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Abstract 

The available therapeutic options for hepatocellular carcinoma (HCC) are quite limited 

and rapidly exhausted e.g., to acquired resistance. This explains the urgent need for 

new therapeutic approaches. In the mouse model, it was possible to overcome 

resistance to the multikinase inhibitor Sorafenib (SRF) by inhibiting p38a-mitogen-

activated protein kinase (MAPK). As Skepinone-L (SKL) is a highly potent inhibitor of 

p38a MAPK with outstanding selectivity, a combined therapy of SKL with SRF 

represents a promising approach to HCC therapy. 

Poor pharmacokinetic properties are one of the main reasons for the termination of 

clinical trials prior to market approval. The failure of a new therapy during the clinical 

trial causes very high costs and loss of time. To mitigate this risk, a comprehensive 

elucidation of the pharmacokinetic profile of SKL in different preclinical animal species 

was performed in this thesis. Despite distinct species-specific differences, most of the 

obtained parameters show that SKL exhibits very favourable pharmacokinetic 

properties in vivo. Co-administration with SRF resulted in increased plasma levels with 

improved absorption and elimination profiles. In contrast, SRF exposure appeared to 

be reduced in the presence of SKL. Incubated with human microsomes, SKL is 

metabolically degraded especially by conjugation with glucuronic acid. The three 

formed reaction products were identified as primary oxygen-bound (pO), secondary 

oxygen-bound (sO) and nitrogen-bound (N) glucuronide and the responsible enzymes 

determined. Interestingly, N-glucuronide formation was not observed in any animal 

species. Co-incubation with SRF results in a concentration-dependent decrease in the 

formation of pO- and sO-glucuronide. In contrast, the formation of N-glucuronide 

seems to be induced by SRF. Metabolically unchanged SKL is mainly excreted via 

faeces while the glucuronides presumably leave the organism by renal elimination. 

Regarding the pharmacokinetics and biotransformation of SKL as well as the 

interaction of SKL with SRF, the obtained results in the present work show promising 

properties for the clinical development of the intended combinatorial therapy of HCC 

with both kinase inhibitors SKL and SRF. 
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Zusammenfassung der Dissertation 

Die verfügbaren Therapiemöglichkeiten des hepatozellulären Karzinoms (HCC) sind 

stark limitiert und aufgrund erworbener Resistenzen zudem schnell ausgeschöpft. 

Dies begründet den dringenden Bedarf an neuen Therapieansätzen. Im Mausmodell 

war es möglich die erworbene Resistenz gegen den Multikinaseinhibitor Sorafenib 

(SRF) durch Hemmung der p38a-mitogen-aktivierten Proteinkinase (MAPK) zu 

überwinden. Da Skepinone-L (SKL) ein hochpotenter Inhibitor der p38a MAPK mit 

herausragender Selektivität ist, stellt die Kombinationstherapie von SKL mit SRF einen 

vielversprechenden Ansatz zur HCC-Therapie dar. 

Mangelhafte pharmakokinetische Eigenschaften sind einer der Hauptgründe für den 

Abbruch klinischer Studien vor der Marktzulassung. Das Scheitern einer neuen 

Therapie während der klinischen Studie bedeutet einen sehr hohen Kosten- und 

Zeitverlust. Um dies zu vermeiden, erfolgte die umfassende Aufklärung des 

pharmakokinetischen Profils von SKL in verschiedenen präklinischen Tierspezies. 

Trotz deutlicher speziesspezifischer Unterschiede zeigen die erhaltenen Parameter 

mehrheitlich, dass SKL sehr gute pharmakokinetische Eigenschaften in vivo besitzt. 

Die zeitgleiche Verabreichung mit SRF resultierte in höheren Plasmaspiegeln mit 

günstigerem Absorptions- sowie Eliminationsverlauf. Dagegen schien die 

SRF-Exposition in Gegenwart von SKL vermindert. In Inkubationen mit humanen 

Mikrosomen wird SKL nahezu ausschließlich per Konjugation mit Glucuronsäure 

metabolisch degradiert. Die drei entstehenden Reaktionsprodukte konnten als primär-

Sauerstoffgebunden (pO), sekundär-Sauerstoffgebunden (sO) und als Stickstoff-

gebundenes (N) Glucuronid identifiziert werden. Zudem konnten die jeweils 

verantwortlichen Enzyme ermittelt werden. Interessanterweise wird das N-Glucuronid 

in keiner Tierspezies gebildet. Die Co-Inkubation mit SRF resultiert 

konzentrationsabhängig überwiegend in verminderter Bildung des pO- und sO-

Glucuronides. Dagegen scheint die Bildung des N-Glucuronides durch SRF induziert. 

Unverändertes SKL wird hauptsächlich über den Fäzes ausgeschieden, während die 

Glucuronide vermutlich auf renalem Wege den Organismus verlassen. 

Hinsichtlich der Pharmakokinetik und Biotransformation von SKL sowie der 

Wechselwirkung von SKL mit SRF zeigen die in der vorliegenden Arbeit erzielten 

Ergebnisse vielversprechende Eigenschaften für die klinische Entwicklung der 

angestrebten kombinatorischen Therapie von HCC. 
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1. INTRODUCTION 

1.1. Pharmaceutical Research and Development 

The de novo drug development is a long-term and cost-intensive process which 

consists of three major stages (Fig. 1). The first stage is described as the drug 

discovery process. This includes the search for a hit, identification of the target and 

optimisation of the lead structure for subsequent preclinical studies [1]. The selected 

candidate molecules must have sufficient biological activity at the disease relevant 

target structure, adequate safety, and certain physicochemical properties [2]. During 

the second stage, extensive in vitro and in vivo tests are conducted on the potential 

clinical candidate molecules. The preclinical phase serves to clarify the target and the 

relation to human diseases as well as the reliability of findings. In addition, potency, 

kinetics, specificity [2] and safety are assessed, the latter in at least one rodent and 

one non-rodent species [3] to select the clinical compound for future administration to 

humans. The third stage involves the performance of various clinical trials in different 

groups of participants [4]. In this stage, adverse effects, side effects, overall safety and 

efficacy are studied. The market approval is granted to the drug if the corresponding 

extensive criteria and requirements are fulfilled. 
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Fig. 1: Scheme representing the time-consuming and cost-intensive development process from 
the discovery of the active ingredient to the approved drug. Graphic adapted from [2] and [5]. 

This whole process can take 10 to 15 years from the identification of the lead molecule 

to market maturity, with a probability of success of less than 1 % [6]. The entire 

development of a new drug costs on average about 2.6 billion dollars. These comprise 

the preclinical and clinical phases with 1.1 and 1.5 billion dollars respectively [7]. 

Failure to achieve drug approval thus represents a very high risk due to the extensive 

time and costs involved. Insufficient characteristics in terms of absorption, distribution, 

metabolism and excretion (ADME) of the new chemical entity (NCE) represents the 

major cause for the discontinuation of drug development [8]. To avert this, the 

pharmacokinetic behaviour of drug candidates is extensively investigated during the 

preclinical phase, according to the “fail fast, fail early” devise, thus preventing 

expensive late-stage failures of drug molecules [2]. 

1.2. Principles of Pharmacokinetics 

‘A chemical cannot be a drug, no matter how active nor how specific its action, unless 

it is also taken appropriately into the body (absorption), distributed to the right parts of 

the body, metabolized in a way that does not instantly remove its activity, and 

eliminated in a suitable manner - a compound must get in, move about, hang around, 

and then get out.’ This definition by J. Hodgson [8] aptly summarises the importance 
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and fundamental processes of pharmacokinetics. As a part of pharmacology, 

pharmacokinetic is the study of the time-dependent processes to which a xenobiotic 

(drug, NCE) is exposed in the organism. It involves the study and characterisation of 

a drug’s absorption (A), distribution (D), metabolic transformation (M) and 

elimination (E), referred to as ADME [9]. These processes are responsible for the API-

concentration at the site of action. Furthermore, pharmacokinetic involves the use of 

mathematical and biochemical techniques in a physiological and pharmacological 

context [10]. 

1.2.1. Pharmacokinetic Model Conceptions 

Different model conceptions facilitate the understanding and comparison of 

summarised data. In addition, they allow certain predictions for experimental designs, 

dosages and concentrations. The complex structure of the organism and its diverse 

functions are abstracted or significantly simplified. The body is represented as a 

system of one or more compartments by the single- or multiple-compartmental model. 

Usually, these compartments have neither an anatomical nor a physiological 

meaning [11]. This system is referred to as open because the absorbed drug is 

eliminated after its distribution, thus leaving the body. The transfer of substances into, 

out of and between the different compartments is described by rate constants. As early 

as 1937, compartmental analysis was used by T. Teorell [12]. In pharmacokinetics, 

compartment models, empirical, physiological and also statistical models are used. 

1.2.1.1. Non-Compartmental Analysis 

A simple and fast method for describing the pharmacokinetics of an API is the model-

independent method, also called non-compartmental analysis (NCA). A linear 

relationship between the administered dose and the API concentration in the 

investigated medium is a prerequisite for the application of this statistical model. The 

pharmacokinetic parameters are calculated based on the determined concentrations, 

without the entire concentration-time profile being described by a mathematical 

function [13]. The degree of systemic exposure of a drug is evaluated by estimating 

the area under the concentration-time curve (AUC) and the moment curve 

(AUMC) [14]. This method can be used to calculate further important pharmacokinetic 
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parameters, which will be explained in more detail later. However, since NCA cannot 

determine an API concentration at any time, this model is not suitable for predicting 

pharmacokinetic profiles with alterations in dose regimen [11]. This limitation does not 

account for compartmental analysis (CA). 

1.2.1.2. Compartmental Models 

Modelling the concentration-time data with a suitable pharmacokinetic compartment 

model to quantitatively evaluate and predict the in vivo fate of a drug is performed by 

CA, a widely used technique [15]. In the simplest scenario, the entire body is 

considered as one compartment (Fig. 2a). This model can be described both without 

absorption after intravenous administration (i.v.) or with absorption described by the 

rate constant ka after oral administration (p.o.). Thus, the concentration present in 

compartment C1 is dependent on the applied or absorbed dose as well as of the 

compartmental volume. Decrease in concentration in the C1 is directly related to the 

elimination rate constant k10. However, that highly simplified model is only suitable for 

relatively few compounds. 
 

a)  b) 

 

 

 
Fig. 2: Schematic representation of the one- (a) and the two-compartment model (b) which 
distinguishes a central (C1) and a peripheral (C2) compartment. Scheme modified according to [16]. 

The two-compartment approach (Fig. 2b) is predominantly used to describe the 

pharmacokinetics of an API. In this model, the drug diffuses between two 

compartments, the central (C1) and the peripheral (C2) one. C1 represents the organs 

that quickly reach equilibrium with the blood due to strong perfusion. C2 compartment 

represents less perfused tissues and other areas of the body. Between these and the 

systemic circulation, equilibrium occurs much more slowly. The rate constants k12 and 

k21 denote the distribution and redistribution of the substance between the 

compartments C1 and C2. The rate constant of absorption is described by ka and can 
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only occur to C1, just as the elimination k10 can also only occur from C1. In addition to 

the one- and two-compartment models, a variety of complex model concepts exist for 

a more detailed mathematical description, such as three-compartment models [17], 

physiologically based pharmacokinetic models [18] and the associated advanced 

compartmental absorption and transit model [19]. Thus, the selection of the most 

appropriate model depends on the nature of the data and the purpose of the analysis. 

1.2.2. Major Pharmacokinetic Parameters 

Using NCA and CA calculations, numerous different pharmacokinetic parameters can 

be derived from the plasma concentration-time curves. The most relevant ones are 

described in more detail below. 

maximum plasma concentration Cmax 
This parameter represents the highest drug concentration reached in plasma. 

After extravascular administration, it depends on the rate of absorption and can 

be determined visually from the plasma concentration-time profile. When 

determined by NCA, Cmax corresponds to the highest plasma concentration 

measured. In CA it is determined by the global maximum of the mathematically 

fitted function [20]. Since Cmax cannot be determined experimentally following 

i.v. administration the initial plasma concentration is determined by 

extrapolation to time zero (C0) [11]. 

time of maximum plasma concentration tmax 
This parameter reflects the time at which the maximum plasma concentration 

Cmax is observed and is considered a measure of drug absorption. 

terminal plasma half-life t1/2 
This parameter corresponds to the time interval in which the drug concentration 

in plasma has decreased by half. Since t1/2 controls the degree of drug 

accumulation, concentration fluctuations and the time to reach equilibrium, it is 

particularly relevant for multiple dosing regimens [21]. 
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volume of distribution at steady state Vss 
This parameter represents as notional variable the apparent volume into which 

a drug would be distributed based on the dose administered and the 

subsequently measured plasma concentrations [22]. Although Vss does not 

represent an actual physiological volume, it can be used to determine the extent 

of the distribution of the drug from the plasma into the tissues. For accurate 

determination of Vss, the drug must be completely absorbed and not eliminated 

prior to reaching systemic circulation. Therefore, Vss is determined after i.v. 

administration [11]. 

total body clearance Cl 
This parameter expresses the plasma volume which is totally cleared of a drug 

per unit of time. Cl represents the sum of renal and non-renal clearance. 

Formally Cl is defined as the ratio of the rate of drug elimination and the related 

drug concentration [23]. This means that the administered dose must be 

completely available, which is almost impossible with extravascular 

administration. Therefore, Cl is determined after i.v. application [11]. 

bioavailability F 
This parameter describes the percentage of active substance that reaches the 

systemic circulation unchanged after non-parenteral administration. Based on 

F, prognoses regarding the optimal dosage of an NCE are possible. 

1.2.3. Absorption 

The absorption of an API is the basic prerequisite for achieving the desired effect. Oral 

administration is the most common and preferred route. Thus, the gastrointestinal tract 

(GIT) is the major site of drug absorption and membrane permeation is required. 

Solubility and dissolution of the compound in the GIT and the intestinal membrane 

permeability are key factors of oral drug absorption. The rate and extent of drug 

absorption is affected by the physicochemical properties of the compound, e.g., 

solubility, hydrophobicity, ionization and molecular weight [24]. The biological and 

physicochemical conditions of the GIT also influence the absorption and thus F of an 

orally administered drug. The entire blood supply of the upper GIT first enters the liver 
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prior reaching the systemic circulation [25]. Hence, metabolic transformation and thus 

inactivation can occur during the first liver passage via the so-called first-pass effect, 

which in turn results in a poor F [26]. 

1.2.4. Distribution 

After reaching the systemic circulation, the API is distributed into the various fluids and 

tissues of the body to its site of action. Both the initiation and the extent of the 

therapeutic effect are determined by the distribution. This in turn is influenced by the 

hemodynamic activity of the tissue, passive diffusion across lipid membranes and the 

presence of carrier-mediated active transport [27]. In addition, distribution can be 

limited by binding of the API to plasma proteins. According to the free drug hypothesis 

only unbound drug passes through membranes and exerts its pharmacological effect 

at the target site of action [28]. Thus, plasma protein binding can influence Vss and 

reduce the metabolic transformation of the xenobiotic, thereby increasing t1/2 and 

reducing Cl [29]. Furthermore, binding to plasma proteins may reduce efficacy and 

require changes in the dosing regimen [30]. However, the fraction bound can also 

serve as a reservoir that releases the drug to maintain equilibrium after excretion of 

previously unbound fraction from the body [31]. 

1.2.5. Metabolism 

Metabolic conversion, also termed biotransformation, describes the process by which 

xenobiotics are enzymatically modified to more hydrophilic compounds to increase 

their excretability from the body. The liver is the main site for drug biotransformation 

although many organs contain drug metabolising enzymes. In most cases, the 

resulting biotransformation products are less active than the parent compound or 

inactive. However, some metabolites may have enhanced activity or toxic effects [32]. 

In general, drug metabolism reactions can be divided into phase I (Ph1) and 

phase II (Ph2) reactions. Modifications in Ph1 involve oxidation, reduction, and 

hydrolysis reactions. Ph2 conversions include the conjugation of highly polar groups, 

e.g. glucuronic acid, either sequentially to Ph1 reactions or directly to the parent 

compound. Pharmacokinetic parameters such as F, Cl and t1/2 are influenced by the 

biotransformation of a drug, which in turn affects its efficacy and toxicology.  
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1.2.5.1. CYP-mediated Metabolism 

The cytochrome P450 (CYP) superfamily is the major group of Ph1 drug-metabolising 

enzymes [33]. They are responsible for the metabolic degradation of 70-80 % of all 

drugs in clinical use [34]. CYPs are distributed throughout various tissues and organs 

whereas the liver and small intestine contribute to the maximum extent to the 

biotransformation [35]. Based on protein content, CYP3A4 is the most abundant 

isoform in human liver, followed by CYP2E1 and CYP2C9, with approximately 22.1 %, 

15.3 % and 14.6 % of total CYPs, respectively [36]. They are membrane-bound and 

located in the smooth endoplasmatic reticulum. Their major substrates involve sterols, 

xenobiotics, fatty acids, eicosanoids and vitamins [37]. The chemical modifications 

include oxidation, sulphoxidation, aromatic hydroxylation, aliphatic hydroxylation, 

N-dealkylation, O-dealkylation, and deamination. However, CYP-mediated 

transformation could lead to cancerogenic or toxic products [38]. CYPs belong to the 

heme proteins containing heme b in their catalytic centre [39]. Since they react almost 

exclusively as monooxygenases, the CYP-mediated oxidation process leads to the 

addition of one oxygen atom to the parent compound (Fig 3). 
 

 
Fig. 3: Schematic representation of the oxidation process of the membrane-bound 
monooxygenase complex. NADPH-dependent CYP reductase (CPR) and cytochrome b5 reductase 
act as electron donor and intermediate electron carrier, respectively, whereby CYP-mediated 
conversion of the substrate (XH) with oxygen to oxidised metabolite (XOH) and water occurs. Graphic 
adapted from [40]. 

The biotransformation reaction requires cofactors such as nicotinamide adenine 

dinucleotide phosphate (NADPH), NADPH-CYP reductase (CPR) and cytochrome b5 

reductase. Thus, the functional activity of CYPs is affected by these regulators. This 

leads to inter- and intraindividual variability regarding metabolic transformation as well 

as elimination of drugs which may result in different responses to treatment [41]. 
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Induction of mRNA expression and associated increase in protein levels leads to 

enhanced CYP-mediated metabolic degradation and thus lower drug exposure. In 

contrast, inhibition of CYP enzymes by endogenous and exogenous substances can 

lead to toxicity, as substrate concentrations in the blood increase dramatically due to 

lack of degradation [35]. 

1.2.5.2. UGT-mediated Metabolism 

Glucuronidation of human endogenous and exogenous compounds is a major Ph2 

metabolism pathway. It requires the cofactor uridine diphosphate glucuronic acid 

(UDPGA) and is catalysed by UDP-glucuronosyltransferases (UGTs). The conjugation 

with glucuronic acid leads to inactivated products which are more hydrophilic and can 

thus be excreted easily via urine or bile [35]. An exception are acyl glucuronides, which 

are toxic metabolites of most carboxylic acid drugs [42]. In addition to the formation of 

toxic conjugation products, an API glucuronide may undergo the so-called 

enterohepatic circulation [43]. This could occur when the resulting b-glucuronides are 

excreted into bile or intestine. There they can be hydrolysed to the aglycon by the 

intestinal microbiome and finally reabsorbed. Formally, glucuronidation is an SN2 

reaction that generally occurs at electron-rich nucleophilic heteroatom such as oxygen, 

nitrogen, or sulfur [44] (Fig 4). 
 

 
Fig. 4: Glucuronic acid transfer of UDPGA to the substrate resulting in the release of UDP and 
formation of the corresponding b-glucuronide [45]. 

UGT proteins are localized on the luminal side of the endoplasmatic reticulum with a 

transmembrane domain [46]. Based on evolutionary divergence, mammalian UGTs 

are divided into two families UGT1 and UGT2. These are further divided into three 
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subfamilies UGT1A, UGT2A and UGT2B [47]. According to current knowledge, these 

include nine, three and seven types of functional isoforms, respectively. The substrate 

and inhibitor specificity of each form is distinct but partially overlapping and they 

metabolise a wide range of compounds [48]. Both the amount of cofactor and enzyme 

available control the functional conjugation activity of the UGTs. Some compounds, 

e.g., phenobarbital and rifampin, are known to induce the expression levels of UGTs 

in vivo, thus decreasing drug exposure [35]. In addition, the presence of isoform-

specific inhibitors as well as genetic polymorphisms or even certain diseases can lead 

to altered UGT activities [49]. 

1.2.6. Excretion 

The final step in the ADME process is the removal of an administered drug from the 

body and is termed elimination. This process involves the metabolic conversion and 

the physical excretion [50]. Lipophilic compounds are transformed to more polar, 

water-soluble molecules to increase their excretion efficacy. There are two major 

routes for xenobiotic and metabolite removal from the body. The kidneys are the main 

organs for eliminating water-soluble compounds. Polar or charged substances with 

only little plasma protein binding are primarily excreted by glomerular filtration. Some 

drugs are removed from plasma via secretion by active transport mechanisms. The 

extent of renal excretion is not only dependent on the properties of the drug but also 

on the urine pH. Some compounds and their metabolites are extensively excreted into 

the bile which represents the second major route. As they are transported through the 

biliary epithelium against a concentration gradient, active secretory transport is 

needed. When drug concentrations in plasma are high, secretory transport may reach 

an upper limit and xenobiotics with similar physicochemical properties can compete 

for elimination. Drugs with a molecular weight of more than 300 g/mol and with both 

polar and lipophilic groups are more likely to be excreted into the bile [51]. The active 

transport mechanisms of the liver have an inverse relationship to the mechanisms of 

the kidneys since the substances excreted possess opposing properties. Thus, the 

renal and biliary excretory pathways seem to work complementary to achieve the 

elimination of as many xenobiotics as possible [27]. In addition to renal and biliary 

excretion, some drugs can also be excreted through the lungs, saliva, sweat, tears, 

semen, and breast milk [52]. Pharmacokinetically, elimination is expressed by Cl and 
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t1/2. Systemic Cl describes the sum of the individual elimination processes, e.g., renal 

and hepatic excretion. 

1.3. Enzyme Kinetics 

Enzymes catalyse chemical reactions in organisms by lowering the activation energy. 

The reversible binding of the substrate to the active centre of the enzyme first forms 

an enzyme-substrate complex, which subsequently decomposes irreversibly into the 

enzyme and the product [53]. The rate of an enzymatic reaction also depends on the 

substrate concentration. Generally, the reaction velocity increases with increasing 

substrate concentration until a maximum saturation value Vmax is reached. At Vmax all 

enzyme molecules are saturated with substrate. A plot of the conversion rate over the 

substrate concentration usually results in a hyperbolic curve, which is described by the 

Michaelis-Menten equation (Eq. 1) [54]. The Km value, which is referred to as 

Michaelis-Menten constant, indicates the substrate concentration at which the half-

maximum conversion rate is achieved. The lower Km, the higher the substrate-enzyme 

affinity. The conversion rate V results from the amount of metabolite produced per unit 

of time. 

 V = !!"#∙[$]
&!'[$]

 (Eq. 1) 

 

V reaction velocity  

Vmax maximum reaction velocity 

[S] substrate concentration 

Km Michaelis-Menten constant 

 

The substrate saturation curve is obtained by determining the conversion rate at 

different substrate and constant enzyme concentrations. However, Vmax cannot be 

derived accurately from the Michaelis-Menten plot. Consequently, Km cannot be 

determined exactly either. By linear regression, the kinetic parameters can be obtained 

from the intersections of the straight line with the coordinate axes or from their slope. 

Due to the modified coordinate axes, however, these values can be strongly subject 

to error [55]. The most widely used representation is the double reciprocal plot 

according to Lineweaver-Burk (Eq. 2) [56]. A disadvantage of this reciprocal plot is that 
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around the axis cross a compression of the data, and expansion in the opposite region 

exists. 

 
(
! = &!!!"#

∙ ([$] +
(

!!"#
 

(Eq. 2) 

 

In addition to a hyperbolic shape of the substrate saturation curve, several deviating 

curve shapes can occur. This is referred to as atypical or non-Michaelis-Menten 

kinetics and may be because enzymes often have several catalytic centres. The 

binding of a substrate molecule can lead to a conformational change, which can result 

in a changed affinity of neighbouring catalytic subunits. Furthermore, the conversion 

rate can slow down in the presence of high substrate concentrations after an initial 

increase. This results from inhibition of the conversion by the substrate. In this case, 

the calculated maximum conversion rate is only a fictitious value. Substrate inhibition 

is a special case of non-competitive inhibition, since another substrate molecule, 

acting as an inhibitor, binds to the enzyme-substrate complex [55]. 

1.4. Drug Interactions 

1.4.1. Enzyme Inhibition 

Enzyme inhibition is the negative influence of an enzymatic reaction by an inhibitor. 

