C, and n-butyllithium (1.6 M in hexanes; 12.1 mL, 
19.4 mmol) was added dropwise via a dropping funnel over 30 min, stirring for 1 
hour at -80 °C. To the resulting dark red solution, (R)-2-(3,4-dimethoxyphenyl)-2-
isopropyl-4-oxobutanenitrile 11 (705 mg, 2.70 mmol) dissolved in 4 mL THF was 
added dropwise over 15 min and stirred for 2 hours at -80 °C and was slowly brought to 
r.t. The reaction was quenched with water and extracted with Et2O. The organic layers 
were washed with water and brine, dried over Na2SO4 and the solvent was evaporated 
in vacuo. The crude oil was purified by flash column chromatography (5-20% EtOAc/
Hex) to obtain a mixture of the E/Z-isomers of the desired intermediate (356 mg, 1.23 
mmol, 45.6% yield). To a solution of (R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-
methoxypent-4-enenitrile (356 mg, 1.23 mmol) in 2-propanol (3 mL) and water (3 
mL), 4-methylbenzenesulfonic acid hydrate (14.0 mg, 0.074 mmol) was added and 
stirred to reflux for 3 hours. The reaction was quenched with water and extracted with 
Et2O. The organic layers were washed with 1M NaHCO3 and brine, dried over Na2SO4 
and the solvent was evaporated in vacuo. The crude oil was purified with flash column 
chromatography (10% EA in hexane) obtaining the preferred product 12 (95 mg, 
0.35 mmol, 28% yield) 1H NMR (CDCl3) δ 6.94-6.82 [3H, m, CHAR ], 3.89 [6H, 
m, (OCH3)2], 2.70-2.40 [2H, m, CH2CH2CHO], 2.24-2.06 [3H, m, CH(CH3)2 and 
CH2CHO], 1.22 and 0.81 [3H each, d, J = 6.7 Hz, CH(CH3)2]; 

13C NMR (CDCl3) δ 
200.44, 149.22, 148.58, 129.58, 120.80, 118.69, 111.19, 109.21, 56.03, 55.93, 52.67, 
40.60, 38.00, 29.92, 19.06, 18.60 ESI-HRMS: calculated for C16H21NO3: 275.1521: 
impossible to ionize. 

tert-butyl 4-hydroxy-3-methoxyphenethylcarbamate (4)
Triethylamine (0.42 mL, 3.0 mmol) and di-tert-butyl dicarbonate (0.69 mL, 3.0 
mmol) dissolved in 3 mL methanol were added to a solution of 4-(2-aminoethyl)-2-
methoxyphenol (3) (500 mg, 2.99 mmol) in 10 mL methanol and stirred for 2 hours 
at 50 °C. The solvent was evaporated in vacuo and the crude product was extracted 
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with EtOAc, washed with water and brine, dried over Na2SO4, and the solvent was 
evaporated in vacuo. The white crystallized solid obtained was purified using flash 
column chromatography (1-5% MeOH/DCM) resulting in the desired product as a 
clear oil (460 mg, 1.72 mmol, 57.5% yield) 1H NMR (CDCl3) δ 6.87-6.66 [3H, m, 
CHAR], 4.54 [1H, bs, OH], 3.88 [3H, s, OCH3], 3.34 [2H, q, J = 6.4 Hz, NHCH2], 
2.72 [2H, t, J = 7.1 Hz, NHCH2CH2], 1.44 [9H, s, C(CH3)3]; 

13C NMR (CDCl3) δ 
(ppm) 158.49, 148.9, 145.96, 132.15, 122.32, 116.21, 113.47, 80.02, 56.39, 43.4, 
36.89, 28.92; ESI-HRMS: calculated for C14H21NO4: 267.1471; 290.1328 [M + Na]+ 
found. 

tert-butyl 4-(2-fluoroethoxy)-3-methoxyphenethylcarbamate (6)
tert-butyl 4-hydroxy-3-methoxyphenethylcarbamate (4) (309 mg, 1.16 mmol), 
1-bromo-2-fluoroethane (0.345 mL, 4.62 mmol), K2CO3 (639 mg, 4.62 mmol) and 
potassium iodide (768 mg, 4.62 mmol) were stirred overnight at 75 °C in 8 mL dry 
DMF. The reaction was quenched with water, extracted twice with ethylacetate, washed 
with brine, dried over Na2SO4, and the solvent was evaporated in vacuo. The crude 
yellow oil was purified using flash column chromatography (15-25% EtOAc/hex) and 
the desired product was obtained (170 mg, 0.542 mmol, 46.9 % yield) as a yellow 
oil. 1H NMR (CDCl3) δ 6.87-6.69 [3H, m, CHAR], 4.76 [2H, dt, J = 47 and 4.1 Hz, 
(OCH2CH2F)], 4.20 [2H, dt, J = 27 and 4.3 Hz, (OCH2CH2F)], 3.86 [3H, s, OCH3], 
3.35 [2H, q, J = 6.4 Hz, NHCH2], 2.74 [2H, t, J = 7.1 Hz, NHCH2CH2], 1.43 [9H, 
s, C(CH3)3]; 

13C NMR (CDCl3) δ 155.84, 149.78, 146.4, 132.88, 120.71, 114.61, 
112.65, 81.32, 68.7, 68.54, 55.91, 41.81, 35.77, 28.39; ESI-HRMS: calculated for 
C16H24FNO4: 313.1689; 314.1678 [M + H]+, 336.1504 [M + Na]+ found 

2-(4-(2-fluoroethoxy)-3-methoxyphenyl)ethanamine (8)
tert-butyl 4-(2-fluoroethoxy)-3-methoxyphenethylcarbamate (6) (200 mg, 0.638 
mmol) was dissolved in 4 mL DCM and 4 mL TFA and stirred at room temperature 
for 3 h. The solvent was evaporated in vacuo and the crude product was purified using 
flash column chromatography (15-20% MeOH/DCM) to obtain the desired product 
(125 mg, 0.586 mmol, 92.0%) as white crystals. 1H NMR (DMSO-d6) δ 6.93-6.76 
[3H, m, CHAR], 4.71 [2H, dt, J = 48 and 3.8 Hz, CH2F], 4.17 [2H, dt, J = 30 and 3.9 
Hz, OCH2], 3.77 [3H, s, CH3], 3.03 [2H, t, J = 6.7 Hz, H2NCH2], 2.77 [2H, t, J = 
6.7 Hz, H2NCH2CH2]; 

13C NMR (CDCl3) δ 149.82, 146.84, 129.87, 120.63, 114.61, 
112.47, 82.47, 81.11, 55.69, 40.62, 32.90; ESI-HRMS: calculated for C11H16FNO2: 
213.1165; 214.1238 [M + H]+ found. 

2-(4-(2-((tert-butoxycarbonyl)amino)ethyl)-2-methoxyphenoxy)ethyl 
4-methylbenzenesulfonate (5)
tert-butyl 4-hydroxy-3-methoxyphenethylcarbamate (4) (613 mg, 2.29 mmol) was 
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dissolved in 15 mL DMF, and ethane-1,2-diyl bis(4-methylbenzenesulfonate) (849 mg, 
2.29 mmol) and cesium carbonate (149 mg, 4.59 mmol) were added. The reaction 
mixture was stirred at room temperature for 3 h and quenched with water, extracted 
with EtOAc, washed with brine and dried over Na2SO4. The solvent was removed in 
vacuo and crude product was purified using flash column chromatography (15-35% 
EtOAc/hex) to obtain the desired product as a white solid (440 mg, 0.945 mmol, 41% 
yield). 1H NMR (CDCl3) δ 7.82 [2H, d, J = 8.2 Hz, OTs], 7.33 [2H, d, J = 8.2 Hz, 
OTs], 6.76-6.68 [3H, m, CHAR], 4.35 [2H, t, J = 5.0 Hz, (OCH2CH2OTs)], 4.19 
[2H, t, J = 5.0 Hz, (OCH2CH2OTs)], 3.81 [3H, s, OCH3], 3.33 [2H, q, J = 6.6 Hz, 
NHCH2], 2.72 [2H, t, J = 6.8 Hz, NHCH2CH2], 2.44 [3H, s, SC6H4CH3], 1.43 [9H, 
s, C(CH3)3]; 

13C NMR (CDCl3) δ 155.83, 149.82, 145.97, 144.85, 133.26, 132.78, 
129.81, 128.01, 120.75, 115.21, 112.71, 68.1, 67.12, 60.39, 55.86, 41.81, 35.77, 
28.39, 21.66; ESI-HRMS: calculated for C23H31NO7S: 465.1821; 488.1719 [M + Na]+ 
found. 

2-(4-(2-aminoethyl)-2-methoxyphenoxy)ethyl 4-methylbenzenesulfonate (7)
2-(4- (2- ( ( te r t -butoxycarbonyl )amino)e thy l ) -2-methoxyphenoxy)e thy l 
4-methylbenzenesulfonate (440 mg, 0.945 mmol) was dissolved in 5 mL DCM  and 
5 mL TFA and stirred for 30 min at room temperature The solvent was evaporated 
and the crude product was purified on flash column chromatography (5-10% MeOH/
DCM) to obtain the purified product 2-(4-(2-aminoethyl)-2-methoxyphenoxy)
ethyl 4-methylbenzenesulfonate (350 mg, 0.958 mmol, quantitative yield) as a white 
powder. 1H NMR (MeOD) δ 7.81 [2H, d, J = 8.4 Hz, OTs], 7.42 [2H, d, J = 8.4 
Hz, OTs], 6.88-6.74 [3H, m, CHAR], 4.32 [2H, m, (OCH2CH2OTs)], 4.15 [2H, m, 
(OCH2CH2OTs)], 3.82 [3H, s, OCH3], 3.15 [2H, q, J = 6.6 Hz, NHCH2], 2.88 [2H, 
t, J = 7.1 Hz, NHCH2CH2], 2.45 [3H, s, SC6H4CH3]; 

13C NMR (MeOD) δ 151.78, 
148.41, 146.64, 134.46, 132.07, 131.19, 129.21, 122.25, 116.79, 114.32, 70.33, 
68.66, 56.66, 42.12, 34.32, 21.74; ESI-HRMS: calculated for C18H23NO5S: 365.1297; 
366.1435 [M + H]+ found. 

(R)-2-(4-(2-((tert-butoxycarbonyl)(4-cyano-4-(3,4-dimethoxyphenyl)-5-
methylhexyl)amino)ethyl)-2-methoxyphenoxy)ethyl 4-methylbenzenesulfonate 
(13)
Na2SO4 and (R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-oxopentanenitrile (12) (151 
mg, 0.547 mmol) in 2.5 mL DCE were added to a solution of 2-(4-(2-aminoethyl)-
2-methoxyphenoxy)ethyl 4-methylbenzenesulfonate (7) (300 mg, 0.821 mmol) in 
2.5 mL DCE. The reaction mixture was stirred at room temperature overnight under 
argon. Sodium triacetoxyhydroborate (174 mg, 0.821 mmol) was added to the mixture 
and stirred for 1.5 hour at room temperature The reaction was quenched with 1M 
NaHCO3, extracted with EtOAc (15 mL), washed with water (2x) and brine, and 
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organic layers were dried over Na2SO4 and used as such in the next step. Di-tert-butyl 
dicarbonate (239 mg, 1.095 mmol) and triethylamine (152 µl, 1.09 mmol) were added 
to the diluted reaction mixture and stirred at room temperature for 1.5 h. The reaction 
mixture was diluted with EtOAc, washed with water and brine, dried over Na2SO4, 
and solvent was removed in vacuo. The crude mixture was purified by flash column 
chromatography (30-50% EtOAc/hexane) to obtain the purified product as colorless oil 
(174 mg, 0.240 mmol, 43.9 % yield). 1H NMR (CDCl3) δ 7.82 (2H, d, J = 8.0 Hz, 
OTs), 7.33 (2H, d, J = 8.0 Hz, OTs), 6.89-6.61 (6H, m, CHAR), 4.34 [2H, t, J = 4.9 Hz, 
(OCH2CH2OTs)], 4.18 [2H, t, J = 5.0 Hz, (OCH2CH2OTs)], 3.88 (3H, s, OCH3), 
3.86 (3H, s, OCH3), 3.79 (3H, s, OCH3), 3.25-2.99 (4H, m, CH2NCH 2), 2.67 (2H, 
t, J = 6.5 Hz, NCH2CH2Ar), 2.44 (3H, s, TsCH3), 2.05 (2H, m, CH2CH2CH2), 2.04-
1.54 (3H, m, CH(CH3)2 and CCH2), 1.42 (9H, m, Boc),, 1.17 and 0.78 (3H each, d, 
J = 6.7 Hz, CH(CH3)2); 

13C NMR (CDCl3) δ (ppm) 149.69, 148.93, 148.2, 145.85, 
145.78, 144.82, 133.42, 132.71, 130.34, 129.78, 127.95, 121.31, 120.73, 118.63, 
115.18, 112.75, 110.95, 109.24, 79.35, 68.09, 67.07, 55.89, 55.81, 55.79, 49.06, 
48.66, 47.27, 37.84, 35.13, 34.77, 28.34, 24.58, 21.61, 18.89, 18.50; ESI-HRMS: 
calculated for C39H52N2O9S: 724.3394; 725.3477 [M + H]+ and 747.3318 [M + Na]+ 
found. 

(R)-2-(3,4-dimethoxyphenyl)-5-((4-(2-fluoroethoxy)-3-methoxyphenethyl)
amino)-2-isopropylpentanenitrile (2)
To a solution of (R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-oxopentanenitrile (12) 
(108 mg, 0.392 mmol) in 5 mL dry MeOH were added Na2SO4 (167 mg, 1.18 mmol) 
and 2-(4-(2-fluoroethoxy)-3-methoxyphenyl)ethanamine (8) (125 mg, 0.588 mmol) 
under argon and stirred overnight at room temperature. Sodium triacetoxyhydroborate 
(125 mg, 0.588 mmol) was added and stirred for 2 hours at room temperature under 
argon. The reaction was quenched with saturated NaHCO3, diluted with ether, and 
the crude mixture was filtered. The filtrate was washed with brine, dried over Na2SO4 
and the solvent was removed in vacuo. The crude product was purified by flash column 
chromatography (1-10% MeOH/DCM) to obtain the desired product as an oil. 
(20 mg, 0.042 mmol, 10 % yield) 1H NMR (CDCl3) δ 6.93-6.66 [6H, m, CHAR], 
4.74 [2H, m, CH2CH2F], 4.22 [2H, m, CH2CH2F], 3.87, 3.85 and 3.82 [9H, 3xs, 
OCH3], 2.80 [4H, m, CH2NHCH2CH2], 2.67 [2H, m, NHCH2CH2], 2.06 [1H, m, 
CH(CH3)2], 2.16 and 1.88 [1H each, dt, J = 4.6 and 13 Hz, CCH2], 1.61 and 1.23 [1H 
each, m, CH2CH2CH2], 1.15 and 0.76 [3H each, d, J = 7 Hz, CH(CH3)2]; 

13C NMR 
(CDCl3) δ (ppm) 149.74, 148.96, 148.23, 146.41, 132.52, 130.13, 121.2, 120.52, 
118.59, 114.51, 112.53, 110.97, 109.31, 82.61, 81.25, 68.61, 68.44, 55.94, 55.88, 
55.79, 49.90, 48.35, 37.85, 35.21, 34.42, 24.58, 18.86, 18.53; ESI-HRMS: calculated 
for C27H37FN2O4: 472.2737; [M + H]+ 473.2745 found. 
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(R)-5-((3,4-dimethoxyphenethyl)(2-fluoroethyl)amino)-2-(3,4-dimethoxyphenyl)-
2-isopropylpentanenitrile (1)
To a solution of (R)-5-((3,4-dimethoxyphenethyl)amino)-2-(3,4-dimethoxyphenyl)-2-
isopropylpentanenitrile (74 mg, 0.17 mmol) in 2 mL DMF, 1-bromo-2-fluoroethane 
(500 µL, 6.72 mmol) and potassium carbonate (255 mg, 1.85 mmol) were added and 
stirred at 65°C for 4 h. The reaction mixture was extracted with EtOAc, washed with 
water and brine, dried over Na2SO4, and the solvent was removed in vacuo. The crude 
product was purified by flash column chromatography (0-1% MeOH/DCM) to obtain 
the desired product as an oil. (40 mg, 0.082 mmol, 49 % yield) 1H NMR (CDCl3) δ 
6.91-6.66 [6H, m, CHAR], 4.46 [2H, m, CH2CH2F], 3.89, 3.88, 3.86 and 3.85 [12H, 
4xs, OCH3], 2.81-2.62 [6H, m, CH2N(CH2)CH2CH2], 2.54 [2H, m, NCH2CH2], 
2.05 [1H, m, CH(CH3)2], 2.12 and 1.85 [1H each, dt, J = 4.3 and 13 Hz, CCH2], 
1.52 and 1.15 [1H each, m, CH2CH2CH2], 1.18 and 0.79 [3H each, d, J = 6.7 Hz, 
CH(CH3)2]; 

13C NMR (CDCl3) δ (ppm) 148.96, 148.78, 148.23, 147.28, 132.8, 
130.6, 121.47, 120.5, 118.64, 112.04, 111.17, 111.02, 109.57, 83.25, 81.92, 56.36, 
55.95, 55.88, 55.84, 55.80, 53.92, 53.70, 53.3, 37.93, 35.41, 32.98, 23.35, 18.91, 
18.57; ESI-HRMS: calculated for C28H39FN2O4: 486.2894; 487.2975 [M + H]+ found. 

3.5.3 Radiochemistry
(R)-5-((3,4-dimethoxyphenethyl)(2-[18F]fluoroethyl)amino)-2-(3,4-
dimethoxyphenyl)-2-isopropylpentanenitrile ([18F]1)
[18F]F− was produced by the 18O(p,n)18F nuclear reaction using an IBA (Louvain-la-
Neuve, Belgium) Cyclone 18/9 cyclotron. Radioactivity levels were measured using 
a Veenstra (Joure, The Netherlands) VDC-405 dose calibrator. Radiochemistry was 
carried out in homemade, remotely controlled synthesis units.29 After irradiation, [18F]
fluoride was trapped on a PS-HCO3 column and eluted with 1 ml MeCN/H2O (9:1, 
v/v) containing 13 mg (35 µmol) Kryptofix 2.2.2 and 2 mg (14 µmol) K2CO3 into a 
screw cap reaction vial. The [18F]K222/KF/K2CO3 complex was dried at 90 °C under a 
Helium flow of 50 mL·min-1 and reduced pressure for 6 minutes. 0.5 mL MeCN was 
added and the complex was dried for 3 minutes resulting in a white tarnish at the bottom 
of the vial. 10 mg (36 µmol) 2-bromoethyltosylate was dissolved in 0.5 mL DMF and 
added to the vial containing the dried complex, and this reaction mixture was heated to 
90 °C. After 10 min, the formed volatile intermediate 1-bromo-2-[18F]fluoroethane was 
distilled at 100 °C through a preheated silvertriflate column at 200 °C resulting in [18F]
fluoroethyltriflate, which was bubbled to the second reaction vial containing a reaction 
mixture with 1.5 mg (3.4 µmol) (R)-desmethyl-norverapamil, 1.5 mg (11 µmol) K2CO3 
and a stirring bar in 0.5 ml ACN at 0 °C (Scheme 4). After distillation, the reaction 
was stirred for 15 min at 120 °C, quenched with 1 mL of water, and purified by semi-
preparative HPLC (method E). The product eluted at 8 min, was collected for 1.5 min 
and the fraction was diluted with 40 mL of water. The mixture was passed through a 
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Sep-Pak Plus tC18 cartridge and subsequently rinsed with 20 mL water. The product 
was eluted from the Sep-Pak Plus tC18 cartridge with 1 mL ethanol (96%). The final 
product containing [18F]1 was diluted with a solution of 7.11 mM NaH2PO4 in 0.9% 
NaCl (w/v in water), pH 5.2, resulting in a final solution with 5% ethanol. The purity 
was > 95% and the specific activity was 143 ± 88 GBq/µmol, which was derived from a 
calibration curve of reference compound 1 using HPLC (methods A and B). In the end, 
400-1600 MBq was isolated and the overall radiochemical yield was 2.7 ± 1.2 % DC, 
starting from 20-50 GBq [18F]F- (n=7).

(R)-2-(3,4-dimethoxyphenyl)-5-((4-(2-[18F]fluoroethoxy)-3-methoxyphenethyl)
amino)-2-isopropylpentanenitrile ([18F]2)
The [18F]K222/KF/K2CO3 complex was dried as described above, 1.0 mg of precursor 13 
in 0.5 mL MeCN was added to the reaction vial, and heated at 90 °C for 15 min. The 
reaction mixture was cooled down to room temperature and 0.2 mL TFA was added. 
After 10 min, the reaction was quenched with 0.9 mL of 2.5 M NaOH and purified by 
semi-preparative HPLC (method F). The product eluted at 15 min, was collected for 1.5 
min and fraction was diluted with 40 mL of water. The mixture was passed through the 
Sep-Pak Plus tC18 cartridge and subsequently rinsed with 20 mL water. The product 
[18F]2 was eluted with 1 mL ethanol (96%) and diluted with a solution of 7.11 mM 
NaH2PO4 in 0.9% NaCl (w/v in water), pH 5.2, resulting in a final solution with 5% 
ethanol, with a purity of > 95%. The specific activity was 151 ± 74 GBq/µmol, which 
was derived from a calibration curve of reference compound 2 using HPLC (method C). 
At the end of the synthesis 300-8000 MBq was isolated and the overall radiochemical 
yield was 17.2 ± 9.9 % DC, starting from 15-50 GBq [18F]F- (n=7).

