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7. Summary, general discussion and future perspective. 

 

This thesis describes several challenges and possibilities related to the development of a PET 

radiotracer for imaging both distribution and function of P-glycoprotein (P-gp).  

Chapter 1 provides a short introduction about P-gp and epilepsy and discusses why P-gp is 

an important target for neuroimaging using PET. Chapter 2 presents a review of existing P-gp 

radiotracers, and highlights their possibilities and flaws. To date, a number of P-gp PET tracers, 

such as [11C]desmethyl loperamide, (R)-[11C]verapamil, [11C]laniquidar and [11C]tariquidar, 

have been developed. These tracers are all strong P-gp substrates when administered at 

radiotracer level doses. Therefore, they are ideal for acquiring information on cerebral P-gp 

function, e.g. when there is a disruption of the blood brain barrier (BBB) or when P-gp is 

downregulated. This is based on the fact that the baseline PET signal of these radiotracers is 

low and increases when P-gp function is reduced. On the other hand, if there is a decrease in 

the cerebral PET signal, it will be difficult to quantify this accurately due to the very low amount 

of radioactivity in the brain. 

In Chapter 3 the synthesis of [11C]D617 is described together with its evaluation in rodents. 

[11C]D617 is a metabolite of (R)-[11C]verapamil and is thought to behave similarly as (R)-

[11C]verapamil in humans. This led to the hypothesis that [11C]D617 could be a better P-gp 

substrate PET tracer than (R)-[11C]verapamil, since it has a less complicated metabolic profile. 

After developing a synthesis method for [11C]D617, the tracer was evaluated in rodents, 

assessing biodistribution, metabolic profile and brain uptake both at base-line and after 

blocking P-gp function. Although it was confirmed that [11C]D617 had less metabolites than 

(R)-[11C]verapamil, cerebral uptake only increased by a factor of 2.4 after tariquidar blocking, 

while this was ten-fold for (R)-[11C]verapamil. This indicates that [11C]D617 is only a weak P-

gp substrate. A confounder was that the [11C]D617 evaluated was a racemic mixture of both 

(R)- and (S)-[11C]D617. It is possible that one of the two isomers is a stronger P-gp substrate, 

but this is unlikely given that (R)- and (S)-[11C]verapamil show similar P-gp activity.   
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Chapter 4 describes radiosynthesis of [11C]phenytoin via a rhodium mediated carbonylation 

using [11C]CO, an improved method compared with the method previously published by Roeda 

et al, which used [11C]phosgene. The main advantages of [11C]CO over [11C]phosgene are 

higher and more reproducible yield of [11C]CO, higher specific activity, and less complicated 

radiochemistry. [11C]Phenytoin showed slow metabolism in the brain, but fast metabolism in 

plasma, and it appeared to be a moderate P-gp substrate in rats with a brain to plasma ratio 

that increased by 45% after tariquidar treatment (15 mg/kg i.v.). [11C]Phenytoin displayed both 

a higher baseline signal and a less pronounced increase after P-gp inhibition than (R)-

[11C]verapamil. The higher baseline signal in the brain is a promising characteristic for imaging 

upregulation of P-gp.  

In Chapter 5 the syntheses of both [11C]quinidine and its precursor were optimised to an overall 

yield of 60% (corrected for decay) and 69%, respectively, respectively. Metabolism and brain 

kinetics of both [11C]quinidine and [11C]laniquidar were assessed in naive rats, electrode-

implanted control rats, and rats with spontaneous recurrent seizures. The latter group was 

further classified according to their response to the antiepileptic drug phenobarbital into 

“responders” and “non-responders”. Additional experiments were performed following pre-

treatment with the P-glycoprotein modulator tariquidar. [11C]quinidine was metabolized rapidly, 

whereas [11C]laniquidar was more stable. Brain concentrations of both radiotracers remained 

at relatively low levels at baseline conditions. Tariquidar pre-treatment resulted in significant 

increases of [11C]quinidine and [11C]laniquidar brain concentrations. In the epileptic subgroup 

“non-responders”, brain uptake of [11C]quinidine in selected brain regions reached higher 

levels than in electrode-implanted control rats. However, the relative response to tariquidar did 

not differ between groups with full blockade of P-glycoprotein by 15 mg/kg of tariquidar. For 

[11C]laniquidar, differences between epileptic and control animals were only evident at baseline 

conditions but not after tariquidar pretreatment.  

We confirmed that both [11C]quinidine and [11C]laniquidar are P-glycoprotein substrates. At full 

P-gp blockade, tariquidar pre-treatment only demonstrated slight differences for [11C]quinidine 

between drug-resistant and drug-sensitive animals.  
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The synthesis of reference compounds and both radiosynthesis and in vivo evaluation of two 

new [18F]fluoroisatin P-gp expression tracers are described in Chapter 6. As [18F]fluoroisatin-

4-(4-methoxyphenyl)-3-thiosemicarbazone ([18F]5) showed substantially slower metabolism 

than [18F]fluoroisatin-6-(4-methoxyphenyl)-3-thiosemicarbazone ([18F]6), only [18F]5  was 

evaluated  in vivo. After administration of the P-gp inhibitor tariquidar, [18F]5 showed higher 

brain uptake, but also higher plasma concentrations, leading to a brain to blood concentration 

ratio that was not significantly different from baseline. Thus, P-gp inhibition using tariquidar 

treatment did not show any effect. Next breast cancer resistant protein (BCRP) knock-out (KO) 

mice were compared with either P-gp KO mice and wild-type (WT) mice. Brain uptake was not 

significantly different between BCRP KO and WT mice, but brain uptake in P-gp KO mice was 

significantly lower than in both WT and BCRP KO mice, suggesting that [18F]5 binds to P-gp 

and may act as a P-gp expression tracer. Clearly these results need to be validated in further 

(human) studies. 