The reaction rate is decreased, resulting in reduced or completely blocked product 

formation. Depending on the binding of the inhibitor to the enzyme, the type of 

inhibition can be divided into reversible and irreversible. During reversible inhibition, 

the inhibitor binds to a specific binding site on the enzyme by forming non-covalent 

bonds. Reversible inhibition types include competitive (a), un-competitive (b) and 

mixed inhibition (c) as shown in figure 5. In competitive inhibition, the substrate and 

the inhibitor compete for the same binding site on the enzyme, usually the active site. 

In uncompetitive inhibition, the inhibitor binds to a different binding site than the 

substrate, but only to the enzyme-substrate complex. In the mixed inhibition type, the 

inhibitor also binds at a site other than the active site. However, the binding can be 

both at the free enzyme and the enzyme-substrate complex [57]. 
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a) competitive  b) uncompetitive  c) mixed 

 

 

 

 

 
Fig. 5: Types of reversible enzyme inhibition. a) Competitive inhibitors bind to the active site. b) 
Uncompetitive inhibitors bind to a different site, but only to the enzyme-substrate complex. c) Mixed 
inhibitors also bind to a site other than the active site but can bind to both the free enzyme and the 
enzyme-substrate complex. Graphic adapted from [57]. S = substrate; I = inhibitor 

In irreversible inhibition, there is a covalent bond between the inhibitor and the group 

of the enzyme that is essential for its function. This leads to permanent inactivation of 

the enzyme. Thus, to restore the activity, the enzyme must be re-synthesized [58]. The 

inhibitor concentration at which the half-maximal inhibitory effect is achieved (IC50) 

serves as value for the potency of inhibition. 

1.4.2. Allosteric Regulation 

Allosteric regulation is a further mechanism for controlling enzymatic activity. The 

regulatory molecule binds outside the active site, at the so-called allosteric site, as 

described for uncompetitive or mixed inhibition. This binding leads to a conformational 

change of the active site, which can result in both reduced (allosteric inhibition) and 

increased (allosteric activation) enzyme activity [59]. Usually, allosteric enzymes 

consist of several subunits with active and regulatory binding sites. In some cases, the 

regulatory and active centres may even be present on different subunits. Since the 

allosteric modulator differs from the substrate, this is also referred to as a heterotropic 

effect. Allosteric centres are often located where the subunits are in contact with each 

other [55]. 

1.4.3. Drug-Drug Interactions 

The impact of a drug on the pharmacological behaviour of a co-administered drug is 

referred to as drug-drug interaction (DDI). The investigation and knowledge about 
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potential DDIs are becoming increasingly important due to the increased use of 

polypharmacy or combined therapy, for example in cancer. They are a significant 

concern since substantial changes in blood and tissue concentration of the drug or 

metabolite could alter its safety and efficacy profile. Interactions with metabolising 

enzymes or drug transporters account for the majority of clinically relevant DDIs [60]. 

The biotransformation of a drug can be reduced by inhibition of the enzymes involved, 

which can lead to increased exposure and associated side effects. In contrast, 

induction of the metabolising enzymes results in increased degradation. This can lead 

to a loss of the therapeutic effect but also in the enhanced formation of toxic 

metabolites. Interactions related to plasma protein binding, food effects, pH effects 

and others may also occur. 

1.5. Instrumental Analytic 

1.5.1. Electrospray Ionisation Mass Spectrometry 

As a new ionisation technique, electrospray ionisation (ESI) mass spectrometry (MS) 

was developed first by M. Dole [61] and established by J. Fenn [62], who received the 

Nobel Prize in Chemistry 2002. In contrast to the former electron impact ionisation, 

ESI is a much softer method. This means that significantly fewer or no fragment ions 

occur. Another characteristic is that the ESI process is performed under atmospheric 

pressure. The analysis of non-volatile or thermally labile substances such as proteins, 

peptides and drugs is the main field of application for ESI-MS [63, 64]. The ESI 

process allows coupling of a liquid chromatography (LC) system to a mass selective 

detector. This setup is referred to as LC-MS coupling. 

 

The analyte solution is introduced into the electrospray chamber through a stainless-

steel capillary and sprayed there using high-purity nitrogen. A voltage of several kV is 

applied between the heated capillary and the inlet of the MS, resulting in charge 

separation within the droplets. With the help of the continuous nitrogen flow, the 

droplet size is reduced by evaporation of the solvent. This increases the charge 

density on the drop surface until the stability limit, the so-called Rayleigh limit, is 

reached. If this is exceeded, Coulomb explosions cause spontaneous decay and the 

formation of many smaller charged droplets. This is repeated until charged droplets 
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are formed that contain only one analyte molecule. Collisions with nitrogen molecules 

and the resulting desolvation lead to the formation of gaseous ions. 

 
Fig. 6: Schematic representation of the ESI process in positive mode, modified according to [65, 
66]. 

Figure 6 schematically shows the mechanism of the ESI process. Following ionisation, 

the generated ions are detected with a mass-selective analyser. Among the most 

common are the ion trap, the time-of-flight analyser as well as the single- and triple-

quadrupole. The latter is described in more detail below. 

1.5.2. Quadrupole Mass Analyser 

The mass to charge ratio (m/z) of the introduced ions influences their trajectory 

through an electric field. This is the main principle of ion separation in MS. A 

quadrupole analyser is constructed from four parallel cylindrical rod electrodes. An 

alternating current potential (V) at a fixed frequency w in the radio-frequency range is 

applied to the diagonally opposite metal rods. In addition, on one pair a positive direct 

current potential U is applied while a negative potential is applied on the other pair of 

rods. In this electric field composed by a constant field and a quadrupolar alternating 

field, the ions are excited to oscillating trajectories. These are stable for ions whose 

m/z corresponds to the specific ratio of w and U/V. Ions whose trajectories are unstable 

are discharged by collision with the rods and thus do not reach the detector. To cover 

the entire mass range, the applied electric field is varied accordingly. This can either 

be done by varying w at a constant U/V or by scanning U and V at a constant w. 
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The further development of the single quadrupole is the tandem MS (MS/MS) which 

combines three single quadrupoles. The middle quadrupole can be filled with collision 

gas (argon or nitrogen) and used as collision cell. The other quadrupoles are used for 

selection and analysis of the m/z ratios (Fig. 7). This setup provides the possibility to 

obtain additional mass spectra information through various scan modes. 
 

 
Fig. 7: Schematic diagram of a triple quadrupole system. Modified according to [65, 67]. 

The full scan is the simplest analysis mode. In this scanning mode, the use of the triple 

quadrupole corresponds to that of a single quadrupole. Quadrupole 1 is used for 

analysis, while quadrupole 3 does not select any ions. In the product or daughter scan 

mode, a fixed m/z ratio (precursor ion) is filtered in the first mass analyser. Following 

fragmentation in the second quadrupole by collision-induced disossiation, the resulting 

fragment ions (product ions) are analysed by the third quadrupole. The precursor or 

parent scan can be seen as a reversal of this mode. The first quadrupole operates in 

scan mode while the third quadrupole analyses product ions with a specific m/z ratio. 

This provides information on which analyte yields a specific fragment. The most 

selective and sensitive of the measuring modes mentioned is the selective or multiple 

reaction monitoring (MRM) mode. The first analyser filters a specific mass, which is 

fragmented in the collision cell. The third quadrupole selects one or more defined 

fragments associated with the analyte. However, the substance to be analysed and its 

fragments must be known. Therefore, the MRM mode is mainly suitable for 

quantification.

1.6. Hepatocellular Carcinoma 

In 2020, primary liver cancer was one of the most frequently diagnosed cancer globally 

and a major cause of cancer-related deaths. The disease and mortality rates are two 

to three times higher in men than in women, but the relative 5-year survival rate is 

collision cell
(quadrupole 2)

source quadrupole 1 quadrupole 3 detector
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about 15 % in both genders [68]. Hepatocellular carcinoma (HCC) is the most common 

form of primary liver cancer and accounts for about 90 % of all cases [69]. The main 

risk factors for developing HCC include existing cirrhosis, chronic hepatitis B and 

hepatitis C infection, aflatoxin-contaminated foods, type 2 diabetes, excess body 

weight, profuse alcohol intake and smoking [70]. Thus, 1st world health problems, 

mainly due to lifestyle in the western world, play a role in the development and 

increasing importance of HCC. To date, the most effective and in general curative 

treatment for early-stage HCC patients is surgery such as resection or transplantation. 

However, this can only be performed in 20 % of all patients, as the majority already 

have advanced tumour development, usually with additional liver disease [71]. At an 

advanced stage, when diagnosis usually first occurs, there are few treatment options 

available with very low and variable survival rates [72]. For years, the only first-line 

systemic therapy approved for unresectable HCC was the multikinase inhibitor 

sorafenib (SRF). Its mechanism of action includes the inhibition of B-Raf and the 

vascular endothelial growth factor receptor (VEGFR) which are involved in tumour 

angiogenesis and proliferation [73],[74]. After treatment failure with SRF, two other 

agents are available in Germany as second-line therapy: regorafenib (RGF) and 

cabozantinib. However, the overall survival rate of 10.7 months and 30.9 weeks after 

SRF therapy and subsequent RGF treatment, respectively, is very low [75] and 

accompanied by severe side effects [76]. Only recently lenvatinib has been approved 

for the first-line treatment of HCC, and trials of combination therapies of atezolizumab 

plus bevacizumab are still being performed [77]. The latter showed an overall survival 

at 12 months of 67.2 % compared to 54.6 % with SRF [78]. This illustrates the 

extremely limited survival benefits of these approaches. Thus, HCC remains a severe 

disease with high level of suffering and limited treatment options, highlighting the 

urgency of new therapeutic approaches.

1.7. Protein Kinase Inhibitors 

So far, 535 human protein kinases have been discovered [79] and over 85 % of the 

kinome is linked to human diseases or developmental disorders [80]. Thus, the protein 

kinase enzyme family has become one of the most important drug targets over the 

past 25 years and concerns about potential toxicity or lack of selectivity of kinase 

inhibitors have not been confirmed so far [81]. Currently (March 2021) there are 62 
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FDA-approved protein kinase inhibitors. 52 of these drugs are prescribed for the 

treatment of solid tumours including breast, lung, and colon [82]. In addition to the 

treatment of cancer, there are numerous other therapeutic indications for the 

application of kinase inhibitors, such as inflammation, neurodegenerative diseases, 

tropical diseases, or antiviral, including SARS-CoV2 [81]. 

1.7.1. Sorafenib 

The oral multikinase inhibitor SRF targets, as given in figure 8, RAF serine/threonine 

kinases which suppresses endothelial and tumoral cell proliferation [83]. SRF prevents 

tumour angiogenesis by inhibition of platelet-derived growth factor receptor (PDGFR), 

VEGFR, hepatocyte factor receptor and other proteins [84]. 
 

 
Fig. 8: Schematic representation of SRF’s cellular targets and mechanism of action in tumour 
cells and endothelial cells. Blockage of tyrosine receptor signalling (e.g. VEGFR and PDGFR) and 
inhibition of downstream RAF serine/threonine kinase activity by SRF leads, inter alia, to suppressed 
tumoral cell proliferation and angiogenesis. Graphic modified from [83, 85]. GF = growth factor; GFR = 
GF receptor 

In addition to the treatment of unresectable HCC, SRF is also approved for the therapy 

of advanced renal cell carcinoma and differentiated thyroid carcinoma [86]. However, 

strong severe side effects occur during treatment, which is why therapy with SRF must 

be discontinued in 20 % of patients within one month [87]. In addition, therapy 

resistance usually develops within six months of treatment [88]. 

During clinical studies the pharmacokinetic parameters of SRF exhibited large 

interindividual variability. SRF is highly bound (99 %) to plasma proteins [89] and its 
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t1/2 ranges from 25 to 38 h [90]. SRF undergoes enterohepatic circulation, and the 

majority is eliminated in the faeces [91]. In human, SRF is subject to two important 

biotransformation pathways which occur mainly in the liver. As shown in figure 9, the 

conversion to its major oxidative metabolites SRF-N-oxide (NOX), N-hydroxymethyl-

SRF (HOM) und N-desmethyl-SRF (DES) is mediated by CYP3A4 [92]. 

Glucuronidation reaction is catalysed by UGT1A9 and results mainly in SRF-N-

glucuronide (SRF-N-Glc). The main circulating metabolite in plasma is NOX, which is 

known to be pharmaceutically active [93]. It is further minor metabolised to HOM-NOX, 

DES-NOX and glucuronidated to NOX-Glc [94]. Another secondary biotransformation 

pathway is the reduction of NOX to SRF, in which CYP2B6 and CYP1A1 are 

involved [93]. Although not a substrate, SRF inhibits the activities of CYP2B6, 

CYP2C8, CYP2C9 and UGT1A1 in vitro [94]. 
 

 
Fig. 9: Biotransformation pathway of SRF and its major metabolites NOX, HOM, DES and SRF-
N-Glc. Scheme modified according to [93, 95]. 

Some SRF metabolites seem to contribute to the SRF-related adverse effects. For 

instance, the major circulating NOX has less kinase inhibition selectivity than SRF [96] 

and is associated with the SRF-induced skin toxicity [97]. In addition, reduction of NOX 
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back to SRF may result in increased SRF exposure which could in turn enable adverse 

effects [93]. Since SRF-N-Glc is subject to enterohepatic circulation [98], its cleavage 

to the parent compound and reuptake may also lead to higher and longer SRF-

exposure. The hypothetic cause of SRF-induced diarrhea is the glucuronidation of the 

SRF-carboxylic acid [99]. This is the major metabolite of SRF found in feces but hardly 

circulates in plasma [100]. In addition to biotransformation, gender also appears to be 

a risk factor for the development of severe side effects. Women are generally 

overexposed to SRF due to their lower average body weight and thus reduced SRF-

clearance [99]. 

1.7.2. Skepinone-L 

Skepinone-L (SKL) is a small molecule (Fig. 10) inhibitor of p38a mitogen-activated 

protein kinase (MAPK). This kinase is one of the four members of the p38 MAPK 

family, also known as stress-activated serine/threonine-specific kinases. They are 

involved in signalling cascades and are activated by inflammatory cytokines and 

environmental stresses such as oxidative stress, UV radiation, mechanical wear, heat 

shock or osmotic shock [101]. Their activation results in multiple biological effects like 

the synthesis of proinflammatory cytokines which could cause severe diseases [102]. 

These cytokines include interleukin 1β, tumour necrosis factor α, and the oncogenic 

activating transcription factor 2 [103]. Further, p38a MAPK is involved in cell cycle 

regulation and impacts in normal cells, inter alia, senescence and apoptosis but 

increases cell proliferation in cancer cells [104]. This explains the high interest in 

p38a MAPK as a therapeutic target [105]. A specific inhibition with sufficiently high 

potency is required to investigate the p38a MAPK signalling pathways and to silence 

them in the event of disfunction or misregulation [106]. 
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from [107]. 
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SKL more than meets these requirements, which is why it is widely used as a valuable 

probe for chemical biology research. For example, the precise role of p38 MAPK in 

platelet activation and thrombus formation was elucidated using SKL [108]. Moreover, 

targeted inhibition of p38a	MAPK represents a promising therapeutic approach 

regarding treatments for Alzheimer's disease [109] and rheumatoid arthritis [110]. 

Thus, the therapeutic possibilities with the help of SKL appear to be manifold on the 

one hand and far from limited on the other.

1.8. Combinatorial Treatment with Skepinone-L and Sorafenib 

The options for the treatment of HCC are currently almost exclusively limited to SRF. 

Although this therapy significantly increases the median overall survival, the 

advantage averages only 2.8 months [76]. Furthermore, its efficacy is short-lived due 

to acquired resistance to therapy. Rudalska, et al. [104] were able to identify a 

mechanism of SRF resistance in HCC by performing an in vivo RNA interference 

screening. Hence an alternative pathway trough p38a MAPK-dependent activation 

(Fig. 11) of further signalling proteins was detected. This escape mechanism seems 

to play a key role in SRF resistance in both mouse and human liver cancer. 
 

 
Fig. 11: Scheme representing the involvement of p38aMAPK in the RAF-MEK-ERK signalling 
pathway in SRF sensitivity and resistance in HCC. Adapted and modified from [104]. 

Due to its highly selective and potent inhibitory activity against p38a MAPK, SKL was 

combined with SRF. Through this combinatory therapy, Rudalska et al. were able to 

demonstrate reduced proliferation of HCC in vivo and significantly prolonged survival 
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of tumour-bearing mice. In addition, inhibition of p38a MAPK in combination with SRF 

led to restoration of SRF sensitivity in SRF-resistant tumours and thus overcoming 

therapy resistance. As part of the publication by Rudalska et al., the weight 

development of the mice treated with SRF plus SKL was also examined. Weight 

reduction as an indicator of potential adverse drug effects was not observed. Thus, a 

combination therapy of SRF with SKL-mediated inhibition of p38a MAPK represents 

a promising approach for the treatment of late-stage HCC, even in the presence of 

existing SRF resistance. However, SKL was still in preclinical testing and its 

pharmacokinetic properties need to be fully investigated before clinical trials can be 

initiated. 
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2. AIM OF THE WORK 

The prognosis of late-stage HCC is currently very poor, especially if no surgical 

treatment of the carcinoma is possible. Current drug treatment options are almost 

exclusively limited to the multikinase inhibitor SRF. Although this significantly 

increases the median overall survival, its efficacy is only short-lived due to acquired 

resistance to therapy. Rudalska et al. [104] were able to show that a combination of 

SRF with the inhibition of p38a	MAPK represents a promising approach to overcome 

acquired drug resistance. As SKL is a highly potent inhibitor of p38a	MAPK with 

outstanding selectivity [111], combination therapy of SKL with SRF is being pursued 

for the treatment of HCC in humans.  

However, little is known about the pharmacokinetic behaviour of SKL both in vitro and 

in vivo. In addition, there is a lack of information about possible interactions of SRF 

and SKL. As described in the introduction, the approval of an NCE fails predominantly 

due to insufficient pharmacokinetic properties [8]. Aim of the present thesis is therefore 

to determine the ADME profile of SKL and to investigate potential DDIs with SRF. This 

serves to exclude that the desired combination therapy with SKL and SRF might fail 

in humans due to an unfavourable pharmacokinetic profile of SKL or severe DDIs with 

SRF. For this purpose, pharmacokinetic studies of SKL and SRF were performed 

externally in different pre-clinical animal species. These shall be analysed with an 

LC-MS method to be developed and validated to quantify SKL and SRF in plasma of 



Aim of the Work 

 24 

those species. The accurate determination of SKL and SRF must be possible both 

individually and simultaneously over a wide range of concentrations. The developed 

method will enable to analyse the plasma samples and subsequently calculate the 

pharmacokinetic parameters of SKL and SRF. Besides, possible factors that could 

influence the pharmacokinetic behaviour of SKL in vivo are to be examined more 

closely and for mutual influence with SRF. 

Furthermore, the metabolic transformation of SKL mediated by different microsomal 

enzyme families of different species needs to be elucidated and any metabolites 

formed shall be identified. Moreover, the influence of SRF on the biotransformation of 

SKL in vitro, and vice versa, will be investigated, including the identification of the 

involved enzymes. Lastly, the pathway by which SKL and its possible metabolites are 

finally removed from the organism should be determined. 

 

Schematic representation of the aim of the thesis: 
 

 
Fig. 12: Comprehensive presentation of the objectives of the thesis. 
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3. RESULTS AND DISCUSSION 

3.1. Development of the Analytical Method 

An analytical method was needed to investigate the pharmacokinetic behaviour of SKL 

in different animal species. Therefore, a reliable and robust method which is simple 

and fast to implement had to be developed. In addition, it should exhibit reproducibility, 

high selectivity and sensitivity. A fast sample preparation should enable the 

simultaneous qualification as well as quantification of compounds. 

 

High selectivity and sensitivity of the developed method was achieved by using an 

LC-device as separation module coupled to an MS as detection unit. Thus, it is 

possible to adapt the developed method to new compounds by small changes of the 

LC- and MS-parameters, like gradient modifications or ion selection. A triple 

quadrupole MS as a detection unit is suitable for wide range quantification. By 

selecting substance specific product- and fragment-ions it is possible to gain a 

maximum of selectivity and sensitivity. Reproducibility of a new analytical method also 

depends on the selected separation column. Since the substances to be analysed are 

lipophilic small molecules, a hydrophobic stationary phase is particularly suitable for 

their chromatographic separation. The phase particles of the selected separation 

column consist of n-octadecylsilyl moieties covalently bonded to silica gel.
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The requirements for a fast and simple sample preparation that is also applicable for 

small sample volumes were realised by performing a protein precipitation with an 

organic solvent. Since all analytes are soluble in acetonitrile (ACN) [112] in the 

required concentrations, ACN was chosen as precipitation solvent. ACN has additional 

advantages regarding the chromatographic separation such as shorter analyte 

retention due to higher elution strength compared to methanol [113, 114]. In addition, 

acetonitrile/water mixes have a low viscosity, resulting in lower back pressure, which 

puts less stress on the LC system, including the column. 

3.1.1. Description of the Developed Method 

With the developed analytical method, which is described in detail below, it was 

possible to qualify and quantify simultaneously SKL and SRF in plasma of various 

animal species as well as in human plasma. Furthermore, three Ph1 metabolites of 

SRF (NOX, HOM and DES) can be determined, although their analysis and 

quantification were not included in the validation of the method. Nevertheless, none of 

them are essential to examine the pharmacokinetic profile of SKL. 

 

The triple quadrupole was used in the multiple reaction monitoring (MRM) scan mode 

for increased sensitivity and selectivity. This specific scan mode generates product 

ions from defined precursor ions by collision induced dissociation. The corresponding 

peak-area-ratios (PAR) of the analyte and the internal standard (ISTD) were used for 

quantification. The substance used as ISTD should be structurally similar to the 

analyte. Unless it is not isotopically labelled, it should not coelute to prevent mass 

spectrometric interferences, e.g., an isobaric overlap. Compound FS112, which is a 

structural analogue of SKL (Fig. 13), fulfils these requirements and was therefore 

selected as ISTD. Chromatographic separation was performed on a reversed phase 

C18 column (Symmetryâ, 5 µm, 4.6 x 150 mm) using a constant eluent composition. 

The isocratic elution enabled a quick analysis time of total 7.5 min, therefore the first 

two minutes of each run were directly transferred to the waste. This step was 

necessary to ensure that any remaining but unwanted plasma or sample components 

do not contaminate the MS ion source, thus avoiding any ion suppression. Further 
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chromatographic conditions are given in detail in section 2.2 of chapter 5 (Material and 

Methods). 
 

Skepinone-L  FS112 

 

 

 
Fig. 13: Structures of analyte SKL and internal standard FS112. 

The mass spectrometric detection was optimized by direct injection of each analyte 

separately and all combined with a syringe pump, taking the method specific eluent 

composition into account. This experimental setup enabled the determination of the 

optimal settings for the MS-parameter such as capillary and cone voltage, source and 

desolvation temperature as well as cone and desolvation gas flow. 

Further instrumental adjustments for cone voltage, collision energy and dwell-time 

were performed. These are compound specific and contribute to gain the highest 

signal intensity and resolution. For each analyte the monitored pair of m/z values in 

the MRM mode consisted of the precursor ion [M+H]+ and the corresponding most 

intense daughter ion. These pairs and adjusted instrumental parameters are displayed 

in table 75 (Ch. 5.2.2). Illustrative mass spectra, acquired in ESI(+) full scan as well 

as in daughter scan mode of SKL, SRF and ISTD are presented in the following figures 

14 to 19. 
 

 
Fig. 14: ESI(+) mass spectrum of SKL (425.43 g/mol), with base peak at m/z 426.2 for [M+H]+. 
Acquired during method development by application of the full scan mode. 
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Fig. 15: Daughter ion mass spectrum of SKL, showing a prominent fragment ion at m/z 257.9. 
Acquired during method development by application of collision induced dissociation. 

 
Fig. 16: ESI(+) mass spectrum of SRF (464.83 g/mol), with base peak at m/z 465.2 for [M+H]+. 
Acquired during method development by application of the full scan mode. 

 
Fig. 17: Daughter ion mass spectrum of SRF, showing a prominent fragment ion at m/z 252.1. 
Acquired during method development by application of collision induced dissociation. 
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Fig. 18: ESI(+) mass spectrum of ISTD FS112 (395.41 g/mol), with base peak at m/z 396.2 for [M+H]+. 
Acquired during method development by application of the full scan mode. 

 
Fig. 19: Daughter ion mass spectrum of ISTD FS112, showing a prominent fragment ion at 
m/z 258.0. Acquired during method development by application of collision induced dissociation. 