(R)-[11C]verapamil
Radiolabeling of (R)-[11C]verapamil was performed as described previously.30 The 
product was purified by semi-preparative HPLC (Method E) with a retention time of 
10 min. The collected HPLC fraction was diluted with 40 ml of water and the mixture 
was passed through a Sep-Pak Plus tC18 cartridge and subsequently rinsed with 20 mL 
water. The product was eluted with 1 mL ethanol (96%) and diluted with a solution of 
7.11 mM NaH2PO4 in 0.9% NaCl (w/v in water), pH 5.2, resulting in a final solution 
with 5% ethanol, with a purity of > 95% and a specific activity of 118 GBq/µmol (n=1) 
as determined on HPLC (Method B). At the end of the synthesis, 5.2 GBq was isolated, 
overall radiochemical yield was 28.2 % DC, starting from 60 GBq [11C]CO2 (n=1).
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3.5.4 Log D7.4 
The distribution of [18F]1 and [18F]2 between equal volumes of 0.2 M phosphate buffer 
(pH  7.4) and 1-octanol was measured in triplicate at room temperature. 1 mL of a 1-5 
MBq/mL solution of [18F]1 or [18F]2 in 0.2 M phosphate buffer (pH 7.4) was vigorously 
mixed with 1 mL of 1-octanol for 1 min at room temperature using a vortex. After 30 
min, five samples of 100 μL were taken from both layers, avoiding cross-contamination. 
To determine recovery, 5 samples of 100 mL were taken from the 1-5 MBq/mL solution. 
All samples were counted for radioactivity. The log Doct,7.4 value was calculated according 
to log Doct,7.4 = 10log(Aoct/Abuffer), where Aoct and Abuffer represent average radioactivity of 5 
1-octanol and 5 buffer samples, respectively.31

3.5.5 Animals
Healthy male Wistar rats were obtained from Harlan Netherlands B.V. (Horst, the 
Netherlands) and male wild-type mice, Mdr1a/b(−/−) mice, and Bcrp1(−/−) mice developed 
from the FVB line were purchased from Taconic (Hudson, USA). All animals were 
housed in groups of four to six per cage until treatment and were kept at room 
temperature of 20-24 °C with a relative humidity of 50-70% and at a 12 h light/dark 
cycle. Animals had unrestricted access to food (Teklad Global 16% Protein Rodent Diet, 
Harlan, Madison, WI, USA) and tap water. All animal experiments were performed in 
compliance with Dutch laws on animal experimentation and after approval by the local 
animal ethics committee.

3.5.6 Biodistribution
Healthy Wistar rats (218-244 g) were injected with 50 ± 2 MBq of either [18F]1 or 
[18F]2 in the tail vein under isoflurane anesthesia (2% in O2 at 1 L·min-1). Rats were 
conscious for the allowed time between injection and sacrificing, except for the animals 
of the 5 minute time point, which were left unconscious for the whole time. Animals 
were sacrificed under isoflurane anesthesia at time points 5, 15 or 60 minutes (n=3). 
Blood was collected via a heart puncture from each rat. Heart, lungs, liver, kidneys, 
bone, cerebral cortex, cerebellum and the rest of the brain were collected, weighed and 
counted for radioactivity in a Wallac Universal Gamma Counter 1282 (PerkinElmer, 
Waltham, MA, USA). Biodistribution data were expressed as percentage injected dose 
per gram tissue (%ID/g).

3.5.7 Metabolite analysis
Healthy Wistar rats (230-291 g) were injected with 28 ± 4 or 43 ± 24 MBq of [18F]1 or 
[18F]2, respectively, in the tail vein under isoflurane anesthesia. After injection, rats were 
conscious for the allowed time and sacrificed under isoflurane anesthesia at time point 5, 
15 or 60 minutes (n=3). Blood samples were collected via heart puncture, and the brain 
was removed from the skull and cut in half. Blood was collected in a heparin tube and 
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centrifuged for 5 min at 4000 rpm (Hettich universal 16, Depex B.V., the Netherlands). 
Plasma was separated from blood cells, 1 mL was loaded onto an Sep-Pak tC18 cartridge 
(Waters, Etten-Leur, the Netherlands), and the cartridge was washed with 20 mL of 
water. This eluate was defined as the polar radiolabeled metabolite fraction. Next, the 
Sep-Pak cartridge was eluted with 1.5 mL of methanol. This eluate was defined as the 
non-polar fraction and contains the parent tracer. This eluate was analyzed using HPLC 
(method G). The recovery from the Sep-pak procedure was >85% and rest activity 
was not taken into account. One half of the brain was counted for activity and the 
other half was homogenized with an IKA T18 ULTRA-TURRAX Basic Homogenizer 
(IKA, Germany) in cold H2O/MeCN (1:1, v/v), under ice cooling, and subsequently 
centrifuged at 4000 rpm for 5 min. Separated supernatants were analyzed using HPLC. 

3.5.8 PET imaging and data analysis
For all experiments, animals were anesthetized via a nose mask initially using 4% 
isoflurane in oxygen at a rate of 1 L/min. One hour prior to each study, a jugular vein 
was cannulated for administration of the radiotracer. Rats were positioned in pairs and 
mice were scanned in groups of 4-6 using a double LSO/LYSO layer High Resolution 
Research Tomograph (HRRT; Siemens/CTI, Knoxville, TN, USA).32 During scanning 
anesthesia was maintained using 2% isoflurane in oxygen. For each scanning session, first 
a transmission scan was acquired using a 740 MBq 2-dimensional (2D) fan-collimated 
137Cs (662 keV) moving point source.33 This scan was used to correct subsequent 
emission scans for attenuation and scatter. As the HRRT was decommissioned, the 
final study (Mdr1a/b(-/-) vs. WT mice of [18F]2) had to be performed on nanoPET/CT 
and nanoPET/MR scanners (Mediso Ltd., Budapest, Hungary)34 with identical PET 
components. In this study the CT scan was used for attenuation correction and the MR 
scan for co-registration purposes.

For the emission scans, Wistar rats (341-450 g) were injected with 9.9 ± 3.2 MBq of 
[18F]1 (n=4) or 9.9 ± 0.6 MBq of [18F]2 (n=6) and scanned for 1 hour. Next, a second 
emission scan (30 minutes) following injection of 9.0 ± 1.7 MBq of [18F]NaF was 
performed to delineate bone. The following day, the same rats received an intravenous 
bolus injection of 15 mg/kg (3.5 mg/mL) tariquidar, dissolved in a vehicle consisting of 
5% glucose in saline. 30-40 minutes after tariquidar administration, rats were injected 
with 9.8 ± 1.4 MBq of [18F]1 or 8.7 ± 0.5 MBq of [18F]2. Again, this was followed by an 
[18F]NaF (7.9 ± 3.5 MBq) scan. [18F]1 and [18F]2 scans were acquired in list mode and 
rebinned into the following frame sequence: 10x60, 4x300 and 3x600 s. The [18F]NaF 
scans were processed as a single static scan.



Two new fluorine-18 labeled verapamil analogs

65

3

Mice (28.3-39.7 g) were injected with 3.6 ± 0.6 MBq of [18F]1 or 3.8 ± 0.4 MBq of 
[18F]2 and scanned for 60 minutes. Emission scans were acquired in list mode and 
rebinned into the following frame sequence: 7x10, 1x20, 3x30, 2x60, 2x150, 4x300 and 
3x600 s for all HRRT scans. For the nanoPET scans, the following frame sequence was 
used: 4x5, 4x10, 2x30, 3x60, 2x300, 3x600 and 1x 900 s.

Following corrections for decay, dead time, scatter and randoms, HRRT emission 
scans were reconstructed using an iterative 3D-ordered subsets weighted least-squares 
algorithm (3D-OSWLS).33 The point source resolution varied across the field of view 
from approximately 2.3 to 3.2 mm full width at half maximum in the transaxial direction 
and from 2.5 to 3.4 mm in the axial direction. 

Reconstruction of the nanoPET emission scans was performed using an iterative 3D 
Poisson ordered-subsets expectation-maximization algorithm (Tera-Tomo; Mediso 
Ltd.34) with 4 iterations and 6 subsets, resulting in an isoptropic 0.4 mm voxel dimension.
PET images were analyzed using the freely available AMIDE software (version 0.9.2).35 
An MR based rat brain atlas was used to define a whole brain region of interest in 
rats. For each rat, this validated MR atlas was aligned visually with the [18F]NaF image 
using a procedure described previously to obtain a corresponding whole brain region 
of interest (ROI). 36 Next, these ROIs were projected onto the dynamic [18F]1 and 
[18F]2 image sequence, generating whole brain time-activity curves (TACs). For mice, 
ellipsoidal shaped ROIs were drawn manually over the brain. Again, these ROIs were 
projected onto the dynamic image sequences, generating whole brain TACs. All TACs 
were expressed as standardized uptake values (SUV), i.e. mean ROI radioactivity 
concentration normalized to injected dose and body weight. In addition, an ellipsoid 
was drawn over the complete animal (excluding the cannula) to obtain the image derived 
percentage injected dose per cc (%ID/cc).

Finally, ellipsoid shaped ROIs manually drawn over the left ventricle were used to obtain 
a blood curve. The area under the curve (AUC) of the blood and brain curves were 
determined by Graphpad PRISM (v 5.02, Graphpad Software Inc) and brain-to-blood 
AUC ratios were derived from these values.
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4.1 Abstract

Introduction: 
Fluorine-18 labeled positron emission tomography (PET) tracers were developed to 
obtain more insight into the function of P-glycoprotein (P-gp) in relation to various 
conditions. They allow research in facilities without a cyclotron as they can be transported 
with a half-life of 110 min. As the metabolic stability of previously reported tracers 
[18F]1 and [18F]2 was poor, the purpose of this study was to improve this stability using 
deuterium substitution, creating verapamil analogs [18F]1-d4, [

18F]2-d4, [
18F]3-d3 and 

[18F]3-d7. 

Methods: 
The following deuterium containing tracers were synthesized and evaluated in mice and 
rats: [18F]1-d4, [

18F]2-d4, [
18F]3-d3 and [18F]3-d7. 

Results: 
The deuterated analogs [18F]2-d4, [

18F]3-d3 and [18F]3-d7 showed increased metabolic 
stability compared with their non-deuterated counterparts. The increased metabolic 
stability of the methyl containing analogs [18F]3-d3 and [18F]3-d7 might be caused by 
steric hindrance for enzymes. 

Conclusion:
The striking similar in vivo behavior of [18F]3-d7  to that of (R)-[11C]verapamil, 
and its improved metabolic stability compared with the other fluorine-18 labeled 
tracers synthesized, supports the potential clinical translation of [18F]3-d7 as a PET 
radiopharmaceutical  for P-gp evaluation.
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4.2 Introduction

P-glycoprotein (P-gp) is an ATP dependent efflux transporter, which is i.a. located 
on the luminal side of the blood-brain barrier.1 As such, it mediates the transport of 
structurally diverse compounds from brain to blood, thereby protecting the brain from 
xenobiotics. P-gp is the most studied ATP-binding cassette (ABC) transporter and it 
is linked to various neurodegenerative diseases. It has been shown that P-gp function 
is diminished in Alzheimer’s disease, which may accelerate the disease process, as it is 
associated with decreased clearance of β-amyloid from the brain.2 On the other hand, 
several studies have shown increased P-gp function in epilepsy patients, associated with 
resistance to anti-epileptic drugs.3 To obtain more insight into the function of P-gp in 
relation to these and other conditions, positron emission tomography (PET) can be 
used to investigate the function of P-gp in vivo using substrates labeled with positron 
emitters.4 (R)-[11C]verapamil is a commonly used PET agent for P-gp research, although 
limited by its relatively short half-life of 20 min. Originally, verapamil was developed 
and used as a calcium channel blocker,5 but it is also a substrate of P-gp. 

Recently, two fluorine-18 labeled positron emission tomography (PET) tracers were 
developed6 ([18F]1 and [18F]2, Figure 1) to image the function of P-gp in the brain, 
based on the chemical structure of verapamil. Clearly, these tracers could be useful in 
clinical studies of Alzheimer’s disease or epilepsy, where alterations in P-gp function 
could be detected in a PET scan by increased or decreased brain uptake. Despite their 
high specificity for P-gp, a disadvantage of these tracers was their poor metabolic 
stability, as this may compromise quantification, decrease the signal-to-noice ratio and 
complicate interpretation. 

Figure 1. Chemical structures of deuterated (nor-)verapamil analogs, with measured Log D values.
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The metabolic pathway of verapamil has been studied in detail.7, 8 Different metabolites 
were identified and the most important initial metabolites were D-617, norverapamil 
and D-703. The metabolites and corresponding enzymes are depicted in Figure 2.9, 

10 Previous PET studies have shown the formation of corresponding radiolabeled 
metabolites of (R)-[11C]verapamil in vivo.11

Figure 2. Metabolic pathway of (R)-[11C]verapamil as adapted from Luurtsema et al.11

It is known that N-demethylation of verapamil by cytochrome P450 enzyme, yielding 
the metabolitenorverapamil occurs via the hydrogen atom transfer (HAT) mechanism.12 
Within this reaction, first a hydrogen atom (H) is abstracted creating a radical carbon 
atom. Next, an alcohol is formed which is cleaved of to form formaldehyde and a 
secondary amine. Deuterium substitution of the methyl group could be used to slow 
down this reaction. Cleavage of the covalent bond of carbon (C) with deuterium (D) 
requires greater energy than cleavage of the bond with hydrogen, due to the higher mass 
of deuterium, compared with hydrogen. C-D bonds have a lower vibrational frequency 
and, thus, lower zero-point energy than an analogous C-H bond. This results in higher 
activation energy and slower rate for C-D bond cleavage. This rate effect is referred to as 
the primary deuterium isotope effect.13-15

The deuterium substitution approach has been used on a number of occasions to fine-
tune properties of new pharmaceuticals, primarily related to metabolic stability. The first 
approval of a deuterium containing drug was provided by the FDA for deutetrabenazine, 
issued 3rd of April, 2017.16, 17 In addition, in developing new PET tracers, deuterium has 
occasionally been used to alter properties. The first and most well-known deuterated PET 
tracer is [11C]L-deprenyl-D2, which showed slower binding to its target MAO B than 
the original hydrogen compound resulting in a reduced rate of trapping in (brain) tissue 
and to improve sensitivity.18 Multiple deuterated analogs of [11C]- and [18F]-choline 
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showed improved protection against choline oxidation.19, 20 Another example is [18F]
deuteroaltanserin, which showed 29% higher ratios of parent tracer to radiometabolites 
in plasma, compared with [18F]altanserin.21

In this study, four deuterium substituted analogs were synthesized and evaluated for 
metabolic stability and in vivo behavior. The purpose of this work is to develop a stable 
fluorine-18 PET tracer for P-gp evaluation, to gain more insight in the metabolic 
pathways and to investigate which groups are more prone to metabolism. 

4.3 Materials & Methods

4.3.1 General
Chemicals and solvents were purchased from commercial sources Sigma-Aldrich 
(Zwijndrecht, the Netherlands), Fluorochem (Hadfield Derbyshire, UK), ABCr GmbH 
(Karlsruhe, Germany) and Biosolve (Valkenswaard, the Netherlands) without further 
purification unless stated otherwise. Deuterated starting materials ethylene-d4 glycol, 
2-bromoethanol-1,1,2,2-d4 and Iodomethane-d3 had an isotopic purity of 98, 98 and 
≥99.5 atom % D, respectively. (R)-desmethyl-verapamil was kindly donated by Abbott 
Laboratories (Lake Bluff, IL, USA). Dichloromethane (DCM), 1,2-dichloroethane 
(DCE), methanol (MeOH) and dimethylformamide (DMF) were dried over 3 Å 
molecular sieves, for at least 24 h prior to use. Tetrahydrofuran (THF) was first distilled 
from LiAlH4 and then dried over 3 Å molecular sieves. Thin layer chromatography 
(TLC) was performed on Merck (Darmstadt, Germany) precoated silica gel 60 F254 
plates. Spots were visualized by UV quenching or ninhydrin. Column chromatography 
was carried out either manually by using silica gel 60 Å (Sigma-Aldrich) or on a Buchi 
(Flawil, Switzerland) sepacore system (comprising of a C-620 control unit, a C-660 
fraction collector, 2 C-601 gradient pumps and a C-640 UV detector) equipped with 
Buchi sepacore prepacked flash columns. 1H and 13C nuclear magnetic resonance 
(NMR) spectra were recorded on a Bruker (Billerica, USA) Avance 500 (500.23 MHz 
and 125.78 MHz, respectively) with chemical shifts (δ) reported in ppm relative to 
the solvent. Electrospray ionization mass spectrometry (ESI-MS) was carried out using 
a Bruker microTOF-Q instrument in positive ion mode (capillary potential of 4500 
V). Solid-phase extraction cartridges (tC18 plus and Alumina N) were purchased from 
Waters Corp. (Milford, MA, USA).

Semi-preparative HPLC was performed on a Jasco PU-2089 pump station (Easton, 
MD, USA) equipped with either a Luna C18(2) column (10 μm, 250 mm × 10 mm, 
Phenomenex, California, USA) using H2O/MeCN/TFA (60:40:0.2, %v/v/v, method: 
A) or 5 mM K3PO4/MeCN (28:72, %v/v, pH=10.0, method: B) as eluent, or a 



Chapter 4

76

Grace Alltima column (10 μm, 250 mm × 22 mm; Hichrom, Theale, Berkshire, UK) 
using H2O/MeCN/TFA (50:50:0.1, %v/v/v, method: C) as eluent at a flow rate of 4 
mL∙min−1, a Jasco UV-2075 Plus UV detector (λ =254 nm), a custom made radioactivity 
detector and Jasco ChromNAV CFR software (version 1.14.01) for data acquisition. 
Quantitative analysis was performed using an HPLC system of Jasco  containing a PU-
2089 pump station equipped with a Grace Alltima C18 column (5 μm, 250 mm × 
4.6 mm) using H2O/MeCN/DIPA (40:60:0.1, %v/v/v, method: D), H2O/MeCN/TFA 
(50:50:0.1, %v/v/v, method: E) or H2O/MeCN/TFA (60:40:0.1, %v/v/v, method: F) 
as eluent at a flow rate of 1 mL∙min−1, with a Jasco UV-2075 UV detector (λ=232 nm) 
and a Sodium Iodide (NaI) radioactivity detector (Raytest, Straubenhardt, Germany). 
Chromatograms were acquired using Raytest GINA Star software (version 5.01). 

Metabolite analysis was performed on Dionex (Sunnyvale, CA, USA) UltiMate 3000 
HPLC equipment with Chromeleon software (version 6.8). A LUNA C8 (5 μm, 250 
mm x 10 mm, Phenomenex (Torrance, CA, USA)) column was used (method G) using 
5 mM NH4OAc/MeCN (1:1, %v/v, pH=4.2) as eluent at a flow rate of 3.5 mL∙min−1.

2-bromoethyl-1,1,2,2-d4 4-methylbenzenesulfonate (6)
4-methylbenzene-1-sulfonyl chloride (924 mg, 4.85 mmol) was dissolved in DCM (3 
mL) at 0 °C. Et3N (0.675 mL, 4.85 mmol) and 2-Bromoethanol-1,1,2,2-d4 (0.275 mL, 
3.88 mmol) were added drop-wise to the reaction mixture. The mixture was stirred for 
1 hour at 0 °C. The reaction mixture was brought to room temperature, washed with 
water and brine and dried over Na2SO4. The solvent was evaporated in vacuo, and 
the residue was purified by flash column chromatography (10% EtOAc in hexane), 
obtaining the 2-bromoethanol-1,1,2,2-d4-methylbenzene-1-sulfonyl product (0.988 
mg, 3.53 mmol, 91% yield) as colourless oil. 1H NMR (CDCl3) δ 7.83 [2H, d, J = 
8.3 Hz, SO2-CHAR], 7.38 [2H, d, J = 8.0 Hz, CH3-CHAR], 2.48 [3H, s, TsCH3] 

13C 
NMR (CDCl3) δ 145.21, 132.67, 129.95, 127.95, 21.65 ESI-HRMS: calculated for 
C9H7d4BrO3S: 281.9863, 282.9936 [M+H]+ and 304.9749 [M+Na]+ found.

Ethane-1,2-diyl-d4 bis(4-methylbenzenesulfonate) (7)
Ethylene-d4 glycol (0.19 mL, 3.40 mmol) was dissolved in DCM (5 mL) and brought 
to 0 °C, and then 4-methylbenzene-1-sulfonyl chloride (2.19 g, 11.5 mmol) and 
triethylamine (1.58 mL, 11.3 mmol) were added. The reaction mixture was stirred 
starting from 0 °C to room temperature, overnight. The reaction was quenched with 
water, and crude product was extracted with DCM, washed with water and brine, and 
dried over Na2SO4 after which the solvent was evaporated in vacuo. The brown solid 
was purified by flash column chromatography (20-50% EtOAc in hexane) resulting 
in a white powder (1.33 g, 3.55 mmol, quantitative yield). 1H NMR (CDCl3) δ 7.73 
[4H, d, J = 8.3 Hz, SO2-CHAR], 7.33 [4H, d, J = 8.1 Hz CH3-CHAR], 2.46 [6H, s, 
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CH3]. 
13C NMR (CDCl3) δ (ppm) 145, 132, 130, 128, 22. ESI-HRMS: calculated for 

C16H14d4O6S2: 374.0796, 375.0900 [M+H]+ and 397.0728 [M + Na]+ found.

2-(4-(2-((tert-butoxycarbonyl)amino)ethyl)-2-methoxyphenoxy)ethyl-1,1,2,2-d4 
4-methylbenzenesulfonate (9)
Tert-butyl 4-hydroxy-3-methoxyphenethylcarbamate (417 mg, 1.56 mmol) was 
dissolved in DMF (50 mL) and cesium carbonate (1.02 g, 3.12 mmol) and d4-ethane-
1,2-diyl bis(4-methylbenzenesulfonate) (1.17 g, 3.12 mmol) were added. The yellow 
clear mixture was stirred at room temperature and after 4 h it turned into a green cloudy 
mixture. The reaction was quenched with water. The crude product was extracted twice 
with EtOAc, washed with brine, dried over Na2SO4 and the solvent was evaporated 
in vacuo. The yellow oil was purified by flash column chromatography (20% EtOAc 
in hexane) resulting in a white powder (754 mg, 1.60 mmol, quantitative yield). 1H 
NMR (CDCl3) δ 7.82 [2H, d, J = 8.4 Hz, SO2-CHAR], 7.33 [2H, d, J = 8.4 Hz CH3-
CHAR], 6.77-6.65 [3H, m, CHAR], 4.55 [1H, br s, NH], 3.82 [3H, s, OCH3], 3.34 [2H, 
q, J = 6.5, NHCH2CH2], 2.73 [2H, t, J = 7.1, NHCH2CH2], 2.45 [3H, s, TsCH3], 
1.44 [9H, s, Boc]. 13C NMR (CDCl3) δ 155.82, 149.88, 146.01, 144.83, 133.29, 
132.87, 129.80, 127.99, 120.78, 115.32, 112.80, 79.22, 55.88, 41.81, 35.78, 28.39, 
21.64. ESI-HRMS: calculated for C23H27d4NO7S: 469.2072; 470.2179 [M+H]+ and 
492.2010 [M + Na]+ found.

