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Supplementary Figure S7. Noribogaine-glucuronide tissue concentration (A, C, E, G, I, K, M, O), tissue ac-
cumulation (B, D, F, H, J, L, N, P) and small intestine together with the fecal content (SIWC) as percentage 
(%) of dose without (Q) or with corrections (for the plasma concentration at 2 h (R) or for the plasma AUC 
(S)), in female wild-type (WT), Oatp1a/1b-/-, Oatp1a/1b-/-;1B1tg, and Oatp1a/1b-/-;1B3tg mice, over 2 h after 
oral administration of 10 mg/kg ibogaine (n = 6-7). Data are presented as mean ± SD. *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001 compared to wild-type mice; #, P < 0.05; ###, P < 0.001 comparing Oatp1a/1b-/-

;1B1tg or Oatp1a/1b-/-;1B3tg with Oatp1a/1b-/- mice.
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Supplementary Figure S8. Ibogaine tissue concentration (A, C, E, G, I, K, M) and tissue-to-plasma ratio (B, D, 
F, H, J, L, N) in female wild-type (WT), Cyp3a knockout (Cyp3a-/-), and Cyp3a-/- mice with specific transgenic 
expression of human CYP3A4 in liver and intestine (Cyp3aXAV), over 8 h after oral administration of 10 mg/
kg ibogaine (n = 3-6). SIWC, small intestine together with the fecal content. Data are presented as mean ± 
SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 compared to wild-type mice; #, P < 0.05; ###, P < 0.001 
comparing Cyp3aXAV with Cyp3a-/- mice.

7
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Supplementary Figure S9. Noribogaine tissue concentration (A, C, E, G, I, K, M) and tissue-to-plasma ratio 
(B, D, F, H, J, L, N) in female wild-type (WT), Cyp3a knockout (Cyp3a-/-), and Cyp3a-/- mice with specific trans-
genic expression of human CYP3A4 in liver and intestine (Cyp3aXAV), over 8 h after oral administration of 
10 mg/kg ibogaine (n = 4-6). SIWC, small intestine together with the fecal content. Data are presented as 
mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 compared to wild-type mice; #, P < 0.05; ##, 
P < 0.01; ###, P < 0.001 comparing Cyp3aXAV with Cyp3a-/- mice.
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Supplementary Figure S10. Noribogaine-glucuronide (NIBG) tissue concentration (A, C, E, G, I, K, M) and 
tissue-to-plasma ratio (B, D, F, H, J, L, N) in female wild-type (WT), Cyp3a knockout (Cyp3a-/-), and Cyp3a-/- 

mice with specific transgenic expression of human CYP3A4 in liver and intestine (Cyp3aXAV), over 8 h after 
oral administration of 10 mg/kg ibogaine (n = 4-6). SIWC, small intestine together with the fecal content. 
Data are presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 compared to wild-type 
mice; #, P < 0.05; ##, P < 0.01 comparing Cyp3aXAV with Cyp3a-/- mice.

7
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Table S1. Plasma pharmacokinetic (PK) parameters of ibogaine, noribogaine, and noribogaine-glucuronide 
8 h after oral administration of 10 mg/kg ibogaine to female wild-type, Cyp3a-/- and Cyp3aXAV mice.a

Compound and
PK Parameter

Genotype
Wild-type Cyp3a-/- Cyp3aXAV

Ibogaine

AUC0-8h (h*ng/mL) 13.5 ± 4.5 18.5 ± 2.6 31.4 ± 12.5**

Fold increase AUC0-8h 1.0 1.4 2.3

Cmax, ng/mL 6.46 ± 3.72 6.59 ± 0.89 12.01 ± 5.14

Tmax, h 0.25 0.25 0.25

Noribogaine

AUC0-8h (h*ng/mL) 655 ± 220 1073 ± 320* 1400 ± 320***

Fold increase AUC0-8h 1.0 1.6 2.1

Cmax, ng/mL 217 ± 37 280 ± 75 328 ± 75*

Tmax, h 0.50 (0.50 – 1) 0.50 (0.50 – 1) 0.50 (0.50 – 1)

Noribogaine-glucuronide

AUC0-8h (h*ng/mL) 219 ± 50 422 ± 110** 536 ± 117****

Fold increase AUC0-8h 1.0 2.0 2.4

Cmax, ng/mL 70.0 ± 13.6 114 ± 24** 123 ± 28**

Tmax, h 1 1 1 (1 – 2)

aData are presented as mean ± SD (n = 4-6), except for Tmax where median (range) is presented. AUC0-8h, area 
under the plasma concentration-time curve from zero to 8 hours; Cmax, maximum concentration in plasma; 
Tmax, time point (h) of maximum plasma concentration. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 
compared to wild-type mice.
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SUMMARY

In this thesis, several LC-MS/MS methods were developed and validated to support 
pharmacokinetic (PK) studies in mice. Furthermore, challenges and issues faced during 
development of the LC-MS/MS methods and their validation were elaborated upon. All preclinical 
PK studies in mice were performed to elucidate the role of drug transporters and metabolic 
enzymes in the disposition of drugs that are currently used or are intended for future use to 
improve cancer treatment.

To facilitate a preclinical PK study in mice, chapter 2 describes the development and validation 
of a UPLC-MS/MS method for the quantification of morphine, morphine-3-glucuronide, and 
morphine-6- glucuronide in mouse plasma and tissue homogenates. Sample preparation included 
protein precipitation with cold (2–8 °C) methanol:acetonitrile (1:1, v/v) before the supernatant 
was evaporated to dryness. The dry extracts were then reconstituted in 4 mM ammonium 
formate pH

3.5. Chromatographic separation was accomplished using gradient elution over the course 
of 6.7 minutes at 50 °C with 4 mM ammonium formate pH 3.5 as mobile phase A and 
methanol:acetonitrile (1:1, v/v) as mobile phase B. Tandem mass spectrometry with electrospray 
ionization in the positive ion mode was used for detection. The method was validated within a 
linear range of 1-2,000 ng/mL, 10-20,000 ng/mL, and 0.5-200 ng/mL for morphine, morphine-
3-glucuronide, and morphine-6- glucuronide, respectively. The intra- and inter-run precision of 
all analytes, including the lower limit of quantification levels, were ≤ 15.8%, and the accuracies 
were between 88.1 and 111.9% in human plasma. Furthermore, it was shown that calibration 
standards in control human plasma can be used for the quantification of the analytes in mouse 
plasma and tissue homogenates. The applicability of the method was successfully demonstrated 
in a preclinical PK pilot study in mice.