Unfortunately, the structures of the resulting fragments of SKL and the ISTD could not 

be clearly elucidated. The chemical formula of the daughter ion m/z 257.9 used for 

qualitative and quantitative analysis is possibly C15H9F2NO. Further fragment analyses 

of dibenzosuberones suggest that the structure of this formed fragment ion contains 

the 2,4-difluoro-N-phenylaniline moiety. The m/z of the generated SRF fragments are 

consistent with descriptions from the literature. Yu and Liang [115] were able to 

elucidate both the structures and the fragmentation pathway of SRF. 
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3.2. Validation of the Analytical Method 

The developed method to study the pharmacokinetic behaviour of SKL in different 

animal species was validated according to the FDA Guidance for Industry, 

Bioanalytical Method Validation [116]. The validation was performed in plasma of rats 

(Sprague Dawley), dogs (beagle) and monkeys (Cynomolgus). Although due to poor 

availability of monkey plasma, most of the validation was performed in human plasma, 

which was prepared freshly from various human blood samples. The quantification of 

SRF in the presence or absence of SKL was also performed in rat, monkey and human 

plasma. Therefore, the method validation included the determination of specificity, 

sensitivity, reproducibility and stability of SKL single or simultaneous with SRF in 

plasma of each species. In addition, the quality assurance of the analytical method 

was validated containing linearity, accuracy, within- and between-day precision of the 

determination of SKL and SRF in plasma. For each validated compound and the ISTD 

in each matrix, two separate stock solutions (SS1 and SS2) were prepared. SS1 was 

used to generate the calibration standards, quality control samples were diluted from 

SS2. The detailed preparation of SKL, SRF and FS112 stock solutions, calibration 

standards and quality control samples in rat, dog, monkey and human plasma is 

described in section 5.2.2.3 (Stock Solutions). 

3.2.1. Selectivity of the Analytical Method 

The ability of an analytical method to differentiate and quantify the analyte in the 

presence of other sample components, is defined as selectivity [116]. During the 

validation process method selectivity was confirmed by analysis of blank plasma, 

ISTD-spiked plasma and the lowest concentrated calibration standard. Respective 

MRM chromatograms in rat, dog, monkey and human plasma are displayed in 

figures 20 to 23.
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Selectivity in rat plasma: 
    a) blank plasma    b) ISTD spiked plasma    c) calibration standard 

SKL 

   

SRF 

   

ISTD 

   
Fig. 20: MRM chromatograms of SKL, SRF and ISTD in rat plasma to demonstrate method 
selectivity; a) blank plasma; b) plasma spiked with ISTD; c) chromatogram of lowest concentrated 
calibration standard (7.81 ng/mL SKL, 7.81 ng/mL SRF). 
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Selectivity in dog plasma: 
    a) blank plasma    b) ISTD spiked plasma    c) calibration standard 

SKL 

   

ISTD 

   
Fig. 21: MRM chromatograms of SKL and ISTD in dog plasma to demonstrate method selectivity; 
a) blank plasma; b) plasma spiked with ISTD; c) chromatogram of lowest concentrated calibration 
standard (10.00 ng/mL SKL). 
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Selectivity in monkey plasma 
    a) blank plasma    b) ISTD spiked plasma    c) calibration standard 

SKL 

   

SRF 

   

ISTD 

   
Fig. 22: MRM chromatograms of SKL, SRF and ISTD in monkey plasma to demonstrate method 
selectivity; a) blank plasma; b) plasma spiked with ISTD; c) chromatogram of lowest concentrated 
calibration standard (15.63 ng/mL SKL, 15.63 ng/mL SRF). 
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Selectivity in human plasma 

    a) blank plasma    b) ISTD spiked plasma    c) calibration standard 

SKL 

   

SRF 

   

ISTD 

   
Fig. 23: MRM chromatograms of SKL, SRF and ISTD in human plasma to demonstrate method 
selectivity; a) blank plasma; b) plasma spiked with ISTD; c) chromatogram of lowest concentrated 
calibration standard (15.63 ng/mL SKL, 15.63 ng/mL SRF). 

These chromatograms display the achieved specificity of the developed analytical 

method. In the absence of the respective analyte, only background noise is 

recognisable, whereas the lowest analyte concentration shows a distinct peak. In 

addition, the chosen ISTD does not interfere with the analyte detection. This confirms 

the selective determination of SKL and SRF in plasma of all analysed species. 

3.2.2. Sensitivity of the Analytical Method 

To describe the sensitivity of the analytical method, the limit of detection (LOD) and 

quantification (LOQ) was determined as recommended by the International Council 

for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use 

(ICH) [117]. The standard deviation σ of the response and the slope S of the 
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calibration curve were used to calculate LOD and LOQ according to the following 

equations 3 and 4. 

 LOD = 	).)+$  
(Eq. 3) 

  

 LOQ = 	(,+$  (Eq. 4) 

 

Table 1 shows the LOD and LOQ calculated using the three lowest calibration 

standards for the determination of SKL and SRF in plasma from rat, dog, monkey and 

human. The LOQ applied in each case is also given. The determined LOD and 

calculated LOQ of SKL and SRF differ only slightly between the species. 
 

 
SKL  SRF 

LOD LOQ  LOD LOQ 
calc. applied  calc. applied 

rat 1.79 5.43 7.81  0.51 1.56 7.81 
dog 2.17 6.59 10.00  -/- -/- -/- 
human 2.67 8.08 15.63  1.81 5.47 15.63 

Tab. 1: Calculated (calc.) limits of detection (LOD) and quantification (LOQ) in ng/mL for the 
determination of SKL and SRF in rat, dog, monkey and human plasma. In addition, the LOQ applied in 
the validated method is given. 

According to the ICH definition of LOQ, the "lowest amount of analyte in a sample, 

which can be quantitatively determined with suitable precision and accuracy" of SKL 

is 5.43 ng/mL in rat, 6.59 ng/mL in dog and 8.08 ng/mL in human and monkey plasma. 

The LOQ of SRF in rat plasma is 1.56 ng/mL and 5.47 ng/mL in plasma from humans 

and monkeys. The applied LOQs of both analytes are thus somewhat higher in all 

species and also clearly exceed the determined LODs. This contributes to the 

reliability of the results and confirms the sensitivity of the method. 

3.2.3. Linearity of Skepinone-L and Sorafenib Determination 

The linearity of an analytical method is the ability to deliver signals which are directly 

proportional to the analyte concentration in a defined range. Confirmation of linearity 

can be verified either visually or, in accordance with the ICH-guidelines, by the 

coefficient of correlation R2. The respective R2 for the calibration of SKL and SRF in 

different species was obtained via 1/x-weighting and linear regression where x 

represents the concentration (Tab. 2). The primary calibration lines established during 
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method validation are given in figures 103-105 in chapter 7.1 (Appendix, Primary 

Calibration Lines). 
 

 
SKL  SRF 

calibration range 
 [ng/mL] R2 n  calibration range 

[ng/mL] R2 n 

rat 7.81 – 4,000.00 0.9999 30  7.81 – 4,000.00 0.9999 30 
dog 10.00 – 4,000.00 1.0000 30  -/- -/- -/- 

human 15.63 – 4,000.00 0.9999 27  15.63 – 4,000.00 0.9999 27 
Tab. 2: Summarized results of the linearity of SKL and SRF determined in rat, dog and human 
plasma. R2 = coefficient of correlation; n =number of analyses, threefold determination of 10 (rat and 
dog) and 9 (human) calibration standards 

The resulting R2 during the method validation expresses the excellent linear 

relationships of analyte concentration and signal intensity, given as PAR 

(analyte/ISTD). This illustrates the excellent linearity of the analytical method for SKL 

and SRF within the specified concentration range. Furthermore, the species 

investigated does not seem to have any influence on the linearity. 

3.2.4. Accuracy and Precision of the Analytical Method 

Five different concentrations of quality control (QC) samples were analysed fivefold 

on one single day and on a total of three consecutive days. Based on the results 

obtained, the accuracy, intra-day and inter-day precisions were determined. At least 

50 % of each concentration level should be within 15.0 % of their nominal value. In 

addition, a minimum of 67 % of all replicate analyses should not exceed deviations of 

15.0 % from their nominal value or 20.0 % at LOQ. 

 

Accuracy describes in percent the level of conformity between the values obtained by 

the method and the nominal concentrations of analyte. It is calculated using equation 

(Eq. 55), where Xm describes the measured and Xn the nominal value. 

 accuracy [%] = 	100 ∙ -!-$  (Eq. 5) 

 

Precision is a measure of statistical variability. It describes the variance of the 

individual analysis results about the average value due to random errors. The 

precision is represented by the coefficient of variation (CV) in percent and is calculated 

using descriptive statistics as described in chapter 5.2.1 (Descriptive Statistics). The 
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resulted CV of multiple sampling should not exceed 15.0 %, or near LOQ 20.0 %. The 

mean values of the measured SKL and SRF concentrations in QC samples in rat, dog 

and human plasma are presented in tables 3 to 5. In addition, the accuracy as well as 

intra- and inter-day precisions determined are given. 
 

rat plasma intra-day  inter-day 

 
QC sample 

concentration 
[ng/mL] 

mean back 
calculated 

concentration 
[ng/mL] 

accuracy 
[%] 

CV 
[%]  

mean back 
calculated 

concentration 
[ng/mL] 

accuracy 
[%] 

CV 
[%] 

SKL 19.80 16.95 85.6 4.6  18.07 91.3 5.5 
 198.00 191.58 96.8 6.2  195.84 98.9 5.0 
 990.00 988.30 99.8 3.1  976.21 98.6 3.0 
 1,980.00 1,784.28 90.1 9.6  1,883.06 95.1 5.3 
 3,960.00 4,012.13 101.3 1.7  3,934.60 99.4 1.9 

SRF 19.80 19.39 97.9 7.3  18.94 95.7 7.8 
 198.00 187.77 94.8 4.6  198.26 100.1 6.2 
 990.00 998.96 100.9 3.6  1,004.85 101.5 1.5 
 1,980.00 2,015.45 101.8 2.7  1,997.36 100.9 0.9 
 3,960.00 3,940.93 99.5 3.5  3,943.07 99.6 0.3 

Tab. 3: Intra-day and inter-day accuracy and precision of SKL and SRF in rat plasma. Obtained 
during method validation by fivefold analysis of five QC samples on one day (intra-day, n = 5) and on 
two further days (inter-day, n = 15). 

 

dog plasma intra-day  inter-day 

 
QC sample 

concentration 
[ng/mL] 

mean back 
calculated 

concentration 
[ng/mL] 

accuracy 
[%] 

CV 
[%]  

mean back 
calculated 

concentration 
[ng/mL] 

accuracy 
[%] 

CV 
[%] 

SKL 19.61 19.61 100.0 3.7  19.27 98.3 1.9 
 196.08 190.01 96.9 3.3  191.10 97.5 0.5 
 980.39 977.67 99.7 2.4  973.70 99.3 0.6 
 1,960.78 1,954.61 99.7 0.7  1,945.85 99.2 0.8 
 3,921.57 3,912.37 99.8 0.8  3,914.61 99.8 0.1 

Tab. 4: Intra-day and inter-day accuracy and precision of SKL and SRF in dog plasma. Obtained 
during method validation by fivefold analysis of five QC samples on one day (intra-day, n = 5) and on 
two further days (inter-day, n = 15). 
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human plasma intra-day  inter-day 

 
QC sample 

concentration 
[ng/mL] 

mean back 
calculated 

concentration 
[ng/mL] 

accuracy 
[%] 

CV 
[%]  

mean back 
calculated 

concentration 
[ng/mL] 

accuracy 
[%] 

CV 
[%] 

SKL 22.00 19.94 90.6 5.8  21.49 97.7 6.8 
 220.00 219.96 100.0 2.8  218.07 99.1 3.6 
 660.00 647.39 98.1 2.9  659.59 99.9 2.8 
 1,980.00 1,949.34 98.5 2.5  1,970.06 99.5 1.8 
 3,960.00 3,842.96 97.0 3.8  3,794.73 100.4 2.9 

SRF 22.00 20.18 91.7 1.4  23.98 109.0 13.7 
 220.00 220.69 100.3 3.6  218.29 99.2 1.0 
 660.00 653.88 99.1 3.1  657.25 99.6 0.6 
 1,980.00 1,960.00 99.0 1.1  1,969.33 99.5 0.5 
 3,960.00 3,929.04 99.2 1.0  3,987.48 100.7 1.3 

Tab. 5: Intra-day and inter-day accuracy and precision of SKL and SRF in human plasma. 
Obtained during method validation by fivefold analysis of five QC samples on one day (intra-day, n = 5) 
and on two further days (inter-day, n = 15). 

Tables 3 to 5 show that the results obtained for accuracy and precision of SKL and 

SRF comply with the respective acceptance criteria. The minimum requirement that 

67 % of all replicate analysis should not exceed deviations of 15.0 or 20.0 % was more 

than fulfilled, as almost all values were well below these specified limits. The accuracy 

in rat plasma was 85.6 to 101.8 % for SKL and 94.8 to 101.8 % for SRF. The maximum 

CV and thus the lowest precision was 9.6 % for SKL and 7.8 % for SRF. In dog plasma, 

SKL had an excellent accuracy of 96.9 to 100.0 % with a maximum deviation of 3.7 %. 

In human plasma, SKL achieved an accuracy of 90.6 to 100.4 % and a CV of no more 

than 6.8 %. SRF was determined with an accuracy of 91.7 to 109.0 %, with the largest 

deviation being 13.7 %. These values, which are well within the defined limits, confirm 

the accuracy and precision, i.e. the reliability of the established LC-MS/MS method. 

3.2.5. Reproducibility and Carry-Over 

The reproducibility of an analytical method expresses the accuracy and precision of 

replicate determinations. Reanalysis of an analytical run must be ensured, in the event 

of instrument failure. The reproducibility of reinjection was evaluated by analysing 

each calibration standard three times. Through the obtained PARs, the concentrations 

of the analysed standards were back-calculated. From their arithmetic mean values, 

the standard deviations and the CVs (Tab. 6-8) were determined using descriptive 

statistics as given in chapter 5.2.1. The CV expresses in percent the precision of the 

SKL and SRF determination for each calibration concentration and is considered here 
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as a measure of their reproducibility. The acceptance range was a maximum of 15.0 % 

deviation from the respective nominal value, or 20.0 % for concentrations close to the 

LOQ. 
 

rat plasma SKL  SRF 

nominal 
concentration 

[ng/mL] 

mean back 
calculated 

concentration 
[ng/mL] 

± s.d. CV 
[%]  

mean back 
calculated 

concentration 
[ng/mL] 

± s.d. CV 
[%] 

7.81 8.29 0.95 11.5  8.46 0.62 7.3 
15.63 16.75 0.55 3.3  15.78 0.52 3.3 
31.25 31.05 0.42 1.4  31.08 1.16 3.7 
62.50 63.06 1.86 2.9  59.95 0.22 0.4 
125.00 125.45 4.80 3.8  122.94 3.28 2.7 
250.00 249.51 12.46 5.0  225.02 22.70 10.1 
500.00 490.25 10.83 2.2  493.23 10.95 2.2 

1,000.00 1,016.74 48.24 4.7  974.66 14.67 1.5 
2,000.00 1,991.44 87.35 4.4  1,977.98 35.82 1.8 
4,000.00 4,005.11 144.55 3.6  3,892.57 93.11 2.4 

Tab. 6: Evaluation of SKL and SRF reproducibility in rat plasma. Expressed by coefficient of 
variation (CV) in percent. Determined by threefold analysis of each calibration standard and the 
resulting standard deviations of mean back-calculated concentrations. 

 

dog plasma SKL 

nominal 
concentration 

[ng/mL] 

mean back 
calculated 

concentration 
[ng/mL] 

± s.d. CV 
[%] 

10.00 11.50 1.69 14.7 
25.00 25.19 3.17 12.6 
50.00 50.92 3.11 6.1 
100.00 98.30 4.35 4.4 
250.00 244.83 5.18 2.1 
500.00 500.14 21.87 4.4 

1,000.00 1,018.5 27.90 2.7 
2,000.00 2,041.54 81.53 4.0 
3,000.00 3,062.74 113.64 3.7 
4,000.00 4,071.72 156.13 3.8 

Tab. 7: Evaluation of SKL reproducibility in dog plasma. Expressed by coefficient of variation (CV) 
in percent. Determined by threefold analysis of each calibration standard and the resulting standard 
deviations of mean back-calculated concentrations. 
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human plasma SKL  SRF 

nominal 
concentration 

[ng/mL] 

mean back 
calculated 

concentration 
[ng/mL] 

± s.d. CV 
[%]  

mean back 
calculated 

concentration 
[ng/mL] 

± s.d. CV 
[%] 

15.63 13.19 2.26 17.1  14.46 1.08 7.5 
31.25 28.96 3.08 10.6  32.04 1.01 3.1 
62.50 62.27 0.69 1.1  65.39 0.49 0.8 
125.00 127.50 3.87 3.0  131.15 1.23 0.9 
250.00 255.18 3.24 1.3  254.14 4.61 1.8 
500.00 506.36 5.88 1.2  519.65 14.47 2.8 

1,000.00 989.82 43.95 4.4  1,001.94 14.38 1.4 
2,000.00 1,980.15 45.12 2.3  2,009.91 17.07 0.9 
4,000.00 3,991.86 84.16 2.1  4,051.09 25.40 0.6 

Tab. 8: Evaluation of SKL and SRF reproducibility in human plasma. Expressed by coefficient of 
variation (CV) in percent. Determined by threefold analysis of each calibration standard and the 
resulting standard deviations of mean back-calculated concentrations. 

Tables 6 to 8 show that the results obtained for reproducibility of SKL and SRF 

expressed as CV comply with the respective acceptance criteria. The highest deviation 

in rat plasma was 11.5 % for SKL and 10.1 % for SRF. In dog plasma the maximum 

deviation from the nominal value for SKL was 14.7 % and 17.1 % in human plasma. 

The reproducibility achieved for SRF in human plasma was excellent, deviating at 

most 7.5 % from the nominal value. These values, which are well within the acceptable 

range, confirm that reanalysis is possible with the developed method. Moreover, no 

large deviations between the measured values of the same sample are to be expected. 

 

Blank plasma samples of all applied species were injected directly after a calibration 

standard spiked with the highest SKL and SRF concentration. In each of these 

analyses no signal of either SKL or SRF greater than 20 % of the lower LOQ was 

detected. Further, no ISTD-peak area exceeding 5 % was observed. Therefore, in 

accordance with the European Medicines Agency (EMA) [118] no carry-over effect 

affects the accuracy and precision of the validated method. Thus, no additional 

injections of blank samples after analytical samples with an expected high 

concentration are required, which in turn positively influences the overall analysis time. 

3.2.6. Stability of Skepinone-L and Sorafenib in Plasma 

In addition to their physicochemical properties, the stability of SKL and SRF in plasma 

can also be influenced by storage conditions and storage systems. Therefore, 
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experiments were performed to determine if and to what extent sample handling and 

analysis affects the stability of SKL and SRF. For this purpose, plasma from rat, dog 

and monkey was spiked with known concentrations of SKL. Since in vivo 

administration of SRF was also planned, the stability samples from rats and monkeys 

were additionally spiked with SRF. 

One experimental condition included sealed storage of the spiked plasma samples at 

4°C for several days. Since plasma samples from pharmacokinetic studies should be 

stored on ice or in the refrigerator for max. 30 min after thawing until processing. The 

pharmacokinetic plasma samples would be stored at -80°C and reanalyses should be 

possible. Therefore, the stability of SKL and SRF in plasma was determined after 

several freeze and thaw cycles from -80 to 25°C. Due to the expected sample quantity, 

a longer storage period of the sample extracts in the autosampler could not be 

avoided. Hence, the stability of SKL and SRF in the extract of the spiked plasma 

sample was also determined through several days of storage in a vial in the 

temperature-controlled autosampler. 

All stability experiments were performed as duplicates. Respective deviations between 

measured (Xm) and nominal (Xn) values were calculated using equation 6.  

 deviation [%] = 	100 ∙ -$.-!-$
 (Eq. 6) 

 

The results of the determined stabilities of SKL and SRF at the above-mentioned 

experimental conditions are shown in tables 9 to 11.  
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rat plasma:  SKL  SRF 

stability 
experiment 

storage 
day / cycle 

determined 
concentration 

[ng/mL] 

deviation 
[%]  

determined 
concentration 

[ng/mL] 

deviation 
[%] 

plasma,  
4°C 

0 3,428.89 -2.0  1,464.02 -2.4 
1 3,482.10 -0.5  1,510.42 0.7 

 3 3,510.69 0.3  1,493.46 -0.4 
 5 3,439.74 -1.7  1,475.69 -1.6 

extract in AS, 
4°C 

0 3,428.89 -2.0  1,464.02 -2.4 
1 3,597.59 2.8  1,481.40 -1.2 

 3 3,529.88 0.9  1,479.78 -1.4 
 5 3,581.15 2.3  1,570.74 4.7 

plasma, 
-80/+25°C 

0 3,428.89 -2.0  1,464.02 -2.4 
1 3,502.22 0.1  1,460.56 -2.6 
2 3,556.45 1.6  1,393.22 -7.1 
3 3,496.54 -0.1  1,469.04 -2.1 
4 3,464.56 -1.0  1,437.17 -4.2 

Tab. 9: Stability analysis of SKL and SRF in rat plasma, determined concentrations and deviations 
of nominal values. Stability was determined in plasma and extract, both stored at 4°C, and in plasma 
after freeze-thaw cycles. The nominal concentration of SKL was 3,500.00 ng/mL, of SRF 
1,500.00 ng/mL. AS = autosampler 

 

dog plasma:  SKL 

stability 
experiment 

storage 
day / cycle 

determined 
concentration 

[ng/mL] 

deviation 
[%] 

plasma, 
4°C 

0 1,801.64 0.1 
1 1,798.12 -0.1 

 2 1,779.26 -1.2 
 3 1,769.83 -1.7 
 4 1,748.71 -2.9 

extract in AS, 
4°C 

0 1,801.64 0.1 
1 1,834.05 1.9 

 2 1,782.81 -1.0 
 3 1,736.56 -3.5 

plasma, 
-80/+25°C 

0 1,801.64 0.1 
1 1,808.29 0.5 
2 1,770.47 -1.6 

 3 1,783.10 -0.9 
 4 1,770.63 -1.6 

Tab. 10: Stability analysis of SKL in dog plasma, determined concentrations and deviations of 
nominal values. Stability was determined in plasma and extract, both stored at 4°C, and in plasma after 
freeze-thaw cycles. The nominal concentration of SKL was 1,800.00 ng/mL. AS = autosampler  
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human plasma: SKL  SRF 

stability 
experiment 

storage 
day / cycle 

determined 
concentration 

[ng/mL] 

deviation 
[%]  

determined 
concentration 

[ng/mL] 

deviation 
[%] 

plasma, 
4°C 

0 806.94 0.9  794.11 -0.7 
1 800.16 0.0  796.39 -0.5 

 3 797.43 -0.3  799.65 -0.0 
extract in AS, 

4°C 
0 4,002.22 0.1  4,062.17 1.55 
1 -/- -/-  4,042.56 1.1 

 2 3,997.31 -0.1  -/- -/- 
 3 -/- -/-  3,999.51 0.0 

plasma, 
-80/+25°C 

0 806.94 0.9  794.11 -0.7 
1 800.06 0.0  795.79 -0.5 

 2 799.93 0.0  796.29 -0.5 
Tab. 11: Stability analysis of SKL and SRF in human plasma, determined concentrations and 
deviations of nominal values. Stability was determined in plasma and extract, both stored at 4°C, and 
in plasma after freeze-thaw cycles. The extract in the autosampler contained 4,000.00 ng/mL SKL and 
SRF. Nominal concentrations in both plasma samples were 800.00 ng/mL of SKL and SRF. AS = 
autosampler; -/- = not analysed 

The experimental conditions applied represented a clear exaggeration of the actually 

expected sample handling with regard to storage time and free-thaw cycles. Even so, 

the concentrations of SKL and SRF show almost no changes throughout the duration 

of the experiments. Thus, it can be said that both substances are stable in plasma as 

well as in the extract of all tested species for at least two days and cycles each. 