2-(4-(2-aminoethyl)-2-methoxyphenoxy)ethyl-1,1,2,2-d4 -methylbenzenesulfonate 
(10)
2-(4-(2-((tert-butoxycarbonyl)amino)ethyl)-2-methoxyphenoxy)ethyl-1,1,2,2-d4 
4-methylbenzenesulfonate (61 mg, 0.13 mmol) was dissolved in DCM (5 mL) and 
TFA (5 mL) was added. The reaction mixture was stirred at room temperature for 1 
h after which it was diluted with DCM and the solvent was evaporated in vacuo. The 
light brown oil was purified by flash column chromatography (4-10% MeOH in DCM) 
to obtain the desired white crystals (52 mg, 0.14 mmol, quantitative yield). 1H NMR 
(MeOD) δ 7.80 [2H, d, J = 8.1 Hz, SO2-CHAR], 7.42 [2H, d, J = 8.1 Hz CH3-CHAR], 
6.88-6.73 [3H, m, CHAR], 3.82 [3H, s, OCH3], 3.15 [2H, q, J = 7.8 Hz, NHCH2CH2], 
2.88 [2H, t, J = 7.8 Hz, NHCH2CH2], 2.44 [3H, s, TsCH3]. 

13C NMR (MeOD) δ 
151.68, 148.28, 146.64, 134.38, 132.09, 131.18, 129.16, 122.23, 116.70, 114.30, 
56.64, 42.12, 34.28, 21.74. ESI-HRMS: calculated for C18H19d4NO5S: 369.1548; 
370.1608 [M+H]+ found.
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(R)-2-(4-(2-((tert-butoxycarbonyl)(4-cyano-4-(3,4-dimethoxyphenyl)-
5 -methy l h e x y l ) amino)e thy l ) -2 -methoxyphenoxy)e thy l -1 ,1 ,2 ,2 -d 4 
4-methylbenzenesulfonate (17)
Na2SO4 (55 mg, 0.39 mmol) and (R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-
oxopentanenitrile (151 mg, 0.547 mmol) in 1.7 ml DCE were added to a solution of 
2-(4-(2-aminoethyl)-2-methoxyphenoxy)ethyl-1,1,2,2-d4 4-methylbenzenesulfonate6 
(223 mg, 0.604 mmol) in 1.7 mL DCE. The reaction mixture was stirred at room 
temperature overnight under N2. Sodium triacetoxyhydroborate (132 mg, 0.623 mmol) 
was added to the mixture and stirred for 1.5 hour at room temperature. The reaction 
was quenched with 1M NaHCO3, extracted with EtOAc (10 mL), washed with water 
(2x) and brine, organic layers were dried over Na2SO4, and used as such in the next step. 
Di-tert-butyl dicarbonate (185 mg, 0.848 mmol) and triethylamine (120 µL, 0.866 
mmol) were added to diluted crude product and stirred at room temperature for 1.5 
h. The reaction mixture was diluted with EtOAc, washed with water and brine, dried 
over Na2SO4, and solvent was removed in vacuo. The crude mixture was purified by 
flash column chromatography (30-50% EtOAc/Hex) to obtain the purified product 
as colorless oil (37 mg, 0.051 mmol, 13 % yield). 1H NMR (CDCl3) δ 7.82 [2H, 
d, J = 8.2 Hz, SO2-CHAR], 7.33 [2H, d, J = 8.2 Hz, CH3-CHAR], 6.89-6.62 [6H, m, 
CHAR], 3.88 [3H, s, OCH3], 3.87 [3H, s, OCH3], 3.80 [3H, s, OCH3], 3.29-2.99 
[4H, m, CH2NCH 2], 2.67 [2H, br.s, NCH2CH2Ar], 2.44 [3H, s, TsCH3], 2.06 [2H, 
m, CH2CH2CH2], 1.80-1.55 [3H, m, CH(CH3)2 and CCH2], 1.43 [9H, m, Boc], 1.17 
and 0.78 [3H each, d, J = 6.3 Hz, CH(CH3)2]. 

13C NMR (CDCl3) δ 149.69, , 148.96, 
148.43, 148.21, 145.83, 144.83, 133.40, 132.75, 130.36, 129.79, 127.97, 120.74, 
118.65, 115.14, 112.76, 110.97, 109.26, 79.38, 55.90, 55.83, 55.82, 49.08, 48.67, 
47.27, 37.87, 35.14, 34.79, 28.36, 24.62, 21.64, 18.90, 18.51. ESI-HRMS: calculated 
for C39H48d4N2O9S: 728.3645, 729.4104 [M+H]+ and 751.3935 [M+Na]+ found.

tert-butyl (4-(2-fluoroethoxy-1,1,2,2-d4)-3-methoxyphenethyl)carbamate (11)
2-(4-(2-((tert-butoxycarbonyl)amino)ethyl)-2-methoxyphenoxy)ethyl-d 4 
4-methylbenzenesulfonate (471 mg, 1.00 mmol) and TBAF (446 mg, 1.71 mmol) 
were co-evaporated three times with dry acetonitrile to remove any water. Compounds 
were dissolved in acetonitrile (5 mL) and added to a closed reaction vial. The reaction 
mixture was stirred at 85 °C in heatblock for 4 h. Solvent was evaporated and crude 
mixture was purified by flash column chromatography (10-25% EtOAc in hexane) to 
obtain the desired clear oil (254 mg, 0.800 mmol, 80%).  1H NMR (CDCl3) δ 6.88-
6.71 [3H, m, CHAR], 4.55 [1H, br s, NH2], 3.87 [3H, s, OCH3], 3.36 [2H, q, J = 6.6 
Hz, NHCH2CH2], 2.75 [2H, t, J = 7.0, NHCH2CH2], 1.44 [9H, s, Boc]. 13C NMR 
(CDCl3) δ 155.71, 149.52, 146.15, 132.70, 120.51, 114.34, 112.44, 78.85, 55.61, 
41.65, 35.54, 28.17. ESI-HRMS: calculated for C16H20d4FNO4: 317.1940, 340.1856 
[M+Na]+ found.
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2-(4-(2-fluoroethoxy-1,1,2,2-d4)-3-methoxyphenyl)ethan-1-amine (12)
Tert-butyl 4-(2-fluoroethoxy)-3-methoxyphenethyl-d4-carbamate (253 mg, 0,797 
mmol) was dissolved in DCM (12 mL), TFA (12 mL) was added and the mixture 
was stirred at room temperature for 1 h. Reaction mixture was diluted with DCM 
and solvent was evaporated under vacuo. Crude mixture was purified by flash column 
chromatography (3-5% MeOH in DCM) to obtain the desired product as a white solid 
(174 mg, 0.800 mmol, quantitative yield). 1H NMR (MeOD) δ 6.95-6.78 [3H, m, 
CHAR], 3.85 [3H, s, OCH3], 3.16 [2H, t, J = 7.6 Hz, NHCH2], 2.90 [2H, t, J = 8.0 Hz, 
NHCH2CH2]. 

13C NMR (CDCl3) δ (ppm) 151.57, 148.78, 131.72, 122.32, 116.09, 
114.20, 56.61, 42.15, 34.30. ESI-HRMS: calculated for C11H12d4FNO2: 217.1416, 
218.1559 [M+H]+ found.

(R) -2-(3,4-dimethoxyphenyl) -5-((4-(2-f luoroethoxy-1,1,2,2-d 4) -3-
methoxyphenethyl)amino)-2-isopropylpentanenitrile (18)
2-(4-(2-fluoroethoxy)-3-methoxyphenyl)ethane-d4-amine (174 mg, 0.800 mmol) was 
dissolved in dry MeOH (3 mL) and Na2SO4 (600 mg, 4.2 mmol) was added. (R)-
2-(3,4-dimethoxyphenyl)-2-isopropyl-5-oxopentanenitrile (147 mg, 0.534 mmol) was 
dissolved in dry MeOH (1.4 mL), added to the mixture, which was stirred at room 
temperature overnight under nitrogen. Sodium triacetoxyhydroborate (170 mg, 0.800 
mmol) was added and stirred at room temperature for 2 h. The reaction was quenched 
with 1M NaHCO3 and extracted with EtOAc, washed with H2O and brine, dried over 
Na2SO4 and the solvent was evaporated in vacuo. The crude oil was purified by column 
chromatography (2-7% MeOH in DCM) to obtain the desired product (30 mg, 0.063 
mmol, 12% yield). 1H NMR (CDCl3) δ 6.96-6.68 [6H, m, CHAR], 3.89 [3H, s, 
OCH3], 3.87 [3H, s, OCH3], 3.84 [3H, s, OCH3], 2.89 [4H, m, CH2NCH2CH2], 2.75 
[2H, t, J = 6.9 Hz, NCH2CH2], 2.20 and 1.93 [1H each, dt, J = 12.0 and 4.5, CCH2], 
2.07 [1H, sept, J = 6.8 Hz, CH(CH3)2],  1.67 and 1.32 [1H each, m, CH2CH2CH2], 
1.18 and 0.79 [3H each, d, J = 6.6, CH(CH3)2]. 

13C NMR (CDCl3) δ 149.85, 149.05, 
148.35, 146.60, 131.87, 129.99, 121.14, 120.57, 118.63, 114.59, 112.58, 111.06, 
109.37, 55.97, 55.92, 55.81, 49.53, 47.97, 37.87, 35.02, 33.78, 23.91, 18.85, 18.52. 
ESI-HRMS: calculated for C27H33D4FN2O4: 476.2988, 477.3542 [M+H]+ found.

(R)-2-(4-(2-((4-cyano-4-(3,4-dimethoxyphenyl)-5-methylhexyl)(methyl-d3)
amino)ethyl)-2-methoxyphenoxy)ethyl-1,1,2,2-d4 4-methylbenzenesulfonate (16)
2-(4-(2-aminoethyl)-2-methoxyphenoxy)ethyl 4-methylbenzenesulfonate-d4 (219 
mg, 0.592 mmol) and (R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-oxopentanenitrile 
(110 mg, 0.403 mmol) were stirred together with Na2SO4 (1.5 g) in DCE (3 mL) 
under nitrogen overnight. The reaction mixture turned light yellow and sodium 
triacetoxyhydroborate (137 mg, 0.645 mmol) was added and the resulting mixture was 
stirred at room temperature for 2 h. The reaction was quenched with 1M NaHCO3, 
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extracted with EtOAc, washed with water and brine, organic layers were dried over 
Na2SO4, and used as such in next step. Iodomethane-d3 (45.0 µL, 0.723 mmol) and 
DiPEA (200 µL, 1.15 mmol) were added to the reaction mixture and stirred overnight 
at room temperature. The reaction mixture was diluted with EtOAc, washed with water 
and brine, dried over Na2SO4 and solvent was removed in vacuo. The crude mixture was 
purified by flash column chromatography (2% MeOH in DCM) and HPLC (method 
C) to obtain the product as a white solid (5 mg, 0.007 mmol, 2% yield). 1H NMR 
(MeOD) δ 7.81 [2H, d, J = 8.0 Hz, SO2-CHAR], 7.42 [2H, d, J = 8.2 Hz, CH3-CHAR], 
7.04-6.67 [6H, m, CHAR], 3.84 [3H, s, OCH3], 3.82 [3H, s, OCH3], 3.80 [3H, s, 
OCH3], 3.15-2.88 [4H, m, CH2NCH 2], 2.45 [3H, s, TsCH3], 2.22-2.03 [3H, m 
CH(CH3)2 and CCH2], 1.75 and 1.38 [1H each, br s, CH2CH2CH2], 1.31 [2H, br.s, 
NCH2CH2Ar], 1.22 and 0.79 [3H each, d, J = 6.6 Hz, CH(CH3)2]. 

13C NMR (CDCl3) 
δ 151.78, 151.16, 150.51, 148.49, 146.65, 134.48, 131.46, 131.26, 131.20, 129.21, 
122.21, 122.16, 120.56, 116.64, 114.27, 112.98, 110.94, 56.79, 56.70, 56.58, 56.51, 
38.88, 35.48, 33.24, 30.88, 23.91, 22.34, 21.76, 19.50, 19.03. ESI-HRMS: calculated 
for C35H39d7N2O7S: 645.3465, 646.3498 [M+H]+ found.

(R)-2-(4-(2-((4-cyano-4-(3,4-dimethoxyphenyl)-5-methylhexyl)(methyl-d3)
amino)ethyl)-2-methoxyphenoxy)ethyl 4-methylbenzenesulfonate (19)
2-(4-(2-aminoethyl)-2-methoxyphenoxy)ethyl 4-methylbenzenesulfonate (341 mg, 
0.935 mmol) and (R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-oxopentanenitrile 
(177 mg, 0.644 mmol) were stirred together with Na2SO4 (1.5 g) in DCE (5 mL) 
under nitrogen overnight. The reaction mixture turned light yellow and sodium 
triacetoxyhydroborate (206 mg, 0.971 mmol) was added and this mixture was stirred at 
room temperature for 1.5 h. The reaction was quenched with 1M NaHCO3, extracted 
with EtOAc, washed with water and brine, after which organic layers were dried over 
Na2SO4 and used as such in the next step. Iodomethane-d3 (65.0 µL, 1.04 mmol) and 
DiPEA (290 µL, 1.66 mmol) were added to the reaction mixture and stirred overnight 
at room temperature. The reaction mixture was diluted with EtOAc, washed with water 
and brine, dried over Na2SO4 and solvent was removed in vacuo. The crude mixture was 
purified by flash column chromatography (2% MeOH in DCM) and HPLC (method 
C) to obtain the product as a white solid (12 mg, 0.019 mmol, 3.0% yield). 1H NMR 
(CDCl3) δ 7.81 [2H, d, J = 8.2 Hz, SO2-CHAR], 7.42 [2H, d, J = 8.2 Hz, CH3-CHAR], 
7.04-6.67 [6H, m, CHAR], 4.32 [2H, t, J = 4.4 Hz, CH2CH2OTs], 4.15 [2H, t, J = 4.4 
Hz, CH2CH2OTs], 3.84 [3H, s, OCH3], 3.82 [3H, s, OCH3], 3.80 [3H, s, OCH3], 
3.16-2.89 [4H, m, CH2NCH 2], 2.45 [3H, s, TsCH3], 2.22-2.04 [3H, m, CH(CH3)2 and 
CCH2], 1.75 and 1.37 [1H each, br s, CH2CH2CH2], 1.31 [2H, br.s, NCH2CH2Ar], 
1.22 and 0.79 [3H each, d, J = 6.6 Hz, CH(CH3)2]. 

13C NMR (CDCl3) δ 151.76, 
151.14, 150.49, 148.46, 146.66, 134.45, 131.45, 131.32, 131.20, 129.21, 122.20, 
122.16, 120.56, 116.67, 114.27, 112.96, 110.93, 70.35, 68.61, 56.79, 56.70, 56.58, 
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56.50, 38.88, 35.48, 33.24, 30.87, 23.90, 22.38, 21.76, 19.50, 19.03. ESI-HRMS: 
calculated for C35H43d3N2O7S: 641.3214, 642.3302 [M+H]+ found.

(R)-2-(3,4-dimethoxyphenyl)-5-((4-(2-fluoroethoxy)-3-methoxyphenethyl)
(methyl-d3)amino)-2-isopropylpentanenitrile (20)
(R)-2-(3,4-dimethoxyphenyl)-2-isopropyl-5-oxopentanenitrile (147 mg, 0.534 mmol) 
was dissolved in 1.4 mL MeOH and added to a suspension of 2-(4-(2-fluoroethoxy)-
3-methoxyphenyl)ethane-d4-amine (174 mg, 0.801 mmol) and Na2SO4 (613 mg) in 
3 mL dry MeOH. The reaction mixture was stirred overnight at room temperature 
under nitrogen. Sodium triacetoxyhydroborate (170 mg, 0.801 mmol) was added and 
the mixture was stirred again at room temperature for 2 h. The reaction was quenched 
with 1M NaHCO3 and extracted with EtOAc, washed with water and brine, dried over 
Na2SO4 and solvent was removed in vacuo to an oil. The crude mixture was purified by 
flash column chromatography (2-7% MeOH in DCM) to obtain the desired product as 
a light brown oil (30 mg, 0.063 mmol, 12% yield). 1H NMR (CDCl3) δ 6.94-6.66 [6H, 
m, CHAR],  4.77 [2H, dt, J = 47.4 and 4.2 Hz, CH2CH2F], 4.25 [2H, dt, J = 27.8 and 
4.3 Hz, CH2CH2F], 3.89 [3H, s, OCH3], 3.88 [3H, s, OCH3], 3.86 [3H, s, OCH3], 
2.71-2.48 [4H, m, CH2NCH2CH2], 2.38 [2H, m, NCH2CH2], 2.13 and 1.84 [1H 
each, dt, J = 12.0 and 4.2, CCH2], 2.06 [1H, sept, J = 6.7 Hz, CH(CH3)2], 1.56 and 
1.16 [1H each, m, CH2CH2CH2] 1.20 and 0.81 [3H each, d, J = 6.8, CH(CH3)2]. 

13C 
NMR (CDCl3) δ 149.65, 148.91, 148.17, 146.09, 134.25, 130.57, 121.43, 120.54, 
118.60, 114.55, 112.67, 110.97, 109.40, 82.69, 81.33, 68.72, 68.56, 59.27, 56.78, 
55.93, 55.92, 55.84, 37.91, 35.56, 33.14, 23.27, 18.95, 18.58. ESI-HRMS: calculated 
for  C28H36d3FN2O4: 489.3082; 490.3212 [M+H]+ found.

4.3.2 Radiochemistry
(R)-5-((3,4-dimethoxyphenethyl)(2-[18F]fluoroethyl-1,1,2,2-d4)amino)-2-(3,4-
dimethoxyphenyl)-2-isopropylpentanenitrile ([18F]1-d4)
[18F]F− was produced by the 18O(p,n)18F nuclear reaction using an IBA (Louvain-la-
Neuve, Belgium) Cyclone 18/9 cyclotron. Radioactivity levels were measured using 
a Veenstra (Joure, The Netherlands) VDC-405 dose calibrator. Radiochemistry was 
carried out in homemade, remotely controlled synthesis units.22 After irradiation, [18F]
fluoride was trapped on a PS-HCO3 column and eluted using 1 mL MeCN/H2O (9:1, 
%v/v) containing Kryptofix 2.2.2 (3 mg, 35 µmol) and K2CO3 (2 mg, 14 µmol) into 
a screw cap reaction vial. The [18F]K222/KF/K2CO3 complex was dried at 90 °C under 
a Helium flow of 50 mL∙min-1 and reduced pressure for 6 minutes. 0.5 ml MeCN was 
added and the complex was dried for 3 minutes resulting in a white tarnish on the 
bottom of the vial. Precursor 6 (10 mg, 36 µmol) was dissolved in 0.5 mL DMF and 
added to the vial with the dried complex. This reaction mixture was heated to 90 °C. 
After 10 minutes, the formed volatile intermediate 1-bromo-2-[18F]fluoroethane-d4 was 
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distilled at 100 °C through a preheated silvertriflate column at 200 °C, resulting in 
[18F]fluoroethyl-d4-triflate, which was bubbled to the second reaction vial containing a 
reaction mixture with (R)-desmethyl-norverapamil (1.5 mg, 3.4 µmol), K2CO3 (1.5 mg, 
11 µmol) and a stirring bar in 0.5 ml ACN at 0 °C (Scheme 3). After distillation, the 
reaction was stirred for 15 min at 120 °C, quenched with 1 mL of water and purified by 
semi-preparative HPLC (method B). The product eluted at 8 minutes, and the product 
fraction was collected for 1.5 minutes, which was diluted with 40 mL of water. The 
mixture was passed through a Sep-Pak Plus tC18 cartridge and subsequently rinsed with 
20 mL water. The product was eluted from the Sep-Pak Plus tC18 cartridge with 1 mL 
ethanol (96%) and was diluted with a solution of 7.11 mM NaH2PO4 in 0.9% NaCl 
(w/v in water), pH 5.2 resulting in a final solution with 5% ethanol. The radiochemical 
purity was determined by analytical HPLC (method D) to be >99% and the molar 
radioactivity was 201 ± 88 GBq∙µmol-1 (n=3). The radiochemical yield was 2.64 ± 
2.26%, decay corrected (DC) (n=7) calculated from start of synthesis.

(R)-2-(3,4-dimethoxyphenyl)-5-((4-(2-[18F]fluoroethoxy-1,1,2,2-d4)-3-
methoxyphenethyl)amino)-2-isopropylpentanenitrile ([18F]2-d4)
Precursor 17 (1.0 mg, 1.3 µmol) was dissolved in 0.5 mL MeCN, added to the dried 
[18F]K222/KF/K2CO3 complex, and heated at 90 °C for 15 minutes. The reaction mixture 
was cooled down to room temperature and TFA (0.2 mL, 2.7 µmol) was added. After 
10 minutes, the reaction was quenched with 0.9 mL of 2.5 M NaOH and purified by 
semi-preparative HPLC (method A). The product eluted at 15 minutes, and the product 
fraction of 1.5 minutes was diluted with 40 mL of water. This mixture was passed 
through the Sep-Pak Plus tC18 cartridge and subsequently rinsed with 20 mL water. The 
product was eluted with 1 mL ethanol (96%) and diluted with a solution of 7.11 mM 
NaH2PO4 in 0.9% NaCl (w/v in water), pH 5.2 resulting in a final solution with 5% 
ethanol, with a radiochemical purity of >99% determined by analytical HPLC (method 
F). The molar radioactivity was 104 ± 48 GBq∙µmol-1 (n=2) and the radiochemical yield 
6.1 ± 2.6 % DC (n=3) calculated from start of synthesis.