In Chapter 3, the first LC-MS/MS method was reported for the concurrent quantification of 
ibogaine, noribogaine, and noribogaine-glucuronide in human plasma, mouse plasma, and 
mouse tissue homogenates. Sample preparation consisted of protein precipitation with 
methanol:acetonitrile (1:1, v/v) and 1:1 (v/v) dilution of the supernatant with 4 mM ammonium 
formate pH 3.5 before 5 µL

was injected onto a Waters UPLC HSS T3 column (150 x 2.1 mm, 1.8 µm). The analytical column 
was maintained at 50 °C. The analytes were chromatographically separated within 6.0 minutes 
using gradient elution with 4 mM ammonium formate pH 3.5 as mobile phase A and acetonitrile 
as mobile phase B. Tandem mass spectrometry with an electrospray ionization interface 
operated in the positive ion mode was used for detection. The method was validated within 
a linear concentration range of 0.1-50 ng/mL for ibogaine and 0.1-250 ng/mL for noribogaine 
and noribogaine-glucuronide. Intra-assay and inter-assay precisions were ≤ 11.6% and 4.4%, 
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respectively. Accuracies were between 81.2-116%. The applicability of the method was 
successfully shown to support both a preclinical and clinical PK study.

Cintirorgon (LYC-55716), a promising first-in-class anticancer drug as a RORγ agonist in the 
treatment of various cancers, is the subject of Chapter 4. A bioanalytical method using LC-MS/
MS was developed and validated for the quantification of cintirorgon in mouse plasma and 
tissue homogenates. Full validation was performed in mouse plasma and partial validation 
was performed for the mouse tissue homogenates. For fast and efficient analysis, 96-well 
plates were used to precipitate proteins in 10 µL sample with 20 µL acetonitrile containing 
monensin as internal standard. Chromatographic separation was achieved within 3 minutes 
on a Polaris 3 C18-A column with 0.2% (v/v) formic acid and 0.2% (v/v) ammonium hydroxide 
in water (A) and methanol (B) as eluents. Detection was carried out with a triple quadrupole 
mass spectrometer with electrospray ionization operated in the positive ion-mode. The linear 
validated concentration range of cintirorgon was between 5-4,000 ng/mL for all matrices, except 
for the brain homogenates, which was validated between 10-4,000 ng/mL. The intra- and inter-
day precisions were between 4.6–14.7% and 5.1– 15.6% (including the LLOQ), respectively. The 
accuracy was between 89.1%–111.2%. The method was successfully applied to a preclinical 
study with cintirorgon in mice.

Chapter 5 presents a quantitative bioanalytical assay using LC-MS/MS for the analysis of the 
spleen tyrosine kinase inhibitors entospletinib and lanraplenib to support preclinical PK studies 
in mice. Full validation and partial validation according to the FDA/EMA guidelines was intended 
to be performed within a linear concentration range of 2-2,000 ng/mL for both analytes in mouse 
plasma and mouse tissue homogenates, respectively. Ten microliter of sample was aliquoted 
onto a 96-well plate to precipitate the proteins with 20 µL acetonitrile containing 10 ng/mL 
erlotinib as internal standard. Twenty microliters of the supernatant was then transferred to 
a 1-mL 96-well plate with 200 µL 25% (v/v) methanol before injection. For chromatographic 
separation, a Waters XBridge® Peptide BEH C18 column was used with a Waters XBridge® BEH 
C18, 3.5 µM VanGuard® 2.1 x 5 mm precolumn, and gradient elution was applied with a total 
runtime of 3.0 minutes. For detection, a Finnigan TSQ Quantum Discovery Max triple quadrupole 
mass spectrometer was used, operated in the positive

SRM mode. The intra- and inter-day precisions (LLOQ included) were ≤ 10.4% and 11.4%, 
respectively, for both compounds and the accuracies were between 90.3% and 109.8%. 
Unfortunately, validation could not be completed because of issues faced during matrix 
effect experiments that have yet to be solved. Nevertheless, first steps were taken towards 
development of an appropriate LC-MS/MS method, which gives a head start for further research.

The LC-MS/MS method that was developed and validated in chapter 2, was applied to a PK 
study in mice, which is presented in chapter 6. An opioid that is frequently used in the treatment 
against moderate to severe pain, is morphine. Variability in morphine pharmacokinetics and 
responsiveness may be influenced by variations in drug transporter expression and activity. 

8
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Therefore, the effect of relevant OATP uptake transporters and ABCB1 and ABCB2 were 
investigated on the PK of morphine and its main metabolites, morphine-3-glucuronide (M3G) 
and morphine-6-glucuronide (M6G), in mouse models. When morphine was subcutaneously 
administered to Abcb1a/1b-/-;Abcg2-/-, Abcb1a/1b-/-;Abcg2-/-;Oatp1a/1b-/-;Oatp2b1-/- (Bab12), 
and Oatp1a/1b-/-;Oatp2b1-/- mice, the plasma concentrations were comparable to the plasma 
concentrations of wild-type mice. When mouse (m)Abcb1 and mAbcg2 were ablated, forty 
minutes after dosing morphine brain accumulation was increased by a factor of two. In all the 
knockout strains, the relative recovery of morphine in small intestine content was markedly 
reduced. M3G plasma levels in the absence of mOatp1a/1b and mOatp2b1 were significantly 
increased, which can be explained by lower elimination rates. Furthermore, M3G accumulation in 
the liver and intestines were lower in Oatp1a/1b-/-Oatp2b1-/- mice. The plasma levels and tissue 
disposition in mice that were administered M6G subcutaneously, were similarly affected. Human 
OATP1B1/1B3 transporters in mice were found to slightly contribute to M6G accumulation in 
the liver. In conclusion, mAbcb1 and mAbcg2 together reduce the brain penetration and the net 
intestinal absorption of morphine. Therefore, variations in morphine tissue exposure caused 
by genetic polymorphisms and mutations, environmental variables, and/or variations in ABCB1 
activity may have a partial impact on patients. Ablation of mOatp1a/1b leads to reduced M3G 
and M6G liver and small intestine distribution, while plasma exposure was increased. However, 
the possibility of unfavorable drug interactions or interindividual variation linked to OATP activity 
is probably limited because the contribution of human OATP1B1/1B3 to M6G liver absorption 
was quite small.