3.2.7. Analytical Quality Assurance 

Before and after each sequence a standard series of all calibration standards (9-10, 

depending on analysed species) was measured. If they complied with the 

requirements of the validation, they were used for sample quantification. When 

measuring the pharmacokinetic samples, a set of five QC samples was analysed latest 

after 18 sample runs, all calibration standards after 36 sample runs. The 

measurements were classified as valid if the results for the accuracy were within 15 % 

of the nominal value, or within 20 % at LOQ. 
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3.3. Pharmacokinetic Studies of Skepinone-L in vivo 

Preclinical pharmacokinetic studies of SKL were performed in rodent, canine and 

non-human primate species. A preliminary study in C57BL/6 mice was performed to 

evaluate the optimal dose levels for upcoming studies. Pharmacokinetic studies in the 

Sprague Dawley rat, the second rodent species, were carried out to investigate the 

potential interaction of SKL and SRF. The determination of SKL bioavailability was 

performed via pharmacokinetic studies in beagle dogs. Due to their strong similarities 

to humans, inter alia, in physiology [119] and drug-metabolizing enzymes [120], the 

cynomolgus monkey was used to study the pharmacokinetic profile of SKL in a 

non-human primate species. A summary of all selected species and the respective 

route of administration of SKL is given in table 12. Further, it is listed whether SKL and 

SRF were administered as monotherapy or in combination with each other. 
 

 test item  route of administration* 
 SKL SRF SKL+SRF  intravenous per oral 

C57BL/6 mouse X -/- -/-  X X 
beagle dog X -/- -/-  X X 
Sprague Dawley rat X X X  X X 
cynomolgus monkey X X -/-  -/- X 

Tab. 12: Overview of selected species, test items and route of administration to investigate the 
PK profile of SKL in vivo; X denotes the tests performed. *relates to SKL only 

The tables 85 to 89 given in chapter 5.2.3.1 (Animal Treatment Conditions) provide a 

more detailed overview of treatment for each tested species. They contain the routes 

and the corresponding doses of administered compounds as well as the gender and 

number of all tested animals. 

 

The concentration profiles of SKL in plasma of all applied species obtained after 

intravenous and oral administration were used to determine pharmacokinetic 

parameters. These include the extrapolated initial plasma concentration at time 

zero (C0), the volume of distribution at steady state (Vss) and the total body clearance 

(Cl) after i.v. administration. For p.o. application, they contain the observed maximum 

concentration in plasma (Cmax) and the time of their occurrence (tmax) as well as the 

calculated bioavailability (F). Furthermore, the terminal plasma half-life (t1/2) of SKL, 

the area under the plasma concentration-time curve from zero to the last sampling 
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point (AUC0-t) and from zero to infinity (AUC0-¥) were calculated as described in 

chapter 5.2.5.1 (Non-Compartmental Analysis). 

3.3.1. Preliminary Pharmacokinetic Study of Skepinone-L in Mice 

The preliminary pharmacokinetic study of SKL in mice was first performed and 

analysed by Synovo GmbH in Tübingen. Male C57BL/6 mice received in composite 

design two cassettes, C#1 and C#2, containing doses of 0.4 mg/kg SKL through 

intravenous application and 1.2 mg/kg through oral administration. Chapter 5.2.3.2 

(Preliminary Study of Skepinone L in Mice) further describes the procedure for this 

study part, inter alia regarding vehicle formulation, number of animals tested and time 

of sampling. The second part of this study included the oral administration of 10 mg/kg 

SKL to three female C57BL/6 mice. Animal treatment was conducted at the 

Department of Physiology of the University Hospital in Tübingen. Experimental 

implementation and the analytical method to quantify SKL in mouse plasma is depicted 

in chapter 5.2.3.2. 

3.3.1.1. Pharmacokinetic Data Analysis and Parameter Calculation 

Non-Compartmental Analysis 
The pharmacokinetic parameters of SKL were first determined by non-compartmental 

analysis (NCA), based on the obtained plasma concentration profiles (Fig. 24) using 

the add-in program PKSolver2.0. Regarding study part one, the arithmetic mean 

values of all individual plasma concentrations at the appropriate sampling times were 

calculated for each cassette and corresponding route of administration. This 

proceeding is due to the study design, where blood samples were taken from a varying 

number of mice on each sampling time point. The calculation of pharmacokinetic 

parameter via NCA in female mice was performed by using the individual plasma 

concentration versus time profiles. 
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Fig. 24: Plasma concentration vs. time profile of SKL following cassette dosing in male mice 
after single intravenous bolus injection of 0.4 mg/kg SKL. 

The values obtained by NCA following intravenous injection in male mice are given in 

table 13. These show that there is hardly any difference between the two administered 

cassettes regarding the pharmacokinetic profile and parameters of SKL. The initial and 

therefore highest plasma concentrations of SKL are 186 ng/mL for C#1 and 218 ng/mL 

for C#2. These values of C0 were obtained though extrapolation to time zero, based 

on the first experimentally determined plasma concentrations after injection. 
 

single bolus injection of 0.4 mg/kg SKL in male mice 

 C0 
[ng/mL] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

Vss 
[L/kg] 

Cl 
[L/h/kg] 

C#1 186 324 0.2 4.3 327 3.3 1.2 
C#2 218 290 0.2 3.1 291 3.5 1.4 

Tab. 13: Pharmacokinetic parameters for SKL derived from NCA of mean plasma concentration 
vs. time profiles in male mice after intravenous bolus injection of 0.4 mg/kg SKL via cassette dosing 
(C#1, C#2). 

0 2 4 6 8 10 20
0

50

100

150

200

time [h]

pl
as

m
a 

co
nc

en
tra

tio
n 

[n
g/

m
L]

C#1

C#2



Pharmacokinetic Studies of Skepinone-L in vivo 

 47 

 
Fig. 25: Plasma concentration vs. time profile of SKL following cassette dosing in male mice 
after single oral administration of 1.2 mg/kg SKL. 

 

single oral administration of 1.2 mg/kg SKL in male mice 

 Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

F 
[%] 

C#1 206 0.5 773 0.2 2.8 775 79.0 
C#2 188 0.5 670 0.2 3.3 673 77.2 

Tab. 14: Pharmacokinetic parameters for SKL derived from NCA of mean plasma concentration 
vs. time profiles in male mice after oral administration of 1.2 mg/kg SKL via cassette dosing 
(C#1, C#2). 

Considering the via NCA determined parameters following oral administration in male 

mice (Tab. 14), it is noticeable that both cassettes show again similar and therefore 

comparable values. Rapid absorption is observed and Cmax with 206 and 188 ng/mL 

is reached already after 0.5 h. Plasma half-life seems to be slightly lower compared to 

i.v. administration. The bioavailability F of SKL is determined with 77 - 79 % in male 

mice after oral dosing. 

 

Figure 26 illustrates the individual plasma concentration time-curves of SKL in female 

mice following oral administration and the pharmacokinetic parameters derived from 

them are given in table 15. It is noticeable that there are both strong similarities and 

differences between the individual animals. For example, the maximum 

concentrations differ by up to almost 500 ng/mL, which also results in significant 

variations of AUC0-t and AUC0-¥. With 1,104 ng/mL mouse 3 shows the lowest Cmax, 

which is also reached earlier than in the other animals (0.5 h compared to 1.0 h). This 

indicates that the actual time at which Cmax appears in mouse 3 was not recorded due 
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to the experimental setup. Despite this unfortunate circumstance and the strong 

differences in plasma concentrations, the plasma half-lives of the individuals are nearly 

the same. 
 

 
Fig. 26: Individual plasma concentration vs. time curves of SKL in female mice 1, 2 and 3 following 
single oral administration of 10 mg/kg SKL. 

 

single oral administration of 10 mg/kg SKL in female mice 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

F 
[%] 

1 1,338 1.0 3,055 0.5 1.3 3,109 40.3 
2 1,596 1.0 3,635 0.5 1.4 3,713 48.1 
3 1,104 0.5 2,594 0.6 1.2 2,624 34.0 

mean 1,346 0.8 3,095 0.5 1.3 3,149 41 
± s.d. 201 0.2 426 0.0 0.1 445 6 
C.V. 15% 28% 14% 9% 6% 14% 14% 

Tab. 15: Pharmacokinetic parameters for SKL derived from NCA of individual plasma 
concentration vs. time curves in female mice after administration of 10 mg/kg SKL via oral gavage. 

Since SKL was not administered intravenously, the bioavailability in female mice was 

calculated using the AUC0-¥ derived from male mice after i.v. application of 0.4 mg/kg 

SKL (Tab. 13). With an average of 41 % in females, F is significantly lower as for male 

mice (77 - 79 %, Tab. 14). This decreased bioavailability is also reflected in other 

pharmacokinetic parameters. Although the orally administered dose was higher by a 

factor of 8.3 in female mice, the average Cmax is only 6.8 times and the AUC0-t even 

only 4.3 times higher compared to the results from study part one. In addition to these 

findings, the plasma concentration seems to halve faster, which is reflected by a mean 

plasma half-life of 1.3 in female and individual t1/2 of 2.8 and 3.3 h in male mice. 
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Furthermore, in contrast to the males, the plasma of female mice seemed to be 

completely cleared of SKL within 24 h. This could be due to the fact that females 

actually excrete it faster, or the detection limit of the method has been reached. 

Unfortunately, the limit of detection was not determined for this preliminary study, due 

to the lack of method validation both in the external and internal laboratory. 

Overall, the low Cl of 1.2 and 1.4 L/h/kg, the moderate Vss with 3.3 and 3.5 L/kg [22] 

after i.v. application and also the high plasma concentrations achieved, regardless of 

the route of administration and gender, indicate that SKL has a favourable 

pharmacokinetic profile in mice. 

Compartmental Analysis and Model Assessment 
The plasma concentration versus time profiles of SKL show after both i.v. and p.o. 

administration a nonlinear pharmacokinetic behaviour. This becomes apparent during 

the elimination process, which can be described as biphasic, due to the initially rapid 

decline of concentration followed by a significantly slower decrease. Therefore, the 

two-compartment model was used to further calculate the pharmacokinetic parameter 

also via PKSolver2.0. In order to perform compartmental analysis (CA), the arithmetic 

mean of the observed plasma concentrations was calculated utilizing descriptive 

statistics as described in chapter 5.2.1. The coefficient of correlation R2, Akaike’s 

information criterion (AIC) and the Schwarz criterion (SC) were used to assess the 

precision of the selected pharmacokinetic model and its estimated parameter. 
 

compartmental analysis following i.v. administration in mice 
        model diagnostics 

  C0 
[ng/mL] 

AUC0-t 
[ng×h/mL] 

AUC0-∞ 
[ng×h/mL] 

VSS 
[L/kg] 

Cl 
[L/h/kg]  R2 AIC SC 

  187 274 275 3.6 1.5  0.9944 56.4 56.7 
D to 
NCA 

C#1 1 -50 -52 0.3 0.3     
C#2 -31 -16 -16 0.1 0.1     

Tab. 16: Pharmacokinetic parameters for SKL determined by compartmental analysis of mean 
plasma concentration vs. time profiles (n=2) compared to values obtained via NCA in male mice after 
intravenous bolus injection of 0.4 mg/kg.  

Comparing the values of NCA with those generated by CA (Tab. 16) after i.v. 

administration, the predicted C0 as well as the AUC0-t and AUC0-¥ are lower. In 

contrast, the Vss and Cl are estimated to be slightly higher than observed. However, 

especially regarding the average of both cassettes, these differences are not very 
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pronounced and could be due to the fact that only two sets of data were available to 

create this two-compartment model. 
 

 
Fig. 27: Two-compartment model plots of SKL in male mice following i.v. administration of 
0.4 mg/kg SKL (a) and p.o. dosage (b) of 1.2 mg/kg SKL; c) after p.o. administration of 10 mg/kg in 
female mice. The mean values of the observed concentrations are displayed by circles and the solid 
line represents the calculated curve. 

Compartmental analysis after p.o. administration compared to NCA shows in male 

mice a partly high discrepancy (Tab 17). Especially the values for AUC0-t and AUC0-¥ 

predicted by CA are significantly lower than those observed. In contrast, the model 

was able to estimate the values for Cmax and tmax relatively accurately. Interestingly, 

the precision of the estimated pharmacokinetic parameters is assessed by AIC and 

SC as relatively good. 
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compartmental analysis following p.o. administration in mice 
  Cmax 

[ng/mL] 
tmax 
[h] 

AUC0-t 
[ng×h/mL] 

AUC0-∞ 
[ng×h/mL] 

  model diagnostics 
    R2 AIC SC 

  199 0.8 430 430   0.9815 62.7 62.4 
D to NCA C#1 -7 0.3 -343 -343      

C#2 11 0.3 -240 -243      
  1,279 0.9 3,061 3,065   0.9733 91.5 91.2 

D to NCA  -67 0.1 -34 -84      
Tab. 17: Calculated pharmacokinetic parameters for SKL via compartmental analysis of mean 
plasma concentration vs. time profiles compared to values obtained via NCA in male (n=2) and 
female (n=3) mice following extravascular administration of 1.2 and 10 mg/kg respectively. 

Table 17 also shows that the selected pharmacokinetic model aptly predicted the 

parameters for SKL in female mice following oral dosing. Although the values obtained 

by CA reveal only slight differences compared to NCA, their precision is rated not so 

well regarding the diagnosis criteria compared to male mice. Despite the deviations 

mentioned, the selected pharmacokinetic model seems to be suitable to estimate the 

parameters for SKL in mice accurately. In addition, the pharmacokinetic parameters 

of SKL determined in the present study, correlate very well with those already 

described in literature [121]. 

3.3.2. Bioavailability Study of Skepinone-L in Dogs 

The pharmacokinetic study of SKL in dogs was performed at the Research Toxicology 

Centre in Baugy (France) and sponsored by c-a-i-r biosciences GmbH in Ulm, 

Germany. Dogs are widely used as animal models in drug research and 

development [122]. This is due to their anatomical and physiological similarity to other 

mammals [123] and the resulting comparable metabolic and pharmacokinetic 

profiles [124],[125]. The objective of this study was to examine the bioavailability of 

SKL following oral administration with a dosage of 50 mg/kg compared to intravenous 

bolus injection of 5 mg/kg SKL. For this purpose, the study was conducted on a group 

of two male and two female beagle dogs. The determination of the oral bioavailability 

of SKL is important because oral dosing has been selected as route of administration 

in humans. Further experimental setup and the analytical method used to quantify SKL 

in dog plasma is described in chapter 5.2.3.3 (Bioavailability Study of Skepinone-L in 

Dogs). 
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3.3.2.1. Pharmacokinetic Data Analysis and Parameter Calculation 

Non-Compartmental Analysis 
The determination of the pharmacokinetic parameter for SKL in beagle dogs following 

intravenous and oral dosing was carried out via NCA as described for female mice in 

chapter 3.3.1.1. 
 

 
Fig. 28: Individual plasma concentration vs. time curves of SKL in male (4, 5) and female (6, 7) 
beagle dogs after single i.v. administration of 5 mg/kg SKL. 

 

single bolus injection of 5 mg/kg SKL in dogs 

animal C0 
[ng/mL] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

Vss 
[L/kg] 

Cl 
[L/h/kg] 

4  2,912 18,254 0.2 3.9 18,496 1.4 0.3 
5  3,782 12,948 0.2 3.3 13,021 1.6 0.4 
6  2,137 10,600 0.2 3.7 10,691 2.2 0.5 
7  2,715 14,306 0.2 3.7 14,466 1.6 0.4 

Tab. 18: Pharmacokinetic parameters for SKL derived from NCA of individual plasma concentration 
vs. time curves in male and female beagle dogs after single i.v. administration of 5 mg/kg SKL. 

The via NCA calculated parameters for SKL after i.v. administration (Fig. 28) are given 

in table 18. Considering these values, the wide range in the resulted C0, the AUC0-t 

and the AUC0-¥ is immediately noticeable. The respective maximum difference 

between the individual animals is 1,645 ng/mL, 7,654 and 7,805 ng×h/mL. The highest 

concentrations and areas were observed in male dogs. In contrast, there seems to be 

no gender-related difference in t1/2 with 3.3 - 3.9 h. As already observed in male mice, 

SKL also shows a low Cl with 0.3 - 0.5 L/h/kg and a moderate Vss with 1.4 - 2.2 L/kg 

in this study. 
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Fig. 29: Individual plasma concentration vs. time curves of SKL in male (4, 5) and female (6, 7) 
beagle dogs after single oral administration of 50 mg/kg SKL. 

 

single oral administration of 50 mg/kg SKL in dogs 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

F 
[%] 

4  5,257 4.0 61,249 0.2 3.9 62,093 33.6 
5  4,969 4.0 41,976 0.2 4.1 42,813 32.9 
6  5,099 4.0 69,832 0.2 3.4 70,338 65.8 
7  6,025 2.0 76,021 0.2 4.5 77,953 53.9 

Tab. 19: Pharmacokinetic parameters for SKL derived from NCA of individual plasma concentration 
vs. time curves in male and female beagle dogs after single oral administration of 50 mg/kg SKL. 

The plasma concentration-time profile of SKL after oral administration (Fig. 29) to 

beagle dogs show a fast absorption at first. But reaching the maximal plasma 

concentrations Cmax requires some time and is followed by slow and flat elimination 

phases, especially in females. These profiles are reflected in the via NCA determined 

pharmacokinetic parameters, such as high tmax with 2.0 till 4.0 h and long plasma 

half-life t1/2 of 3.4 till 4.5 h, given in table 19. As before in the i.v. administration, there 

are differences between male and female animals in terms of Cmax, AUC0-t and AUC0-¥. 

However, here the highest areas were observed in females. But the most significant 

gender-related difference can be seen in the bioavailability. While in males only 

33 - 34 % of the administered amount of SKL seems to be bioavailable, females were 

able to absorb 54 - 66 % of the applied dose. These results show that in the present 

study the oral bioavailability of SKL can be considered as low in male dogs and as 

high in female dogs [126].  
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Unfortunately, RTC observed and reported indications of adverse effects like vomiting 

and liquid faeces after oral administration. These symptoms were not linked to SKL 

but to the vehicle of the oral formulation since they did not occur after intravenous 

administration. As consequence the dosage form was changed from liquid, i.e. 

pre-dissolved to solid dosage form. Thus, 50 mg/kg SKL were administered orally by 

capsule dosing. Except for this modification, the further study design remained 

unchanged. 
 

 
Fig. 30: Individual plasma concentration vs. time curves of SKL in male (4, 5) and female (6, 7) 
beagle dogs after single oral administration of 50 mg/kg SKL via capsule dosing. 

 

oral administration of 50 mg/kg SKL as capsule 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

F 
[%] 

4  6,323 8.0 71,873 N/A N/A N/A N/A 
5  3,087 4.0 23,287 0.2 3.3 23,503 18.1 
6  2,012 4.0 16,397 0.2 3.2 16,507 15.4 
7  714 2.0 11,675 0.0 29.6 29,574 20.4 

Tab. 20: Pharmacokinetic parameters for SKL from individual plasma concentration vs. time 
curves in male and female beagle dogs after single oral administration of 50 mg/kg SKL as capsule. 
N/A = not available 

The concentration-time profiles obtained after capsule dosing are illustrated in 

figure 30 and shows a completely different pharmacokinetic behaviour of SKL in each 

tested animal. In addition, the values derived from NCA (Tab. 20) indicate clearly that 

the results are neither comparable nor interpretable. The maximal plasma 

concentration ranges from 714 till 6,323 ng/mL and the corresponding time of their 

occurrence from 2.0 till 8.0 h. The variations between the AUC0-t, t1/2, and AUC0-¥ of 
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all animals are even more pronounced. Animal 4 shows a strongly delayed absorption 

and elimination phase which results in the lack of at least three terminal data points. 

This is why  lz, t1/2, AUC0-¥ and F could not have been calculated and are therefore 

not available. 

Obviously, this part of the study did not proceed best. Maybe the dogs did not swallow 

the test item capsule immediately or entirely at once. It is also possible that the capsule 

did not dissolve and release SKL completely and in a homogenous manner. Besides 

these presumptions, the actual reason for these inconclusive results could not be 

clearly identified. However, both the pharmacokinetic profiles and the parameters 

derived from NCA show that the dosage form capsule is unsuitable in the present 

study. 

Compartmental Analysis and Model Assessment 
As observed in mice, SKL shows likewise in dogs a nonlinear pharmacokinetic 

behaviour in both routes of administration. Therefore, the two-compartment model was 

also applied to calculate the pharmacokinetic parameter following i.v. and oral dosing. 

The analysis and model diagnosis were performed as described in chapter 3.3.1.1. 
 

compartmental analysis following i.v. administration in dogs 
  C0 

[ng/mL] 
AUC0-t 

[ng×h/mL] 
AUC0-∞ 

[ng×h/mL] 
VSS 

[L/kg] 
Cl 

[L/h/kg] 
 model diagnostics 

animal  R2 AIC SC 
  3,558 14,067 14,207 1.8 0.4  0.9996 84.2 84.5 

D to NCA 4 646 -4,187 -4,289 0.4 0.1     
 5 -224 1,119 1,186 0.5 0.0     

  2,991 11,215 11,328 2.3 0.4  0.9987 89.0 89.3 
D to NCA 6 854 615 637 0.1 -0.1     

 7 276 -3,091 -3,138 0.7 0.0     
Tab. 21: Pharmacokinetic parameters for SKL determined by compartmental analysis of mean 
plasma concentration vs. time profiles (n=2) compared to values obtained via NCA in male and female 
beagle dogs after intravenous bolus injection of 5 mg/kg SKL. 
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Fig. 31: Two-compartment model plots of SKL following i.v. administration of 5 mg/kg in male (a) 
and female (b) dogs and 50 mg/kg SKL per oral dose in male (c) and female (d) dogs. The mean values 
of the observed concentrations are displayed by circles and the solid line represents the calculated 
curve. 

The parameters obtained by CA following i.v. dosing show relatively strong deviations 

to the values derived by NCA when the animals are considered individually (Tab. 21). 

If, however, the values are not compared separately but rather the mean value of the 

respective gender, the estimated parameters correspond quite well with the actual 

parameters. This is also reflected in the graphical representation (Fig. 31a,b), which 

compares the plasma concentration profile predicted by the two-compartment model 

with the actual one, derived from the mean values. The assessment of the precision 

of model's prediction is accordingly good. Especially noteworthy is the coefficient of 

correlation R2, which is very close to 1. 

 

However, the quality of the selected pharmacokinetic model after oral administration 

is completely different. The large deviations of the estimated values from the 

calculated ones (Fig. 31c,d) lead to the conclusion that this model is not suitable to 
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describe the pharmacokinetic profile of SKL in dogs after p.o. administration. The 

reason for the inadequate curve fitting may be the unusual absorption and elimination 

profile of SKL in dogs observed after oral dosing. Unfortunately, the possibilities for 

model modifications in the add-in program PKSolver2.0 are limited. 

 

As expected from the NCA-results, compartmental analysis to determine the 

pharmacokinetic parameters of SKL following capsule dosing could not be performed. 

This is due to the completely obscure plasma concentration-time profiles that resulted 

from this route of administration. Thus, on the basis of the available data, no 

compartmental model could be created to describe the pharmacokinetic profile of SKL 

after extravascular administration. Nevertheless, it was possible to establish a 

two-compartment model to estimate the parameters of SKL following i.v. 

administration in dogs. 

3.3.3. Pharmacokinetic Studies of Skepinone-L and Sorafenib in Rats 

The rat was the second rodent species used and the strain of choice was the 

Sprague Dawley rat. The in vivo section was performed at the Research Toxicology 

Centre in Pomezia (Italy) and sponsored by c-a-i-r biosciences GmbH in Ulm, 

Germany. The study consisted of two parts (I and II) and its purpose was to examine 

the potential interaction in the disposition of SKL and SRF. The experimental setup for 

each part is further described in the following sections 3.3.3.1 and 3.3.3.3. Study 

design in detail and the analytical method used to quantify SKL and SRF 

simultaneously in rat plasma are described in chapter 5.2.3.4 (Pharmacokinetic Study 

of Skepinone-L and Sorafenib in Rats). 

3.3.3.1. Part I: Skepinone-L in Rats via Single Dosing 

The objective of study part I was to investigate the pharmacokinetic profile of SKL after 

single oral administration. Low, mediate and high dosing was applied in order to select 

dose levels and frequency of dosing for the following study part II. Single intravenous 

application served to compare the data obtained. As given in table 22, five groups of 

three male rats each, were treated once with 5, 15 or 50 mg/kg per oral dose and with 

3 or 10 mg/kg via single bolus injection. 
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Tab. 22: Overview of the treatment groups during pharmacokinetic studies of SKL in rats part I. 
Each treatment group consisted of three animals. *group was included after end of treatment of group 
1-5 

Since unfortunately some animals of group 5 died during the testing phase, group 

number 6 was included after experimental completion of the treatment of group 1 till 

5. The concentration-time profiles of all treated groups are shown in figure 32a-c and 

33a-c. 
 