(R)-2-(3,4-dimethoxyphenyl)-5-((4-(2-[18F]fluoroethoxy)-3-methoxyphenethyl)
(methyl-d3)amino)-2-isopropylpentanenitrile ([18F]3-d3) 
Precursor 19 (0.5 mg, 0.8 µmol) was dissolved in 0.5 mL MeCN, added to the dried 
[18F]K222/KF/K2CO3 complex and heated at 90 °C for 15 minutes. The reaction mixture 
was passed through a Sep-Pak Alumina N light cartridge and rinsed with 1.5 mL MeCN 
and 1 mL air. The eluate was diluted with 1.5 mL water and purified by semi-preparative 
HPLC (method A). The product eluted at 15 min, and the product fraction of 1.5 
minutes was diluted with 40 mL of water. The mixture was passed through the Sep-
Pak Plus tC18 cartridge and subsequently rinsed with 20 mL water. The product was 
eluted with 1 mL ethanol (96%) and diluted with a solution of 7.11 mM NaH2PO4 in 
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0.9% NaCl (w/v in water), pH 5.2 resulting in a final solution with 5% ethanol, with 
a radiochemical purity of >99.5% determined by analytical HPLC (method E). The 
molar radioactivity was 125 GBq∙µmol-1 (n=1) and the radiochemical yield was 2.74 ± 
0.71% DC from start of synthesis (n=3). 

(R)-2-(3,4-dimethoxyphenyl)-5-((4-(2-[18F]fluoroethoxy-1,1,2,2-d4)-3-
methoxyphenethyl)(methyl-d3)amino)-2-isopropylpentanenitrile ([18F]3-d7)
[18F]3-d7 was prepared using an identical procedure as for [18F]3-d3, starting with 
precursor 16 (0.5 mg, 0.8 µmol). The radiochemical purity was >99.5% determined 
by analytical HPLC (method E). The molar radioactivity was 91.3 ± 25.5 GBq/µmol 
(n=5) and the radiochemical yield was 4.90 ± 3.86 % DC from start of synthesis (n=5).

4.3.3 General procedure for log D7.4 measurements 
The distribution of the tracers between equal volumes of 0.2 M phosphate buffer (pH 
= 7.4) and 1-octanol was measured in triplicate at room temperature. 1 mL of a 1-5 
MBq∙mL-1 solution of the fluorine-18 labeled tracers in 0.2 M phosphate buffer (pH = 
7.4) was vigorously mixed with 1 mL of 1-octanol for 1 minute at room temperature 
using a vortex. After 30 minutes, five samples of 100 µL were taken from both layers, 
avoiding cross-contamination. To determine recovery, 5 samples of 100 mL were taken 
from the 1-5 MBq∙mL-1 solution. All samples were counted for radioactivity. The Log 
Doct,7.4 value was calculated according to Log Doct,7.4 = 10Log(Aoct/Abuffer), where Aoct and 
Abuffer represent average radioactivity of 5 1-octanol and 5 buffer samples, respectively. 23 

4.3.4 Animals
Healthy male Wistar rats were obtained from Harlan Netherlands B.V. (Horst, the 
Netherlands) and male FVB wild-type mice and Mdr1a/b(−/−) mice developed from the 
FVB line were purchased from Taconic (Hudson, USA). All animals were housed in 
groups of four to six per cage under standard conditions (24 °C, 60% relative humidity, 
12-h light/dark cycles) and provided with water and food (Teklad Global 16% Protein 
Rodent Diet, Harlan, Madison, WI, USA) ad libitum. All animal experiments were 
performed in compliance with Dutch laws on animal experimentation (‘Wet op de 
proefdieren’, Stb 1985, 336) and after approval by the local animal ethics committee.

4.3.5 Metabolite analysis
Under isoflurane anesthesia, healthy Wistar rats (198-286 g) received tail vein injection 
of 36.8 ± 5.7, 30.2 ± 5.0, 24.4 ± 5.2 or 38.6 ± 6.1 MBq of [18F]1-d4, [

18F]2-d4, [
18F]3-d3 

or [18F]3-d7, respectively, in 0.2-0.4 mL. After injection, rats were conscious for the 
allowed time (except for the animals of the 5 min time point, which were left unconscious 
for the whole time) and sacrificed under isoflurane anesthesia at 5, 15 or 60 minutes 
(n=3 for each time point). Blood samples were collected via a heart puncture, and the 



Chapter 4

84

brain was removed from the skull and cut in half. Blood was collected in a heparin tube 
and centrifuged for 5 minutes at 4000 rpm (Hettich universal 16, Depex B.V., the 
Netherlands). Plasma was separated from blood cells, 1 mL plasma was loaded onto 
an Sep-Pak tC18 cartridge (Waters, Etten-Leur, the Netherlands), and the cartridge 
was washed with 20 mL of water. This eluate was defined as the polar radiolabeled 
metabolite fraction. Next, the Sep-Pak cartridge was eluted with 1.5 mL of methanol. 
This eluate was defined as the non-polar fraction, and also contains the parent tracer. It 
was analyzed using HPLC (method G). The recovery from the Sep-pak procedure was 
>85% and rest activity was not taken into account. One half of the brain was counted 
for activity and the other half was homogenized with an ultrasonic homogenizer 
(Braunsonic 1510, Germany) in cold water/MeCN (1:1, %v/v), under ice cooling, 
and subsequently centrifuged at 4000 rpm for 5 minutes. Separated supernatants were 
analyzed using HPLC. 

Statistical analysis was performed using Graphpad PRISM (v 5.02, Graphpad Software 
Inc). The metabolic stability (% parent tracer) of the deuterated tracers was compared 
to the non-deuterated analogs using a two-tailed unpaired t-test. Differences were 
considered significant if p<0.05.

4.3.6 PET imaging and data analysis
Mice (25-32 g; Mdr1a/b(-/-) mice: n=3; WT mice: n=4) were anesthetized via a nose 
mask using 2% isoflurane in oxygen at a rate of 1 L∙min-1. One hour prior to each study, 
a jugular vein was cannulated for administration of the tracer. Animals were scanned 
on small animal NanoPET/CT or NanoPET/MR scanners (Mediso Ltd., Budapest, 
Hungary)24 with identical PET components. The CT was used for attenuation correction 
and the MR scan for co-registration purposes. Next, a dynamic emission scan of 60 
minutes was acquired immediately following administration of 3.77 ± 0.58 MBq of 
[18F]3-d7. Dynamic scans were acquired in list mode and rebinned into the following 
frame sequence: 4x5s, 4x10s, 2x30s, 3x60s, 2x300s, 3x600s, 1x900s.

Reconstruction of nanoPET emission scans was performed using an iterative 3D Poisson 
ordered-subsets expectation‐maximization algorithm (Tera‐Tomo; Mediso Ltd.24) with 4 
iterations and 6 subsets, resulting in an isotropic 0.4 mm voxel dimension. The reported 
spatial resolution of the scanners is 1 mm2. PET images were analyzed using the freely 
available AMIDE software (version 0.9.2).25 Ellipsoidal shaped whole brain ROIs were 
drawn manually, based on anatomical structure indicated by the MR or CT scan. These 
ROIs were projected onto the dynamic image sequences, generating whole brain time-
activity curves (TACs). All TACs were expressed as mean of standardized uptake values 
(SUV) within the VOI. SUV is a unitless parameter resulting from the normalization of 
the measured activity to injected dose and body weight.
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4.4 Results & Discussion

In a previous study, two fluorine-18 labeled verapamil analogs were evaluated, [18F]1 
and [18F]2.6 Although in vivo results showed P-gp substrate behavior, metabolism of 
both tracers was increased compared with (R)-[11C]verapamil. As rapid metabolism 
may compromise both signal to noise ratios and quantitative analysis, the purpose of 
the present study was to assess whether metabolic stability could be improved using 
deuterium substitution, an approach that has been successful for other tracers 18-21. Four 
new analogs were synthesized and evaluated (Figure 1). [18F]1-d4 and [18F]2-d4 were 
exact deuterium substituted analogs of [18F]1 and [18F]2, with four deuterium atoms 
substituted on the fluoroethyl group. To gain more insight in the role of the original 
amine bound methyl group of verapamil, two other analogs of [18F]2 were synthesized, 
[18F]3-d3 and [18F]3-d7, both with a deuterated methyl group. The difference between 
these two analogs was the (non-)deuterated fluoroethyl group. 

4.4.1 Chemistry
The syntheses of the precursors and reference compounds were almost identical to 
those of the non-deuterated compounds, which have been described previously.6 The 
use of commercially available deuterated starting materials ethylene-d4 glycol and 
2-bromoethanol-1,1,2,2-d4 resulted in straightforward syntheses and ensured reliable 
isotopic purity. 

Scheme 1. Reagents and conditions: TsCl, Et3N, DCM, 0 °C, 1 h (4 to 6) or 16h (5 to 7). 
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Scheme 2. Reagents and conditions: i) 7, Cs2CO3, DMF, r.t., 4 h; ii) TBAF, MeCN, 85 °C, 4 h; iii) 
TFA, DCM, r.t., 1h.

Ethylene-d4 glycol was di-tosylated with tosylchloride (Scheme 1) to be directly linked to 
the Boc-protected phenyl amine 8 (Scheme 2). The deprotected amine 10 was coupled 
to the (R)-aldehyde 15 as described previously6 and it was directly protected with a Boc 
group to prevent formation of dimers, resulting in the precursor 17 of tracer [18F]2-d4 
(Scheme 3). 

Scheme 3. Reagents and conditions: i) (R)-aldehyde 156, NaBH(OAc)3, Na2SO4, DCE, r.t., 18 h. For 
12 directly to 18. Next step for 10, 13 and 14 to form 16, 19 and 20, respectively: ii) CD3I, DiPEA, r.t., 
18 h. Only for 10 to form 17: Boc2O, Et3N, r.t., 1.5 h.

To synthesize the deuterated reference compound 18 of [18F]2-d4 the tosyl group 
on the Boc protected amine 9 was fluorinated with TBAF to form amine 11. After 
deprotection, amine 12 was coupled to aldehyde 15 by reductive amination, resulting 
in the reference compound 18.

The two precursors 16 and 19 of [18F]3-d3 and [18F]3-d7, respectively, were synthesized 
from aldehyde 15 and the (deuterated) amines 13 and 10. After reductive amination, the 
secondary amine was methylated with Iodomethane-d3 (Scheme 3). The two precursors 
16 and 19 were both very difficult to purify and preparative HPLC was needed. Due 
to this extra step a lot of material was lost resulting in low yields. In future studies, this 
step needs to be optimized.
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For the reference compound of [18F]2-d4, the reference compound of [18F]2 was used6 
and methylated with Iodomethane-d3. 

Since the reference compound was used to identify the tracers by co-elution on analytical 
HPLC, the effect of deuterium substitution on elution time was tested. No difference in 
elution time between [18F]2 and [18F]2-d4 was observed for different HPLC systems and 
therefore the reference compound of [18F]1 could be used for [18F]1-d4 and the reference 
compound of [18F]3-d3 for [18F]3-d7.

4.4.2 Radiochemistry

Scheme 4. Reagents and conditions: i) 18F/K2.2.2/K
+, DMF, 90 °C, 15 min; ii) AgOTf, 200 °C, 15 min; 

iii) norverapamil, K2CO3, MeCN, 120 °C, 15 min.

2-bromoethanol-d4 was tosylated (Scheme 1) and the purified oil was used as such to 
synthesize [18F]1-d4. For [18F]1-d4, the same method was used as described before,6 
where 2-bromoethyltosylate-d4 was fluorinated and distilled to a second vial. On average 
25% of [18F]21 was distilled to the second vial. The conversion of the second step to 
[18F]1-d4, varied from 5-27% and stirring was necessary to obtain product with a total 
yield of 2.64 ± 2.26% DC (n=7). This resulted in enough product to perform animal 
experiments. 

Scheme 5. Reagents and conditions: i) 18F/K2.2.2/K
+, MeCN, 90 °C, 15 min; only for [18F]2-d4: ii) TFA, 

r.t., 10 min.
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[18F]2-d4 was radiolabeled as previously described,6 with direct fluorination and 
deprotection of the Boc group to result in a total yield of 6.10 ± 2.62 % DC (n=3).
[18F]3-d3 and [18F]3-d7 were radiolabeled in exactly the same manner, i.e. by direct 
fluorination on the tosyl group. Purification was challenging since traces of unlabeled 
fluorine were found in the product. To circumvent this, a purification step with an 
Alumina Sep-Pak was introduced to trap free and unreacted [18F]fluorine on the Sep-
Pak, before HPLC purification. This resulted in collected product with a radiochemical 
purity > 99.5% and a total yield of 2.74 ± 0.71% DC (n=3) and 4.90 ± 3.86 % DC 
(n=5) for [18F]3-d3 for [18F]3-d7, respectively. As the precursors were not 99.9% pure, 
an additional radiochemical purity check was included using an HPLC system with a 
different column and eluent. 

4.4.3 Metabolite study
Metabolite analyses of four novel tracers were performed in healthy Wistar rats, 5, 15 and 
60 min after tracer injection. As the focus of the present study was on the comparison 
of stabilities of analog compounds, only male animals were used in order to avoid 
possible variation due to gender differences. In order to exclude possible differences in 
in vivo behavior of the tracers due to gender differences, a follow-up study should be 
performed for the most promising analog. This is beyond the scope of the present study. 
Statistical analysis of the metabolite data was performed using two-tailed unpaired 
t-tests. For plasma (Table 1), no improvement in metabolic stability was observed when 
moving from the hydrogenated to the deuterated [18F]1 tracer. On the other hand, for 
the [18F]2(-d4) analogs, an significant improvement in stability due to the deuterated 
fluoroethyl group was observed (p<0.05, for 5 and 15 min). This could indicate that a 
different metabolic pathway for N-defluorethylation takes place, where the C-D bond 
is not included in the rate limiting step. Nonetheless, [18F]2-d4 was less stable in plasma 
than non-deuterated [18F]1. It seems that the tertiary amine slows down the metabolic 
rate, possibly by steric hindrance. To test this hypothesis, a deuterated methyl group on 
the amine was added in additional analogs, i.e. [18F]3-d3 and [18F]3-d7, without and 
with the deuterated fluoroethyl group on the phenolic side. 

The addition of a deuterated methyl group on the amine showed even higher in vivo 
stability. This actually contradicts the first assumption in the design of [18F]2,6 which 
was based on the postulation that removal of the methyl group would circumvent the 
first metabolic step (demethylation). Nevertheless, adding a deuterated methyl group 
on the amine still served the purpose of avoiding fluorine-18 labeled metabolites, which 
may also act as substrates of P-gp. For almost all tracers, primarily polar metabolites 
were formed, which are not expected to penetrate the BBB and therefore will not 
interfere with the PET signal. Interestingly, [18F]3-d7 showed a different pattern with 
more labeled non-polar metabolites in plasma. This might reflect a metabolite that is 
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formed after metabolic cleavage of the C-N bond on the stereoselective side of the 
molecule, with the deuterated methyl group still attached.

Table 1: Parent tracer and radiolabeled metabolite fractions in plasma (% of total radioactivity, mean ± 
SD; after intravenous injection of tracers under isoflurane anesthesia); for chemical structures, see Figure 1. 

min [18F]1 [18F]1-d
4

[18F]2 [18F]2-d
4

[18F]3-d
3

[18F]3-d
7

parent 
tracer

5 46 ± 14% 42 ± 12% 20 ± 3% 36 ± 6% 34 ± 5% 45 ± 3%

15 19 ± 2% 23 ± 3% 8 ± 3% 15 ± 2% 18 ± 4% 24 ± 2%

60 3 ± 1% 1 ± 0.3% 4 ± 1% 4 ± 1% 6 ± 1% 7 ± 1%

non-polar 
metabolites

5 5 ± 2% 8 ± 4% 5 ± 3% 5 ± 6% 6 ± 1% 19 ± 3%
15 9 ± 3% 9 ± 0.4% 5 ± 1% 4 ± 1% 7 ± 0.2% 23 ± 3%
60 5 ± 0.5% 8 ± 1% 3 ± 1% 5 ± 1% 5 ± 1% 13 ± 1%

polar 
metabolites

5 49 ± 11% 47 ± 7% 75 ± 3% 59 ± 4% 60 ± 5% 36 ± 5%

15 71 ± 2% 68 ± 3% 87 ± 1% 81 ± 2% 75 ± 4% 52 ± 5%

60 92 ± 1% 92 ± 1% 93 ± 2% 91 ± 1% 89 ± 2% 80 ± 3%

Brain tissue showed a different distribution between parent tracer and metabolites 
because some metabolites do not cross the blood-brain barrier. In the brain (Table 2), 
significantly more parent [18F]1-d4 is present compared with [18F]1 (p<0.0005 at 15 
min). For [18F]2, an increased parent fraction for the deuterated analog is even more 
prevalent (p<0.05 at 5 and 15 min). Similar to the pattern in plasma, the combination 
of deuterated methyl and fluoroethyl groups ([18F]3-d7) results in the highest fraction of 
parent tracer, until the 60 minute time point, when [18F]2-d4 showed the highest parent 
fraction in the brain.

Table 2: Parent tracer and radiolabeled metabolite fractions in brain tissue (% of total radioactivity, mean ± 
SD; after intravenous injection of tracers under isoflurane anesthesia); for chemical structures, see Figure 1. 

min [18F]1 [18F]1-d
4

[18F]2 [18F]2-d
4

[18F]3-d
3

[18F]3-d
7

parent 
tracer

5 41 ± 10% 55 ± 6% 26 ± 6% 46 ± 4% 50 ± 6% 60 ± 6%
15 14 ± 2% 27 ± 1% 17 ± 7% 34 ± 4% 26 ± 4% 38 ± 3%
60 2 ± 0.3% 0.2 ± 0.1% 6 ± 1% 11 ± 2% 7 ± 0.2% 8 ± 2%

brain 
metabolites

5 59 ± 10% 36 ± 24% 74 ± 6% 54 ± 4% 50 ± 6% 40 ± 6%
15 86 ± 2% 73 ± 1% 83 ± 7% 64 ± 1% 74 ± 4% 62 ± 3%
60 98 ± 0.3% 100 ± 0.1% 94 ± 1% 89 ± 2% 93 ± 0.2% 92 ± 2%
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4.4.4 PET study
To assess in vivo behavior, a PET study was performed in control and Mdr1a/b(-/-) mice 
with the overall metabolically most stable tracer [18F]3-d7. Increased brain uptake was 
observed in Mdr1a/b(-/-) mice compared with wild type mice (Figure 3a). Washout was 
slow and similar to that of (R)-[11C]verapamil in the brain (Figure 3b). Th e ratio in 
whole brain uptake between Mdr1a/b(-/-) and wild type mice was signifi cantly higher 
for [18F]3-d7 than for [11C]verapamil (p=0.0067, paired t-test ) (Figure 3c). Data from 
the previous study6 with the same PET experiments  shows a diff erent pattern for 
[18F]2, where steady brain uptake was seen (although SUV remained below 1) without 
appreciable washout. Th is could be caused by the additional (deuterated) methyl group 
and consequently diff erence in log D (1.61 and 2.19 for [18F]2 and [18F]3-d7, respectively 
(Table 3)), suggesting that the methyl group aff ects in vivo behavior and (in this case) leads 
to increased brain penetration in Mdr1a/b(-/-) mice. Related to the lipophilicity, plasma 
protein binding could be an important factor for successful clinical implementation 
of a PET tracer. (R)-[11C]verapamil showed 88% plasma protein binding in human 
plasma,26 which did not limit its use for imaging. In general, high lipophilic PET tracers 
show high plasma protein binding.27 Since all tracers developed are structurally similar 
to verapamil, but lower in lipophilicity (Table 3), no problems are expected with respect 
to plasma protein binding. To resolve the true value of the new PET tracer [18F]3-d7, 
clinical studies are needed. Possible study limitations for translation might be a diff erent 
route of administration in the clinic, diff erence in metabolism between species and a 
laborious precursor syntheses route.