Despite the lack of systematic clinical evidence for its efficacy, the psychedelic alkaloid ibogaine is 
gaining popularity for its alleged anti-addictive effects against e.g., alcohol and opioids. In chapter 
7, the role of drug transporters (ABCB1, ABCG2, and OATP) and metabolizing enzymes (human 
CYP3A and mouse Cyp3a) was examined in the disposition of ibogaine and its metabolites. After 
10 mg/kg oral administration, ibogaine was quickly and substantially converted to its active 
metabolite

noribogaine, and likely inactive metabolite noribogaine-glucuronide. Ibogaine’s systemic 
exposure (plasma AUC) and peak plasma concentration (Cmax) were only mildly constrained by 
mouse Abcb1a/1b and mAbcg2. Compared to the wild-type, mice lacking both transporters 
had ~2-fold lower relative ibogaine recoveries in the small intestine including the fecal content. 
Furthermore, it was observed that ibogaine presented good intrinsic brain penetration, even 
in wild-type mice (brain-to-plasma ratio of 3.4). This was further increased by 1.5-fold in 
Abcb1a/1b;Abcg2−/− mice, but not in Abcg2−/− mice, revealing a relatively stronger, albeit still 
modest, effect of mAbcb1a/1b in restricting ibogaine brain penetration. Regarding the human 
OATP transporters, no significant impact was observed on plasma and tissue disposition. 
However, the mOatp1a/1b protein was found to modestly affect plasma exposures of ibogaine 
metabolites and tissue disposition of noribogaine-glucuronide. Finally, neither Cyp3a knockout 
nor transgenic human CYP3A overexpression was found to significantly affect the PK of ibogaine 
or its metabolites. In conclusion, ABCB1 and ABCG2 together reduce the oral availability of 
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ibogaine, potentially because of mediating its direct hepatobiliary and/or direct intestinal 
excretion. ABCB1 also limits ibogaine brain penetration. It is therefore possible that ibogaine 
exposure might be slightly impacted by variations of ABCB1/ABCG1 activity in patients. The 
negligible impact of the human CYP3A enzyme and OATPB1/1B3 transporters may be clinically 
beneficial for ibogaine and noribogaine.

GENERAL DISCUSSIONS

Reducing the number of samples for faster analysis
Over the years, LC-MS/MS methods have improved enormously in terms of efficiency and 
performance. A major example is the sub-2 micron column technology that allows faster 
analysis with superior resolution and sensitivities compared to conventional HPLC [1]. Therefore, 
nowadays sample preparation has emerged as an important bottleneck in LC-MS/MS. Because 
of the large number of samples that are often produced in PK studies, there would be a large 
gain in time-efficiency if the number of study samples could be reduced. This reduction can 
take place in either the preclinical setting or analytical setting, which are both already described 
in literature [2–5]. A strategy to reduce the number of samples in the preclinical settings is 
cassette or cocktail dosing, where multiple drugs are administered in a single dose to the animals. 
Additional advantages are that fewer animals and dosing resources are required. On the other 
hand, the primary limitation of possible drug-drug interactions makes it only suitable to quickly 
identify and exclude drugs with poor PK properties and to continue with the most promising 
drug(s) for further evaluation [2,3]. Also, concurrent analysis of multiple compounds in a single 
run can experimentally be more challenging and time consuming to achieve in the analytical 
setting, especially when sample volumes are low.

Reduction in the number of samples in the analytical setting can be achieved by pooling by 
time or pooling by compound [4,5]. Both pooling strategies involve only one drug in the dosing 
solution, preventing possible drug-drug interactions. With pooling in time, plasma samples with 
identical time points from all the animals within one study are pooled (e.g., all t=0 samples, all 
t=1 samples are pooled, and so on). Pooling by compound means that plasma samples of identical 
time points between different studies, where different drugs are tested in mice, are pooled. An 
additional advantage is that sample volume increases by pooling, making sample handling easier. 
But this can also be achieved by adding blank plasma to the samples. However, this requires more 
mice to be sacrificed, which should be avoided as much as possible because of ethical reasons. 
It might therefore be an option to use an alternative matrix to obtain larger sample volumes, 
if that is necessary. However, this will change the matrix and additional validation experiments 
should be performed which may require more effort. Also, plasma samples from mice collected 
at different time points generally have a low volume (typically 5-20 µL), which makes sample 
reanalysis challenging and sometimes impossible. Higher sample volumes by pooling overcomes 
this problem. However, the trade-off is sample dilution, and thus higher method sensitivities are 
required. Full plasma PK curves can be obtained with both pooling strategies, but for pooling 
in time, only average concentrations of each time-point can be obtained. Interindividual 

8
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variability between mice of a certain time point is therefore lost. Besides, there will be a higher 
risk of obtaining deceiving average concentrations, as outliers will not be noticed. This is not 
the case with pooling by compound. The disadvantages of pooling by compound are not only 
sample dilution, but also, if the tested drugs between the studies are of similar structures, 
possible metabolites or degradation products cannot be traced back to the parent compound. 
In conclusion, the advantage of faster sample turnaround by pooling by time or by compound 
should outweigh the above-mentioned disadvantages to justify the use of this strategy.

Although the methodology is outside the scope of this thesis, another possible way to reduce the 
number of samples for analysis is by physiologically based pharmacokinetics (PBPK) modeling. 
With this mathematical modeling approach, the PK profile of a compound and the tissue exposure 
can be estimated based on extrapolation of preclinical (in vitro) ADME. Data from a single dose 
administration can therefore be used to assess the PK profile of different doses or dose routes, 
reducing the number of mice (and study samples) needed [6].