 
Fig. 32: Individual plasma concentration vs. time curves of SKL in rats from treatment group 1 (a), 
2 (b) and 3 (c) as well as their mean plasma concentration vs. time profiles (d) including the standard 
deviation represented by error bars. 
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group 
number 

route of 
administration 

dose  
[mg/kg] 

1 oral 5 
2 oral 15 
3 oral 50 
4 intravenous 3 
5 intravenous 10 
6* intravenous 5 
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Fig. 33: Individual plasma concentration vs. time curves of SKL in rats from treatment group 4 (a), 
5 (b) and 6 (c) as well as their mean plasma concentration vs. time profiles (d) including the standard 
deviation represented by error bars. 
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The calculated parameters (Tab. 23-25) as well as the plasma concentration curves 
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reflected by the missing values for lz, t1/2 and AUC0-¥. Even some animals, for which 

all parameters could be calculated, showed no valuable elimination slope in plasma 

concentration within the observed time. Animal number 10 from treatment group 1 

(*,Tab 23) is the only tested rat which displays an expected pharmacokinetic profile 

following single oral administration of SKL. But higher AUC and t1/2 than expected are 

not necessarily disadvantageous. They could indicate that a lower dosage would be 

sufficient. 
 

treatment group 1 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

8 259 12.0 1,512 N/A N/A N/A 
9 150 2.0 1,356 0.1 13.8 2,772 

10* 115 1.0 469 0.2 3.3 532 
mean 175 5.0 1,112 0.1 8.6 1,652 
± s.d. 61 5.0 459 0.1 5.2 1,120 
C.V. 35 % 99 % 41 % 61 % 61 % 68 % 

Tab. 23: Pharmacokinetic parameters for SKL determined by NCA from individual plasma 
concentration vs. time curves in male rats after single oral administration of 5 mg/kg SKL. N/A = not 
available; mean, s.d. and CV values for lz, t1/2 and AUC0-¥ are calculated from animal 9 and 10. *only 
animal of this group with relatively expected pharmacokinetic profile 

Peak concentrations in the first group range from 115 - 259 ng/mL, with the highest 

concentration observed in animal 8 occurring at the last sampling period of 12 h. A tmax 

of 12 h was also observed in treatment group 2, but here it corresponds to the lowest 

determined concentration from a range of 503 to 650 ng/mL (Tab. 24). The maximum 

observed concentrations of 955 - 1,427 ng/mL in group 3 occurred after 1.0 and 9.0 h 

post-dosing. However, since the sample at 9 h from animal 16 is not available and its 

plasma concentration shows a significant increase after 12 h, it could not be excluded 

that all three animals show the same tmax of 9 h (Tab. 25). 
 

treatment group 2 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

11 603 0.5 5,091 0.0 37.7 26,183 
12 650 1.0 6,221 0.0 35.0 38,121 
13 503 12.0 4,339 N/A N/A N/A 

mean 586 4.5 5,217 0.0 36.4 32,152 
± s.d. 62 5.3 773 0.0 1.4 5,969 
C.V. 11 % 118 % 15 % 4 % 4 % 19 % 

Tab. 24: Pharmacokinetic parameters for SKL calculated by NCA from individual plasma 
concentration vs. time curves in male rats after single oral administration of 15 mg/kg SKL. N/A = not 
available; mean, s.d. and CV values for lz, t1/2 and AUC0-¥ are calculated from animal 11 and 12. 
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treatment group 3 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

14 955 9.0 7,830 N/A N/A N/A 
15 1,248 9.0 10,349 N/A N/A N/A 
16 1,427 1.0 11,853 0.0 54.9 102,664 

mean 1,210 6.3 10,011 -/- -/- -/- 
± s.d. 195 3.8 1,660 -/- -/- -/- 
C.V. 16 % 60 % 17 % -/- -/- -/- 

Tab. 25: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male rats after single oral administration of 50 mg/kg SKL. N/A = not available 

Because almost every plasma concentration profile of SKL obtained is different for 

each tested animal, independent of its group, no direct correlation between the level 

of oral doses and the determined parameters can be observed. The only thing that 

really stands out is that the higher the administered dose, the more unexpected the 

concentration profiles are. Usually, after reaching Cmax, the elimination rate exceeds 

the absorption rate until only elimination processes are present. Here, however, it 

seems that SKL is absorbed over almost the entire experimental duration and is being 

eliminated only relatively slowly. The extent of this effect seems to correlate with the 

dose applied. Therefore, it can be assumed that the absorption and/or elimination 

processes are influenced in an unknown way. 

 

Possibly, due to the rats’ anatomy and the poor aqueous solubility of SKL, precipitation 

processes in the gastrointestinal tract may occur. The solubility and thus absorption of 

SKL may also have been influenced by interactions with dietary components [127], 

since the animals had ad libitum access to the high fat diet. Plasma-protein binding 

and the associated prevention of renal elimination can also not be excluded. 

Enterohepatic circulation should also be considered, as the secondary absorption 

phases and the resulting multiple peaks in pharmacokinetic profiles in combination 

with the relatively long t1/2 are among its characteristics [128]. Based on the data 

obtained and generated so far, unfortunately none of these assumptions can be 

confirmed or even disproved. 

 

In contrast, the pharmacokinetic profiles of SKL after i.v. injection (Fig. 33) initially 

show expected and comprehensible curves. However, during the in vivo phase some 

animals died shortly post-dosing. Therefore, only few complete plasma concentration 

curves were available to determine the pharmacokinetic parameters. 
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treatment group 4 

animal C0 
[ng/mL] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

Vss 
[L/kg] 

Cl 
[L/h/kg] 

17 6,928 13,961 0.6 1.2 14,021 0.4 0.2 
18 4,486 15,372 0.6 1.2 15,473 0.4 0.2 
19 1,449 3,921 0.4 1.7 4,022 1.8 0.7 

mean 4,288 11,085 0.5 1.4 11,172 0.9 0.4 
± s.d. 2241 5,098 0.1 0.3 5,090 0.7 0.3 
C.V. 52 % 46 % 17 % 19 % 56 % 75 % 67 % 

Tab. 26: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male rats after single intravenous administration of 3 mg/kg SKL. 

While considering the results of treatment group 4, it should be mentioned that almost 

all pharmacokinetic data sets are complete here, only the sample at 2 h from animal 17 

is not available. The obtained profiles and the determined pharmacokinetic parameters 

following 3 mg/kg SKL per intravenous route are displayed in figure 33a and table 26, 

respectively. Both the graphical and tabular representation show that rats 17 and 18 

have very similar pharmacokinetic behaviours. Roughly analysed, they have a 

comparable maximum concentration and a similar trend in the elimination phase. 

However, within the first two hours post-dosing pharmacokinetic profiles of both rats 

also show unexpected increases in concentration. The plasma level of SKL after 

15 minutes in animal 18 is even higher than the concentration at 5 minutes, which 

should actually be the measured Cmax. These variations are also embodied by the 

associated areas under the curves. Although rat 17 has the highest extrapolated C0 

with 6,928 ng/mL, its AUC0-t and AUC0-¥ with values of 13,961 and 14,021 ng×h/mL are 

slightly below those of animal 18. Another conspicuous feature of both profiles is the 

determined Vss with 0.4 L/kg, which is < 0.6 L/kg and can thus be classified as low [22]. 

 

Animal 19, the third rat from this treatment group, has a plasma concentration profile 

which meets the expectations following intravenous administration. On the one hand, 

the maximum concentration occurred at the first sampling time. On the other hand, it 

decreased steadily without unexpected further concentration peaks. However, this 

shows strong deviations from the previous profiles of this group. The calculated 

maximum concentration C0 of 1,449 ng/mL, the AUC0-t of 3,921 ng×h/mL and the 

AUC0-¥ of 4,022 ng×h/mL are about 68-79% below the scores of the other two animals. 

This explains the relatively high standard deviations and coefficients of variation. 

Despite this significantly lower plasma concentrations, SKL could also be detected in 

the plasma of this rat over the entire test period.  
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Treatment group 5 received a high dose of 10 mg/kg SKL administered by intravenous 

injection. Unfortunately, one rat died immediately after dosing and a second rat, 

number 21, passed away before the sample at 2 h could be taken. This means, only 

one complete profile was available to determine the pharmacokinetic parameters 

(Tab. 27). Thus, no averages have been calculated, as the values of rat 21 are not 

taken into account due to the limited data available, and therefore incomplete 

pharmacokinetic profile. 
 

treatment group 5 

animal C0 
[ng/mL] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

Vss 
[L/kg] 

Cl 
[L/h/kg] 

21 9,710 4,677 1.2 0.6 6,711 1.2 1.5 
22 5,341 16,405 0.4 1.9 16,996 1.4 0.6 

Tab. 27: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male rats after single intravenous administration of 10 mg/kg SKL. 

Regarding the values obtained, the unexpectedly low plasma concentration is 

immediately noticeable. As group 5 received 3.3-times more SKL than group 4, the 

low C0 of 5,341 ng/mL stands out, which is only 1.2-times the average of group 4. Also, 

none of the other pharmacokinetic parameters determined show significant dose-

dependent differences compared to the low-dose group. As only few data are 

available, these results should be viewed critically. 

 

Treatment group 6 was added after the experimental trial of the previous groups was 

completed. Reason for including more animals in this part of the study was that two of 

three animals died shortly after receiving 10 mg/kg SKL per i.v. injection. The cause 

of this high mortality rate could not be clearly identified, but as in the bioavailability 

study in dogs, the focus of suspicion is on the formulation rather than the test 

substance. Based on this hypothesis, the volume of the administered dose was halved 

from 5 mL/kg to 2.5 mL/kg. Apart from this amendment, the rest of the study design 

remained unchanged, so that the intravenous dose of group 6 was 5 mg/kg. 

 

Unfortunately, the concentration-time profiles obtained (Fig.33c) and the values 

derived from NCA (Tab. 28) show almost the same outcome as after treatment of 

group 5. Again, only one animal survived the study and provided a complete 

pharmacokinetic profile. The remaining rats died within one hour after administration. 

It is possible that despite the halved amount, the administered dose exceeded the 
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tolerable range of substance/vehicle. Therefore, as described above, no mean values 

were calculated due to incomplete data sets.  

 

Fortunately, expected behaviour and usable data are shown from the only available 

complete pharmacokinetic profile and resulting parameters of animal 23. It is 

remarkable that the values of AUC0-t and AUC0-¥ of 7,776 and 8,036 ng×h/mL, 

respectively, correspond to about half of the values when compared with the data 

derived from animal 22 which was treated with the doubled dose. The maximum 

concentration C0 of 3,573 ng/mL determined here is about 67 % of the concentration 

observed after the i.v. administration of 10 mg/kg SKL. The other pharmacokinetic 

parameters as t1/2, Vss and Cl show similar or even identical values between the 

medium and high dose. 
 

treatment group 6 

animal C0 
[ng/mL] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

Vss 
[L/kg] 

Cl 
[L/h/kg] 

23 3,573 7,776 0.4 1.9 8,036 1.6 0.6 
24 3,159 851 N/A N/A N/A N/A N/A 
25 6,443 1,223 N/A N/A N/A N/A N/A 

Tab. 28: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male rats after single intravenous administration of 5 mg/kg SKL. 

However, if all three concentration levels of the i.v. dosage are considered, these 

correlations change. Surprisingly, the lowest dose of 3 mg/kg does not result in the 

lowest values for C0, AUC0-t and AUC0-¥, but instead relatively minor values for t1/2, Vss 

and Cl with more or less pronounced differences. However, these observations refer 

to the mean values of treatment group 4, without taking into account the partly high 

standard deviations and coefficients of variation. Although this is the only group where 

all pharmacokinetic profiles are almost completely available, it was also the only group 

where two out of three curves showed unexpected and inexplicable behaviour. 

Interestingly, the correlations between dose level and observed pharmacokinetic 

parameters gain plausibility when only the values of animal 19 were considered 

instead of the mean values of the low-dose group. However, this approach cannot be 

verified as there is too little data available, especially from group 5 and 6. 

 

With regard to intravenous injection, the resulted and necessary values of AUC0-¥ are 

suitable for calculating bioavailability, although some profiles are not available, and 
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some have an atypical course. Unfortunately, none of the AUC0-¥-values obtained from 

p.o. administration is usable, regardless of the dose level. Therefore, it was not 

possible to determine the oral bioavailability of SKL in rats with this study. In addition, 

no compartmental analysis could be performed to calculate the pharmacokinetic 

parameters of SKL. On the one hand, the plasma concentration-time profiles resulted 

from oral administration are not evaluable due to their completely atypical curves. On 

the other hand, too few data sets are available after i.v. administration to be able to 

perform a useful calculation.  

Despite the unexpected plasma profiles and relatively high mortality of the rats, both 

dose and frequency of dosing for part II of the study could be selected based on the 

data obtained here in part I. 

3.3.3.3. Part II: Skepinone-L in Rats via Repetitive Dosing 

The purpose of study part II was to examine the pharmacokinetic profile of SKL after 

repeated oral administration in male and female rats. In addition, SRF was also dosed 

to both sexes on consecutive days and served as reference. The treatment period in 

part II lasted 14 days and was divided into phase A and B (Tab. 29). At the beginning 

of this study part, the three treatment groups consisted of six male and six female rats 

each. Another group served as control group and included three rats per gender. 

During phase A, group 7 received the test vehicle while the treated group 8 was dosed 

with 15 mg/kg SKL and group 9 with 50 mg/kg SKL. The last treatment group no. 10 

received 25 mg/kg SRF, as the other groups per oral dose once daily for seven 

consecutive days. After the completion of phase A on day 8, the first three animals per 

gender of group 8, 9 and 10 were sacrificed and phase B was started. During this 

phase, the remaining animals were treated with 25 mg/kg SRF or a combination of 15 

or 50 mg/kg SKL with 25 mg/kg SRF for a further seven days.  
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 phase A  phase B  number of 
animals 

group 
number 

treatment 
day 1 - 7 

dose 
day 1 – 7 

[mg/kg/day] 

 treatment 
day 8 - 14 

dose 
day 8 - 14 

[mg/kg/day] 

  
 

 
 

7 -/-* -/-*  SRF 25  3 3 
8 SKL 15  SKL+SRF 15+25  6 6 
9 SKL 50  SKL+SRF 50+25  6 6 
10 SRF 25  SKL+SRF 50+25  6 6 

Tab. 29: Overview of treatment groups during the PK studies of SKL in rats part II. *group 7 served 
as control group and received blank vehicle 

This made it possible to investigate the potential interaction between SKL and SRF 

and to determine whether there are any gender-related differences. In addition, the 

extensive set-up enabled to examine whether these possible correlations were 

influenced by dose levels of SKL or the order of the two compounds administered. 

3.3.3.4. Part II: Pharmacokinetic Data Analysis and Parameter Calculation 
for Skepinone-L 

The pharmacokinetic profiles (Fig. 34) of treatment group 8 after completion of 

phase A show a similar behaviour to that observed in part I after single oral 

administration. Almost all profiles of both genders show, to varying extent, a peak in 

concentration shortly after dosage, followed by a brief decrease before increasing 

again. Thus, no clear absorption and elimination phases can be identified. Despite the 

repeated unexpected plasma concentration profiles all parameters could be 

determined this time (Tab. 30). However, they reflect the visually observed 

inconsistency by showing high coefficients of variation for tmax, t1/2 and AUC0-¥ of up to 

97 %. In contrast, the resulting AUC0-t appears to be comparable with C.V. of 14 % for 

male and 4 % for female rats. 

 

The maximum concentration in plasma to occurs 2.9 h later in male rats, so that a 

slight difference between both gender groups can be observed with regard to tmax. 

However, the individual values are quite scattered, especially among the three female 

rats. Therefore, it cannot be clearly concluded that this difference is gender-specific. 
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Fig. 34: Individual plasma concentration vs. time curves of SKL in male (a) and female (b) rats 
from treatment group 8, phase A (oral administration of 15 mg/kg/day SKL on seven consecutive 
days). 

Interestingly, the concentrations within the same gender have relatively similar values, 

but their mean Cmax with 1,310 ng/mL in male and 2,015 ng/mL in female rats are 

clearly different. Despite this relatively low Cmax in male compared to female rats, the 

concentration here is almost twice as high as that obtained after single oral 

administration in study part I. While this result suggests a stationary state of SKL in 

rats obtained via repetitive dosing on seven consecutive days, it should be noted that 

interestingly, plasma concentrations at 0 h were mostly below those observed 24 h 

post-dosing. 
 

treatment group 8, phase A 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

32  1,611 2.0 16,158 0.1 6.1 17,293 
33  805 9.0 13,712 0.0 16.1 23,695 
34  1,515 9.0 19,325 0.2 2.9 19,497 
38  2,212 2.0 21,894 0.1 7.0 24,244 
39  1,768 9.0 23,521 0.1 7.0 27,060 
40  2,066 0.5 21,341 0.0 27.7 75,978 

mean  1,310 6.7 16,398 0.1 8.4 20,162 
± s.d.  360 3.3 2,298 0.1 5.6 2,656 
C.V.  27 % 49 % 14 % 62 % 67 % 13 % 
mean  2,015 3.8 22,252 0.1 13.9 42,428 
± s.d.  185 3.7 925 0.0 9.8 23,752 
C.V.  9 % 97 % 4 % 47 % 70 % 56 % 

Tab. 30: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male and female rats of treatment group 8 during phase A after oral administration of 
15 mg/kg/day SKL on seven consecutive days. 

Treatment group 8 received a combination of 15 mg/kg/day SKL and 25 mg/kg/day 

SRF for another seven consecutive days during phase B. Both the resulting 
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pharmacokinetic profiles and the parameters derived from NCA, which are illustrated 

in figure 35 and given in table 31 show relatively expected curves and quite useable 

data. With the exception of the half-life in plasma observed in female rats, almost all 

values obtained show relatively acceptable variations. 

 
Fig. 35: Individual plasma concentration vs. time curves of SKL in male (a) and female (b) rats 
from treatment group 8, phase B (oral administration of 15 mg/kg/day SKL combined with 
25 mg/kg/day SRF on seven consecutive days). 

Remarkably high peak concentrations of 4,432 to 8,073 ng/mL were reached, and the 

time of their occurrence is quite similar in the whole treatment group. In addition, 

compared to the previous studies in rat, it occurs relatively shortly after the dose is 

administered. 
 

treatment group 8, phase B 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

35  6,121 2.0 69,784 0.2 3.4 70,692 
36  4,432 2.0 49,323 0.2 3.3 49,955 
37  5,676 4.0 57,677 0.3 2.6 57,929 
41  6,848 1.0 78,014 0.2 3.5 79,316 
42  5,456 1.0 70,084 0.1 7.2 78,957 
43  8,073 1.0 67,904 0.0 16.1 95,141 

mean  5,410 2.7 58,928 0.2 3.1 59,525 
± s.d.  715 0.9 8,400 0.0 0.3 8,541 
C.V.  13 % 35 % 14 % 12 % 11 % 14 % 
mean  6,792 1.0 72,001 0.1 9.0 84,471 
± s.d.  1,069 0.0 4,344 0.1 5.3 7,546 
C.V.  16 % 0 % 6 % 57 % 59 % 9 % 

Tab. 31: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male and female rats of treatment group 8 during phase B after oral administration of 
15 mg/kg/day SKL combined with 25 mg/kg/day SRF on seven consecutive days. 

Particularly strong differences are observed in the values for AUC0-t and AUC0-¥ with 

72,001 and 84,471 ng×h/mL in female animals. These are thus significantly higher than 
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the values of 58,928 and 59,525 ng×h/mL observed in male rats. Interestingly, the 

differences between both genders in terms of Cmax and tmax are no longer as 

pronounced as before.  

 

Figure 36 illustrates the mean plasma-concentration versus time profiles of SKL 

obtained from treatment group 8 during phase A and B in male and female rats. 
 

 
Fig. 36: Mean plasma concentration vs. time curves of SKL in male (solid line) and female 
(dashed line) rats from treatment group 8, phase A (circles) and phase B (squares). Phase A included 
oral administration of 15 mg/kg/day SKL for seven days. During phase B treatment consisted of a 
combination of 15 mg/kg/day SKL with 25 mg/kg/day SRF for seven consecutive days. n = 3; standard 
deviation (±) is represented by error bars 

When comparing the plasma profiles of male and female rats, notwithstanding the 

study phase, it is clearly noticeable, that the concentration levels in females are almost 

consistently higher. This difference is particularly marked in the first 4 hours after 

administration. Interestingly, female rats show rather expected pharmacokinetic 

profiles with relatively clear phases of absorption and elimination, while plasma 

concentration of SKL in male rats seem to remain on a kind of plateau for several 

hours. 

 

The differences between concentrations of SKL in rat plasma obtained after study 

phase A and B are more than obvious. Following phase B, a significant increase in the 

plasma concentration can be seen. This can be observed in male and female rats to 

nearly the same extent. After seven days of treatment, SRF appears to affect plasma 

levels of SKL in rats by increasing them in a hitherto unexplained way. However, this 
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is the first study in which SKL was administered daily to rats over a prolonged period. 

Therefore, apart from theoretical calculations, there is no experimental data on the 

time it takes for SKL to reach steady state. Possibly, after completion of phase A, 

which took seven days, steady state of SKL was not yet achieved. Moreover, almost 

nothing is known about possible saturable first-pass metabolism so far. Thus, the 

observed effect can be induced by the presence of SRF or is merely due to the 

prolonged treatment with SKL. 
 

treatment group 9, phase A 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

44  2,118 9.0 35,457 0.2 4.6 37,131 
45  1,732 9.0 32,246 0.0 18.6 57,420 
46  1,949 9.0 29,175 0.1 10.1 37,703 
50  5,959 1.0 83,784 0.1 12.6 117,995 
51  5,775 9.0 91,412 0.1 10.7 125,728 
52  4,096 2.0 70,629 0.0 31.8 177,047 

mean  1,933 9.0 32,293 0.1 11.1 44,084 
± s.d.  158 0.0 2,565 0.0 75.7 9,432 
C.V.  8 % 0 % 8 % 56 % 52 % 21 % 
mean  5,277 4.0 81,942 0.1 18.4 140,257 
± s.d.  839 3.6 8,584 0.0 9.5 26,206 
C.V.  16 % 89 % 10 % 39 % 52 % 19 % 

Tab. 32: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male and female rats of treatment group 9 during phase A after oral administration of 
50 mg/kg/day SKL on seven consecutive days.  

The pharmacokinetic parameters determined by NCA for treatment group 9 after 

completing phase A of study part II (Tab. 32) show within the group, similar results 

with relatively low variance, except for the values for t1/2 of both genders and for tmax 

in female rats. Although this group received 3.3-times the dose compared to treatment 

group 8, the mean values of the obtained Cmax of 1,933 in male and 5,277 ng/mL in 

female rats were only 1.5- and 2.6-times respectively. However, they occur later after 

administration, and the respective AUC0-t and AUC0-¥ are also significantly higher. The 

underlying plasma concentration-time curves used to determine the data are shown in 

figure 37 and explain these results. 
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Fig. 37: Individual plasma concentration vs. time curves of SKL in male (a) and female (b) rats 
from treatment group 9, phase A (oral administration of 50 mg/kg/day SKL on seven consecutive days). 

These profiles show similar behaviour to that observed in study part I after a single 

oral administration of 50 mg/kg SKL. But the plasma concentrations within the first two 

hours post-dosing are clearly higher and therefore the plasma levels seem to remain 

on a kind of plateau instead of rising further, which explains the mean values of Cmax, 

AUC0-t and AUC0-¥. Gender-specific differences in terms of maximum plasma 

concentration and time of their appearance as well as the observed half-life in plasma 

are more pronounced than at lower doses. 
 

 
Fig. 38: Individual plasma concentration vs. time curves of SKL in male (a) and female (b) rats 
from treatment group 9, phase B (oral administration of 50 mg/kg/day SKL combined with 25 mg/kg/day 
SRF on seven consecutive days). 

Subsequently to treatment with 50 mg/kg/day SKL, group 9 was given additional 

25 mg/kg/day SRF for further seven days. The obtained individual plasma 

concentration profiles of SKL in male rats after phase B (Fig. 38) show clearly unlike 

characteristics compared to phase A. In contrast to the similarities observed before, 
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all three concentration curves show different courses. The plasma concentration of 

animal number 47 seems to remain stable at a low level for several hours. Whereas 

the profile of 48 exhibits after a fast and strong increase a significant drop in 

concentration two hours after administration, which surprisingly increased again at the 

next sampling time and is even close to Cmax. After a significant peak the concentration 

in animal 49 remains almost unchanged for several hours before it slowly decreases 

nearly completely. 

As given in table 33, the observed Cmax range from 6,458 to 14,451 ng/mL and the t1/2 

values of 3.1, 5.9 and 16.6 h differ strongly from each other. These wide ranges, 

especially in terms of Cmax, are also present in female rats, but not as pronounced. 

Overall, their profiles show an absorption and elimination behaviour which can be 

expected following oral administration. Despite these observations, it should be 

emphasised that compared to phase A the mean values for Cmax, AUC0-t and AUC0-¥ 

are again significantly higher, while tmax and t1/2 are clearly shorter. This effect appears 

to the same extent in male and female rats. Consequently, the combined treatment of 

SKL with SRF show the same tendencies as already observed in group 8 after 

phase B. 
 

treatment group 9, phase B 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

47  6,458 1.0 104,071 0.0 16.6 163,309 
48  14,451 1.0 143,474 0.1 5.9 153,684 
49  13,336 2.0 122,043 0.2 3.1 123,230 
53  14,781 2.0 164,215 0.1 8.6 190,238 
54  16,647 1.0 186,625 0.1 7.6 211,037 
55  10,391 4.0 144,149 0.1 6.4 158,817 

mean  11,415 1.3 123,196 0.1 8.5 146,741 
± s.d.  3,534 0.5 16,107 0.1 5.8 17,083 
C.V.  31 % 35 % 13 % 58 % 68 % 12 % 
mean  13,970 2.3 164,996 0.1 7.6 186,697 
± s.d.  2,632 1.2 17,350 0.0 0.9 21,465 
C.V.  19 % 53 % 11 % 12 % 12 % 11 % 

Tab. 33: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male and female rats of treatment group 9 during phase B after oral administration of 
50 mg/kg/day SKL combined with 25 mg/kg/day SRF on seven consecutive days. 