Table 3: Log D7.4 measurements
tracer log D

7.4

[18F]1 2.09

[18F]1-d
4

1.75

[18F]2 1.61

[18F]2-d
4

1.45

[18F]3-d
3

2.16

[18F]3-d
7

2.19

[11C]Verapamil28 2.66

In the present study, no assessment of specifi city toward P-gp in comparison with other 
transporters was performed. However, both (R)-[11C]verapamil and [18F]2 are specifi c 
for P-gp, and this is also expected for the structurally similar analog [18F]3-d7.
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wild-type (WT) mice and nMdr1a/b(−/−) mice.6 d) Ratio of Mdr1a/b(−/−) SUV over WT SUV with  
[18F]3-d7, n [18F]2 and l (R)-[11C]verapamil. Mice were injected with 3-4 MBq of [18F]3-d7 under 
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Figure 4. Representative horizontal brain images of [18F]3-d7 in WT and Mdr1a/b(−/−) mice.
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4.5 Conclusion

The metabolic stability of existing fluorine-18 labeled verapamil analogs can be improved 
by inclusion of deuterium in the tracer molecule. In addition, increased metabolic 
stability of the methyl containing analogs [18F]3-d3 and [18F]3-d7 was observed, which 
may be the result of steric hindrance of enzymatic metabolism. The similarity of in vivo 
behavior between [18F]3-d7  and (R)-[11C]verapamil, together with improved metabolic 
stability of [18F]3-d7, compared to the other fluorine-18 labeled tracers, supports the 
potential of [18F]3-d7  as a candidate for clinical translation as a fluorine-18 labeled PET 
tracer for evaluation of P-gp. 
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5.1 Abstract

Positron emission tomography (PET) imaging of P-glycoprotein (P-gp) in the blood-
brain barrier can be important in neurological diseases where P-gp is affected, such as 
Alzheimer´s disease. Radiotracers used in the imaging studies are present at very small, 
nanomolar, concentration, whereas in vitro assays where these tracers are characterized, 
are usually performed at micromolar concentration, causing often discrepant in vivo 
and in vitro data. We had in vivo rodent PET data of [11C]verapamil, (R)-N-[18F]
fluoroethylverapamil, (R)-O-[18F]fluoroethyl-norverapamil, [18F]MC225 and [18F]
MC224 and we included also two new molecules [18F]MC198 and [18F]KE64 in this 
study. To improve the predictive value of in vitro assays, we labeled all the tracers with 
tritium and performed bidirectional substrate transport assay in MDCKII-MDR1 cells 
at three different concentrations (0.01, 1 and 50 µM) and also inhibition assay with 
P-gp inhibitors. As a comparison, we used non-radioactive molecules in transport assay 
in Caco-2 cells at a concentration of 10 µM and in calcein-AM inhibition assay in 
MDCKII-MDR1 cells. All the P-gp substrates were transported dose-dependently. At 
the highest concentration (50 µM), P-gp was saturated in a similar way as after treatment 
with P-gp inhibitors. Best in vivo correlation was obtained with the bidirectional 
transport assay at a concentration of 0.01 µM. One micromolar concentration in a 
transport assay or calcein-AM assay alone is not sufficient for correct in vivo prediction 
of substrate P-gp PET ligands.
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5.2 Introduction

P-glycoprotein (P-gp, ABCB1, MDR1) is an efflux transporter expressed with varying 
abundance in different tissues of the body, which affects the absorption, distribution, 
metabolism and elimination (ADME) of many drugs. P-gp is involved in liver 
canalicular biliary excretion, kidney apical renal secretion, intestinal luminal secretion 
and blood-brain barrier (BBB) efflux.1 At the BBB, P-gp is expressed mainly in the 
capillary endothelial cells, where it transports its substrates out of the brain into the 
bloodstream. P-gp has a similar function and overlapping substrate specificity with breast 
cancer resistance protein (BCRP, ABCG2), another BBB efflux transporter.2 P-gp can 
also work synergistically with metabolizing enzymes (e.g., cytochrome P450 (CYPs)), 
which are not only present in the liver, but also in cerebral endothelium, and as such 
can affect drug metabolism.3 Because of its widespread influence on ADME profiles 
of drugs, P-gp has been identified as a prominent transporter protein that affects drug 
pharmacokinetics. All drug candidates for regulatory submissions need to be screened 
for substrate affinity and inhibitory potency of transporters, particularly P-gp.4 

Different cell lines are used to predict membrane permeability, oral absorption of drugs 
and interaction with P-gp.5,6 Measurement of bidirectional transport in a transwell system 
using cell lines (over)expressing human P-gp is one of the most common and reliable 
in vitro assays to study P-gp interactions. This assay is typically performed in polarized 
cell lines that form monolayer and tight junctions, such as Madin-Darby canine kidney 
(MDCKII) and porcine renal epithelial (LLC-PK1) cells, transfected with the human 
MDR1 gene, or human epithelial colorectal adenocarcinoma (Caco-2) cells, which 
endogenously express human P-gp.7 In addition to P-gp, Caco-2 cells also express Bcrp8 
and multidrug resistance-associated protein 2 (Mrp2).9 Transport of a compound from 
the apical (A) to the basolateral (B) direction represents passive diffusion and transport 
from B to A P-gp mediated efflux, if P-gp is the only protein involved in the transport. 
An efflux ratio (ER), calculated as apparent permeability (Papp) from B to A divided by 
apparent permeability from A to B, is generally used to describe the substrate potential. 
This ratio is the net result of passive diffusion and the action of P-gp and thus may 
reflect the contribution of P-gp to restrict flux across the membranes, rather than active 
efflux only. Feng et al. identified a cutoff value of 1.7 for ER in MDCK-MDR1 versus 
MDCK wild-type cells.10 Compounds having a value higher than 1.7 were classified as 
potential P-gp substrates. The same authors identified an in vivo cutoff value of 4 for 
brain-to-plasma area under the curve (AUC) ratios between P-gp knockout and wild-
type mice. More widely used is an in vitro cutoff value of 2, which has been reported in 
several publications.11,12 By using an in vitro ER cutoff value of 2 and an in vivo ER of 3, 
74% of the class 1 compounds of the Biopharmaceutics Drug Disposition Classification 
System (BDDCS) and 81% of the class 2–3 compounds were correctly classified as P-gp 
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substrates.12 Zhang et al. indicated that a drug is likely to be a P-gp substrate if its ER 
in vitro is higher than 2 and two or three known P-gp inhibitors significantly reduce 
the ER.1 

Another common in vitro test for determining interaction of a compound with P-gp 
is a calcein-AM assay. A non-fluorescent hydrophobic dye and P-gp substrate, calcein 
acetoxymethyl (AM) derivative, is normally kept out of the cells by P-gp. When P-gp 
is inhibited by a test compound, influx of calcein-AM will increase. Calcein-AM 
hydrolyzes into hydrophilic fluorescent calcein, which is then measured.10 The calcein-
AM assay is therefore a P-gp inhibition and not a substrate assay. The calcein-AM and 
transport assays are both useful across a broad range of apparent permeability values 
of test compounds, but Polli et al. showed that the transport assay is more prone to 
fail at high permeability, whereas the calcein-AM assay is more prone to fail at low 
permeability.11

Positron emission tomography (PET) is a powerful method to investigate the 
functionality of P-gp in various organs in vivo. PET is a non-invasive imaging technique 
that can measure the concentration of a positron emitting radiolabeled molecule in a 
region of interest, for example in the brain. To date, several radiolabeled P-gp substrates 
have been used to image P-gp function at the human BBB.13 Substrate behavior can be 
useful, e.g., in the case of Alzheimer’s disease (AD), where diminished P-gp function 
has been measured, resulting in increased brain accumulation of a PET tracer and 
neurotoxic compounds, such as amyloid-β.14 On the other hand, overexpression of P-gp 
in the brain has been reported in epilepsy patients suffering from multidrug resistance.15 
In this case, anti-epileptic drugs that are substrates of P-gp are not able to reach the 
brain. For PET imaging of regional P-gp expression (as opposed to P-gp function), a 
PET tracer is required which binds tightly to P-gp, instead of being transported. Several 
attempts were made to radiolabel compounds that showed such inhibitory binding in 
vitro, but the PET tracers based on these compounds, such as [11C]tariquidar and [11C]
elacridar, still showed substrate behavior in vivo.16 In vitro assays usually are performed 
in the micromolar concentration range, whereas in vivo PET studies are carried out at 
nanomolar concentrations. A possible explanation is that the mechanism of interaction 
of the tested compounds with the P-gp protein is concentration dependent.

The purpose of the present study was to investigate the usefulness of in vitro assays 
for predicting the in vivo behavior of PET tracers, with a focus on the concentration 
dependency of ligand behavior. Previously, several fluorine-18 labeled PET ligands for 
in vivo measurements of P-gp function at the BBB have been developed in our labs. 
Fluorine-18 tracers have the advantage over carbon-11 due to a longer half-life (110 
min vs. 20 min) that they can be transported to imaging facilities without an on-site 
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cyclotron. We had existing in vivo data in mice and/or in rats for the standard substrate 
(R)-[11C]verapamil17,18 and its derivatives (R)-N-[18F]fluoroethylverapamil (N-[18F]
FeVer) and (R)-O-[18F]fluoroethylnorverapamil (O-[18F]FeVer) and the isoquinoline 
derivatives [18F]MC224 and [18F]MC225 (Figure 1).19–22 In this study, we included 
also two new fluorine-18 labeled isoquinoline derivatives, [18F]MC198 and [18F]KE64 
(Figure 1), which were evaluated in vivo in mice. MC198 and KE64 are structural 
analogs of MC225 and MC224, respectively.

Figure 1. Chemical structures of all test compounds.

Originally, MC224 and MC225 were selected from large libraries, based on bi-
directional transport data in Caco-2 cells and calcein-AM inhibition data in MDCKII-
MDR1 cells, which had been acquired with non-radioactive molecules. In this study, 
by labeling all the molecules with tritium (3H, half-life 12.3 years), we could have a 
measurable signal even in a very low test compound concentration. Bi-directional 
transport assays were performed with tritiated molecules in MDCKII-MDR1 cells at 
three different concentrations (0.01, 1 and 50 µM). The lowest concentration (0.01 
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µM) best refl ects the conditions seen during in vivo PET studies, whereas the higher 
concentrations are generally used in in vitro experiments. Th is set-up made it possible 
to evaluate whether measured ER values decreased with increasing concentration of 
the test compound. If so, this would indicate dose-dependent substrate transport and 
saturation of P-gp. In parallel experiments, cells were treated with the P-gp inhibitors 
ketoconazole and tariquidar (TQD) for further study of the substrate behavior of the 
test compounds.23,24 Th e standard substrate [3H] digoxin was added as a control in this 
experiment.25 In addition, MC224 was used as a negative control in all the transport 
experiments, as it did not show substrate behavior in vivo. Finally, the acquired in vitro
data was compared with the in vivo data.

5.3 Results

5.3.1 Organic Synthesis
As depicted in Scheme 1, compound 2 was prepared by reductive amination using 
4-(2-aminoethyl)-2-methoxyphenol and aldehyde 1, which was synthesized in a 
stereoselective manner as described before.19

Scheme 1. Synthesis of 2. Reagents: (i) NaBH(OAc)3, Na2SO4, MeOH.

Compound 7a and MC224 were synthesized as reported in Scheme 2. Carboxylic 
acid 3 was transformed into the corresponding acyl chloride 4 that was reacted with 
hydroxyisoquinoline to obtain amide 5a. Final amine 7a was obtained by reduction 
of amide 5a, followed by fl uoroethylation of 6a. Synthesis of compounds 5b–6b and 
MC224 has been reported previously and spectral data of these compounds were 
identical to those described previously.20
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Scheme 2. 
Synthesis of 7a and MC224. Reagents and Conditions: (i) SOCl2, Et3N; (ii) NH4OH, CH2Cl2; (iii) 
LiAlH4, THF dry; (iv) NaH, DMF. 

Compounds 13a, MC225, 14a and MC198 were prepared as reported in Scheme 3. 
Synthesis of compounds 9, 10, 11b, 12b and MC225 has been reported previously and 
spectral data of these compounds were identical to those reported.20,26 Compounds 11a,b
were obtained by alkylation of chloride derivative 10 with isoquinoline. Compound 13a
was obtained by hydrogenation of 11a and consequent fl uoroethylation of compound 
12a. Compounds 14a and MC198 were obtained by direct fl uoroethylation of 
compounds 11a,b.

Scheme 3. Synthesis of 13a, MC225, 14a and MC198. Reagents and Conditions: (i) CH3SO2Cl, 
Et3N, CH2Cl2, −10 °C; (ii) cyclopropylmagnesium bromide, 3 N HCl, THF; (iii) Na2CO3, DMF; (iv) 
H2, Pd/C (5%); (v) 2-fl uoroethyl tosylate, NaH, DMF.
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Synthesis of compounds 16, 21a and KE64 is depicted in Scheme 4. Dihydroxybiphenyl 
was reacted with methyl-4-chlorobutanoate to obtain ester 17. Compound 18 was 
prepared by fl uoroethylation of ester 17 and the ester function was then reducted into 
alcohol yielding compound 19. Compound 19 was mesylated (compound 20) and 
then condensed with 7-methoxy-1,2,3,4-tetrahydroisoquinolin-6-ol or 6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline to obtain fi nal compounds 21a and KE64, respectively. 
Synthesis of compounds 15 and 16 has been previously reported and spectral data of 
these compounds were identical to those reported previously.27

Scheme 4. Synthesis of 16, 21a and KE64. Reagents and Conditions: (i) 1-bromo-4-chlorobutane, 
NaH, toluene; (ii) Na2CO3, DMF; (iii) NaH, THF; (iv) NaH, DMF; (v) LiAlH4, THF; (vi) MsCl, 
Et3N, CH2Cl2.
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5.3.2 Radiosynthesis

5.3.2.1 Tritium Labeling
Radiolabeling with tritium was first pursued using conditions from previous experiments 
with [3H]methyl nosylate.28 For [3H]verapamil labeling, the precursor was first dissolved 
in MeCN with 5 M NaOH and reacted with [3H]methyl nosylate at 60 °C for 15 
min (Scheme 5). However, milder conditions were required to reduce the formation of 
byproducts and therefore an overnight reaction at room temperature was used instead 
(25% radiochemical yield (RCY)). For the radiosynthesis of [3H]N-FeVer and [3H]
O-FeVer, [3H]fluoroethyl tosylate was used as a labeling agent at 60 °C for 45 min, but 
these conditions did not yield any product. Therefore, a higher temperature of 120 °C 
for 45 min was used to promote the reaction towards 5.7% RCY for [3H]N-FeVer and 
14% RCY for [3H]O-FeVer (Scheme 6). [3H]MC224 was dissolved in DMSO with 5 M 
NaOH and reacted with [3H]methyl nosylate at 60 °C for 15 min. This resulted in low 
yield with an unidentified byproduct. Therefore, the reaction was repeated overnight at 
room temperature and the yield increased under these milder conditions (26% RCY). 
The highest yield for [3H]MC225 labeling was obtained according to the standard 
protocol in MeCN for 15 min at 60 °C (10% RCY). For [3H]MC198 and [3H]KE64, 
a longer reaction time (30 min and 60 min, respectively) was needed to reach sufficient 
yields (3.7% and 2.3% RCY respectively). The low yield of [3H]MC198 was mainly due 
to the formation of byproducts. Most likely one of them was the isomerized form of 
[3H]MC198, as observed in the fluorine-18 labeling. The reaction mixture of [3H]KE64 
also showed multiple unidentified byproducts. Fortunately, the two desired products 
could easily be purified by preparative-HPLC.
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Scheme 5. General tritium labeling of verapamil, MC224, MC225, MC198 and KE64 with [3H]methyl 
nosylate.

Scheme 6. General tritium labeling of N-FeVer and O-FeVer with [3H]fl uoroethyl tosylate.
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5.3.2.1.1 Radiolabeling of [18F]MC198 and [18F]KE64

[18F]MC198 was challenging to label (Scheme 7), because, under basic reaction 
conditions, which are required for the labeling, the double bond of precursor 11b can 
isomerize from the alkyl chain into the tetrahydronaphthalene ring. When the amount 
of NaH was increased, the amount of isomerization also increased. On the other hand, 
when the amount of NaH was reduced, the radiochemical yield remained low. An amount 
of 2 mg of NaH for 2 mg of precursor 11b was found to yield a suffi  cient amount of 
[18F]MC198 (2.5% radiochemical yield, calculated from end of bombardment of 18F−) 
to conduct the in vivo studies. 

Scheme 7. General fl uorine-18 labeling of MC198 and KE64 with [18F]fl uoroethyl bromide.

Use of tetrabutylammonium hydroxide (TBAOH) solution (40% in water, 1 µL 
TBAOH and 0.5 mg of precursor) instead of NaH was also attempted, but no product 
was formed at all. Radiosynthesis was also attempted by starting with ethylene di(p-
toluenesulfonate), which was fi rst reacted with dried fl uoride complex. However, 
the formed [18F]fl uoroethyl tosylate was diffi  cult to purify and using it in unpurifi ed 
form could lead to side products together with the precursor and unreacted ethylene 
ditosylate. A Sep-Pak Silica Plus cartridge, a Sep-Pak C-18 cartridge and HPLC were 
used for purifi cation, but all methods were time consuming and HPLC and silica Sep-
Pak produced the intermediate in large volume. In addition, the separation in the Sep-
Paks was poor. Radiosynthesis progressed more easily and faster, and produced higher 
yields when the distillation employing bromoethyl tosylate as precursor was used. Using 
0.1 M NaOAc/MeCN 6:4 (v/v) as an HPLC eluent, the product and the isomer could 
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be partially separated, but baseline separation was not reached with this or with other 
eluents tested. Identification was based on the retention time of non-radioactive MC198 
in HPLC. [18F]MC198 was produced in 83 min with > 95% radiochemical purity and > 
100 GBq/µmol molar radioactivity. Log D7.4 was measured as 2.3 according to a method 
reported earlier.20 A distillation method was used without any difficulties also for [18F]
KE64. It was generated with 6.7 ± 0.5% radiochemical yield, > 97% radiochemical 
purity and 32 ± 17 GBq/µmol molar radioactivity in 72 min. Log D7.4 was determined 
to be 3.2.

5.3.3 In Vitro Experiments
Bidirectional transport of the tritiated test compounds ([3H]verapamil, [3H]N-FeVer, 
[3H]O-FeVer, [3H]MC224, [3H]MC225, [3H]MC198 and [3H]KE64) was investigated 
in MDCKII-MDR1 cells. Papp values for concentration dependent transport in both 
A → B and B → A direction and the ER (B → A/A → B) are shown in Figure 2. The 
effect of P-gp-mediated transport inhibition by ketoconazole and tariquidar is shown in 
Figure 3. The well-known P-gp substrate [3H]verapamil showed high B → A transport 
values (> 40 × 10−6 cm/s) and lower A → B transport (> 8 × 10−6 cm/s) at 0.01 µM with 
an ER of 5, indicating proper function of the MDCKII-MDR1 cells. With increasing 
concentrations of verapamil, the B → A transport and ER values decreased significantly, 
indicating saturation of P-gp. On the other hand, the A → B transport did not show any 
change from 0.01 to 1 µM, only at 50 µM the A → B transport increased significantly 
and the Papp values corresponded to the values observed with inhibitors ketaconazole and 
tariquidar. B → A transport of [3H]verapamil decreased significantly in combination 
with the inhibitors whereas A → B transport increased and consequently the ER values 
decreased below 2, indicating full inhibition of P-gp.

A similar behavior as with [3H]verapamil was observed also for [3H]N-FeVer. The only 
difference was that a significant change in B → A transport compared to 0.01 µM was 
observed only at 1 μM. [3H]O-FeVer also behaved like a P-gp substrate, with low A → B 
Papp values (< 2 × 10−6 cm/s) at 0.01 µM and 1 µM, but this increased significantly at 50 
µM and in the presence of inhibitors. The big difference in A → B and B → A resulted 
in a very high ER (> 30) at 0.01 µM and 1 µM, and was still higher than 2 at 50 µM or 
after inhibition with ketoconazole. 

[3H]MC224 had low Papp values in both directions (< 9 × 10−6 cm/s) compared with [3H]
verapamil. Different concentrations of [3H]MC224 did not affect the B → A transport 
much, but transport in both directions increased significantly due to inhibition of P-gp. 
The ER was < 2 under all conditions, even at a tracer concentration of 0.01 µM, indicating 
that MC224 is not a substrate of P-gp. [3H]MC225 showed increased A → B and B → 
A values and decreased ER values at increasing concentrations and in combination with 
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inhibitors, suggesting substrate behavior. With [3H]MC198, no change was observed 
between 0.01 and 1 µM, but A → B and B → A values increased significantly at 50 µM 
concentration and in combination with inhibitors. The ER of [3H]MC198 at 0.01 µM 
was slightly above 2, but below this cut-off at higher concentrations, indicating some 
affinity but very low capacity for P-gp mediated transport. [3H]KE64 did not show a 
clear pattern due to increasing concentrations or P-gp inhibition and in addition all Papp 
values were very low (< 3 × 10−6 cm/s).

[3H]Digoxin transport across monolayers of MDCKII-MDR1 cells was investigated 
only at a concentration of 0.05 µM and in combination with inhibitors. B → A 
transport was high (> 15) and A → B transport very low (< 1) causing a really high ER (> 
30). Both transport values decreased significantly (to < 3) due to inhibition. With both 
model substrates, [3H]verapamil and [3H]digoxin, A → B transport increased and B → 
A transport decreased due to inhibition. The difference between the two compounds 
was that with [3H]verapamil, both transport values remained high (> 20). Ketoconazole 
and tariquidar inhibited the P-gp transport in a very similar way for all the tested 
compounds tested. There were only small differences within a test compound in A → B 
and B → A values after inhibition by either ketoconazole or tariquidar, which could be 
due to different P-gp binding sites of these inhibitors.

Recovery of radioactivity was determined after each experiment. [3H]Verapamil, [3H]
N-FeVer, [3H]O-FeVer and [3H]digoxin showed good recovery (≥ 76% in all experiments, 
both in A → B and B → A directions). The recovery values for the remaining compounds 
were lower, ranging from 30 to 74% for [3H]MC224, 45 to 86% for [3H]MC225, 36 to 
75% for [3H]MC198 and 40 to 100% for [3H]KE64. These low recovery values could 
be due to the lipophilicity of the molecules, resulting in extensive nonspecific binding 
to surface membrane and/or intracellular components. Log D7.4 values for MC224, 
MC225, MC198 and KE64 were 2.9, 3.0, 2.3 and 3.2, respectively, and for verapamil,  
N-FeVer and O-FeVer 2.6, 2.0 and 1.6, respectively.20 
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Figure 2. Bidirectional transport (Papp and ER) of (a) [3H]verapamil, (b) [3H]N-FeVer, (c) [3H]O-FeVer, 
(d) [3H]MC224, (e) [3H]MC225, (f ) [3H]MC198 and (g) [3H]KE64 in MDCKII-MDR1 cells (mean ± 
SEM) tested at different concentrations: 0.01 µM (n = 6), 1 µM (n = 3) and 50 µM (n = 3). * -Symbol 
represents a significant difference with 0.01 µM (* p < 0.05, ** p < 0.01, *** p < 0.001) and # -symbol a 
significant difference with 1 µM (# p < 0.05, ## p < 0.01, ### p < 0.001).
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Figure 3. Bidirectional transport (Papp and ER) of (a) [3H]verapamil, (b) [3H]N-FeVer, (c) [3H]O-Fe-
Ver, (d) [3H]MC224, (e) [3H]MC225, (f ) [3H]MC198, (g) [3H]KE64 and (h) [3H]digoxin in MDC-
KII-MDR1 cells (mean ± SEM) using baseline concentration of 0.01 µM (n = 6) with co-incubation of 
the P-gp inhibitor ketoconazole at 25 µM (0.01 µM + keto, n = 3) and tariquidar at 10 µM (0.01 µM 
+ TQD, n = 3). * Symbol represents a significant difference with 0.01 µM (* p < 0.05, ** p < 0.01, *** 
p < 0.001) and # symbol a significant difference with 0.01 µM + keto (# p < 0.05, ## p < 0.01, ### p < 
0.001).
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In addition, the bidirectional transport of the non-radioactive molecules was evaluated 
in Caco-2 cells (Figure 4a). All of the compounds showed very similar results, with ER 
values ≥ 2, indicating affinity for P-gp. Remarkably, MC224 showed lower A → B and B 
→ A values than other molecules, but still the highest ER, indicating the strongest P-gp 
substrate potential, although this was not observed in the in vivo data or in vitro with the 
tritiated molecule. Bi-directional transport of the tested compounds across monolayers 
of Caco-2 and MDCKII-MDR1 cells was very different. ER values obtained in Caco-2 
cells did not correlate with ER of MDCKII cells at test compound concentrations of 
0.01 and 1 µM. A poor correlation (r2 = 0.35) was observed between data acquired at 50 
µM in MDCKII cells and at 10 µM in Caco-2 cells (Figure 4b).