Broadening the dynamic range
As briefly mentioned in the introduction, and throughout the chapters, a broad dynamic range 
for the analysis of drugs and their metabolites in mouse plasma and tissue homogenates is highly 
desirable. The different concentration ranges of the parent compound and its metabolites can lie 
far apart from each other within a sample and between the different tissues and plasma samples. 
LC- MS/MS instruments typically offer a linear concentration range of 3 orders of magnitude for 
PK sample analysis, which is not always sufficient [7]. When sample concentrations fall beyond 
the validated linear range, dilution and reanalysis is required. This is not only undesirable in 
terms of time-efficiency and cost, but also because of the often low sample volumes in preclinical 
samples, as with mouse plasma samples which typically have a volume of 5-20 µL for the serial 
sampling through the tail vein. Thus, there is not always sufficient sample left for reanalysis. An 
example of this common issue was shown in chapter 2. Morphine and its main metabolites, 
morphine-3-glucuronide and morphine-6-glucuronide, were analyzed in mouse plasma and 
tissue homogenates. The target concentration range of morphine-3-glucuronide was 10-
20,000 ng/mL, which initially gave a non-linear calibration curve. The combination of adjusted 
declustering potentials in the ion-source and increasing the deuterium labelled morphine-3-
glucuronide internal standard concentration from 100 ng/mL to 10,000 ng/mL solved the issue. 
However, this will not always be an option. For instance, it may not improve linearity in all cases 
and such high internal standard concentrations, especially when using stable isotope-labeled 
ones, can be very costly. To improve linearity in LC-MS/MS methods, more detailed mechanistic 
studies can be helpful to better understand the reason of non-linearity. There are multiple 
theories about the mechanism of non-linearity in the ESI process and one was proposed by Enke 
[8]. Simplistically explained, it describes that there is a limited amount of excess charge sites on 
the droplet surface. Increasing the analyte concentration eventually exceeds the excess charge 
concentration on the droplet surface which causes non-linearity at high concentrations. Another 
theory by Kostiainen and others, is that there is not a limited excess charge, but a limited space 
on the droplet surface [9]. Only the ions on the droplet surface are likely to be detected. Ions that 
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reside in the interior of the droplet will be lost. Increasing analyte concentration will saturate 
the droplet surface and excess analyte ions will remain in the droplet interior which levels off 
analyte response with increasing concentrations. In addition, multimer ion formation of analytes 
and internal standards (in case of stable isotope-labeled internal standards) usually increases 
with increasing analyte concentration. This can also explain non-linearity at the higher end of the 
calibration curve. When the mechanism behind non-linearity is understood, the method can be 
adjusted to specifically tackle the problem. When non-linearity is caused by multimer formation, 
switching to negative ESI mode has shown to be effective previously. Possibly because no proton- 
bound dimers can be formed in the negative mode [10]. To eliminate saturation of the droplet

surface in the ionization process, atmospheric pressure chemical ionization can be applied. 
Generally, to increase ionization efficiency, reducing the flow rate to the nano-range would 
be useful [10–13]. Post-column flow splitting can also be an option to reduce the flowrate and 
absolute number of ions per time unit entering the ion-source to prevent saturation. However, 
this will affect sensitivities for all analytes. To prevent this, it is possible to set up the system 
in a way that decreases the flow rate at only a programmed retention time interval. In case of 
chapter 2, it would be at the retention time of morphine-3-glucuronide to preserve morphine-
6-glucuronide sensitivity, but this makes the method more prone to errors, especially when the 
retention times of peaks are very close to each other. Slight retention time shifts can therefore 
have a detrimental effect as the flow splitter time interval cannot detect such a shift and will 
split the flow on the wrong retention time. Also, the method also becomes more prone to 
clogging and thus failure, due to the narrower tubing. Slight changes in the elution times of the 
glucuronides would also jeopardize M6G sensitivity unless the method would be adjusted to 
increase the elution times between the two metabolites. But this will also increase the runtime of 
the method. For these reasons, such an instrument setup was rather avoided in this specific case.

Better use of internal standards and more precise adherence to validation 
guidelines
In chapter 3, the LC-MS/MS method development of ibogaine and its main metabolites 
noribogaine and noribogaine-glucuronide is described. Validation was performed based on 
the FDA and EMA guidelines, with adjustments to the criteria in line with the fit-to-purpose 
principle [14], where ± 20% deviation from the nominal concentration was allowed instead of ± 
15% (and ± 25% at LLOQ instead of ± 20%) for noribogaine-glucuronide because of the lack of 
an appropriate internal standard for this analyte.

Noribogaine (noribogaine-D4) was used for quantification of noribogaine-glucuronide, as 
described in the chapter. Except for the selectivity results of noribogaine-glucuronide in the 
brain, heart, and kidney homogenates (41.3%, 40.5%, and 228%, respectively), validation results 
were not extremely far from the aimed criteria. However, when noribogaine-glucuronide 
was quantified with ibogaine-13C-D4, the selectivity results for the brain, heart, and kidney 
homogenates were within ± 20%. It should be emphasized that the selectivity experiments 
were not performed as described in the regulatory guidelines because of the scarcity of mouse 
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plasma and tissue blanks. Instead of singular analysis of blank samples and spiked blank samples 
at LLOQ level from six individual mice, pooled samples were used for singular analysis of the 
blank samples. The responses were compared to calibration LLOQ, which were prepared in 
human plasma. If one or more individual mice blanks have a significant interference, they might 
get averaged to a negligible level due to pooling if most other mice have no interference. Also, 
reliable conclusions on potential interferences in the blank samples and LLOQ samples are 
slightly compromised because comparisons were made between different matrices that can give 
different responses for the same concentrations due to matrix effects. Furthermore, the pooled 
blank samples were spiked at QC-H1 (37.5 ng/mL) level to test for quantification integrity because 
there was not enough matrix available to perform accuracy and precision experiments in the 
mouse plasma and tissue homogenates. In addition, guidelines advise to investigate selectivity 
at LLOQ levels as this is often the most error-prone level. Repeating the selectivity experiment 
in individual mouse plasma and tissue samples and comparing blank responses and LLOQ (0.10 
ng/mL) responses in the same individual blanks would therefore be advised.

The accuracy and precision of the assay were determined in five independent runs in duplicate at 
each level. Even though this gives sufficient information on the assay performance for its intended 
use, it is advisable to perform it as described in the guidelines when used for other applications 
where absolute quantification is necessary. Data should be retrieved from independent runs 
with at least 5 replicates at each QC level.