The mean concentration curves of SKL in the plasma of male and female rats of 

treatment group 9 after completion of phase A and phase B are shown in figure 39. As 

already observed with the lower SKL dose, significant differences are also apparent 
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after administration of the higher dose, both between study phases A, B as well as 

between genders. 
 

 
Fig. 39: Mean plasma concentration vs. time curves of SKL in male (solid line) and female (dashed 
line) rats of treatment group 9, phase A (circles) and phase B (squares). Phase A included oral 
administration of 50 mg/kg/day SKL on seven days. During phase B treatment consisted of a 
combination of 50 mg/kg/day SKL with 25 mg/kg/day SRF on seven consecutive days. n = 3; standard 
deviation (±) is represented by error bars 

The question now arises explicitly whether this observed effect on the concentration 

of SKL in plasma is related to the presence of SRF or may be explained by the longer 

treatment duration. The results of the following group 10 could provide some answers 

in this respect.  

Although groups 9 and 10 each received the same dose levels of SKL and SRF, their 

dosage regimens have an important difference that could provide the appropriate 

information. Both substances were administered in reverse order. This means that 

group 10 was first treated with 25 mg/kg/day SRF in phase A, before the animals were 

given an additional 50 mg/kg/day SKL in phase B. Thus, the rats of treatment group 10 

were treated with SRF for a total of 14 days and consequently with SKL for only 7 days. 

The results from treatment group 10 obtained after study phase B are given in 

figure 40 and table 34. 
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Fig. 40: Individual plasma concentration vs. time curves of SKL in male (a) and female (b) rats 
of treatment group 10, phase B (oral administration of 25 mg/kg/day SRF combined with 
50 mg/kg/day SKL on seven consecutive days). 

The resulting individual plasma curves of both male and female rats show rather 

similar courses compared to group 9 after phase B. Again, the male animals show 

unexplainable variations in their profiles. Two out of three exhibit both unexpected 

decreases and surprising increases in plasma concentration of SKL within the first two 

hours after administration. 
 

treatment group 9, phase B 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

59  7,622 2.0 108,918 0.1 8.7 131,449 
60  5,748 2.0 80,714 0.1 10.1 101,099 
61  8,028 1.0 59,351 0.1 8.2 69,654 
65  13,292 2.0 193,750 0.1 11.7 258,257 
66  17,996 2.0 205,542 0.1 10.1 263,751 
67  10,105 1.0 136,065 0.0 15.1 204,718 

mean  7,133 1.7 82,994 0.1 9.0 100,734 
± s.d.  993 0.5 20,300 0.0 0.8 25,229 
C.V.  14 % 28 % 24 % 9 % 9 % 25 % 
mean  13,798 1.7 178,453 0.1 12.3 242,242 
± s.d.  3,241 0.5 30,356 0.0 2.1 26,628 
C.V.  23% 28 % 17 % 16 % 17 % 11 % 

Tab. 34: Pharmacokinetic parameters for SKL derived by NCA from individual plasma concentration 
vs. time curves in male and female rats of treatment group 10 during phase B after oral administration 
of 25 mg/kg/day SRF combined with 50 mg/kg/day SKL on seven consecutive days.  

In contrast, although the female rats differ significantly in the Cmax achieved, their 

profiles show clear similarities. Furthermore, its average of 13,798 ng/mL is almost 

twice the Cmax observed in male plasma. Despite the differences between all individual 

plasma profiles, especially within the first 10 h after administration, their standard 
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deviations and coefficients of variation in males and females are within an acceptable 

range. 

 

As mentioned above, the results of treatment group 10 may help explain the reasons 

for the outcomes from previous groups after repeated administration of SKL in 

combination with SRF. This is because groups 8 and 9 were treated with SKL for 

14 days, while group 10 received SKL for a total of seven days throughout part II of 

the study. Therefore, if the effect of elevated plasma concentrations of SKL is due to 

prolonged treatment duration, the mean values of SKL in plasma of group 10 should 

be similar to those after phase A of group 9. However, if the presence of SRF induces 

the effect, the results here should be comparable to phase B of group 9.  
 

 
Fig. 41: Mean plasma concentration vs. time curves of SKL in male (a) and female (b) rats from 
treatment group 9, phase A (rhombus), phase B (circles) and group 10 phase B (squares). Treatment 
consisted of a combination of 50 mg/kg/day SKL with 25 mg/kg/day SRF on seven consecutive days, 
whereby both groups differ in the order in which the substances were administered. n = 3; standard 
deviation (±) is represented by error bars 

Therefore, a direct comparison of the mean plasma concentration profiles of group 9 

and 10 each after completion of phase B could help to clarify the question. The profiles 

mentioned above are shown in figure 41 in comparative representation for male (a) 

and female (b) rats. Including the concentration curves of group 9 obtained after 

phase A served to highlight possible differences or similarities more clearly.  

 

This graph clearly shows the previously observed differences between male and 

female rats in the plasma concentrations of SKL achieved. Interestingly, the mean 

plasma concentration curve for male rats, which resulted from group 10 after phase B, 

lies almost exactly between the two phases from group 9. In addition, the values 
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obtained during phase B for both group 9 and group 10 show relatively high standard 

deviations, although they partly overlap. Thus, despite those deviations, a similar 

course can be observed between the plasma curves of group 9 and 10 after phase B. 

Although SKL was administered at the same dose level and the same period of 

treatment to group 9 during phase A and group 10 during phase B, both profiles show 

relatively clear differences. 

Those observed differences between group 9, phase A and 10, phase B are even 

more pronounced in female rats. In addition, the mean plasma curves of phases B of 

both groups show almost similar courses of the SKL concentration. Furthermore, the 

standard deviations of these values are within an acceptable and comparable range. 

Although the results in male rat plasma do not seem to be as clear-cut as in females, 

the profiles obtained here suggest that there appears to be a connection between the 

presence of SRF and the enhanced level of SKL in rat plasma of both genders. 

 

Recently Karbownik et. al [129] assessed the pharmacokinetic interaction between 

SRF and atovarstatin in rats. Several protein transporters are involved in the response 

to treatment of both drugs. They observed that combined treatment with SRF 

significantly increases the AUC of atovarstatin and its metabolites. As a suspected 

cause, they describe SRF-induced changes in the activity of the protein transporters 

involved. Since the mechanisms underlying the absorption of SKL have not yet been 

clarified in detail, it cannot be excluded that SRF influences these mechanisms in a 

similar way as described by Karbownik et. al for atovarstatin. Therefore, the 

elucidation of whether and via which transporters SKL is absorbed into the liver could 

provide information about the interactions of SKL and SRF observed in rats. 

3.3.3.5. Part II: Sorafenib in Rats via Repetitive Dosing 

SRF in rats served as reference compound in the present study, as mentioned in 

chapter 3.3.3.3. Group 10 was the only group treated with SRF during phase A of 

part II. The dose administered was 25 mg/kg/day for seven consecutive days. 

Treatment group 7 served as control group and therefore received during phase A the 

blank vehicle. During phase B, all groups received SRF at the concentration 

mentioned above on treatment days 8 till 14. Group 7 was thus the sole group to 
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received SRF only, while groups 8, 9 and 10 were treated simultaneously with SKL at 

different dose levels. 

3.3.3.6. Part II: Pharmacokinetic Data Analysis and Parameter Calculation 
for Sorafenib 

The individual plasma concentration profiles in male and female rat and the calculated 

parameters for treatment group 7 after completion of phase B are given in figure 42 

and table 35. The profiles obtained in male rats show partly clear secondary and even 

tertiary peaks. The female rats also show multiple concentration peaks, but these are 

not as pronounced as in the males, and their SRF plasma levels after 24 h are similar 

to those after administration. The achieved mean Cmax of 28,625 ng/mL in females 

after 3.3 h is clearly higher and occurs slightly earlier than in males with 16,578 ng/mL 

after 5.0 h. In contrast, the half-life in plasma of 34.7 h is almost twice as long as that 

observed in male rats, which is 16.4 h. The calculated values for AUC0-t and AUC0-¥ 

with 489,594 and 1,259,225 ng×h/mL in females are also significantly higher than those 

observed in male rats with values of 250,141 and 412,481 ng×h/mL, respectively. 
 

 
Fig. 42: Individual plasma concentration vs. time curves of SRF in male (a) and female (b) rats 
of treatment group 7, phase B (oral administration of 25 mg/kg/day SRF on seven consecutive days). 
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Fig. 43: Individual plasma concentration vs. time curves of SRF in male (a) and female (b) rats 
of treatment group 10, phase A (oral administration of 25 mg/kg/day SRF on seven consecutive days). 

 

treatment group 7, phase B 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

26  16,983 4.0 225,670 0.1 12.2 318,612 
27  15,239 9.0 274,938 0.1 15.1 440,303 
28  17,514 2.0 249,816 0.0 21.8 478,529 
29  34,715 2.0 609,533 0.0 28.8 1,436,211 
30  26,252 4.0 430,887 0.0 45.7 1,352,840 
31  24,908 4.0 428,360 0.0 30.0 988,624 

mean  16,578 5.0 250,141 0.1 16.4 412,481 
± s.d.  1,190 3.6 24,636 0.0 4.9 83,510 
C.V.  7 % 72 % 10 % 28 % 30 % 20 % 
mean  28,625 3.3 489,594 0.0 34.7 1,259,225 
± s.d.  5,317 1.2 103,878 0.0 9.5 238,026 
C.V.  19 % 35 % 21 % 24 % 27 % 19 % 

Tab. 35: Pharmacokinetic parameters for SRF derived by NCA from individual plasma 
concentration vs. time curves in male and female rats of treatment group 7 during phase B after 
oral administration of 25 mg/kg/day SRF for seven consecutive days. 

Group 10 was treated with 25 mg/kg/day of SRF for seven consecutive days during 

study phase A (Fig.43). This corresponds to the dose and treatment duration of 

group 7 in phase B. Thus, both groups received the same treatment at that time with 

the only difference that group 7 obtained the blank formulation vehicle before the 

administration of SRF. Therefore, the results of group 7, phase B and group 10, 

phase A are expected to be similar. Table 36 shows that this assumed similarity is at 

least partially fullfilled, but there are more significant differences.  

0 5 10 15 20 25
0

10,000

20,000

30,000

40,000

time [h]

pl
as

m
a 

co
nc

. [
ng

/m
L]

 

56

57

58

a)

0 5 10 15 20 25
0

10,000

20,000

30,000

40,000

time [h]

pl
as

m
a 

co
nc

. [
ng

/m
L]

 

62

63

64

b)



Pharmacokinetic Studies of Skepinone-L in vivo 

 79 

treatment group 10, phase A 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

56  18,440 4.0 339,906 0.1 13.1 486,538 
57  32,999 4.0 536,752 0.0 21.4 1,077,688 
58  24,429 12.0 440,349 N/A N/A N/A 
62  36,960 2.0 680,845 0.0 30.6 1,638,876 
63  33,768 4.0 642,020 0.0 35.2 1,767,064 
64  25,419 4.0 481,638 0.0 55.0 1,799,637 

mean  25,289 6.7 439,002 0.0 17.2 782,113 
± s.d.  5,974 3.8 80,368 0.0 4.1 295,575 
C.V.  24 % 57 % 18 % 24 % 24 % 38 % 
mean  32,049 3.3 601,501 0.0 40.3 1,735,193 
± s.d.  4,866 0.9 86.225 0.0 10.6 69,392 
C.V.  15 % 28 % 14 % 23 % 26 % 4 % 

Tab. 36: Pharmacokinetic parameters for SRF derived by NCA from individual plasma 
concentration vs. time curves in male and female rats of treatment group 10 during phase A after 
oral administration of 25 mg/kg/day SRF on seven consecutive days. N/A = not available; mean, s.d. 
and CV values for lz, t1/2 and AUC0-¥,in male rat are calculated from animals 56 and 57. 

The similarities include the t1/2 in male and the tmax in female rats. All further 

pharmacokinetic parameters of group 10, phase A are significantly increased 

compared to group 7, B. This applies in particular to the values of male animals. The 

achieved mean Cmax of 25,289 ng/mL is clearly higher and occurs somewhat later, 

after 6.7 h. Consequently, the determined AUC0-t and AUC0-¥ with 439,002 and 

782,113 ng×h/mL also have significantly higher values. The differences between the 

two groups are not as pronounced in female rats. Nevertheless, the female animals of 

group 10, phase A, have higher values for most of their pharmacokinetic parameters 

than those of group 7, phase B.The gender-specific differences between the plasma 

concentration profiles in group 10, phase A, are not as pronounced, especially with 

regard to the mean Cmax and AUC0-t, but still significant. 

 

Overall, the obtained pharmacokinetic parameters for SRF in rats are generally in line 

with the data described in literature [129]. In addition, it has already been described 

that the profiles of SRF in plasma can have multiple peaks due to enterohepatic 

circulation [130] and that females respond more to treatment in the form of higher 

plasma concentrations at the same dose [131]. If a different behaviour of SRF can be 

observed in the following pharmacokinetic profiles, it can be assumed that this is due 

to the presence of SKL. 
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Fig. 44: Individual plasma concentration vs. time curves of SRF in male (a) and female (b) rats 
from treatment group 8, phase B (oral administration of 15 mg/kg/day SKL combined with 
25 mg/kg/day SRF on seven consecutive days). 

 

treatment group 8, phase B 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

35  17,479 9.0 358,835 0.0 29.7 885,316 
36  15,199 9.0 247,921 0.0 18.7 448,031 
37  16,171 4.0 248,271 0.1 13.4 354,489 
41  23,298 4.0 452,265 0.0 25.3 970,518 
42  21,459 4.0 362,189 0.0 33.8 907,639 
43  31,095 4.0 567,300 0.0 32.2 1,391,253 

mean  16,283 7.3 285,009 0.0 20.6 562,612 
± s.d.  934 2.4 52,203 0.0 6.8 231,360 
C.V.  6 % 32 % 18 % 31 % 33 % 41 % 
mean  25,284 4.0 460,585 0.0 30.4 1,089,803 
± s.d.  4,177 0.0 83,942 0.0 3.7 214,697 
C.V.  17 % 0 % 18 % 13 % 12 % 20 % 

Tab. 37: Pharmacokinetic parameters for SRF derived by NCA from individual plasma 
concentration vs. time curves in male and female rats of treatment group 8 during phase B after 
oral administration of 15 mg/kg/day SKL combined with 25 mg/kg/day SRF on seven consecutive days. 

The animals of group 8 were initially treated with 15 mg/kg/day SKL for seven days, 

immediately followed by the simultaneous administration of 25 mg/kg/day SRF for 

further seven days. The individual plasma profiles and thereof determined parameters 

for SRF are illustrated in figure 44 and table 37. These show that the results obtained 

are quite similar to those of group 7, Phase B, apart from some minor deviations. So 

far, no significant differences in the plasma profiles of SRF alone could be observed 

compared to the combination with SKL. 
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Fig. 45: Individual plasma concentration vs. time curves of SRF in male (a) and female (b) rats 
from treatment group 9, phase B (oral administration of 50 mg/kg/day SKL combined with 
25 mg/kg/day SRF on seven consecutive days). 

Treatment group 9 received SKL at a high dose of 50 mg/kg/day for a total of 14 days. 

After completion of phase A, SRF was administered at a dose of 25 mg/kg/day in 

addition to SKL from day 8 to 14 of treatment. The pharmacokinetic parameter for SRF 

derived by NCA form the pharmacokinetic profiles (Fig. 45) are given in table 38. It 

shows that the concentration of SRF in plasma ranges from 9,276 to 17,571 ng/mL in 

male rats and from 15,427 to 16,616 ng/mL in female rats. The mean time of their 

occurrence is 2.7 and 5.7 h respectively. Thus, the mean Cmax occurs earlier in both 

genders compared to group 8, phase B. Furthermore, the concentrations achieved are 

lower, in particular their value of 16,000 ng/mL in female rats shows a decrease of 

nearly 10,000 ng/mL compared to the previous treatment group. Although slightly 

smaller in male rats of group 9, phase B, the AUC0-t and AUC0-¥ show a relatively large 

CV from 18 to 50 %, so the differences between group 8 and 9 cannot be considered 

significant. 

In female rats AUC0-t shows the same behaviour, it is slightly decreased but with 

acceptable deviations. In contrast, the mean value of AUC0-¥ for group 9, phase B, is 

nearly twice the value obtained of group 8, but due to the completely different values 

between the animals it has a large CV of 90 %. For both genders, the calculated 

half-lives in plasma are very long and show partly strong deviations, especially in 

female rats. Since the administration of SRF was repetitive here, the high values for 

AUC0-¥ and t1/2 with their corresponding differences can be caused by the achieved 

steady state and the well described enterohepatic recycling of SRF [130].  
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treatment group 9, phase B 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

47  9,276 2.0 157,481 0.0 28.4 373,691 
48  17,571 4.0 303,595 0.0 21.3 582,348 
49  14,308 2.0 259,043 0.0 19.4 462,751 
53  16,616 4.0 325,391 0.0 38.1 960,990 
54  15,957 9.0 362,666 0.0 195.8 4,560,396 
55  15,427 4.0 294,361 0.0 18.7 511,355 

mean  13,718 2.7 240,040 0.0 23.0 472,930 
± s.d.  3,412 0.9 61,146 0.0 3.9 85,487 
C.V.  25 % 35 % 25 % 15 % 17 % 18 % 
mean  16,000 5.7 327,473 0.0 84.2 2,010,913 
± s.d.  486 2.4 27,924 0.0 79.3 1,812,077 
C.V.  3 % 42 % 9 % 70 % 94 % 90 % 

Tab. 38: Pharmacokinetic parameters for SRF derived by NCA from individual plasma 
concentration vs. time curves in male and female rats of treatment group 9 during phase B after 
oral administration of 50 mg/kg/day SKL combined with 25 mg/kg/day SRF on seven consecutive days. 

 

 
Fig. 46: Individual plasma concentration vs. time curves of SRF in male (a) and female (b) rats 
of treatment group 10, phase B (oral administration of 25 mg/kg/day SRF combined with 
50 mg/kg/day SKL on seven consecutive days). 

The last treatment group in this trial was the only one to receive 25 mg/kg/day of SRF 

in phase A, followed by combined treatment with SKL at a high dose of 50 mg/kg/day 

in phase B. Thus, group 10 was treated with SRF for 14 days to answer the question 

whether SKL affects the pharmacokinetic behaviour of SRF. The pharmacokinetic 

profiles and calculated parameters for SRF obtained from group 10 after phase A, 

have already been discussed (Fig. 43, Tab. 36). 
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treatment group 10, phase B 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

59  11,560 12.0 228,933 N/A N/A N/A 
60  8,409 4.0 164,485 0.0 27.5 371,301 
61  10,075 1.0 93,824 0.0 29.3 218,628 
65  14,073 2.0 302,634 0.0 60.9 1,269,418 
66  17,737 9.0 353,943 0.0 35.9 1,016,367 
67  14,038 2.0 293,433 0.0 38.8 849,475 

mean  10,014 5.7 162,414 0.0 28.4 294,964 
± s.d.  1,287 4.6 55,177 0.0 0.9 76,336 
C.V.  13 % 82 % 34 % 3 % 3 % 26 % 
mean  15,282 4.3 316,670 0.0 45.2 1,045,086 
± s.d.  1,735 3.3 26,623 0.0 11.1 172,640 
C.V.  11 % 76 % 8 % 21 % 25 % 17 % 

Tab. 39: Pharmacokinetic parameter for SRF derived by NCA from individual plasma 
concentration vs. time curves in male and female rat of treatment group 10 during phase B after 
oral administration of 25 mg/kg/day SRF combined with 50 mg/kg/day SKL on seven consecutive days. 
N/A = not available; mean, s.d. and CV values for lz, t1/2 and AUC0-¥ in male rats are calculated without 
taking animal 59 into account. 

The individual profiles of SRF (Fig. 46a) in male rats show similar curves but differ 

significantly in the level of plasma concentrations. In contrast, both the individual 

profiles (Fig. 46b) and the concentration levels observed among female rats in 

group 10 show strong similarities, which is reflected in the mostly low CV (Tab. 39). 

 

During phase B, groups 9 and 10 received the same treatment, consisting of the 

simultaneous administration of 50 mg/kg/day SKL and 25 mg/kg/day SRF. The 

difference between both groups is the varying duration of treatment with either SKL or 

SRF, which was 7 or 14 days respectively. Therefore, the comparison of the results 

obtained by both groups at the end of phase B could provide information on whether 

and to what extent the potential interaction in the disposition of SKL and SRF is 

influenced by the dose regimen and/or the respective treatment period. 

When comparing the mean values of both groups, it is striking that there are almost 

no differences in the pharmacokinetic parameters of SRF in female rats. In the male 

rats, however, despite the partly high standard deviations, clear differences in the 

values determined can be observed. Thus, the achieved Cmax of 10,014 ng/mL from 

group 10 is noticeably lower than the observed 13,718 ng/mL in group 9. This results 

in the also lower values for AUC0-t of 162,414 compared to 240,040 ng×h/mL and 

AUC0-¥ with 294,964 against 472,930 ng×h/mL. As the individual values for tmax within 

group 10 vary considerably, the differences between the mean values of group 9 and 
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10 are not representative. The plasma half-life of 28.4 h of group 10 is comparable 

with the observed 23.0 h from group 9 considering the deviation of 4.8 h. 

 

Thus, in female rats, treatment duration and sequence of SKL and SRF does not 

appear to have any effect on the pharmacokinetic behaviour of SRF in the presence 

of SKL. In contrast, these factors seem to play a role in male rats. However, due to the 

relatively different individual profiles within each group, the extent of this influence 

cannot be clearly determined. 
 

 
Fig. 47: Mean plasma concentration vs. time curves of SRF in male (solid line) and female 
(dashed line) rats from treatment group 10, phase A (circles) and phase B (squares). Phase A 
included oral administration of 25 mg/kg/day SRF for seven days. During phase B treatment consisted 
of a combination of 25 mg/kg/day SRF with 50 mg/kg/day SKL for seven consecutive days. n = 3; 
standard deviation (±) is represented by error bars 

The direct comparison of the plasma concentration profiles of SRF after phase A and 

B of group 10 shows what can already be assumed from the previous results. The 

curves are illustrated in figure 47 and clearly show that the SRF concentration in the 

plasma is significantly lower after phase B, i.e., in the presence of SKL. The difference 

between both phases is clearly visible in both genders. In males, the decrease in 

concentration that can be observed in correlation with SKL seems to be somewhat 

more pronounced. 

 

In addition to the analysis of SKL and SRF, three of six Ph1 metabolites of SRF [94] 

could be determined in rat plasma. Unfortunately, NOX, HOM and DES were not 

available as reference compounds at the time of the analysis. Thus, although no 
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quantification was possible, the PAR could be used to investigate whether, in addition 

to SRF, the concentrations of NOX, HOM and DES are also influenced by the 

presence of SKL. 
 

 
Fig. 48: Mean PAR vs. time profiles of SRF phase 1 metabolites NOX (a), HOM (b) and DES (c) in 
male (solid line) and female (dashed line) rats from treatment group 10, phase A (circles) and 
phase B (squares). n = 3; standard deviation (±) is represented by error bars 

The obtained plasma levels of NOX, HOM and DES of treatment group 10 after 

completing phase A and B are given in figure 48a-c. As previously observed for SRF, 

co-administration of SKL appears to affect SRF-Ph1 metabolites by decreasing their 

PAR and thus their concentration in rat plasma. The degree of the reduction in 

concentration seems to be equally pronounced in both genders. The graph implies 

that the concentration of HOM changes most in the presence of SKL. But it should be 

noted that differences in PAR do not correlate with actual changes in concentration, 

as the specific ion yield of each analyte can be significantly different. Therefore, no 

statement can be made as to whether this concentration-reducing effect is equally or 

differently pronounced for the metabolites analysed.  
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Fig. 49: Mean PAR vs. time profiles of SRF phase 1 metabolites NOX (a), HOM (b) and DES (c) in 
male (solid line) and female (dashed line) rats from treatment group 10, phase A (circles) and 
group 7, phase B (squares). n = 3; standard deviation (±) is represented by error bars 

However, there is also a clear difference between the plasma concentrations of 

group 10 after phase A with phase B of group 7 (Fig. 49), although both groups 

received the same treatment in the respective phase. Thus, it is questionable whether 

the decrease in plasma concentrations of NOX, HOM and DES observed in group 10 

is actually due to the simultaneous administration of SKL. In addition, it is noticeable 

that the metabolite concentrations in the plasma of the male rats are higher than in the 

females in both phases of both groups. Hence, SRF seems to be metabolised more 

extensively and more rapidly in male rats. This could be an explanation for the 

distinctly lower Cmax and shorter t1/2 in male rats compared to those obtained in females 

after SRF administration. 