Figure 4. (a) Bidirectional transport (Papp and ER) of the test compounds in Caco-2 cells after 2 h trans-
port using concentration of 10 µM (n = 1) and (b) correlation with ER values in MDCKII-MDR1 cells 
(verapamil: ●, O-FeVer: +, N-FeVer: ■, MC224: ▲, MC225: ▼, MC198: ♦, KE64: ×).

A calcein-AM inhibition experiment was performed in MDCKII-MDR1 cells with 
non-radioactive test compounds. The lowest EC50 value (0.014 µM) was obtained with 
KE64 and the highest with O-FeVer (2.4 µM, Table 1), indicating that KE64 has the 
greatest P-gp inhibition potential.
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Table 1: In vitro and in vivo results of the P-gp radiotracers tested.

In vitro In vivo

MDCKII-MDR1 
Cells

Compound
ER 

0.01 
µM

Calcein-AM 
EC

50
 (µM)

Substrate  
In Vitro

Brain-to-Plasma 
Knockout or 

Treated/Control

AUC whole Brain 
Knockout or 

Treated/Control

Substrate  
In Vivo

Mice Rats Mice Rats

Verapamil 5.5 1.1 + 7.1 (2) 6.2 (1)

3.7 (2) 7.1 (3) +

N-FeVer 2.8 1.1 + 5.8 (3) 1.2 (1) 3.7 (3) +

O-FeVer 37 2.4 + 6.5 (1) 5.9 (1) 2.4 (3) +

MC224 1.8 0.54 − 1.4 (2) 1.1 (2) −

MC225 2.4 0.35 +
4.3 (1)

3.2 (2) 1.9 (4)
1.8 (1)

2.0 (2) 3.7 (4) +

MC198 2.1 0.27 + 2.2 (2) 1.7 (2) +

KE64 1.9 0.014 − 2.1 (2) 1.6 (2) +

Definition as substrate (+) in vitro was ER > 2 and in vivo brain-to-plasma or AUC ratio > 2 in at least one 
strain. (1) Mdr1a/b(−/−) 60 min scan (verapamil, N-FeVer and O-FeVer) or 30 min scan (MC225, 45 min 
time point in brain-to-plasma).19,20 (2) Mdr1a/b(−/−)Bcrp1(−/−) 30 min scan, 45 min time point in brain-to-
plasma.20 (3) Wistar rats treated with tariquidar (15 mg/kg). N-Fever, 15 min time point in brain-to-plasma 
ratio and treatment with tariquidar 15 min prior to the radiotracer. All other values, treatment 30 min 
before tracer injection and 60 min PET scan.19 (4) Sprague-Dawley rats treated with tariquidar (8 mg/kg) 
30 min prior to the radiotracer, 60 min scan.21

5.3.4 In Vivo Evaluation of [18F]MC198 and [18F]KE64
Radiotracer uptake in the brain was evaluated in wild-type and Mdr1a/b(−/−)Bcrp1(−/−) 
knockout mice with microPET imaging. Both [18F]MC198 (control n = 5, knockout 
n = 4) and [18F]KE64 (control n = 5, knockout n = 6) had higher brain uptake in the 
knockout mice than in wild-type, indicating that they are substrates for P-gp and/or Bcrp 
in vivo (Figure 5a,b). The difference in whole brain time-activity curves between strains, 
expressed in standardized uptake value (SUV), was 1.7-fold (p < 0.001, comparing areas 
under the curve (AUC) from 0 to 30 min) for [18F]MC198 and 1.6-fold (p = 0.072) for 
[18F]KE64. The biodistribution profile of both compounds (at 45 min post-injection 
(p.i.)) was similar, with the highest uptake in liver, kidney, pancreas and small intestine 
(Figure 5c,d). Radioactive metabolites in plasma and brain at 45 min p.i. were analyzed 
using radio-TLC. Both compounds showed significant and rather rapid metabolism, the 
fraction of intact parent compound in the plasma at 45 min was only 34% and 26% for 
[18F]MC198 and [18F]KE64, respectively. In the brain, more metabolites were detected 
for [18F]MC198 than for [18F]KE64, i.e., 11 versus 5% metabolites of total radioactivity, 
respectively.
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Figure 5. (a,b) Whole brain time-activity curves and (c,d) biodistribution profile 45 min p.i. of [18F]
MC198 and [18F]KE64. Data are presented as mean ± SEM. Statistical differences are marked with a 
horizontal capped line (* p < 0.05, ** p < 0.01).

5.3.5 In Vitro—In Vivo Correlation
In vivo evaluation was performed in control and P-gp knockout mice and for some 
compounds also in rats which were treated with P-gp inhibitors (Table 1).19–21 
Experiments were performed in different institutions where different animal models 
were available and some compounds were involved in more experiments than others. 
The in vivo P-gp substrate potential was defined by difference in brain uptake between 
knockout and control animals. For radiolabeled compounds, the brain uptake can be 
determined either by PET imaging (time-activity curves) or by biodistribution studies 
(brain-to-plasma ratios). Brain-to-plasma ratios (Table 1) in knockout mice divided 
by brain-to-plasma ratios in control mice correlated nicely with in vitro ER values in 
MDCKII-MDR1 cells at both test compound concentrations of 0.01 µM (r2 = 0.89, 



Correlation of in vitro assays and in vivo experiments

115

5

Figure 6a) and 1 µM (r2 = 0.83, data not shown,). AUC ratios of whole brain SUV time-
activity curves also correlated with ER values at these same concentrations. Correlation 
was slightly better at a concentration of 0.01 µM (r2 = 0.79, Figure 6b) than at 1 µM (r2 
= 0.72, data not shown). [3H]O-FeVer had such high ER values at both concentrations 
(0.01 and 1 µM) that they were not in the same range as the others and therefore they 
were not included in the correlation analysis. ER of [3H]O-FeVer at a concentration 
of 0.01 µM was also a significant outlier according to Grubb’s test (p < 0.05). At a 
concentration of 50 µM, the correlation of ER values with both brain-to-plasma and 
AUC ratios was lost for all compounds. ER values obtained in Caco-2 cells (using a 
concentration of 10 uM) showed no correlation with the results obtained in the in vivo 
studies.

Figure 6. Correlation of in vitro ER values with (a) brain-to-plasma ratios and (b) AUC ratios between 
knockout and control mice. Brain-to-plasma ratios were calculated based on the biodistribution data 
45 min p.i. using Mdr1a/b(−/−)Bcrp1(−/−) knockout and control mice dosed with [11C]verapamil (●), [18F]
MC224 (▲), [18F]MC198 (♦) and [18F]KE64 (×). For [18F]MC225 (▼), values from both Mdr1a/b(−/−)

Bcrp1(−/−) (closed symbols) and Mdr1a/b(−/−)(open symbols) mice were included. AUC ratios are calcu-
lated from whole brain SUV time-activity curves in the same strains as mentioned above, except that 
Mdr1a/b(−/−) mice were used for [18F]N-FeVer (■) and these mice were used also for [11C]verapamil () in 
addition to Mdr1a/b(−/−)Bcrp1(−/−) mice (●).
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5.4 Discussion

This study investigated how accurately standard in vitro assays, i.e., bidirectional 
monolayer transport and calcein-AM assays, can predict in vivo behavior of potential 
P-gp substrates. For this purpose, seven different P-gp PET radiotracers were used: 
(R)-[11C]verapamil, [18F]N-Fever, [18F]O-Fever, [18F]MC224, [18F]MC225, [18F]
MC198 and [18F]KE64. In vivo evaluation was performed in transporter knockout and 
control mice and/or in rats treated with the P-gp inhibitor tariquidar. Initial in vitro 
characterization was performed using non-radioactive compounds in combination with 
both the calcein-AM assay in MDCKII-MDR1 cells and the bidirectional transport 
assay in Caco-2 cells. The main finding was that in vivo behavior was not the same for 
all compounds as that observed in vitro for their non-radioactive analogs. Therefore, 
an attempt was made to improve the predictive value of the in vitro data by identifying 
more appropriate assays, focusing on the use of a bidirectional transport assay with 
tritium labeled compounds in MDCKII-MDR1 cells.

Due to differences between the Caco-2 and MDCK-MDR1 cell lines, the P-gp mediated 
transport of compounds may differ, as was observed for example with higher efflux of 
[3H]digoxin in  MDCK-MDR1 cells than in Caco-2 cells.6 The transport assay in Caco-
2 cells, performed only at a relatively high test compound concentration (10 µM), did 
not sufficiently assess the differences between test compounds and incorrectly classified 
MC224 as a P-gp substrate (Figure 4).

5.4.1 Verapamil, N-FeVer and O-FeVer Behavior
Verapamil and its derivatives N-FeVer and O-FeVer showed comparable results in the 
transport experiments. Passive diffusion (A → B transport) increased with increasing 
concentrations of the compound and after treatment with inhibitors, which is an 
indirect consequence of the inhibition of P-gp. More compound is able to pass through 
the cell, without interference of P-gp, since it is not directly transported back to the 
apical side, resulting in a higher A → B transport. The increased A → B transport caused 
a decrease in the ER (Figures 2 and 3). In the concentration assay, O-FeVer transport 
was affected substantially only at a concentration of 50 µM and in the Calcein-AM 
measurement it had the highest EC50 value (2.4 µM. Table 1). P-gp efflux, the B → A 
transport, and ER values were the highest of all the tested compounds at concentrations 
of 0.01 and 1 µM. This means that O-Fever was the strongest substrate and weakest 
inhibitor of P-gp in vitro. Only at 50 µM a decrease in ER was found, which implies 
that, for a full assessment of the concentration dependent behavior, more concentrations 
between 1 and 50 µM would be needed for this compound. Compared with N-FeVer 
and verapamil, low A → B transport (< 2 × 10−6 cm/s) of O-FeVer at 0.01 and 1 µM 
indicates low passive diffusion and/or high P-gp affinity, which could be explained by 
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the low log D7.4 of 1.6. This effect is also observed in vivo with slowly increasing brain 
uptake and absence of an initial peak of activity.19 However, verapamil was still the 
strongest substrate in vivo as it had the highest brain-to-plasma and AUC ratios, both in 
mice and rats (Table 1). N-FeVer actually showed a rather low AUC ratio in mice (1.2), 
but this was higher in rats (3.7), indicating species differences. With O-FeVer, it was the 
other way around. Both N-FeVer and O-FeVer showed rapid in vivo metabolism. After 5 
min, only 46 and 20% of the total activity in plasma represented parent N- and O-FeVer, 
respectively, whilst for verapamil it was 88%. However, the formed metabolites are not 
expected to interact with P-gp, since they are not fluorine-18 analogs of the known [11C]
verapamil metabolite and P-gp substrate [11C]D617.19,29

5.4.2 MC224, MC225, MC198 and KE64 Behavior
Compounds MC224, MC225, MC198 and KE64 are all structural analogs. The 
difference between MC225 and MC198 is only a double bond in MC198 in the 
middle of the molecule versus a single bond in MC225 (Figure 1). The transport assay in 
MDCKII-MDR1 cells yielded very similar ER values for both compounds, although A 
→ B and B → A values were a bit higher for MC225 (Figures 2e,f and 3e,f ). The calcein-
AM assay identified MC198 as a slightly more potent P-gp inhibitor (Table 1). However, 
MC225 had higher knockout/control brain-to-blood and AUC ratios in mouse brain 
in vivo than MC198, it was metabolically more stable and showed fewer radioactive 
metabolites in the brain.20 MC198 was also difficult to label due to isomerization of 
the double bond. Thus, MC225 had better characteristics for in vivo PET imaging than 
MC198, although the in vitro assays predicted them to be fairly equal.

MC224 has a shorter alkyl chain, with only one carbon atom separating the isoquinoline 
and biphenyl structures, than KE64 which has a 4-membered alkyl chain connected 
with an ether bond (Figure 1). In case of P-gp substrates, the in vitro ER values are 
expected to decrease after inhibition of P-gp. This was not observed for either MC224 
or KE64. There was also no clear concentration dependent transport. The calcein-AM 
assay yielded EC50 values for MC224, which were in the same range as for MC225 and 
MC198 (Table 1). KE64, on the other hand, had the lowest EC50 value of all tested 
compounds (0.014 µM), suggesting the best inhibitory properties. MC224 was the 
only compound showing negative results both in vitro and in vivo. KE64, on the other 
hand, was the only compound out of the seven tested molecules that had conflicting in 
vitro and in vivo results. It was not a clear substrate in vitro, but at tracer concentrations, 
higher brain uptake (1.6-fold) was observed in Mdr1a/b(−/−)Bcrp1(−/−) compared with 
wild-type mice, indicating that KE64 is a moderate P-gp substrate in vivo. However, the 
in vitro transport results of KE64 may not be very reliable due to low Papp values obtained 
and extensive binding to cellular components and consequently low recovery values.
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5.4.3 Calcein-AM Assay
A calcein-AM experiment alone would not have been sufficient to classify the molecules as 
P-gp substrates or inhibitors, as it can falsely indicate affinity for P-gp, especially in case of 
compounds with low Papp values, such as for MC224.11 However, if the calcein-AM assay 
is performed in combination with a transport experiment at different concentrations of 
the test compound, the calcein-AM assay can give valuable additional information. Solely 
based on the calcein-AM experiment, KE64 would have been classified as a P-gp inhibitor. 
As no in vivo inhibition experiments with increasing concentrations of KE64 or any other 
compounds were performed, it is difficult to predict whether they could be used as inhibitors 
at high dose. In vitro almost all molecules showed a decrease in ER at high concentrations, 
indicating saturation of transport. When the concentration is high enough, P-gp will be 
saturated and efflux is decreased. At least 3 different concentrations should be used to see a 
trend in the ER values. An advantage of the calcein-AM assay is that it can be automated, 
as it produces a readout (fluorescence) that is suitable for high throughput screening. The 
transport assay is more laborious. However, tritiated molecules are very easy to use in this 
assay, as their concentration can be determined by liquid scintillation counting, which 
increases throughput. Due to the high sensitivity of this technique, it is possible to use 
very low concentrations of the tritiated molecules in the assays. In addition, calculation of 
the recovery of radioactivity after the experiment provides an indication of the extent of 
nonspecific binding. On the other hand, the synthesis of precursor molecules for tritium 
labeling and the development of a labeling method resulting in sufficient radiochemical 
purity and yield of the labeled product may be time consuming. Concentrations of the 
non-radioactive compounds usually are measured with liquid chromatography (LC) 
combined with mass spectrometry (MS), which requires the development of an analytical 
method and measurement of a standard curve. Of course, both transport and calcein-AM 
assays predict only interaction with P-gp, but they do not take into account other factors 
important for PET tracers such as BBB penetration and metabolism.

5.4.4 In Vitro and In Vivo Correlation
The in vitro transport assay in MDCKII-MDRI cells, in combination with an ER cutoff 
value of 2 at a test drug concentration of 0.01 µM, predicted substrate behavior in vivo. 
In vitro and in vivo ER valueswere nicely correlated (Figure 6), even though the cell line is 
transfected with a human P-gp gene and the in vivo data are obtained in rodents. Similar 
results have also been reported by Adachi et al. in Caco-2 and LLC-MDR1 cells.30 
Feng et al. reported a good correlation of ER values determined in human and mouse 
mdr-transfected MDCK cell lines,10 but Yamazaki et al. found that results obtained in 
mice were better correlated with apparent permeability determined in a mouse than 
in a human cell line.31 It is unclear whether these results reflect true species differences 
or solely the absence of mdr1b in the cells, since the mouse P-gp isoforms mdr1a and 
mdr1b are known to possess distinct functional characteristics.32 
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Deciding on a clear cutoff value for P-gp substrates was more difficult in vivo than in 
vitro, as only a small number of compounds was included in the present study and 
differences in brain-to-plasma and AUC ratios were observed not only between different 
compounds, but also between animal strains and species. All compounds had higher 
brain-to-plasma than AUC ratios. Brain-to-plasma values were calculated only at one 
time point, whereas AUC represents the whole time frame of the PET scan. In this 
study, a cutoff value of 2 was used for both brain-to-plasma and AUC ratios to identify 
P-gp substrates. N-FeVer and MC225 had AUC ratios lower than this in Mdr1a/b(−/−) 
mice, but since the brain-to-plasma ratios and AUC ratios in rats and in Mdr1a/b(−/−)

Bcrp1(−/−) mice were higher than 2, they can still be considered as substrates. MC198 and 
KE64 can be considered as weak substrates.

5.5 Materials and Methods

5.5.1 Chemicals
All reagents and solvents were obtained from commercial suppliers: Merck (Darmstadt, 
Germany), Sigma-Aldrich (St. Louis, MO, USA), Rathburn (Walkerburn, UK), 
Selleckchem, (Houston, TX, USA), B. Braun (Melsungen, Germany) and ThermoFisher 
(Waltham, MA, USA). (R)-Norverapamil was a gift from Abbott Laboratories (Chicago, 
IL, USA). [3H]Methyl nosylate (3.08 GBq/µmol) and [3H]digoxin (1.47 GBq/µmol) 
were purchased from PerkinElmer Inc. (Boston, MA, USA). [3H]Fluoroethyl tosylate 
(1.13 GBq/µmol) was purchased from Novandi Chemistry AB (Södertälje, Sweden).

5.5.2 Organic Synthesis
5.5.2.1 General Methods
Column chromatography was performed with 1:30 (mg crude product: g silica gel) 
silica gel 60 Å (63–200 μm, Merck, Darmstadt, Germany) as the stationary phase. 
Melting points were determined in an open capillary on a Gallenkamp electrothermal 
apparatus (Loughborough, UK). 1H-NMR spectra were recorded in CDCl3 at 300 
MHz with a Mercury-VX (Varian, Palo Alto, CA, USA) or at 250 MHz on an Avance 
(Bruker Billerica, MA, USA) spectrometer. All chemical shift values are reported in 
ppm (δ) relative to the solvent peak (7.27 for CHCl3). Recording of mass spectra was 
carried out on an HP 6890-5973MSD gas chromatograph/mass spectrometer (Agilent, 
Santa Clara, CA, USA); only significant m/z peaks, with their percentage of relative 
intensity in parentheses, are reported. Electrospray ionization mass spectrometry (ESI-
MS) analyses were performed on an Agilent 1100LC/MSDtrap systemVL. Electrospray 
ionisation-high resolution mass spectrometry (ESI-HRMS) was carried out using a 
Bruker microTOF-Q instrument in positive ion mode (capillary potential of 4500 V). 
Elemental analyses (C, H, N) were performed on an Euro EA 3000 analyzer (Eurovector, 
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Milan, Italy); the analytical results were within ±0.4% of the theoretical molecular 
formula values.

(R)-2-(3,4-Dimethoxyphenyl)-5-((4-Hydroxy-3-methoxyphenethyl)amino)-2-
isopropylpentane-nitrile (2). (R)-2-(3,4-Dimethoxyphenyl)-2-isopropyl-5-
oxopentanenitrile (1, 95 mg, 0.34 mmol) was dissolved in MeOH (2 mL) and added to 
a suspension of 4-(2-aminoethyl)-2-methoxyphenol (110 mg, 0.55 mmol) and Na2SO4 
(1.5 g, 11 mmol) in MeOH (2 mL). The reaction mixture was stirred overnight at 
room temperature under argon. Next, sodium triacetoxyhydroborate (120 mg, 0.55 
mmol) was added and stirred for 3.5 h at room temperature. The reaction mixture was 
quenched with a few drops of 1 M NaOH, extracted with EtOAc and washed with H2O 
and brine. The solvent was concentrated under reduced pressure and the product was 
purified by flash column chromatography on a Buchi (Flawil, Switzerland) Sepacore 
system (comprising of a C-620 control unit, a C-660 fraction collector, 2 C601 gradient 
pumps and a C640 UV detector) equipped with a Buchi Sepacore prepacked flash 
column of 12 g Silica using a gradient (2–5% MeOH/CH2Cl2 over 30 min) to obtain 
the desired product 2 as a colorless oil (30 mg, 70 µmol, 20%). ESI-HRMS: calculated 
for C25H34N2O4: 426.2519; 427.2657 [M + H]+ found. 1H-NMR (CDCl3) δ: 6.63–6.94 
(m, 6H, CHAR), 3.90 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 2.89 
(s, 2H, CH2CH2CH2NH), 2.78 (t, 2H, J = 6.7 Hz, CH2CH2CH2NHCH2CH2), 2.24 
(m, 2H, CH2CH2CH2NH), 2.08 (m, 3H, CH2CH2CH2NHCH2CH2 and CH(CH3)2), 
1.70 (m, 2H, CH2CH2CH2NHCH2CH2), 1.18 (d, 3H, J = 6.6 Hz, CH(CH3)2), 0.78 
(d, 3H, J = 6.6 C(CH3)2).

(6-Hydroxy-7-methoxy-3,4-dihydroisoquinolin-2(1H)-yl)(4’-hydroxybiphenyl-4-yl)
methanone (5a). 4-(4-Hydroxyphenyl)-benzoic acid 3 (2.0 g, 14 mmol) was refluxed 
with SOCl2 (2.0 mL, 0.30 mmol) in the presence of Et3N (1.0 mL, 13 mmol) for 
1 h. After evaporation of SOCl2, the resulting acyl chloride 4 was reacted with 
7-methoxy-1,2,3,4-tetrahydroisoquinolin-6-ol (2.5 g, 14 mmol) in a mixture of 
NH4OH (8 M), H2O and CH2Cl2 (1:1:1 v/v/v, 45 mL), and this mixture was stirred 
at room temperature for 4 h. The organic layer was separated from the aqueous layer 
and washed with 2 M NaOH (3 × 10 mL). The organic solution was dried over 
Na2SO4 and evaporated under reduced pressure. The residue was purified by silica 
gel column chromatography (CH2Cl2/MeOH 95:5 v/v). The yield of brown solid 5a 
was 3.3 g (8.8 mmol, 64%). ESI−/MS m/z calculated for C23H21NO4: 375; found 374  
[M − H]−. ESI−/MS/MS m/z: 359 (97), 223 (57), 212 (98).