Other advisable validation experiments are the matrix effect and recovery. Because the method 
was applied to different matrices, the information gained from matrix effect experiments might 
be a starting point to improve the method and meet more acceptance criteria. Inconsistent 
extraction recovery is not expected to be the reason for the criteria not to be met as repeated 
analysis of QC samples within a run did not show any remarkable differences. However, the 
guidelines do advice to perform separate analysis to ensure robustness of the method.

Furthermore, since the analytes are structurally closely related to each other, it is also advised 
by the guidelines to test any cross-reactivity or conversion of one analyte into another during 
the sample preparation and analysis. This should best be performed to spike all matrices with 
each analyte individually at ULOQ level. It is also possible that cross-reactivity or conversion of 
one analyte into another analyte occurs during storage, before sample preparation. This can be 
investigated with incurred sample reanalysis.

Because the preclinical study in mice did not require absolute quantification, but rather relative 
quantification for the tissue distribution determinations and plasma/tissue ratios, the method 
was considered acceptable to be applied, assuming that the bias between subsequent runs 
would be similar. However, it would be beneficial to further improve the method for more 
reliable quantification. First, an appropriate internal standard for noribogaine-glucuronide could 
be used for more accurate quantification, especially regarding matrix effects in the different 
tissues. The retention times of the internal standards for ibogaine and noribogaine differ too 

162671_Paniz_Heydari_BNW-def.indd   192162671_Paniz_Heydari_BNW-def.indd   192 24-11-2022   08:46:5024-11-2022   08:46:50



193

SUMMARY

much to ensure accurate correction. Next, increasing the internal standard concentration might 
improve validation results. There is no consensus on which internal standard concentration 
should be used but it is known that it can affect quantification [15]. The concentration of the 
internal standard (10 ng/mL) can be increased from 20% to about 50% of the ULOQ, which is 
the mid-point of the concentration range for ibogaine and noribogaine. If an internal standard 
for noribogaine-glucuronide is added, then a 125 ng/mL solution would be the mid-point of the 
calibration range.

The stability of the analytes in mouse plasma and tissue homogenates were not investigated, 
which should be prioritized in further attempts to improve validation results. Even though the 
stability of the final extracts were determined, there is too little insight on the stability during 
processing and storage conditions. However, to minimize any stability issues in the mouse plasma 
or tissue homogenates, samples were stored at -70 °C until analysis.

As a final remark, The International Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) is working on a new guideline for bioanalytical method 
validation (M10) to achieve better harmonization between regulatory agencies worldwide [16]. 
So far, there is only a draft version available. However, when the final version is published, it 
would be advisable to consider this version as guideline for method validation.

Identification of cintirorgon metabolite
Chapter 4 describes the successful development and validation of a LC-MS/MS method for 
the quantification of cintirorgon in mouse plasma and tissue homogenates. Since this method 
has met all criteria in line with the international guidelines for bioanalytical method validation 
for its intended purpose, no additional experiments are required. However, as described in 
this chapter, during incurred sample reanalysis of the small intestines and small intestine 
content homogenates, cintirorgon levels were higher than initially measured. In addition, an 
unidentified extra peak was observed in the chromatograms that was fully baseline separated 
from cintirorgon and with a shorter retention time. Based on these findings and the fact that 
glucuronidation is an important pathway in drug metabolism, it was hypothesized that the 
extra peak was cintirorgon-glucuronide that enzymatically undergoes back-conversion to form 
cintirorgon during storage. The reason why cintirorgon-glucuronide would then be observed in 
the mass transition of cintirorgon can be explained by in-source fragmentation that dissociates 
the glucuronide moiety from cintirorgon-glucuronide. The experiments performed as described 
in this chapter, increased the likelihood for the hypothesis to be true. These tests included 
comparing cintirorgon concentration in samples that were stored at different temperatures and 
recording a product-ion scan at the retention time of the extra peak. Most samples that were 
stored at 37 °C had higher cintirorgon concentrations than samples that were stored at – 30 °C. 
In addition, the product-ion scan at the retention time of the extra peak contained the masses of 
cintirorgon-glucuronide ammonium adduct, cintirorgon ammonium adduct, and the product ion 
of cintirorgon. Even though these results support the hypothesis that the extra peak was indeed 
a cintirorgon-glucuronide, further experiments can be performed to confirm the hypothesis. 

8

162671_Paniz_Heydari_BNW-def.indd   193162671_Paniz_Heydari_BNW-def.indd   193 24-11-2022   08:46:5024-11-2022   08:46:50



194

CHAPTER 8

High resolution mass spectrometry (HRMS) is an excellent strategy to elucidate the chemical 
composition of analytes. But this type of MS equipment generally has lower sensitivities. Because 
of the low analyte concentrations and low sample volumes, the study samples are not suitable 
for most HRMS analysis. To avoid unnecessary usage of the already scarce study samples, and 
to ensure sufficient sample volumes and drug concentrations, incubation of cintirorgon in vitro 
with liver microsomes can be performed before HRMS analysis. In this way, other possible 
metabolites (that cannot be observed in cintirorgon mass transitions) can also be detected and 
possibly identified [17].