 

These male-female differences may be caused by the species-specific CYP isoforms 

involved. Most likely, these are expressed differently in the two sexes. This is known, 

for example, for CYP3A2, which is mainly present in male rats [132], whereas CYP3A9 
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is more present in females [133]. It is not known which rat-specific CYP isoforms 

catalyse the metabolic degradation of SRF. But in humans, the Ph1 oxidation of SRF 

to NOX, HOM and DES is mediated by CYP3A4 [94]. It is known that this human 

isoform is more active in females than in males [134]. This contrast complicates the 

interpretation and translation of the mutual influence of SKL and SRF observed in rats 

to humans. 

3.3.3.7. Part I and II: Summary and Discussion of the Results Obtained 

In both parts of the pharmacokinetic study of SKL in rats, high plasma levels were 

achieved. Maximum concentrations of 175, 586 and 1,210 ng/mL after single oral 

administration of 5, 15 and 50 mg/kg SKL respectively could be observed. However, 

the resulting plasma concentration-time profiles showed several concentration peaks 

and almost no distinct elimination phases. The higher the dose administered, the more 

pronounced this unexpected behaviour is. In contrast, intravenous administration 

resulted in relatively favourable and expected concentration-time curves. However, 

some animals did not survive the test duration which is why only few i.v. data were 

available. 

 

The results obtained during part I of the study, e.g., Cmax, were also observed in part II. 

However, this refers only to the administration of SKL to male rats. This is because 

female rats responded more to the treatment, resulting in higher plasma levels than 

those observed in males at the same SKL dose. However, the difference between the 

gender-specific treatment response was more pronounced the higher the dose 

administered. The multiple peak phenomena of SKL, which was observed in part I, is 

also present in part II in both genders. Again, the higher the dose, the more 

pronounced this behaviour seems to be. 

 

The reasons for these findings can be manifold, as numerous factors can lead to the 

occurrence of secondary peaks in plasma concentration profiles. Among others, it 

could be due to the ingredients of the formulation or even induced by SKL itself. The 

profiles of the preliminary study in mice after both i.v. and p.o. administration show no 

similarity to those in rats after p.o. administration, so SKL can be excluded as the sole 

causative factor. Considering the formulation components, it is known that PEG400 
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for example increases the solubility of lipophilic compounds and thus leads to an 

increased systemic exposure [135]. NMP has antimyeloma and immunomodulatory 

activities and is therefore not as biological inert as assumed [136]. But these properties 

will most likely not lead to secondary peaks in the plasma concentrations profiles. In 

addition, the amount of NMP administered was relatively low as its share was only 5 % 

of the vehicle. For the third excipient PG, no effect on the expression of drug-

metabolizing enzymes could be demonstrated, at least in humans [137]. Thus, the 

vehicle components are not known to influence or induce other mechanism which 

would lead to secondary peaks. 

 

The physiology and the associated specific properties of the gastrointestinal tract, like 

pH values, transit time and gastric emptying may also contribute [138]. One prominent 

cause of the multiple peak phenomena is known to be enterohepatic recycling, which 

consists of the secretion of bile and subsequent reabsorption [139] and is also 

characterized by prolonged terminal plasma half-lives [140]. The presence of multiple 

peaks in the plasma concentration profile following intravenous administration strongly 

indicate that enterohepatic recycling is involved [138]. However, secondary peaks 

were observed only after oral administration, which indicates that they were caused 

by complex absorption kinetics [140], leading to the conclusion that enterohepatic 

recycling can be excluded at least in rats. Another possible cause would be a strong 

binding of SKL to the plasma proteins. The observed low Vss is a clear indication of its 

presence and bound substance is not available for both renal elimination and 

metabolism [141]. However, this can also be ruled out as a reason for the occurrence 

of multiple peaks due to the different profiles obtained after i.v. and p.o. administration. 

 

The outcome of part II clearly shows that plasma levels of SKL are increased when 

SRF is administered simultaneously. In return, the combined therapy with SKL leads 

to a reduction in SRF plasma levels. A simple factor (f), consisting of the ratio of the 

resulted mean Cmax of phase B to mean Cmax of phase A, is intended to illustrate the 

extent of the influence of SKL or SRF on the respective Cmax when simultaneously 

present. In table 40 the mean Cmax of SKL and SRF in male and female rats of 

treatment groups 8, 9 and 10, phase A and B and the resulting factors are given. The 

Cmax obtained from SRF in treatment group 7, phase B was used to determine the 

factors for SRF in groups 8 and 9 because they were not given SRF in phase A. These 
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values were chosen because the achieved Cmax of SRF was the highest in this group 

for both genders. Since the dose administered of SKL was the same for groups 9 and 

10, the Cmax values of group 9 were used to calculate the factor for 10. This was 

because group 10 did not receive SKL during phase A. 
 

treatment 
group compound 

male  female 
Cmax [ng/mL]   Cmax [ng/mL]  

phase A phase B f  phase A phase B f 
8 SKL 1,310 5,410 4.1  2,015 6,792 3.4 
 SRF # 16,283 1.0  # 25,284 0.9 
9 SKL 11,415 1,933 5.9  5,277 13,970 2.6 
 SRF # 13,718 0.8  # 16,000 0.6 

10 SKL * 7,133 3.7  * 13,798 2.6 
 SRF 25,289 10,014 0.4  32,049 15,282 0.5 

Tab. 40: Overview of mean Cmax of SKL and SRF in male and female rats of treatment groups 8, 
9 and 10 and the resulting factors (f), which are the ratio of Cmax phase B to phase A. #values used 
from group 7, phase B, Cmax, male: 16,578 ng/mL, female: 28,625 ng/mL; *values used from group 9 

A direct correlation between the dose of SKL applied and the increase in concentration 

caused by the simultaneous administration of SRF, expressed as factor, cannot be 

observed in either gender. The calculated factor clearly illustrates that the 

concentration-increasing effect of SRF on SKL is particularly pronounced in male rats. 

Nevertheless, the highest plasma concentration in each treatment group and each 

phase is observed in female rats. In contrast, the influence on SRF plasma 

concentration seems to depend on the applied SKL amount and is the more 

pronounced the higher this dose is. However, this effect of SKL in relation to SRF 

seems to be equally pronounced in both genders. 

So far, only conjectures can be made about the underlying processes or mechanisms 

regarding the influence of SRF on the concentration of SKL in plasma. As already 

mentioned, the low Vss indicates that SKL is strongly bound to plasma proteins. This 

in turn leads to the opportunity for SKL to be released from the protein complex through 

the presence of SRF. This supposition is confirmed by the marked increases in Cmax 

and shorter tmax after simultaneous administration of SKL and SRF compared to SKL 

solely. However, this leaves unexplained the changes in plasma SRF concentration 

induced by the presence of SKL. Since it is known that SRF is highly bound to plasma 

proteins at levels greater than 99.5 % in humans [142], it is almost not possible to 

increase the amount of fraction bound. Due to the almost halved Cmax of SRF and the 

decreased amount of its metabolites in plasma, it is more likely that the interference 

of SKL already occurs at the level of absorption.  
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Despite initial problems, such as the unexpected death of the animals after 

intravenous administration and the unforeseen pharmacokinetic profiles following oral 

dosing, various information and results could be obtained from this study. On the basis 

of part I, it was possible to determine the dosage and frequency of administration for 

upcoming studies. Unfortunately, due to the limited data available and the constraints 

of the software used, it was not possible to establish a suitable model to reliably predict 

the pharmacokinetic parameters of SKL in the rat, either after oral or intravenous 

administration. However, the difference in the concentration of SKL in plasma between 

male and female rats, as previously seen in the other species tested, could also be 

observed. Furthermore, the profiles showed gender-specific differences in their 

progressions. In addition to these results, the study demonstrated that there is a 

mutual influence of SKL and SRF on each other's plasma concentration. The issue of 

how and at what level this occurs must be clarified by further research and testing. 

Additional studies must also clarify the reasons for the irregular plasma profiles of SKL 

with regard to multiple absorption peaks and almost no elimination phases, which were 

previously observed only in rats. 

Due to the atypical PK profiles of SKL and the male-female differences in SRF 

metabolism, the results obtained here will be difficult to translate to humans. In 

conclusion, it must be considered that the rat may not be a suitable model for 

predicting the pharmacokinetic behaviour of SKL and its interaction with SRF in 

humans. 

3.3.4. Pharmacokinetic Study of Skepinone-L and Sorafenib in Monkeys 

In order to assess the pharmacokinetic profile of SKL and SRF in another non-rodent 

species, both test items were administered orally to the cynomolgus monkey. The 

in vivo test phase was performed by the test facility CiToxLAB in Evreux (France) and 

sponsored by c-a-i-r biosciences GmbH in Ulm, Germany. A treatment group 

consisting of two male and two female monkeys received a single dose of 50 mg/kg 

SKL via an oral gavage. This dosage was selected based on the results of the previous 

bioavailability study in dogs (chapter 3.3.2). After a wash-out period, the same animals 

were administered a single dose of 50 mg/kg SRF. The further study design in detail, 

the experimental setup and the analytical method for the quantification of SKL and 
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SRF in plasma of cynomolgus monkeys is described in chapter 5.2.3.5 

(Pharmacokinetic Study of Skepinone L and Sorafenib in Monkeys). 

3.3.4.1. Pharmacokinetic Data Analysis and Parameter Calculation for 
Skepinone-L 

Non-Compartmental Analysis 
The pharmacokinetic parameters of SKL derived via NCA are given in table 41. These 

show that the resulted maximum concentration of 744 to 3,672 ng/mL has a relatively 

wide range, but with corresponding tmax of 1.0 to 4.0 h the time of its occurrence is 

roughly comparable. Although there is no clear difference in plasma profiles (Fig. 50) 

and calculated parameters between both genders, there seem to be slight tendencies. 

The plasma profiles of SKL in male monkeys show a distinct absorption peak, which 

slowly but clearly decreases. On the surface, they also seem to respond more strongly 

to treatment than the females. In particular, the profile of animal 69 shows high plasma 

levels of SKL and therefore deviates relatively strongly from the other curves. In 

females, the concentration levels of SKL appear to be lower, but the elimination phase 

shows little reduction in some cases. Animal 71 displays only a slight descend in SKL 

plasma levels after reaching Cmax, which is reflected in the significantly high AUC0-¥ 

and the exceptionally long t1/2 of 24.1 h. In contrast, the other animals in this study 

show relatively similar individual plasma half-lives of 4.5 to 6.4 hours.  
 

 
Fig. 50: Individual plasma concentration vs. time curves of SKL in male (68, 69) and female (70, 
71) cynomolgus monkeys after single oral administration of 50 mg/kg SKL.  
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single oral administration of 50 mg/kg SKL in monkeys 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

68  1,502 2.0 14,079 0.1 5.5 14,779 
69  3,672 4.0 39,826 0.2 4.5 41,001 
70  744 1.0 8,336 0.1 6.4 8,972 
71  1,718 4.0 27,976 0.0 24.1 59,869 

Tab. 41: Pharmacokinetic parameters for SKL derived by NCA of individual plasma 
concentration vs. time curves in male and female cynomolgus monkeys after single oral 
administration of 50 mg/kg SKL. 

Thus, SKL can also be determined in the plasma of cynomolgus monkeys at relatively 

high concentrations, which indicates that it is also well absorbed in this species. The 

Cmax values are relatively high, although the plasma levels achieved are slightly lower 

compared to plasma levels in the dog, the other non-rodent species. Due to the 

prolonged elimination phase and thus atypical pharmacokinetic profiles of SKL in 

monkeys, no compartmental analysis was performed. 

3.3.4.2. Pharmacokinetic Data Analysis and Parameter Calculation for 
Sorafenib 

Non-Compartmental Analysis 
Interestingly, no secondary peaks were observed in the individual plasma 

concentration profiles obtained after oral administration of SRF to cynomolgus 

monkeys (Fig. 51).  

 
Fig. 51: Individual plasma concentration vs. time curves of SRF in male (68, 69) and female (70, 
71) cynomolgus monkeys after single oral administration of 50 mg/kg SRF.  
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Moreover, with one exception, the profiles demonstrate very similar behaviour. Their 

curves ascend only slightly after 4 hours and do not show a pronounced absorption 

peak. In addition, their elimination phase begins relatively late and seems to descend 

fairly flat, so that even after 24 h a distinct quantity of SRF is still present in the plasma. 

 

The pharmacokinetic parameters determined by NCA (Tab. 42) show that in relation 

to the high dose of 50 mg/kg administered, the Cmax achieved of 2,349 to 3,246 ng/mL 

is relatively low. An exception seems to be animal 71, whose maximum concentration 

of SRF in plasma with 6,348 ng/mL is twice to almost three times the other obtained 

values. It is noticeable that in all tested animals Cmax occurs rather late with a tmax of 4 

and 8 h. Due to this observed prolonged absorption phase, less than three data points 

were available in the terminal elimination phase. Therefore, some pharmacokinetic 

parameters, such as lz, t1/2, and AUC0-¥ could not be determined through NCA for 

animals 68, 69 and 71. 
 

single oral administration of 50 mg/kg SRF in monkeys 

animal Cmax 
[ng/mL] 

tmax 
[h] 

AUC0-t 
[ng×h/mL] 

lz 
[1/h] 

t1/2 
[h] 

AUC0-∞ 
[ng×h/mL] 

68  3,246 8.0 52,527 N/A N/A N/A 
69  2,866 8.0 42,007 N/A N/A N/A 
70  2,349 4.0 34,868 0.1 7.6 39,403 
71  6,348 8.0 85,816 N/A N/A N/A 

Tab. 42: Pharmacokinetic parameter for SRF derived from NCA of individual plasma 
concentration vs. time curves in male and female cynomolgus monkeys after single oral 
administration of 50 mg/kg SRF. N/A = not available. 

While slight tendencies were observed after administration of SKL, no gender-related 

differences seem to be present after administration of SRF. Both the pharmacokinetic 

profiles and the calculated parameters of SRF in the plasma of cynomolgus monkeys 

differ significantly from the results obtained in rats. In particular, the monkeys seem to 

respond significantly less to the treatment, which is reflected by the clearly lower 

plasma levels. However, it should be noted that rats received SRF via repeated 

administration, whereas in this present study SRF was administered as a single dose. 

No compartmental analysis was performed for SRF in cynomolgus monkeys, because 

on the one hand there was not enough usable data available and on the other hand 

the primary focus of the present thesis is on SKL. 
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3.3.5. Summary and Discussion of the Preclinical Pharmacokinetic 
Studies of Skepinone-L in Mice, Rats, Dogs and Monkeys 

The pharmacokinetic studies of SKL in vivo resulted in relatively high plasma levels in 

all tested species. It should be emphasized that all observed plasma concentrations 

of SKL were significantly above the known IC50 of 5 ± 2 ng/mL [111],[143] and did not 

decrease below for at least 8 h post dosing. In addition, the applied LOQ of the 

validated method of 7.81 ng/mL in rat, 10.00 ng/mL in dog and 15.63 ng/mL in human 

plasma was not undercut at any time in any sample. 

 

The intravenous administration of SKL demonstrated in the applied species favourable 

pharmacokinetic profiles with high plasma levels, short terminal half-lives, low 

clearances and low to moderate Vss. Unfortunately, some animals died immediately or 

shortly post intravenous application, but this was only observed in rats. The dose 

volume in relation to body weight was 0.1 mL/kg in mice, 1.0 mL/kg in dogs and 

2.5 mL/kg or 5.0 mL/kg in rats. This comparatively high volume applied in rats may be 

the reason for the death of the animals. Following oral administration, SKL appears to 

be well absorbed in total, although significant differences were observed both between 

species and in some cases between the genders. Thus, the mean oral bioavailability 

of SKL in male mice was about 78 %, whereas in females it was only 41 %. However, 

the plasma concentration after intravenous administration is needed for the exact 

calculation of the oral bioavailability. Unfortunately, no data of SKL i.v. administration 

in female mice was available, which is why the i.v. data of male mice were used for 

the determination of F in females. Therefore, this result must be viewed critically on 

the one hand and verified on the other. In addition, oral bioavailability of SKL was 

analysed in dogs, as this is one of the most appropriate species for this topic. Here as 

well, there were clear differences between the genders, but in the opposite direction. 

In male dogs, the bioavailability of SKL was about 33 % in both animals tested, which 

can be considered as low. In the two female dogs, SKL was absorbed noticeably more 

with a F of 53.9 % and 65.8 % of the orally administered dose. However, due to the 

small number of animals in the study (2 per gender), no statistical validation of this 

finding is possible.  
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Clear differences between the tested species could be observed in tmax, which 

represents the corresponding time of occurrence of the maximum concentration. Thus, 

this occurs in mice after 0.5 and 0.8 h, in dogs after 2.0 to 4.0 h and in monkeys after 

1.0 to 4.0 h after oral dose. Cmax in these species appears over a relatively narrow time 

frame. In rats, the tmax following single oral administration occurred after 0.5 to 12.0 h 

and consequently almost the entire observation period. The mean values of the 

treatment groups remained between 5.0 and 6.3 h. However, these should be viewed 

critically due to the large individual differences between the rats. Therefore, the 

non-rodents show similarities to each other, while the rodents are quite different. 

Notably, in the rat studies, the number of treatment groups and test animals was 

significantly higher than in the other species. This could contribute to the large 

fluctuations. 

 

There are also clear differences with regard to the terminal half-life in plasma. 

Following intravenous administration, t1/2 of SKL was 3.1 and 4.3 h in mice, 3.3 to 3.9 h 

in dogs and 0.6 to 1.9 h in rats. After oral dosing, the half-life was 2.8 and 3.3 h in male 

mice and an average of 1.3 h in females. In dogs it was 3.4 to 4.5 h, with no noticeable 

differences either between the two genders or routes of administration. Since in both 

mice and dogs t1/2 after oral administration was shorter or the same as after 

intravenous administration, elimination rather than absorption appears to be the rate-

limiting step in the disposition of SKL in these species [11]. In the monkeys, no 

information can be given in this regard, as SKL was only administered orally. The t1/2 

in male cynomolgus monkeys was 4.5 and 5.5 h and in females 6.4 and 24.1 h. In the 

rats, however, the t1/2 with 3.3 to 54.9 h demonstrated a broad scattering, as already 

observed with tmax. Furthermore, these half-lives are distinctly longer than those 

observed after i.v. administration. This could indicate that instead of elimination, the 

absorption of SKL is the rate-limiting factor of its disposition in rats. 

 

This may be one of the reasons for the irregular and unexpected profiles. Because the 

rats seem to respond significantly different to treatment with SKL than the other 

species tested. Although the profiles of SKL obtained after p.o. dosing in dogs and 

monkeys also show irregularities in the absorption and elimination processes, no 

secondary peaks could be observed in these species. In mice, SKL showed a typical 

pharmacokinetic profile with a distinct absorption and elimination phase even after oral 
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administration. In contrast, the profiles of SKL in rat plasma partly showed secondary 

peaks or unexpected steep increases in plasma concentration. This observed multiple 

peak phenomena appeared to be more pronounced the higher the administered dose. 

 

The fact that the pharmacokinetic behaviour of SKL in rats differs distinctly from that 

of dogs, monkeys and, above all, the other rodent genus, mice, could have a variety 

of reasons. For instance, the gastric emptying is slower in rats than in mice [144] which 

leads to SKL reaching the site of absorption faster in mice. Also, the physiology and 

the associated specific properties of the GIT may contribute, as rats are the only 

species used here that do not have a gall bladder [145]. In addition, all animals were 

in a fasted state for at least 12 h prior to dosing, except for the rats which had ad libitum 

access to food. This could also influence the absorption of SKL in rats and therefore 

its pharmacokinetic profile. Despite these numerous conjectures, the exact reasons 

for the irregular plasma concentration profiles of SKL in rats are not clearly understood. 

Therefore, the suitability of the rat as an animal model compared to the other species 

for the questions of the present work is only given with reservation. Despite the 

unexpected profiles of SKL in rats, a potential interaction in the disposition of SKL and 

SRF could be observed. When administered in combination, SKL seems to influence 

the plasma levels of SRF by decreasing them. Again, the higher the dose of SKL the 

more pronounced this effect. In turn, the presence of SRF increases the concentration 

of SKL in plasma. Further research must clarify at what level the mutual influence 

takes place and what consequences it could have apart from those mentioned here. 

 

Using the add-in program PKSolver2.0, suitable two-compartment models could be 

generated for estimating the pharmacokinetic parameters of SKL in mouse, dog and 

rat plasma after intravenous administration. However, with the exception of mice, no 

model could be established to accurately predict the behaviour of SKL in vivo when 

administered orally. This could be due to the occurrence of multiple peaks, which is 

pronounced in rats and leads to atypical and thus difficult-to-predict profiles. Although, 

no secondary peaks can be observed in the concentration profiles of SKL in dog and 

monkey plasma, it seems that uncertain processes influenced the absorption and 

elimination behaviour of SKL in the plasma of these species. Furthermore, the 

possibilities to modify the compound-related properties and thus optimise the model 

and increase the accuracy of its prediction in the add-in program are limited.
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Considering the application of SKL in humans, these preclinical studies have provided 

a variety of information and promising results and also some questions have been 

answered. It seems that at least after short treatment period, life-threatening effects 

are most probably not to be expected. In addition, it can be assumed that SKL would 

be quite well absorbed after oral administration in humans. However, the resulting low 

to moderate Vss after intravenous injection in the animal models and the associated 

short half-lives indicate that more than one dose per day would be required. If the 

combined therapy with SKL and SRF was to be applied in humans, the 

pharmacokinetic interactions observed in rats should be strictly monitored. Indeed, 

reduced exposure of SRF, induced by the presence of SKL, could lead to fewer 

adverse side effects, but also involves the risk of a decreased, insufficient response 

to SRF treatment. In addition, it is not yet elucidated whether and to what extent the 

higher plasma levels of SKL contribute to the success or even failure of the treatment. 

How this effect caused by SRF affects the human body would also have to be 

thoroughly investigated.

3.4. Plasma Protein Binding of Skepinone-L in vitro 

The binding of SKL to plasma proteins could lead to an attenuation of its 

pharmacological effects, since according to the free drug hypothesis [28], only 

unbound drug can inter alia bind to the therapeutic target. The low to moderate Vss 

observed in the pharmacokinetic studies in vivo, the prolonged t1/2 and the mostly 

barely discernible elimination phase indicate that SKL is highly bound to plasma 

proteins [146]. In addition, the occurrence of multiple peaks in the plasma 

concentration-time profiles in rats were also a distinct sign and reinforced the suspicion 

of the presence of binding. Thus, it was important to examine whether and to what 

extent SKL is bound to plasma proteins. Therefore, equilibrium dialysis of SKL was 

performed at concentrations of 12.5, 25.0 and 37.5 µM as described in chapter 5.2.7 

(Determination of Plasma Protein Binding of Skepinone-L).  
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It was further suspected that potential plasma protein binding of SKL may be involved 

in the mutual interference of the respective plasma levels of SKL and SRF, as 

observed in the preclinical study in rats. In order to test this assumption, the plasma 

binding of SRF and its pharmacological active metabolite NOX [147] was determined 

both individually and in combination with SKL at varying concentrations of 12.5, 25.0 

and 37.5 µM also using equilibrium dialysis. 

 

Berry et al. [148] observed certain similarities in plasma binding between species for 

some drugs, but this is not the norm among rats, dogs, monkeys and humans. 

Therefore, it would be advantageous to determine the fu in the plasma of the preclinical 

species used. However, fresh plasma is recommended for equilibrium dialysis [149], 

but this was not available of rats, dogs and monkeys. Hence, and because the 

application of SKL in man is the final objective, the freshly prepared pooled plasma of 

eight human donors was used. 
 

 a)  b)  c) 
 SKL + SRF + NOX  SRF + SKL  NOX + SKL 

c [µM] 12.5 + 37.5 + 37.5  12.5 + 37.5  12.5 + 37.5 
fb [%] 96.2 96.1 96.4  96.0 95.8  96.9 96.9 
c [µM] 25.0 + 25.0 + 25.0  25.0 + 25.0  25.0 + 25.0 
fb [%] 96.4 95.9 96.4  96.2 97.2  92.0 97.1 
c [µM] 37.5 + 12.5 + 12.5  37.5 + 12.5  37.5 + 12.5 
fb [%] 93.7 96.3 97.1  97.4 97.1  91.5 97.0 

Tab. 43: Fraction bound (fb) to plasma proteins of a) SKL solely and in the presence of SRF or NOX; 
b) SRF alone and combined with SKL; c) NOX solely and with addition of SKL. Concentrations of solo 
tested SKL, SRF and NOX were 12.5, 25.0 and 37.5 µM. Added concentrations of SKL, SRF and NOX 
were 37.5, 25.0 and 12.5 µM. The results represent mean values of duplicate analysis per combination. 