In summary, progress has been made towards the original aim of this thesis, the development 

of an imaging tool for the visualization of P-gp upregulation. First, novel weak P-gp substrate 

tracers, such as [11C]D617 and [11C]phenytoin, have been developed that may allow for 

measuring variations in P-gp expression. More importantly, a potential P-gp expression tracer, 

[18F]5 , has been developed that may be used for further evaluation of P-gp upregulation. 

 

 
Future perspectives 

To date, [11C]D617, a metabolite of the strong P-gp substrate (R)-verapamil and a weak P-gp 

substrate itself, has only been synthesized as a racemic mixture. Since (R)-[11C]verapamil is 

an enantiomerically pure tracer and could behave differently from (S)-[11C]verapamil in vivo, 

the next step should be to evaluate enantiomerically pure (R)-[11C]D617. First of all, pure 

enentiomers are needed for quantification. Secondly, there might be a difference in substrate 
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affinity between both enantiomers, e.g. one enantiomer of [11C]D617 might be a strong P-gp 

substrate and the other a very weak one.   

As shown in chapter 6, [18F]Fluoroisatin-4-(4-methoxyphenyl)-3-thiosemicarbazone5, the first 

P-gp PET expression tracer has some limitations. Firstly, overall yield was relatively low, which 

may possibly be improved by adding a protective group on the amine moiety on the 4-F-isatin, 

such as a BOC-group. This will probably improve radiolabelling yield in the fluorination part of 

the synthesis. In addition, the BOC group will be hydrolysed in the successive synthesis step, 

so no valuable reaction time will be lost. Secondly, [18F]Fluoroisatin-4-(4-methoxyphenyl)-3-

thiosemicarbazone shows fast metabolism, which in itself does not need to be an issue, unless 

labelled metabolite hamper PET imaging and data analysis. Therefore, these metabolites need 

to be labelled to assess their in vivo behaviour, and also to assess whether one of these 

metabolites binds to P-gp itself and therefore could be used as a potentially better (less 

metabolites) P-gp expression tracer.  

It has been shown in chapter 6 that [18F]Fluoroisatin-4-(4-methoxyphenyl)-3-

thiosemicarbazone binds to P-gp. Unfortunately, no blood samples were acquired during the 

study and it might be postulated that changes in blood level have altered the brain uptake in 

the P-gp KO mice. Therefore, as additional experiment autoradiography on P-gp and BCRP 

knock out rats should be performed and results should be compared with corresponding 

studies in wild type rats, this will also allow for a full kinetic study, since it allows for blood 

sampling. This might answer the question whether [18F]Fluoroisatin-4-(4-methoxyphenyl)-3-

thiosemicarbazone  indeed binds to P-gp. In addition, larger species knockout animals, suchs 

as rats might be used, to facilitate blood sampling during a PET scan, thus providing valuable 

data about the blood concentration.   

A different approach might be to use a monoclonal antibody that binds to P-gp, such as the 

4E3 (Ab10333) monoclonal antibody. However, these antibodies originate from a mouse and 

can only be used in humans after humanization of the antibody. Nevertheless, these antibodies 

might be useful for application in mouse models to image the density of P-gp at the blood-brain 

barrier. These monoclonal antibodies can be radiolabelled with zirconium-89 and linked using 
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p-isothiocanatobenzyl-desferrioxamine6 as a chelator. The half-life of zirconium-89 is 79.4 

hours and is therefore suited for the slow kinetics of the antibodies. A disadvantage for using 

an antibody approach might be the radiation dose, as well as the slow kinetics. It will not be 

possible to perform a dynamic scan for the quantification P-gp upregulation due to the long 

scan time. In addition, if the research progresses from an animal model to a human approach 

it might be necessary to use a pre-targeting approach for the radiosynthesis, to reduce the 

radiation burden. 

Another promising aproach for labeling a P-gp inhibitor could be to use a radiolabelled 

derivative of NSC239257 (figure 1). 

 

Figure 1, NSC23925 

 

It has been described that NSC23925 is selective for P-gp, although no affinity for P-gp is 

given7. NSC23925 is from a different class of compounds compared with previously described 

P-gp inhibitors, so it might bind to a different binding site of P-gp. However, one of its 

disadvantages is its chirality, as NSC 23925 has 2 chiral centres (marked with an asterisk in 

figure 1), so the in vitro evalaution should initially be performed with the 4 pure diastereomers. 

The compound with the best in vitro profile should then be selected as a candidate PET tracer.  
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