Alternative techniques for the analysis of low volume samples
This thesis covers LC-MS/MS methods for the quantification of small-molecules in biological 
matrices. As mentioned throughout several sections, LC-MS/MS is considered as the key 
analytical technique for this purpose, mainly because of its high selectivity, sensitivity, and 
because low sample volumes can be analyzed. However, it would be beneficial if even lower 
sample volumes can be analyzed, especially for mice plasma samples. In the case of calculated 
concentrations above ULOQ in those samples, reanalysis after dilution is required but there is 
not always enough sample left to do so. Detection of low concentrations in such samples is even 
more challenging as it requires even higher method sensitivity. However, it should be mentioned 
that for most preclinical PK studies, the sensitivity of modern LC-MS/MS methods is sufficient. It 
is only in the rare occasions where low samples volumes and low analyte concentrations require 
greater analytical performance [18]. The benefits of more sophisticated methods are therefore 
often redundant. Nevertheless, it might be interesting to explore other analytical techniques for 
such occasional situations. Many studies have widely reported about miniaturized separation 
techniques coupled to MS. Such techniques include micro-, nano-, or capillary-LC, and capillary 
electrophoresis. The main advantages compared to conventional LC are improved sensitivity, 
the ability of analyzing even smaller sample volumes (sub-nL range vs µL range), less matrix 
effects, and less solvent consumption [19–22]. These techniques have mainly been applied in 
academic/fundamental research labs (especially for proteomics and metabolomics), but not so 
much in regulated bioanalysis as covered in this thesis [20,21]. This can be explained by the fact 
that these procedures are more sophisticated than traditional analysis, which requires highly 
skilled operators and also because of reduced robustness, which is crucial in regulated analysis 
[20,23,24]. However, in the past years, these techniques have been improved and are becoming 
more promising in terms of robustness and ease of use. They are starting to get more attention 
and have already been applied in some quantitative bioanalytical studies of small-molecules 
[20,24–30]. Moreover, if miniaturized separation techniques will be implemented, the improved 
sensitivity might also possibly allow metabolite identification from the same study sample if 
coupled to HRMS. No separate in vitro experiments with e.g., liver microsomes will then be 
needed to produce larger volumes that contain higher metabolite concentrations.

In conclusion, this thesis describes the development and validation of LC-MS/MS methods for the 
quantification of (experimental) drugs and their possible metabolites to support (pre)clinical PK 
studies of novel and existing drugs. For each method, it was further elaborated how the issues 
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faced during method development and validation and how these were solved. The described 
LC-MS/MS methods were developed and validated with intentions to elucidate the role of drug 
transporters and metabolizing enzymes in the disposition of the administered drugs in preclinical 
PK studies in mice and a drug safety and efficacy study in a clinical study.

8
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NEDERLANDSE SAMENVATTING

In dit proefschrift wordt de ontwikkeling en validatie van enkele ‘liquid chromatography-
tandem mass spectrometry’ (LC-MS/MS) methoden beschreven voor kwantitatieve bepalingen 
van verschillende kleine moleculen die allen bedoeld zijn om de behandeling tegen kanker te 
verbeteren. Ook worden er in dit proefschrift voorbeelden gegeven van preklinische studies 
waarin de beschreven LC-MS/MS methoden werden toegepast. Alle preklinische studies in dit 
proefschrift werden uitgevoerd om meer inzicht te verkrijgen in de rollen van transporteiwitten 
en metaboliserende enzymen bij de dispositie van de toegediende geneesmiddelen. Verder 
wordt er per hoofdstuk dieper ingegaan op de obstakels tijdens het ontwikkelen en valideren 
van de LC-MS/MS procedures. Voor tandem massaspectrometrie werd in alle gevallen een tripel 
quadrupool gebruikt.

Morfine is een opioïde dat gebruikt wordt als pijnbestrijdingsmiddel bij kanker. Ongeveer 
25-30% van de patiënten die met morfine behandeld worden ervaren hetzij onvoldoende 
pijnverlichting, of ze hebben teveel last van bijwerkingen. De reden voor deze variabiliteit 
tussen patiënten is niet helemaal duidelijk maar het wordt toegeschreven aan het complexe 
verband tussen farmacokinetiek, farmacodynamiek en farmacogenetica. Verder is er bij gebruik 
van morfine ook een grote kans dat er afhankelijkheid optreedt. Om dit te voorkomen en 
om inzicht in de variabiliteit tussen patiënten te verbeteren, is er meer kennis nodig over de 
farmacokinetiek en de interactie van morfine met andere geneesmiddelen. De ontwikkeling 
en validatie van een LC-MS/MS methode voor de kwantitatieve bepaling van morfine en de 
belangrijkste metabolieten, morfine-3-glucuronide en morfine-6-glucuronide, in muizenplasma 
en -weefsels, worden beschreven in hoofdstuk 2. De monstervoorbewerking bestond uit 
eiwitprecipitatie met een koud (2-8 °C) mengsel van methanol-acetonitril (1:1, v/v) toe te 
voegen aan de studiemonsters voordat het supernatant werd verdampt tot droogextract. 
Daarna werd er 4 mM ammoniumformaat pH 3,5 toegevoegd aan het droogextract voor 
reconstitutie. Chromatografische scheiding werd bereikt op een Waters UPLC HSS T3 (150 x 
2,1 mm, 1,8 μm) kolom door middel van gradiëntelutie met 4 mM ammoniumformaat pH 3,5 
(eluens A) en methanol-acetonitril (1:1, v/v, eluens B). Tandem massaspectrometrie in positieve 
selectieve reactiemodus met electrosprayionisatie werd als detectie gebruikt. De methode werd 
gevalideerd voor morfine (1-2.000 ng/mL), morfine-3-glucuronide (10-20.000 ng/mL) en morfine-
6-glucuronide (0,5-200 ng/mL). De intra- en interassay precisie van de analieten, inclusief de 
laagste concentratiestandaard, was ≤ 15,8% in humaan plasma. De juistheid van de methode was 
88,1-111,9% in humaan plasma. Verder werd er aangetoond dat kalibratiestandaarden in humaan 
plasma gebruikt kunnen worden voor de bepaling in muizenplasma en -weefsels. Als laatste 
werd de toepasbaarheid van de methode aangetoond in een preklinische studie met muizen.