2-((4’-Hydroxybiphenyl-4-yl)methyl)-7-methoxy-1,2,3,4-tetrahydroisoquinolin-6-ol (6a). 
A suspension of LiAlH4 (170 mg, 4.4 mmol) in dry THF (50 mL) was stirred for 
10 min. A solution of amide 5a (550 mg, 1.5 mol) in dry THF (20 mL) was added 
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to the suspension. The mixture was refluxed for 2 h. Water (20 mL) was added until 
the effervescence ceased. The aqueous layer was extracted with Et2O (3 × 20 mL), the 
organic layer was separated, dried over Na2SO4 and evaporated under reduced pressure. 
The residue was purified by silica gel column chromatography (CH2Cl2/MeOH 9:1 
v/v). The yield of white solid 6a was 490 mg (1.3 mmol, 92%). ESI−/MS m/z calculated 
for C23H23NO3: 361; found 360 [M − H]−. ESI−/MS/MS m/z: 345 (100), 168 (26).

2-((4’-(2-Fluoroethoxy)biphenyl-4-yl)methyl)-7-methoxy-1,2,3,4-tetrahydroisoquinolin-6-
ol (7a). A suspension of NaH (60%, 24 mg, 1.0 mmol) in dry DMF (3 mL) was stirred 
at room temperature for 10 min. A solution of phenol precursor 6a (1.0 mmol) in 
DMF (1 mL) was added and the solution was stirred for 1 h. A solution of 2-fluoroethyl 
tosylate was added (440 mg, 2.0 mmol) in DMF (1 mL) and the reaction mixture was 
stirred for 4 h. The synthesis of 2-fluoroethyl tosylate has been described previously.20 
Water was added until effervescence ceased. The solvent was evaporated under reduced 
pressure and the residue was partitioned between H2O (20 mL) and CHCl3 (20 mL). 
The organic phase was separated, the aqueous phase was extracted with CHCl3 (3 × 
50 mL) and the collected organic fractions were dried over Na2SO4 and evaporated 
under reduced pressure. The residue was purified on silica gel column chromatography 
(CHCl3/MeOH 19:1 v/v) and recrystallized from MeOH/Et2O. The yield of white solid 
7a was 220 mg (0.54 mmol, 56%). ESI+/MS m/z calculated for C25H26FNO3: 407; 
found 408 [M + H]+. ESI+/MS/MS m/z: 229 (100), 183 (94).

(E)-2-(3-(5-Hydroxy-3,4-dihydronaphthalen-1(2H)-ylidene)propyl)-7-methoxy-1,2,3,4-
tetrahydroisoquinol-in-6-ol (11a). A solution of chloride 10 (180 mg, 0.80 mmol), 
isoquinoline (450 mg, 1.7 mmol) and Na2CO3 (270 mg, 2.5 mmol) in DMF (10 mL) 
was refluxed overnight. The solvent was evaporated under pressure and the residue was 
dissolved in water (20 mL) and CHCl3 (20 mL). The organic phase was separated, 
the aqueous phase was extracted with CHCl3 (3 × 50 mL) and the collected organic 
fractions were dried over Na2SO4 and evaporated under reduced pressure. The residue 
was purified on silica gel column chromatography (CHCl3/MeOH 19:1 v/v) and 
recrystallized from MeOH/Et2O. The yield of white solid 11a was 130 mg (0.33 mmol, 
45%). ESI+/MS m/z calculated for C23H27NO3: 365; found 386 [M + Na]+, ESI+/MS/
MS m/z: 371 (100), 198 (16).



Chapter 5

122

2-(3-(5-Hydroxy-1,2,3,4-tetrahydronaphthalen-1-yl)propyl)-7-methoxy-1,2,3,4-
tetrahydroisoquinolin-6-ol (12a). A solution of 11a (140 mg, 0.36 mmol) in EtOH 
(50 mL) and a pinch of Pd/C 10% were stirred overnight at room temperature under 
hydrogen. The catalyst was filtered off and the solvent was evaporated under pressure. 
The residue was purified by silica gel column chromatography (CHCl3/MeOH 9:1 v/v). 
The yield of white solid 12a was 110 mg (0.50 mmol, 85%). ESI+/MS m/z calculated 
for C23H29NO3: 367; found 368 [M + H]+. ESI+/MS/MS m/z: 218 (41), 187 (100), 165 
(62).

2-(3-(5-(2-Fluoroethoxy)-1,2,3,4-tetrahydronaphthalen-1-yl)propyl)-7-methoxy-1,2,3,4-
tetrahydroisoquinol-in-6-ol (13a). Compound 13a was prepared in the same way 
as reported above for compound 7a. The residue was purified on silica gel column 
chromatography (CHCl3/MeOH 9:1 v/v). The yield of yellow solid 13a was 320 mg 
(0.77 mmol, 22%). ESI−/MS m/z calculated for C25H32FNO3: 413; found 412 [M − 
H]−. ESI−/MS/MS m/z: 392 (100). 1H-NMR (CDCl3) δ: 6.84–7.10 (m, 2H, aromatic 
tetrahydro-naphtalene), 6.58–6.63 (m, 2H, aromatic), 6.52 (s, 1H, aromatic), 5.6 (bs, 
1H, OH), 4.83 (t, 1H, J = 3 Hz, OCH2CH2F), 4.66 (t, 1H, J = 3 Hz, OCH2CH2F), 
4.24 (t, 1H, J = 3 Hz, OCH2CH2F), 4.14 (t, 1H, J = 3 Hz, OCH2CH2F), 3.83 (s, 
3H, CH3), 3.55 (s, 2H, NCH2 isoquinoline), 2.60–2.84 (m, 8H, NCH2CH2CH2CH, 
CH2CH2CH2CH tetrahydronaphtalene, NCH2CH2 isoquinoline),1.63–1.85 (m, 9H, 
NCH2CH2CH2CH, CH2CH2CH2CH tetrahydronaphthalene).

(E)-2-(3-(5-(2-Fluoroethoxy)-3,4-dihydronaphthalen-1(2H)-ylidene)propyl)-7-methoxy-
1,2,3,4-tetrahydro-isoquinolin-6-ol (14a). Compound 14a was prepared in the same 
way as reported above for compound 7a. The residue was purified on silica gel column 
chromatography (CHCl3/MeOH 9:1 v/v). The yield of yellow solid 14a was 280 mg 
(0.71 mmol, 12%). ESI−/MS m/z calculated for C25H30FNO3: 411; found 410 [M 
− H]−. ESI−/MS/MS m/z: 390 (100), 364 (52). 1H-NMR (CDCl3) δ: 6.48–7.2 (m, 
5H, aromatic), 6.0 (t, 1H, J = 6 Hz, NCH2CH2CH=C), 5.6 (bs, 1H, OH), 4.83 (t, 
1H, J = 3 Hz, OCH2CH2F), 4.66 (t, 1H, J = 3 Hz, OCH2CH2F), 4.24 (t, 1H, J = 
3 Hz, OCH2CH2F), 4.14 (t, 1H, J = 3 Hz, OCH2CH2F), 3.83 (s, 3H, CH3), 3.55 
(s, 2H, NCH2 isoquinoline), 2.60–2.84 (m, 8H, NCH2CH2CH=C, CH2CH2CH2C 
tetrahydronaphtalene, NCH2CH2 isoquinoline), 1.63–1.85 (m, 6H, NCH2CH2CH=C, 
CH2CH2CH2C tetrahydronaphtalene).

(E)-2-(3-(5-(2-Fluoroethoxy)-3,4-dihydronaphthalen-1(2H)-ylidene)propyl)-6,7-
dimethoxy-1,2,3,4-tetra-hydroisoquinoline (MC198). MC198 was prepared in the same 
way as reported above for compound 7a. The residue was purified on silica gel column 
chromatography (CHCl3/MeOH 9:1 v/v). The yield of yellow oil MC198 was 230 
mg (0.87 mmol, 15%). ESI+/MS m/z calculated for C26H32FNO3: 425; found 426 
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[M + H]+. ESI+/MS/MS m/z: 262 (33), 235 (100), 179 (65). 1H-NMR (CDCl3) 
δ: 6.48–7.30 (m, 5H, aromatic), 6.0 (t, 1H, J =6 Hz, NCH2CH2CH=C), 4.83 (t, 
1H, J =3 Hz, OCH2CH2F), 4.66 (t, 1H, J =3 Hz, OCH2CH2F), 4.24 (t, 1H, J =3 
Hz, OCH2CH2F), 4.14 (t, 1H, J =3 Hz, OCH2CH2F), 3.83 (s, 3H, CH3), 3.55 (s, 
2H, NCH2 isoquinoline), 2.40–2.84 (m, 8H, NCH2CH2CH=C, CH2CH2CH2C 
tetrahydronaphtalene, NCH2CH2 isoquinoline), 1.73–1.80 (m, 6H, NCH2CH2CH=C, 
CH2CH2CH2C tetrahydronaphtalene).

Methyl 4-(4’-hydroxybiphenyl-4-yloxy)butanoate (17). Dihydroxybifenyl (1.5 g, 8.0 
mmol) dissolved in dry DMF (5 mL) was added to a suspension of NaH (100 mg, 4.1 
mmol) in dry DMF (5 mL). The mixture was stirred at room temperature for 20 min. 
Methyl-4-chlorobutanoate (3.5 g, 28 mmol) was added and the mixture was refluxed 
overnight. Water (20 mL) was added until the effervescence ceased. The aqueous layer 
was extracted with CH2Cl2 (3 × 20 mL), the organic layer was separated, dried over 
Na2SO4 and evaporated under reduced pressure. The residue was purified on silica gel 
column chromatography (CH2Cl2). The yield of yellow solid 17 was 450 mg (1.57 
mmol, 20%). ESI−/MS m/z calculated for C17H18O4: 286; found 285 [M − H]−. ESI−/
MS/MS m/z: 184 (100).

Methyl 4-(4’-(2-Fluoroethoxy)biphenyl-4-yloxy)butanoate (18). Compound 18 was 
prepared in the same way as reported above for compound 7a. The residue was purified 
on silica gel column chromatography (CH2Cl2). The yield of white solid 18 was 230 mg 
(0.78 mmol, 45%). ESI+/MS m/z calculated for C19H21FO4: 332; found 355 [M + Na]+, 
ESI+/MS/MS m/z: 295 (10), 205 (18).

4-(4’-(2-Fluoroethoxy)biphenyl-4-yloxy)-1-butanol (19). Compound 19 was prepared by 
reduction with LiAlH4, following the same procedure as reported above for 6a. The 
residue was purified on silica gel column chromatography (CHCl3/AcOEt 1:1 v/v). The 
yield of white solid 19 was 320 mg (0.13 mmol, 40%). ESI+/MS m/z calculated for 
C18H21FO3: 304; found 327 [M + Na]+, ESI+/MS/MS m/z: 245 (100). 1H-NMR (CDCl3) 
δ: 7.40–7.62 (m, 4H, aromatic, OCH2CH2F), 6.80–7.13 (m, 4H, aromatic), 5.2 (bs, 
1H, OH), 4.83 (t, 1H, J =3 Hz, OCH2CH2F), 4.66 (t, 1H, J =3 Hz, OCH2CH2F), 4.24 
(t, 1H, J =3 Hz, OCH2CH2F), 4.14 (t, 1H, J =3 Hz, OCH2CH2F), 3.65–3.84 (m, 4H, 
CH2CH2CH2CH2), 1.43–2.02 (m, 4H, CH2CH2CH2CH2).

4-(4’-(2-Fluoroethoxy)biphenyl-4-yloxy)butyl methanesulfonate (20). A mixture of alcohol 
19 (390 mg, 1.5 mmol), MsCl (680 mg, 6.0 mmol) and Et3N (400 mg, 4.0 mmol) in 
CH2Cl2 (30 mL) was stirred at room temperature for 3 h. The organic phase was washed 
with saturated solution of NaHCO3 (3 × 30 mL) and 3 N HCl (3 × 30 mL). The organic 
phase was dried over Na2SO4 and evaporated under reduced pressure. The residue was 
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purified on silica gel column chromatography (CHCl3/AcOEt 1:1 v/v). The yield of 
yellow solid 20 was 540 mg (1.8 mmol, 95%). ESI+/MS m/z calculated for C19H23FO5S: 
382; found 405 [M + Na]+, ESI+/MS/MS m/z: 287 (100).

2- (4 - (4 ’ - (2 -Fluo ro e thox y )b i ph eny l -4 - y l ox y )bu t y l ) -7 -me thox y -1 ,2 ,3 ,4 -
tetrahydroisoquinolin-6-ol (21a). Compound 21a was alkylated with 6-hydroxy-7-
methoxyisoquinoline as reported above for 11a. The residue was purified on silica gel 
column chromatography (CHCl3/MeOH 19:1 v/v). The yield of white solid 21a was 
480 mg (1.5 mmol, 68%). ESI+/MS m/z calculated for C28H32FNO4: 465; found 466 [M 
+ H]+, ESI+/MS/MS m/z: 316 (66), 287 (87), 245 (100), 165 (99). 1H-NMR (CDCl3) 
δ: 7.40–7.62 (m, 4H, aromatic biphenyl), 6.80–7.13 (m, 4H, aromatic biphenyl), 6.6 
(s, 1H, aromatic isoquinoline), 6.4 (s, 1H, aromatic isoquinoline), 5.2 (bs, 1H, OH), 
4.83 (t, 1H, J =3 Hz, OCH2CH2F),), 4.66 (t, 1H, J =3 Hz, OCH2CH2F), 4.24 (t, 1H, 
J =3 Hz, OCH2CH2F), 4.14 (t, 1H, J =3 Hz, OCH2CH2F), 3.95–4.15 (m, 2 H, NCH2 
isoquinoline), 3.65–3.84 (m, 5H, CH3 and OCH2CH2CH2CH2N), 2.72–3.20 (m, 6 
H, OCH2CH2CH2CH2N and NCH2CH2), 1.63–2.02 (m, 4H, OCH2CH2CH2CH2N). 

2-(4-(4’-(2-Fluoroethoxy)biphenyl-4-yloxy)butyl)-6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline (KE64). KE64 was prepared by alkylation with 6-hydroxy-7-
methoxyisoquinoline as reported above for 11a. The residue was purified on silica gel 
column chromatography (CHCl3/MeOH 19:1 v/v). The yield of yellow solid KE64 was 
79 mg (0.27 mmol, 11%). ESI+/MS m/z calculated for C29H34FNO4: 479; found 502 
[M + Na]+, ESI+/MS/MS m/z: 248 (100), 179 (16).1H-NMR (CDCl3) δ: 7.40–7.62 (m, 
4H, aromatic biphenyl), 6.80–7.13 (m, 4H, aromatic biphenyl), 6.4 (s, 1H, aromatic 
isoquinoline), 6.6 (s, 1H, aromatic isoquinoline), 4.83 (t, 1H, J =3 Hz, OCH2CH2F), 
4.66 (t, 1H, J =3 Hz, OCH2CH2F), 4.24 (t, 1H, J =3 Hz, OCH2CH2F), 4.14 (t, 1H, 
J =3 Hz, OCH2CH2F), 4.2–4.3 (m, 2H, NCH2 isoquinoline), 3.84 (s, 3H, CH3), 
3.82 (s, 3H, CH3), 3.63–3.59 (m, 2H OCH2CH2CH2CH2N), 2.42–2.80 (m, 6H, 
OCH2CH2CH2CH2N and NCH2CH2), 1.63–2.02 (m, 4H, OCH2CH2CH2CH2N).

5.5.3 Radiochemistry
5.5.3.1 General  Methods in Tritium Labeling
[3H]Methyl nosylate stock solution (100–300 µL, 717 MBq/mL, 10:2 hexane/EtOAc) 
or [3H]fluoroethyl tosylate stock solution (300 µL, 139 MBq/mL, 6:4 heptane/EtOAc) 
was dried at 40 °C under a flow of argon. Precursor (R)-norverapamil, 2, 7a, 13a, 14a 
or 21a was dissolved in MeCN (0.2 mL) and 5 M NaOH (5 µL) was added. This 
precursor solution was added to the dried [3H]methyl nosylate or [3H]fluoroethyl 
tosylate. Reaction temperatures and times varied for each compound. The reaction 
mixture was cooled down and diluted with 0.6 mL of MeOH/H2O (70:30) and purified 
by preparative HPLC. HPLC analysis was performed with an Agilent 1200 Series auto 
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injector (Agilent Technologies, Waldbronn, Germany) and a single Jasco PU-2080Plus 
pump (Jasco Ltd., Great Dunmow, UK). A Reprosphere 100 C18-DE column (50 × 8 
mm, 5µm) from Dr. Maisch GmbH (Ammerbuch, Germany) was used for preparative 
HPLC with MeOH/H2O/DIPA 70:30:0.1 as an eluent at a flowrate of 3 mL/min. 
The column eluate was monitored continuously using a Jasco UV-2075Plus absorbance 
UV/Visible spectrophotometer set at 254 nm and a β-Ram radiochemical detector 
(LabLogic, Sheffield, UK). Fractions of the eluate (3 mL) were collected and analyzed 
for radioactivity by liquid scintillation counting (LSC) (LKB/Wallac 1219 Rackbeta, 
Mount Waverley, Australia) using 5 mL of Optiphase ‘Highsafe 3’ scintillation liquid 
(PerkinElmer) for a 3 µL sample of an HPLC fraction. Collected fractions were diluted 
with 50 mL of sterile water and passed over a Waters tC18 Sep-Pak cartridge (Waters, 
Etten-Leur, The Netherlands), preconditioned with 5 mL of EtOH followed by 10 mL 
of water. The cartridge was washed with 20 mL of water, followed by elution of the 
product with 1.5 mL of 96% ethanol. All products were analysed for purity by analytical 
HPLC using a Platinum C18 column (250 × 4.6 mm, 100 Å, 5 µm) from Grace 
(Columbia, MD, USA) with a flow rate of 1 mL/min (MeCN/H2O/TFA 40:60:0.1) 
and the identity was confirmed by co-elution with a reference compound. 

5.5.3.2  [3H]Verapamil (Scheme 5)
[3H]Methyl nosylate (250 µL) was reacted overnight at room temperature with the 
precursor (R)-norverapamil (0.60 mg, 1.4 µmol) according to the general method. The 
product was purified with preparative HPLC (MeOH/H2O/DIPA 60:40:0.1 v/v/v) and 
[3H]verapamil (41 MBq) was obtained with 25% radiochemical yield (RCY) and > 99% 
radiochemical purity. 

5.5.3.3 [3H]N-FeVer (Scheme 6)
Precursor (R)-norverapamil (0.6 mg, 1.4 µmol) was dissolved in 0.2 
mL of MeCN and 10 µL of 5 M NaOH was added. This solution 
was added to the dried [3H]fluoroethyl tosylate and heated at  
120 °C for 45 min. The crude mixture was purified with preparative HPLC (MeOH/
H2O/DIPA 55:45:0.1 v/v/v)) and [3H]N-FeVer (2.3 MBq) was obtained with 5.7% 
radiochemical yield and > 99% radiochemical purity, as determined on analytical HPLC 
(MeCN/H2O/TFA 50:50:0.1 v/v/v)). 

5.5.3.4 [3H]O-FeVer (Scheme 6)
Precursor 2 (0.2 mg, 0.47 µmol) was reacted with [3H]fluoroethyl tosylate for 45 min at 
120 °C, according to the general procedure. The crude mixture was purified with HPLC 
(MeOH/H2O/DIPA 55:45:0.1 v/v/v)) to give the desired product [3H]O-FeVer (6.0 
MBq) with 14% radiochemical yield and > 99% radiochemical purity.
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5.5.3.5  [3H]MC224 (Scheme 5)
[3H]MC224 was prepared using the general method, with the exception that precursor 
7a (0.5 mg, 1.2 µmol) was dissolved in DMSO (0.2 mL instead of MeCN. Compound 
7a was reacted with [3H]methyl nosylate (100 µL) at room temperature overnight. 
Product [3H]MC224 (18 MBq) was obtained with 26% radiochemical yield and > 99% 
radiochemical purity, as determined on analytical HPLC (MeCN/H2O/TFA 50:50:0.1 
v/v/v)).

5.5.3.6 [3H]MC225 (Scheme 5)
Precursor 13a (0.35 mg, 0.85 µmol) was reacted with [3H]methyl nosylate (100 µL) 
for 15 min at 60 °C, according to the general method. [3H]MC225 (7.0 MBq) was 
obtained with 10% radiochemical yield and > 99% radiochemical purity, as determined 
on analytical HPLC (MeCN/H2O/TFA 50:50:0.1 v/v/v)).

5.5.3.7  [3H]MC198 (Scheme 5)
[3H]MC198 was prepared according to the general method, by reacting precursor 
14a (0.2 mg, 0.49 µmol) with [3H]methyl nosylate (200 µL) for 30 min at 60 °C. 
The product (5.0 MBq) was synthesized with 3.7% radiochemical yield and high 
radiochemical purity (> 99%).

5.5.3.8 [3H]KE64 (Scheme 5)
[3H]methyl nosylate (150 µL) was reacted with the precursor 21a (0.2 mg, 0.43 µmol) 
for 60 min at 60 °C according to the general method to give the desired product [3H]
KE64 (2.3 MBq) with 2.3% radiochemical yield and > 99% radiochemical purity, as 
determined on analytical HPLC (MeCN/H2O/TFA 50:50:0.1 v/v/v)).