De ontwikkeling en validatie van een LC-MS/MS methode voor de kwantitatieve bepaling van 
ibogaïne en zijn metabolieten, noribogaïne en noribogaïne-glucuronide, wordt beschreven 
in hoofdstuk 3. Ibogaïne is een psychoactief middel dat oorspronkelijk gebruikt werd door 
inheemse stammen in West-Afrika voor ceremoniële doeleinden. In modernere tijden wordt 
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het steeds vaker recreatief gebruikt en als middel tegen verschillende soorten verslavingen, 
waaronder die aan opioïden. Er zijn casussen beschreven waar een enkele dosis het verlangen 
naar middelengebruik voor langere tijd kan verlichten. Als dit daadwerkelijk het geval is, dan 
heeft het potentie om toegepast te worden bij de pijnbestrijding gebruikmakend van opioïden 
om afhankelijkheid tegen te gaan. Omdat er beperkte kennis is over de werking van ibogaïne 
zijn farmacokinetische studies noodzakelijk. Om dit soort studies te ondersteunen, wordt 
er in hoofdstuk 3 een LC-MS/MS methode beschreven voor de bepaling van ibogaïne en de 
genoemde metabolieten in humaan plasma, muizenplasma en -weefsels. De studiemonsters 
werden geprecipiteerd met methanol:acetonitril (1:1, v/v) waarna het supernatant 1:1 (v/v) 
werd verdund met 4 mM ammoniumformaat pH 3,5. Vervolgens werd er 5 μL geïnjecteerd op 
een Waters UPLC HSS T3 (150 x 2,1 mm, 1,8 μm) kolom. Scheiding van de analieten vond plaats 
binnen zes minuten door middel van 4 mM ammonium formaat pH 3,5 (eluens A) en acetonitril 
(eluens B). Tandem massaspectrometrie in positieve selectieve reactiemodus werd voor detectie 
gebruikt. De methode werd gevalideerd voor ibogaïne (0,1-50 ng/mL), noribogaïne (0,1-250 ng/
mL) en noribogaïne-glucuronide (0,1-250 ng/mL). De intra- en inter-assayprecisie waren ≤ 11,6%. 
De juistheid van de methode was 81,2-116%. De methode werd succesvol toegepast in zowel 
een klinische als een preklinische farmacokinetische studie.

Cintirorgon (LYC-55176) is een ‘first-in-line’ immunotherapeutisch geneesmiddel dat toegepast 
kan worden in verschillende soorten kanker die lokaal gevorderd of gemetastaseerd zijn. 
Dit middel heeft succesvol fase 1/2A studies ondergaan in de behandeling tegen niet-
kleincellige long-, gastro-oesofageale-, niercel-, urotheliaal-, en eierstokkanker. Cintirorgon 
is een agonist voor de ‘retinoic acid-related orphan’ receptor γ (RORγ), die invloed heeft 
op processen in tumorresistentie. Het werkingsmechanisme is uniek omdat het zowel de 
immuunrespons verhoogt als de immuunsuppressie verlaagt. Een kwantitatieve bepaling van 
cintirorgon in muizenplasma en -weefsels wordt beschreven in hoofdstuk 4. Tijdens validatie-
experimenten werd er een onbekende verbinding waargenomen, welke waarschijnlijk een 
glucuronidemetaboliet is. Dit maakt het interessant voor verder onderzoek, aangezien er nog 
geen metabolieten van cintirorgon beschreven zijn in de literatuur. Een LC-MS/MS methode 
werd ontwikkeld en gevalideerd waarvan de monstervoorbewerking werd uitgevoerd op 96-
well platen. Hierin werd 10 μL monster geprecipiteerd met 20 μL acetonitril met monensine als 
interne standaard. De analieten werden binnen 3 minuten van elkaar gescheiden op een Polaris 3 
C18-A kolom met een overeenkomend voorkolom. Als eluentia werden 0,2% (v/v) mierenzuur en 
0,2% (v/v) ammonium hydroxide in water (A) en methanol (B). Tandem massaspectrometrie werd 
als detectiemethode gebruikt met electrosprayionisatie in de positieve selectieve reactiemodus. 
Het gevalideerde lineaire concentratiebereik van cintirorgon was 5-4.000 ng/mL in alle matrices, 
behalve voor de hersenhomogenaten waarvoor tussen 10 en 4.000 ng/mL gevalideerd werd. De 
intra- en inter-assayprecisie was ≤ 15,6%, inclusief de laagste concentratiestandaard. De juistheid 
van de methode was 89,1-111,2%. De methode werd succesvol toegepast in een preklinische 
studie met muizen.
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Hoofdstuk 5 beschrijft de kwantitatieve bepaling van entospletinib en lanraplenib, beiden 
een ‘spleen tyrosine kinase’ (SYK) inhibitor. SYK is een niet-receptor cytoplasmatisch eiwit dat 
voornamelijk op hematopoëtische stamcellen voorkomt. Beide verbindingen zijn geëvalueerd in 
de behandeling tegen verschillende soorten kanker, zoals mantelcellymfoom, hodgkinlymfoom, 
longkanker en chronische lymphatische leukemie. Ondanks alle kennis is het niet volledig 
duidelijk welke transporteiwitten en metaboliserende enzymen betrokken zijn bij de dispositie 
van deze geneesmiddelen. Preklinische studies kunnen hier beter inzicht in geven en om die 
reden werd er een poging gedaan om een LC-MS/MS methode te ontwikkelen voor de bepaling 
van entospletinib en lanraplenib in muizenplasma en -weefsels. De validatie voor deze methode 
is nog niet afgerond. Ook de lange-termijn stabiliteit moet nog onderzocht worden en daarnaast 
voldeden de matrixeffecten nog niet aan de eisen. Dit hoofdstuk dient daarom als basis voor 
verdere validatie. De monstervoorbewerking voor deze methode bestond ook uit precipitatie van 
de eiwitten in 10 µL monster door toevoeging van 20 µL acetonitril dat tevens erlotinib als interne 
standaard bevatte. Twintig microliter van het supernatant werd vervolgens verdund met 200 µL 
25% (v/v) methanol voordat het op het LC-MS/MS systeem werd geïnjecteerd. Chromatografische 
scheiding werd binnen 3,0 minuten bereikt door gradiënt elutie met 0,1% ammonium hydroxide 
in water (v/v, eluens A) en methanol (eluens B) op een Waters XBridge® Peptide BEH C18 met 
een Waters XBridge® BEH C18, 3,5 μM VanGuard® 2,1 x 5 mm voorkolom. Voor detectie werd er 
gebruik gemaakt van tandem massaspectrometrie in de positieve selectieve reactiemodus. Intra- 
en inter-assayprecisie, inclusief de laagste concentratiestandaard, was ≤ 11,4%. De juistheid van 
de methode was 90,3-109,8%.

De LC-MS/MS methode van hoofdstuk 2 werd toegepast in een farmacokinetische studie 
die beschreven wordt in hoofdstuk 6. De verschillen in farmacokinetiek en respons tussen 
patiënten die morfine gebruiken als pijnbestrijding wordt mogelijk beïnvloed door variatie in 
de expressie van transporteiwitten en activiteit. Daarom werd het effect van relevante OATP-, 
ABCB1- en ABCB2-transporters onderzocht voor morfine, morfine-3-glucuronide (M3G) en 
morfine-6-glucuronide M6G) in muismodellen. Wanneer morfine subcutaan werd toegediend 
aan Abcb1a/1b-/-;Abcg2-/-, Abcb1a/1b-/-;Abcg2-/-;Oatp1a/1b-/-;Oatp2b1-/- (Bab12), en Oatp1a/1b-/-

;Oatp2b1-/- muizen, waren de plasmaconcentraties vergelijkbaar met de plasmaconcentraties van 
het wild-type. De accumulatie van morfine in de hersenen van (m)Abcb1- en mAbcg2-muizen was 
40 minuten na toediening met een factor 2 gestegen. In alle knockoutmodellen was de relatieve 
recovery van morfine in de dunne darm verlaagd. M3G plasmaconcentraties in muizen zonder 
mOatp1a/1b and mOatp2b1 waren significant toegenomen, wat verklaard kan worden door 
lagere eliminatiesnelheid. Verder was M3G accumulatie in de lever en darmen lager in Oatp1a/1b-

/-Oatp2b1-/- muizen. De plasmaconcentraties en weefseldispositie in muizen die M6G subcutaan 
toegediend kregen was op vergelijkbare manier beïnvloed. Humane OATPB1/1B3-transporters in 
muizen zorgden voor een lichte M6G-accumulatie in de lever. De hersenpenetratie en de netto 
absorptie van morfine in de darmen waren verlaagd door mAbcb1 en mAbcg2 samen. Daarom 
kan de conclusie getrokken worden dat verschillen in morfineconcentratie in de weefsels door 
genetische polymorfismen en mutaties, omgevingsfactoren en/of variatie in ABCB1 activiteit 
deels impact kunnen hebben op de patiënt. Ablatie van mOatp1a/1b leidde tot lagere M3G- en 
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M6G-waarden in de lever- en dunne darm-dispositie, terwijl plasmaconcentraties verhoogd 
werden. De waarschijnlijkheid dat ongewenste geneesmiddelinteractie of interindividuele 
variatie gelinkt is aan OATP-activiteit is beperkt omdat de bijdrage van OATP1B1/1B3 aan M6G-
leverabsorptie klein was.

Ondanks beperkt systematisch klinisch bewijs voor de effectiviteit, krijgt ibogaine steeds meer 
populariteit in verband met zijn vermeend anti-verslavend effect. In hoofdstuk 7 wordt de 
LC-MS/MS methode beschreven in hoofdstuk 3 toegepast om de rol van transporteiwitten 
(ABCB1, ABCG2 en OATP) en metaboliserende enzymen (humaan CYP3A en muizen-Cyp3a) 
te onderzoeken. Na 10 mg/kg orale toediening, werd ibogaïne snel en substantieel omgezet 
in zijn actieve metaboliet noribogaïne, en in een mogelijk inactieve metaboliet, noribogaïne-
glucuronide. De systemische blootstelling (plasma AUC) en de maximale plasmaconcentratie 
(Cmax) waren licht afgenomen in Abcb1a/1b- en mAbcg2-muizen. Vergeleken met het wild-type, 
hadden muizen in afwezigheid van beide transporters ongeveer tweemaal lagere ibogaïne 
recovery in de dunne darm inclusief de inhoud van de dunne darm. Verder viel op dat ibogaïne 
de hersenen goed kan bereiken, zelfs in wild-typemuizen (hersen-plasmaratio van 3,4). Dit werd 
echter verder verhoogd met een factor 1,5 in Abcb1a/1b;Abcg2−/− -muizen, maar niet in Abcg2−/−-
muizen, wat een sterker effect van mAbcb1a/1b op het beperken van de hersenpenetratie van 
ibogaïne aantoont. De onderzochte humane OATP-transporters hadden geen grote invloed 
op de plasma- en weefseldispositie van ibogaïne, maar de mOatp1a/1b-eiwitten hadden een 
bescheiden invloed op de plasmablootstelling van ibogaïnemetabolieten en de weefseldispositie 
van noribogaïne-glucudonide. Verder werd de farmacokinetiek van ibogaïne en zijn metabolieten 
niet beïnvloed door Cyp3a-knockout of transgene muizen die humaan CYP3A tot overexpressie 
brengen. Tot slot, ABCB1 en ABCG2 samen verlagen de orale beschikbaarheid van ibogaïne, 
mogelijk door hun effect op hepatobiliaire en/of directe intestinale excretie. ABCB1 vermindert 
ook de penetratie van ibogaïne in de hersenen. Het is daarom mogelijk dat ibogaïneblootstelling 
licht beïnvloed wordt door variatie in ABCB1/ABCG2-activiteit in patiënten. De verwaarloosbare 
impact van humaan CYP3A- en OATPB1/1B3-transporters zijn mogelijk voordelig voor de klinische 
toepassing van ibogaïne en noribogaïne.

Als laatste worden er in hoofdstuk 8 een samenvatting en een uitgebreide discussie gegeven. Het 
nut van snellere monsteranalyse wordt benadrukt en ook worden er opties besproken om dit te 
bewerkstelligen zoals enkele manieren om het aantal monsters te verminderen, het vergroten 
van de dynamische range van een LC-MS/MS methode, het gebruik van interne standaarden en 
het beter opvolgen van de internationale richtlijnen voor de validatie van chromatografische 
methoden en enkele alternatieve methoden om klein volume monsters te meten.

Dit proefschrift beschrijft de ontwikkeling en validatie van LC-MS/MS procedures voor de 
bepaling van (experimentele) middelen en hun mogelijke metabolieten om (pre)klinische studies 
van reeds bestaande en nieuwe geneesmiddelen te ondersteunen. Voor elke methode wordt 
er dieper ingegaan op de obstakels tijdens methodeontwikkeling en -validatie, en hoe deze 
werden opgelost. De beschreven LC-MS/MS methoden werden ontwikkeld en gevalideerd 
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met de intentie om meer inzicht te krijgen in de rol van transporteiwitten en metaboliserende 
enzymen in de dispositie van de toegediende middelen in preklinische farmacokinetische studies 
in muizen.
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