5.5.3.9 Radiosynthesis of [18F]MC198 and [18F]KE64 (Scheme 7)
Production and work-up of fluoride-18 was performed as described previously.20 
Radiolabeling was performed by a two-step distillation method as reported earlier using 
[18F]fluoroethyl bromide as an intermediate. Briefly, 2-bromoethyl tosylate (15 µL, 
21 mg, 75 μmol) in 1,2-dichlorobenzene (1.0 mL) was added to the dried fluoride 
complex. Formed [18F]fluoroethyl bromide was distilled directly after addition of 
2-bromoethyl tosylate at 90 °C during 15 min with a helium gas flow (40 mL/min) to 
the second vial at room temperature. For [18F]MC198, [18F]fluoroethyl bromide was 
reacted with precursor 11b (2 mg, 5.3 µmol) and NaH (60% dispersion in mineral 
oil, 2 mg, 50 µmol) in DMF (0.5 mL) at 80 °C for 5 min. [18F]KE64 was prepared in 
the same way using 16 (1.5 mg, 3.5 µmol) and NaH (3.0 mg, 75 µmol) in DMF (0.5 
mL) in a 10 min reaction at 80 °C. After completion of the reactions, HPLC eluent 
(0.1 M NaOAc/MeCN 6:4 (v/v), 0.5 mL) for [18F]MC198 or 1:1 for [18F]KE64) was 
added. The mixture was filtered through an Acrodisc syringe filter (0.4 µm, Pall, Port 
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Washington, NY, USA) and subjected to HPLC purification utilizing a Symmetryshield 
RPS 5 µm 7.8 × 300 mm column (Waters, Milford, MA, USA) at a flow of 3 mL/min 
(UV detection at 254 nm, Rt of [18F]MC198 = 17 min and [18F]KE64 = 9 min). The 
product was collected into a bottle containing 80 mL of sterile water. Formulation was 
performed as described previously.20

5.5.4 In Vitro Experiments with Tritiated Molecules
5.5.4.1 Cell Culture
Madin-Darby canine kidney (MDCK) II cells expressing cDNAs encoding human 
MDR1 (MDCKII-MDR1 cells) were obtained by TNO from the Netherlands Cancer 
Institute. Transfected MDCKII cells were seeded on semi-permeable (pore size 0.4 µm) 
filter inserts (12-well Transwell plates 3401, Costar Corp, Cambridge, MA, USA) at 
approximately 4 × 105 cells per filter insert (growth area of 1.13 cm2) and cultured 
according to the standard procedure for this cell line.33 Cells were counted using an 
automatic cell counter (Millipore, Bedford, MA, USA). Cells on the inserts were cultured 
for three days in a total volume of 2.3 mL culture medium per well (0.5 mL apical 
and 1.8 mL basolateral) at approximately 37 °C in a humidified incubator containing 
approximately 95% air/5% CO2. The medium was refreshed after 48 h. It has been 
shown, that under these conditions the human transporter protein MDR1 localizes on 
the apical plasma membrane of the cells.34,35 

5.5.4.2 Assessment of Monolayer Integrity
After three days of cell culture on Transwell, the MDCKII-MDR1 monolayers are 
expected to have developed a transepithelial electrical resistance (TEER) of approximately 
70 Ωcm2 higher than background (empty filter without cells).36 At the start of each 
study, TEER was measured to assess the integrity of the monolayers of MDCKII-MDR1 
cells in culture medium using the Millicell-ERS epithelial voltohmmeter (Millipore). 
Monolayers with a TEER value less than 55 Ωcm2 above background (empty filter) were 
excluded from the transport assay. TEER values ranged from 205 to 294 Ωcm2, with a 
mean of 253 Ωcm2, including the background of 125 Ωcm2. Cell monolayers were also 
inspected with a microscope before starting the experiments.

5.5.4.3 Bidirectional Transport of Tritiated Compounds in MDCKII-MDR1 Cells
Transcellular transport studies were performed as described previously with minor 
modifications.37 In brief, a stock solution of digoxin (0.1 mM) was prepared in 
DMSO. [3H]digoxin was mixed with a non-radiolabeled compound to achieve a final 
concentration of 0.05 µM digoxin in HBSS/HEPES in the transwells, and a radioactivity 
concentration of 10 kBq/mL. Stock solutions of test compounds verapamil, N-FeVer, 
O-FeVer, MC224, MC225, MC198 and KE64 (0.01, 1 and 100 mM) were prepared 
in DMSO, mixed with the tritium labeled analogs and diluted with HBSS/HEPES to 
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final concentrations of 0.01, 1 and 50 µM, with a radioactive tracer concentration of 10 
kBq/mL in the transwells.

After the integrity assessment, culture medium was removed from the filter inserts (apical 
compartment (A)). The inserts were washed once with warm (37 °C) HBSS, transferred 
to new 12-well plates which were preincubated with HBSS/HEPES for 18 h at 37 °C, to 
reduce non-specific binding to the plastic, and washed with warm HBSS. The MDR1-
mediated apical to basolateral (A → B) transport in MDCKII-MDR1 cell monolayers 
was determined by addition of 0.65 mL of a tritiated compound in concentrations of 
0.01, 1 and 50 µM to the apical compartment in triplicate. A volume of 1.8 mL of 
HBSS/HEPES was added to the basolateral compartment. To determine basolateral to 
apical (B → A) transport, 1.95 mL of a tritiated compound at concentrations of 0.01, 1 
and 50 µM was added to the basolateral compartment and 0.5 ml of HBSS/HEPES to 
the apical compartment. A 150 µL aliquot of the apical (A → B) or basolateral (B → A) 
compartment was taken at the start of the experiment to measure the initial concentration 
and to calculate the recovery of radioactivity. Incubations were performed on a rocker 
platform (rotation approximately 60 rpm) at 37 °C for 2 h in a humidified incubator 
containing approximately 95% air/5% CO2. Aliquots of the apical and basolateral samples 
(150 and 1600 µL for A → B and 400 and 150 µL for B → A, respectively) and samples 
of the initial concentration were mixed with 10 mL of liquid scintillant Ultima GoldTM 
(PerkinElmer Inc.). Radioactivity was determined by LSC on a Tri Carb 3100TR liquid 
scintillation counter using QuantaSmartTM software (PerkinElmer Inc.) in which all counts 
were converted to disintegrations per minute (DPM) using tSIE/AEC (transformed spectral 
index of external standards coupled to automatic efficiency correction). Background values 
were measured for each sample sequence using liquid scintillant without test samples. 
Recovery of radioactivity was calculated as percentage of measured total radioactivity after 
the experiment versus initial radioactivity.

Subsequently, the effects of MDR1-inhibitors ketoconazole and tariquidar on the 
bidirectional transport of the tested tritiated compounds were examined. Stock solutions 
of the inhibitors ketoconazole (10 mM) and tariquidar (10 mM) were prepared in 
DMSO. On the day of the experiment, inhibitors were added to HBSS/HEPES solutions 
of the tritiated test compounds in a concentration of 0.01 µM or [3H]digoxin in a 
concentration of 0.05 µM to reach a final concentration of 25 µM ketoconazole or 10 
µM tariquidar. These concentrations were based on IC50 values that are known to block 
P-gp completely.16,25 The assay was performed in an identical manner as described above, 
except that all apical (in A → B experiment) and basolateral (in B → A experiment) 
solutions contained 25 µM ketoconazole or 10 µM tariquidar from the start of the 
experiment, keeping the concentrations of test compounds (0.01 or [3H]digoxin 0.05 
µM, 10 kBq/mL) and organic solvent concentration (≤1%) constant for all samples.
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5.5.4.4 Calculations
Papp representing A to B permeability and B to A of a test compound was calculated 
according to the following equation:

Papp = (dQ/dt)/(A*C0) (1)

where dQ/dt indicates the appearance rate of a test compound at the receiver side 
calculated from total DPM at t = 120 min, corrected for background (DPM/s). A is 
the surface area of the filter insert (cm2) and C0 the measured initial concentration, 
calculated from total DPM on the donor side at t = 0 min (DPM/L).

To determine the ER for the test compounds, the following equation was used:

ER = Papp B → A/Papp A → B (2)

5.5.5 In Vitro Experiments with Non-Radioactive Molecules
The transport assay with non-radioactive compounds in Caco-2 cells was performed in 
96-well plates as described previously.38 The initial concentration of the test compounds 
in the acceptor well was 10 µM and the concentration in the receiver well was measured 
after 2 h using UV spectroscopy. Samples from one compound were pooled in order to 
have a sufficient volume for the UV detection.

The calcein-AM experiment was performed in MDCKII-MDR1 cells according to 
methods described previously.39 Calcein cell accumulation in the absence and in the 
presence of test compounds (0,1, 1, 10, 30, 50 and 100 µM) was evaluated and the basal 
level of fluorescence was measured in untreated cells. EC50 values were determined by 
fitting the fluorescence increase (in %) versus log[dose].

5.5.6 Animal Experiments with [18F]MC198 and [18F]KE64
All animal studies were in compliance with the local ethical guidelines. Protocols (DEC 
6456C) were approved by the Institutional Animal Care and Use Committee of the 
University of Groningen. Male FVB wild type mice (33 ± 2 g, 11–12 weeks) and 
Mdr1a/b(−/−)Bcrp1(−/−) constitutive knockout mice (31 ± 3 g, 11–12 weeks) developed 
from the FVB line were purchased from Taconic (Hudson, NY, USA). After arrival, 
animals were housed individually and acclimatized for at least 7 days in the Central 
Animal Facility of the University Medical Center Groningen before experiments. Mice 
had access to food and water ad libitum and were kept under a 12 h light-dark cycle. 
During experiments, mice were anesthetized with 2% isoflurane in medical air and kept 
at a constant temperature using electronically controlled heating pads. 
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5.5.6.1 PET Procedure and Data Analysis
Mice were injected with radiotracers (3.5 ± 1.6 MBq, 0.1 mL, [18F]MC198 or [18F]KE64) 
in the penile vein under isoflurane anesthesia. Injections were performed with the mice 
in the microPET camera (microPET Focus 220, Siemens Medical Solutions, Malvern, 
PA, USA), simultaneously starting a 30 min dynamic emission scan. After each emission 
scan, a transmission scan of 515 s with a 57Co point source was performed to correct the 
emission data for attenuation and scatter. Mice were terminated by cervical dislocation. 
Several organs and tissues were excised, weighed and radioactivity was measured in a 
γ-counter (LKB Wallac, Turku, Finland). Radioactivity accumulation in the organs 
was expressed as SUV, using the following formula: [tissue activity concentration 
(MBq/g)]/[injected dose (MBq)/body weight (g)]. Metabolites in the terminal plasma 
and brain samples were determined using a radio-TLC method described elsewhere.20 
TLC-plates were eluted with ethylacetate/methanol 9:1 v/v (Rf [18F]MC198 = 0.45, 
Rf[

18F]KE64 = 0.62). PET data were reconstructed as described previously.20 Inveon 
Research Workplace software version 4.0 (Siemens, Erlangen, Germany) was used for 
data analysis. All frames were summed, and PET images were co-registered with an 
MRI template.40 A whole brain volume of interest (VOI) based on the MRI template 
was generated. Radioactivity concentrations were converted to SUV values and plotted 
as time-activity curves (TAC).

5.5.7 Statistical Analysis
The statistical significance of differences between two groups was calculated by two-
sided unpaired Student’s t test, using IBM SPSS Statistics version 22 (Armonk, NY, 
USA). One-way analysis of variance (ANOVA) with Bonferroni correction was used 
to assess differences between three or more groups. A p value of less than 0.05 was 
considered statistically significant.

5.6 Conclusions
In vitro prediction of in vivo results is always challenging, but this is especially the case 
for P-gp ligands, as their behavior appears to be concentration dependent. Neither the 
bidirectional transport assay in Caco-2 cells with the non-radioactive compounds verapamil, 
N-FeVer, O-FeVer, MC224, MC225, MC198 and KE64 in a single concentration nor 
the calcein-AM inhibition assay in MDCKII-MDR1 cells was sufficiently correlated 
with in vivo results in rodents by PET imaging. The predictive value of the in vitro data 
improved when the bidirectional transport assay in MDCKII-MDR1 cells was performed 
with tritium-labeled compounds at three different concentrations and in combination 
with P-gp inhibitors. Based on the data of all experiments, the order of in vitro substrate 
strength was: O-FeVer > verapamil > N-FeVer > MC225 ~ MC198 > MC224 ~ KE64 and 
in vivo: verapamil > O-FeVer > MC225 > N-FeVer > MC198 > KE64 > MC224.
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6.1 Summary

The blood-brain barrier plays a pivotal role in the regulation of access of compounds 
to the brain. It limits brain penetration of small molecules by passive diffusion and 
paracellular passage and, consequently, it protects the CNS from potentially toxic 
substances. Transcellular passage through the membrane of these endothelial cells is 
possible by selective transport (mainly from blood to brain) of, for example, amino acids, 
vitamins and sugars via their specific transporters. Active efflux transporters, driven by 
ATP, mediate the transport of structurally diverse compounds from brain to blood. The 
most prevalent ATP-binding cassette (ABC) transporters P-glycoprotein (P-gp), breast 
cancer resistance protein (BCRP) and multidrug resistance-associated protein (MRP) 1 
have been studied thoroughly over the last few decades.

In Chapter 1 positron emission tomography (PET) is introduced as an in vivo imaging 
tool to study these ABC transporters. As described in Chapter 2, PET has proven to be 
a powerful method to investigate and measure the function of ABC transporters, and 
their role in the development of neurodegenerative diseases such as Alzheimer’s Disease 
(AD). It is important that a radiopharmaceutical is specific for P-gp to give reliable PET 
results. (R)-[11C]verapamil is the most widely used P-gp PET tracer for assessing P-gp 
function and it has shown clinical relevance in AD patients. A disadvantage of (R)-[11C]
verapamil is the short half-life of 20 min, which limits its use to centres with an on-site 
cyclotron. 

Therefore, two fluorine-18 analogs were synthesized and evaluated in Chapter 3. For 
[18F]1, the original [11C]methyl group was replaced by a [18F]fluoroethyl group to 
simulate the original structure of [11C]verapamil as much as possible. Furthermore, the 
second analog [18F]2, was designed to be less prone to metabolism. Since the removal of 
the [11C]methyl group is the first metabolic step in the metabolism of [11C]verapamil, 
the original [11C]methyl group was removed, resulting in a secondary amine. Avoiding 
this step could lead to a compound that is less prone to metabolism. Since the resulting 
nor-verapamil is known to also be a substrate of P-gp, the structural change should 
not interfere with the interaction with P-gp. Next, one of the methoxy groups on the 
aromatic ring was replaced by a fluoroethyl group, assuming that the stronger C-O bond 
with respect to the C-N bond would lead to a metabolically more stable tracer.

Both PET tracers showed substrate behavior in tariquidar treated rats with different 
patterns over time. Whilst [18F]1 showed higher initial uptake followed by faster washout, 
[18F]2 showed slower brain uptake. As tariquidar is an inhibitor of both BCRP and 
P-gp, the PET study in knockout mice Mdr1a/b(-/-) and Bcrp1(-/-) and WT mice showed 
that [18F]2 was more specific for P-gp, despite its unexpected faster rate of metabolism. 
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In an attempt to circumvent this fast rate of metabolism, deuterated analogs were 
synthesized and evaluated in Chapter 4. Hydrogen atoms in the fluoroethyl groups of 
[18F]1 and [18F]2 were substituted by deuterium atoms to increase the bonds strengths 
and, consequently, metabolic stability. Furthermore, two additional analogs of [18F]2 
were developed, with a deuterated methyl group bound to the amine, like the original 
verapamil. The fluoroethyl group of [18F]3-d4 did not contain deuterium atoms, while 
the fluoroethyl group of [18F]3-d7 was deuterated. 

Metabolism studies is Wistar rats indeed showed that metabolic stability of [18F]1 
and [18F]2 improved by inclusion of deuterium in the fluoroethyl group. In addition, 
increased metabolic stability of the methyl containing analogs, [18F]3-d3 and [18F]3-d7 
was observed, which may be the result of steric hindrance by the methyl group to execute 
enzymatic metabolism. [18F]3-d7 showed the highest stability and was evaluated in 
Mdr1a/b(-/-) and WT mice using PET. The similarity in in vivo behavior between [18F]3-
d7  and (R)-[11C]verapamil, together with improved metabolic stability of [18F]3-d7, 
compared with other fluorine-18 labeled tracers, supports the potential of [18F]3-d7  as a 
candidate for clinical translation. 

The newly designed potential P-gp PET tracers described in chapters 3 and 4 are 
substrates of P-gp, which means that their uptake reflects P-gp function rather than 
expression. A radioactive tracer that directly binds to P-gp is needed to measure P-gp 
expression, but to date, no successful tracer has been reported yet. Presumed inhibitors 
show substrate behavior at the low concentrations that are associated with tracer studies. 
Dose-dependent in vitro studies starting at nanomolar concentrations potentially could 
provide a more reliable prediction for in vivo behavior. This approach is investigated in 
Chapter 5. 

To improve the predictive value of in vitro assays, seven tracers were labeled with tritium 
and bidirectional substrate transport assays in MDCKII-MDR1 cells were performed 
at three different concentrations (0.01, 1 and 50 µM) together with inhibition assays 
using P-gp inhibitors. For comparison, the seven (non-labeled) compounds were used 
in transport assays in Caco-2 cells at a concentration of 10 µM and in calcein-AM 
inhibition assays in MDCKII-MDR1 cells. All P-gp substrates were transported in a 
dose-dependent manner. At the highest concentration (50 µM), P-gp was saturated in 
a similar way as after treatment with P-gp inhibitors. The best in vivo correlation was 
obtained with the bidirectional transport assay at a concentration of 0.01 µM. It was 
concluded that a one micromolar concentration in a transport assay or calcein-AM 
assay alone is not sufficient for correct in vivo prediction of substrate P-gp PET ligands. 
Therefore, putative P-gp inhibitors should be tested at multiple (low) concentrations in 
vitro to predict their in vivo behavior.
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If a P-gp inhibitor at low nanomolar concentrations could be identified based on the type 
of studies described above, it could be labeled with a positron emitter and potentially be 
used as a diagnostic tool to determine expression levels of P-gp and the corresponding 
state of a neurodegenerative disease. However, this remains a distant prospect as the 
exact function of P-gp in these diseases still needs to be elucidated. Nevertheless, PET 
could play a pivotal role in these studies.

6.2 General discussion and Future perspectives

6.2.1 Focus on other ABC transporters
While the development of a P-gp PET tracer is well under way, the other BBB efflux 
transporters should not be neglected, as their role may be more important than 
previously thought. There is already a shift towards more research on BCRP, based on 
the discovery of higher expression levels in humans, compared with P-gp in humans 
and BCRP expression in rodents.1 These results were obtained in healthy tissue, but an 
increasing number of studies address expression levels of BCRP with diseases like AD.2 
However, one should keep in mind that the mode of action of BCRP is different from 
P-gp, as it forms a homologues dimer in the BBB before it is functional. The literature 
on expression levels of BCRP does not mention the consideration of the need of two 
proteins for transport activity.3 Therefore, one should be critical when interpreting the 
1.34-fold higher BCRP expression levels compared with P-gp.1 More research is needed 
to elucidate the exact role of BCRP in BBB efflux transport.

PET is an ideal tool to examine the exact function of BCRP. A similar set-up as described 
in chapters 3 and 4 may be an optimal approach. The success of these studies depends 
on the specificity of the labeled substrates or inhibitors. At present, no true specific 
BCRP substrate has been identified yet for in vivo studies. A derivative of tariquidar was 
labeled with carbon-11 and tested in wildtype and knockout animals. Although in vitro 
results showed specific BCRP inhibition with an IC50 of 60 nM, increased brain uptake 
was detected in both P-gp and BCRP knockout mice, with the highest increase in the 
triple knockout Mdr1a/b(-/-)Bcrp1(-/-) mice, indicating non-specific behavior in vivo.4 

Another option that might be more viable is labelling of the current BCPR inhibitor 
Ko143. It showed specific inhibition towards BCRP at low concentrations in vitro.5 
The chemical structure of Ko143 gives possibilities for labelling with carbon-11. For a 
fluorine-18 tracer, the structure would need adaptation. 
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6.2.2 Multi-target PET tracers
Other recent developments are preclinical studies with multi-target tracers, which 
interact both with P-gp and BCRP.6, 7 Is this strategy is only chosen due to the lack of 
specific BCRP tracers, or really as an added value? The overlap of the substrates, and the 
co-dependency of the two transporters could rationally lead to one multi-target tracer, 
but the analysis of these tracers are up to impossible, since too many parameters are 
added to the equation. 

6.2.3 P-gp inhibiting PET tracer

The search for a P-gp expression tracer turned out to be more difficult than thought. For 
this feature, an inhibitor or binding compound is needed. As mentioned above, it was 
shown that ‘known’ inhibitors, such as tariquidar and elacridar, do not act as inhibitors 
at tracer concentrations, but showed substrate behavior at low (1 nM) concentrations.8

In chapter 5, an attempt was made to develop a more reliable in vitro test to identify 
compounds that also act as inhibitor at tracer concentrations. It is clear that a 
concentration dependent transport assay gives more useful information and therefore it 
seems to be an essential test prior to the start of in vivo studies. 

Apart from tracer concentration, other factors may interfere with the straightforward 
translation from in vitro to in vivo behavior. For example, one issue is specificity. 
Tariquidar showed BCRP substrate behavior and therefore no accumulation was 
observed in the P-gp knockout brain.9, 10 At high concentrations (>100 nM), however, 
it is an inhibitor of both ABC transporters. It has been claimed that tariquidar does 
bind to P-gp at low concentrations and that it is not a substrate, but this is difficult to 
measure, as BCRP always takes over the transport role.10, 11 

6.2.4 P-gp expression vs. function
Although in the past, high P-gp expression at the BBB was assumed to be directly related 
to increased P-gp function, recently, the discussion about this correlation has taken a 
new turn.12 Previously, studies on expression and/or function of P-gp in epilepsy models 
were performed by separate groups using different models and techniques and therefore 
those studies may not have been comparable. Recently, P-gp expression and function 
were assessed on an individual animal level and no relationship was found between these 
two parameters.13

Again, to give more insight in this topic, PET could be used as a diagnostic tool with 
the use of an 18F-labeled P-gp binder. A highly potential binding tracer would be the 
fluorine-18 labeled isatin compound,11, 14 that showed a reduction in brain uptake in 
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P-gp knock-out mice, compared to wildtype. Further studies are needed to confirm this 
observation, by for example the in vitro concentration assays.

6.3 Conclusion

Research continues to increase insight into the role of P-gp and other ABC transporter 
at the blood-brain barrier. While there is not yet consensus about the importance of 
P-gp vs. BCRP, the exact mechanisms for substrate and inhibitor behavior, and the 
relationship between P-gp expression and function, more than ever PET could play an 
important role to unravel the underlying mechanisms. Using the fluorine-18 PET tracer 
[18F]3-d7, it is now possible to perform more (pre)clinical P-gp studies in a wider range 
of facilities, even those without a cyclotron.
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