The equilibrium dialysis results given in table 43 confirm that SKL is bound to plasma 

proteins, as previously suspected. In addition, with fb values of 93.7 to 96.4 %, the 

degree of binding can be described as high [150]. No direct correlation between the 

concentration of SKL and the resulting fb can be observed, therefore the binding 

process can be considered as concentration-independent and thus not saturable. 

When incubated in combination with SRF or NOX, the fb of SKL remains within 95.0 

and 97.1 %, which correlates with the values obtained in the single incubations. For 

all analysed variants of SKL, SRF and NOX no tendencies or dependencies could be 

observed with regard to the plasma-bound fraction of SKL. Thus, it appears that the 

plasma protein binding of SKL is not affected by the presence of either SRF or NOX 

in any of the concentrations and combinations tested here.  
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SRF is known to be extensively bound to plasma proteins with fb above 99.5 % [142]. 

Thus, the plasma-bound fractions of SRF obtained here are lower, with values of 96.0 

to 97.4 %. Despite these differences, it can at least be confirmed that binding to 

plasma of SRF appears to be independent of concentration, suggesting a non-specific 

and non-saturable process [151]. As already observed with the binding of SKL to 

plasma proteins, also the fb of SRF does not seem to change in the presence of SKL 

and remains at values of 95.8 to 97.2 %. Even at a concentration ratio of SRF to SKL 

of 1 to 9, no effect on protein binding was observed (data not shown). These results 

indicate that SKL appears to have no influence on the fb of SRF in human plasma 

within the concentration range tested. 

 

The plasma protein binding of NOX does not seem to have been described in the 

literature so far. However, the values obtained here suggest that it is roughly 

comparable to the binding of SRF to proteins in human plasma. Thus, the incubation 

of 12.5 µM NOX resulted in an fb of 96.9 %. However, this appeared to decrease with 

increasing NOX concentration. The fb of 37.5 µM NOX was only 91.5 %. This could 

indicate that plasma protein binding of NOX is concentration-dependent and thus 

saturable. In the presence of SKL, the fb of NOX remains constant at 96.9 to 97.1 %. 

Neither the concentration of NOX nor the amount of SKL added seems to have any 

influence. Therefore, it is difficult to interpret whether the observed decrease is 

concentration related. Possibly other factors, such as non-specific binding at the 

dialysis membrane, led to the lower values. Changes in fb could lead to an increase in 

the free concentration of NOX in plasma. This in turn could increase the therapeutic 

efficacy but also the adverse effects of SRF. However, the similar pharmaceutical 

potency of NOX to SRF has so far only been described in vitro [100]. Moreover, the 

decrease in fb of NOX does not seem to be related to SKL. Therefore, the exact cause 

is not of further interest in the context of this thesis. 

 

Due to the deviations regarding the fb of SRF between the values obtained here and 

those reported in the literature, it cannot be excluded that the plasma binding of SKL 

in human plasma could also be higher than assumed here. The reasons for the 

different results could be, for example, that the release of the plasma-bound analyte 

during protein precipitation and extraction was perhaps not complete. Also, protein 

breakthrough from the plasma to the buffer site could have occurred despite a 
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relatively small molecular weight cut-off. The anticoagulant heparin used could as well 

have interfered with protein binding [152]. Another cause could be the pH in the 

plasma, as the fb of SRF is known to be pH-dependent and decreases in acidic 

milieu [100]. Unfortunately, the pH of the plasma used was not determined prior 

analysis. Additionally, it can unfortunately not be excluded that non-specific binding of 

SRF or SKL to the dialysis membrane was present. 

 

Despite these uncertainties, at least in humans, the plasma binding of SKL and SRF 

can be excluded as a factor with regard to a possible mutual influence on the plasma 

concentrations. However, this does not explain what caused the effect observed in 

rats. Although it is known that the bound fraction of SRF in rat plasma is also above 

99.5 % [100], it cannot be excluded that the fb of SKL in rat plasma is lower than in 

human plasma. Thus, binding to plasma proteins could be increased or decreased in 

the presence of SRF in rats. Based on these results, a determination of the 

plasma-bound fraction of SKL in rat plasma would be useful to verify and confirm or 

refute this assumption.

3.5. Metabolic Conversion of Skepinone-L in vitro 

It is essential to study the metabolic transformation of a drug for both, safety and 

efficacy. In addition to the risk that the active pharmaceutical ingredient is converted 

too rapidly and thus not reaching its effective concentration due to inactivation, the 

resulting metabolites could also be potentially toxic. The majority of drugs undergo 

Ph1 metabolic transformation, which is predominantly catalysed by the CYP 

superfamily and comprises hydrolysis, oxidations and reductions [153]. Ph2 

conjugation reactions of polar and ionisable groups to Ph1 metabolites or the API itself 

are mediated by Ph2 enzymes, which include the UGTs [154]. Liver microsomes (LM) 

were selected out of numerous in vitro models as a test system to investigate the 

metabolic conversion of SKL. To assess the usability and transferability of preclinical 

in vivo studies to humans, differences between species should be investigated. 

 

So far, SKL was known to not be metabolically degraded by CYP enzymes in vitro in 

human and rat LM [155]. Conjugated metabolites were observed in vivo during a 

pharmacokinetic study in C57BL/6 mice [121], but were not described or identified 
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further. Thus, there is still a lack of essential information regarding the metabolism of 

SKL. Therefore, in vitro biotransformation of SKL should be investigated using liver 

microsomal CYPs and UGTs. Potentially forming metabolites ought to be structurally 

elucidated and the respective responsible isoenzymes identified if possible. 

 

As a combination therapy of SKL and SRF for the treatment of HCC in humans is 

being aspired, it was essential that metabolism-based drug-drug interactions were also 

investigated. Therefore, the biotransformation of SKL through activation of CYPs and 

UGTs should also be examined in the presence of SRF. The metabolic pathways of 

SRF have already been studied and elucidated in detail [94]. However, since there 

was the possibility that SKL influences the SRF biotransformation, both the oxidative 

and conjugative conversions of SRF in the presence of SKL were studied. 

3.5.1. Biotransformation of Skepinone-L in Liver Microsomes 

Since the metabolism rate of SKL has not been elucidated completely yet, the in vitro 

metabolic stability and conversion were examined. The rate of metabolic degradation 

indicates whether a drug requires higher doses at short intervals or could have 

tendencies to accumulate, which in turn could lead to intoxication. The remaining 

percentage of non-metabolised SKL after incubation in the presence of a metabolically 

active system over time is defined as metabolic stability. Differences between species 

were investigated using LMs from humans (HLM), rats (RLM), mice (MLM), dogs 

(DLM) and monkeys (CMLM) as test systems. Further characteristics and detailed 

information of the respective content of CYP and UGT activity of the LMs applied are 

provided in chapter 5.2.8.1 (Liver Microsomal Incubations). 

3.5.1.1. CYP-mediated Biotransformation Studies 

Metabolic Stability of Skepinone-L in vitro 
CYP-mediated metabolic degradation of SKL was studied by supplementing the LMs 

with the required co-factors. In addition to 10 µM SKL the incubation mixtures also 

contained a NADPH-regenerating system. The enzymatic reaction was stopped after 

120 min and the amount of unchanged SKL was determined in percent. The relative 
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content calculation is based on the PAR of SKL to ISTD at the initiation and after 

completion of the incubation. The experimental setup in detail and the description of 

the LC-MS/MS method applied to determine PARs of SKL and ISTD are given in 

chapter 5.2.8.2. The in vitro metabolic stability of SKL determined in the presence of 

activated CYPs in HLM, RLM, MLM, DLM and CMLM are presented in following 

table 44. These incubations were performed as duplicates. 
 

 HLM RLM MLM DLM CMLM 
unchanged  

SKL [%] 95.0 82.0 89.1 76.2 71.3 
Tab. 44: Metabolic stability of SKL in vitro after 120 min incubation by addressing microsomal 
CYPs of human, rat, mouse, dog and monkey LMs. The initial concentration of SKL was 10 µM in 
each incubation. Results represent the mean values of two incubations per species.  

Nearly no CYP-mediated biotransformation of SKL could be observed after 120 min in 

HLM. The highest metabolic stability after HLM was observed in MLM with 89.1 %, 

followed by RLM with 82.0 % and DLM with 76.2 %. In CMLM, 71.3 % of unchanged 

SKL remained, which means that enzymatic degradation was most pronounced here. 

 

Some CYP isoforms are known to show strong similarities between humans and 

preclinical species. However, there are also isoforms that are species-specific and 

therefore exhibit large differences in expression, substrate specificity and catalytic 

activity between species. These include, for example, the CYP3A subfamily, which 

metabolises most substrates and thus plays a major role in the biotransformation of 

xenobiotics [156]. Four isoforms of CYP3A are known so far to be expressed in 

humans, six in mice and rats, two in dogs, and one in monkeys [157]. These isoforms 

show both similarities and substantial differences to the human CYP3A enzyme family. 

For example, the isoform expressed in monkeys is very similar to human 

CYP3A4 [158], but the microsomal CYP content in monkeys is significantly higher, 

which is also reflected in the LMs used in the present work for metabolic stability 

determination of SKL (Tab. 93, Ch. 5.2.8.1) In addition to the interspecies differences 

of the CYP isoforms, the species-specific percentage of the liver in the total body 

weight must also be considered. The ratio is greater in smaller animals, which leads 

to a higher CYP content in relation to body weight than in humans and to a faster 

elimination of xenobiotics [157]. Considering the species-specific CYP isoforms as 

well as their relative content, the interspecies differences observed with respect to the 

metabolic stability of SKL are not unusual. However, the values for metabolic stability 
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in HLM and RLM obtained in the present work differ significantly from those reported 

in the literature by Baur, et.al [155]. In those previous in vitro studies 100 % 

unchanged SKL after 180 min was described in HLM and RLM. Due to these 

differences, additional tests were performed in microsomes of both species. In these 

incubations, the SKL concentration was increased to 25, 50 and 75 µM. The further 

experimental setup remained unchanged. The largest deviation between the two 

values occurred with 1.8 % in HLM (25 µM SKL) and the smallest in RLM (75 µM) with 

0.1 %. 
 

 HLM  RLM 
initial SKL 25 µM 50 µM 75 µM 10 µM  25 µM 50 µM 75 µM 10 µM 
unchanged 

SKL [%] 97.1 98.3 98.9 95.0*  88.7 91.9 95.0 82.0* 
Tab. 45: Metabolic stability in vitro of SKL after 120 min incubation by addressing microsomal 
CYPs of human and rat LMs. The initial concentration of SKL was 25, 50 and 75 µM in the respective 
incubations. The results represent the mean values of two incubations per species and concentration. 
*results from previous incubations for comparison 

The metabolic stability of SKL resulting from the additional incubations in HLM and 

RLM are shown in table 45. Interestingly, there seems to be a correlation, albeit weak, 

between these and the initial concentrations of SKL. The higher the used SKL 

concentration, the lower the degraded percentage. In HLM only a very slight decrease 

is observed, while in RLM the reduction is more pronounced in relation to the 

concentration. Thus, one reason for the different results with regard to SKL stability 

in vitro could be the respective initial concentration. In the present work 10 µM were 

utilised, whereas the amount of SKL used in the previous analysis was 100 µM. Most 

likely, this is due to the saturation of the enzymes involved in the presence of high 

substrate concentrations. In addition, purchased LMs may also differ in CYP content 

and catalytic activity. The final intention of the comprehensive research is the 

application of SKL as a therapeutic agent in humans. Therefore, the marginal 

difference in HLM within the results regarding the metabolic stability of SKL is 

acceptable. Furthermore, the appearance of SKL Ph1 metabolites could be observed. 

A total of five metabolites generated by CYP-mediated conversion could be found in 

RLMs. Their formation could also be observed in HLMs, but in some cases so low that 

despite a detected signal the relative amount was 0.0 %. They are designated as 

metabolites 1 to 5 (M#1-5) based on their retention time. Their degree of formation in 

percent related to the initial SKL concentration could be determined (Tab. 46) by 
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applying the sensitive MRM-mode. Chromatographic and MS/MS conditions are given 

in chapter 5.2.8.5 (Dual Activity Metabolism Assay). 
 

 HLM  RLM 
 25 µM 50 µM 75 µM  25 µM 50 µM 75 µM 

M#1 [%] 0.4 0.5 0.6  1.9 1.8 1.6 
M#2 [%] 0.1 0.1 0.1  0.1 0.2 0.2 
M#3 [%] 0.0 0.0 0.0  0.3 0.3 0.2 
M#4 [%] 0.1 0.1 0.1  7.2 4.5 3.0 
M#5 [%] 0.0 0.0 0.0  0.9 0.6 0.3 

Tab. 46: Percentage of formed SKL Ph1 metabolites (M#1-5) after 120 min incubation by 
addressing microsomal CYPs of human and rat LMs. The initial concentration of SKL was 25, 50 
and 75 µM in the respective incubations. The results represent the mean values of two incubations per 
species. 

Species-specific differences were also observed with regard to metabolite formation. 

Thus, M#4 is the main metabolite in RLMs with a maximum value of 7.2 %, followed 

by M#1 with 1.9 %. In HLMs M#1 is the most dominant product with 0.6 %. All other 

metabolites are lacking or were formed to a negligible percentage of 0.1 %. It is not 

surprising, that metabolite formation appears to decrease when LMs were exposed to 

a higher concentration of SKL. As described above, the higher the starting 

concentration, the lower the percentage of metabolites formed. On the one hand, the 

percentages only represent a relative content and not an actual quantity. On the other 

hand, the rate and extent of metabolic conversion do not increase linearly with the 

concentration of the parent compound. In addition, the enzymatic system will be 

saturated above a certain substrate concentration. 

 

Figure 52 shows proposed structures for the SKL metabolites M#1 to 5. These were 

suggested based on their m/z ratios, considering that only CYPs were involved in the 

catalytic conversion. Thus, M#1, #2 and #3 could possibly represent products of the 

enzymatically catalysed hydroxylation, hydrolysis or dehydration of SKL. In addition, 

an NIH shift leading to the loss of one fluorine [159] could also contribute to the 

formation of these metabolites. These reactions may have occurred individually or in 

combination. Some of the hypothesised metabolic transformation reactions for the 

dibenzosuberone scaffold of SKL and the dioxepinone analogue have already been 

described by Storch, et. al [121].  
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Proposed structures for: 

M#1, M#2 and M#3 (m/z = 424.0) M#4 and M#5 (m/z = 349.9) 

  

  

  
Fig. 52: Proposed structures for Ph1 metabolites of SKL after exposure to human and rat 
microsomal CYPs. The structures were suggested based on their m/z ratios. The structural 
modifications compared to SKL are marked in red. Metabolites #1, #2 and #3 were possibly formed by 
hydroxylation, hydrolysis, dehydration or NIH shift. In addition, M#4 and #5 might have been generated 
by O-dealkylation. 

In addition to the transformation reactions already mentioned, the proposed structures 

for M#4 and #5 each involve O-dealkylation. However, this seems to occur almost 

exclusively in RLM. CYP2D2 is known to catalyse O-dealkylations in rats [160]. This 

isoform is species-specific and thus not expressed in humans or in the other species 

tested here, nor is any orthologue to human known to date [157]. Thus, in HLM most 

likely no or only marginal O-dealkylation of the glycine residue of SKL occurred. These 

results are consistent with the previously described metabolic behaviour of SKL if 

exposed to HLM by Baur, et al. [155]. Whether the described Ph1 metabolites of SKL 

are also formed in the other species was tested by co-activation of microsomal CYPs 

and UGTs. The detailed description follows in section 3.6.1.3. 

Influence of Sorafenib on the Metabolic Stability of Skepinone-L 
In order to study metabolism-based drug-drug interactions of SKL and SRF, further 

incubations under Ph1 conditions were performed. Therefore, the metabolic stability 

of 10 µM SKL combined with either 5, 10, 20 or 40 µM SRF in HLM, RLM, MLM, DLM 

and CMLM was examined. Further experimental setup remained unchanged and was 

performed as previously described.  
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Fig. 53: Metabolic stability in vitro of SKL solely and in the presence of SRF after 120 min 
incubation by addressing microsomal CYPs of human, rat, mouse, dog and monkey LMs. The 
initial concentration of SKL was 10 µM in each incubation combined with either 5, 10, 20 or 40 µM SRF. 
Results represent the mean values of two incubations per species and concentration. The respective 
range of the two measured values is represented by error bars. 

Figure 53 shows the amount of unchanged SKL in percent after 120 min incubation in 

the presence of SRF and microsomal CYPs of different species. The metabolic 

stability of SKL does not change significantly in the presence of SRF, regardless of 

concentration, in human and murine LM. In rat LM, SRF appears to have an influence 

at a concentration of 20 and 40 µM in terms of a slight increase with respect to the 

remaining SKL percentage. In dog and monkey LMs, however, an influence of SRF 

on the metabolic degradation of SKL is evident. The higher the SRF concentration, the 

more resistant SKL appears to be to metabolic degradation by CYP enzymes. Thus, 

in DLM, the proportion of unchanged SKL increases from 76.2 % (10 µM SKL) to 

90.2 % (10 µM SKL + 40 µM SRF). For CMLM, the stability changed from 71.3 % to 

85.6 %. The extent of the SRF-mediated influence on metabolic stability thus appears 

to be the same in DLM and CMLM. 

 

During in vivo pharmacokinetic studies in rats, an increase in the Cmax of SKL was 

observed when SRF was administered simultaneously. This effect did not appear to 

occur in humans during compassionate use. The results obtained in human and rat 

LMs confirm these observations. This suggests that SRF interacts with a rat specific 

CYP isoform which has no human orthologue with regard to substrate affinity. This 

also seems to apply to the biotransformation of SKL in DLM and CMLM. In their 
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presence SKL has relatively low metabolic stabilities of 76.2 % and 71.3 %, 

respectively. However, these are significantly increased up to 90.2 % and 85.6 % by 

simultaneous incubation with SRF. The higher the SRF concentration used, the less 

SKL is metabolically converted. This implies that SRF inhibits a CYP isoform that 

catalyses the transformation of SKL to almost the same extent in DLM and CMLM. 

This isoform also does not appear to be present in HLM. SRF is known to inhibit the 

following CYP isoforms in humans in decreasing order of potency: 2C8, 2B6, 2C9, 

2C19, 2D6 and 3A4 [100]. Although their murine and rat-like orthologues are 

known [161], this information regarding canine and simian CYP isoforms is lacking so 

far. Thus, in addition to the structural elucidation of the resulting metabolites of SKL, 

the identification of the responsible isoforms in DLM and CMLM is also missing. But it 

was possible to determine interspecies differences in the influence of SRF on the 

metabolic transformation of SKL as well as the corresponding species. A positive 

finding is the high and consistent metabolic stability of SKL in HLM against CYP-

induced degradation regardless of the presence or absence of SRF. 

 

As described in the previous point, the formation of SKL Ph1 metabolites has been 

observed in RLM and HLM. There where clear differences between the species. 

Incubations of SKL in combination with SRF were performed in HLM and RLM to 

investigate the possible influence of SRF on the metabolite formation of SKL. The 

initial concentration ratio of SKL to SRF was 1 to 3, 1 to 1 and 3 to 1. 
 

 HLM  RLM 
SKL [µM] 25 50 75  25 50 75 
SRF [µM] 75 50 25  75 50 25 

M#1 [%] 1.1 1.3 1.0  1.5 1.5 1.5 
M#2 [%] 0.2 0.2 0.1  0.2 0.2 0.2 
M#3 [%] 0.0 0.0 0.0  0.1 0.2 0.2 
M#4 [%] 0.1 0.2 0.1  0.9 1.2 1.5 
M#5 [%] 0.0 0.0 0.0  0.2 0.2 0.2 

Tab. 47: Percentage of formed SKL Ph1 metabolites (M#1-5) after 120 min incubation in the 
presence of SRF. Thereby addressing microsomal CYPs of human and rat LMs. The initial 
concentrations of SKL and SRF were 25+75 µM, 50+50 µM and 75+25 µM in the respective 
incubations. The results represent the mean values of two incubations per species and concentration. 

The results (Tab. 47) show, that the percentage of metabolites increases in HLM. 

Thus, in the presence of SRF, the percentage of M#1 increases from 0.4 % - 0.6 % to 

1.0 % - 1.3 %. There seems to be no influence of SRF on any of the other metabolites 

in HLM. However, this increase in relation to the concentration ratios is very small and 
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can therefore not be considered as significant. Furthermore, no effect of SRF on the 

metabolic stability of SKL in HLM could be observed. In RLM a small influence on the 

formation of M#5 and a clear effect on M#4 was observed. For both, a more or less 

pronounced decrease in the percentage share can be observed in the presence of 

SRF. Thus, instead of 3.0 % to 7.0 % (Tab. 46) the main M#4 represents only 0.9 % 

to 1.5 % of the initial SKL concentration. These results confirm the assumption of a 

species-specific CYP isoform. This enzyme seems to have a relatively high catalytic 

activity with regard to SKL as a substrate, especially in DLM and CMLM. Presumably, 

the postulated O-dealkylation is implemented by this isoform. Interestingly, the 

increased metabolic stability of SKL in the presence of SRF in DLM and CMLM 

suggests that SRF inhibits the species-specific isoform to some extent. In RLM, the 

conversion rate or substrate specificity seems to be lower. In humans it either has a 

very low activity, is not present in the liver or is not expressed at all. Based on these 

results, the mouse seems to be the most similar preclinical species to humans in terms 

of CYP-induced transformation of SKL. 

3.5.1.2. UGT-mediated Biotransformation Studies 

Metabolic Stability of Skepinone-L in vitro 
The metabolic stability determination of SKL towards UGT-mediated conjugation was 

performed by using microsomal uridine 5'-diphospho-glucuronosyltransferases 

(UGTs) of HLM, RLM, MLM, DLM and CMLM. These were activated, i.e., made 

accessible to the substrate by rupturing the membrane with alamethicin. The 

incubation of 10 µM SKL were performed, inter alia, in the presence of uridine 

diphosphate glucuronic acid (UDPGA) as glycosyl donor. The detailed description of 

the incubation setup and the LC-MS/MS method applied are described in 

chapter 5.2.8.3 (UGT-mediated Phase 2 Metabolism Studies). 
 

 HLM RLM MLM DLM CMLM 
unchanged  

SKL [%] 66.4 85.8 54.5 83.9 88.7 
Tab. 48: Metabolic stability of SKL in vitro after 120 min incubation by addressing microsomal 
UGTs of human, rat, mouse, dog and monkey LMs. The initial concentration of SKL was 10 µM in 
each incubation. Results represent the mean values of two incubations per species. 
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The results (Tab. 48) show that SKL was metabolically degraded by conjugation 

reaction in all species. This occurs strongest in HLM and MLM with values of 66.4 % 

and 54.5 %. In both species SKL was only metabolised to a small extent in the 

presence of CYPs. In RLM, DLM and CMLM the metabolic stability of SKL towards 

activated UGTs was almost the same at 85.8 %, 83.9 % and 88.7 %. 
 

primary SKL-O-glucuronide (pO-Glc) 
 

 
 

secondary SKL-O-glucuronide (sO-Glc) 
 

 
 

SKL-N-glucuronide (N-Glc) 
 

 
Fig. 54: Structures of the primary and secondary oxygen-linked glucuronides as well as the 
nitrogen-linked glucuronide of SKL. These are the conjugation products after exposure of SKL to 
microsomal UGTs of various species. A detailed description of the structure elucidation is given in 
chapter 3.5.2.4.  
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During incubations of SKL in the presence of activated UGTs, the formation of 

conjugation products was observed (Fig. 54). Three SKL-glucuronides appeared to be 

formed in HLM whereas two were formed in all other species tested. The structural 

elucidation of these glucuronides is described in the upcoming chapter 3.5.2.4. This 

elucidation shows that two oxygen-linked glucuronides (O-Glc) of SKL are formed 

in vitro in all species. These are described as primary SKL-O-glucuronide (pO-Glc) 

and secondary SKL-O-glucuronide (sO-Glc). The formation of a nitrogen-linked 

glucuronide (N-Glc) was observed solely in HLM. 

 

In addition to metabolic stability the relative content of glucuronides formed in each 

species was determined in percent after 120 min incubation. The results (Tab. 49) 

reveal strong differences between the species. 
 

 HLM RLM MLM DLM CMLM 
pO-Glc [%] 3.5 1.8* 7.3 3.8 3.1 
sO-Glc [%] 7.4 44.1 3.2 6.0 
N-Glc [%] 5.1 -/- -/- -/- -/- 

Tab. 49: Percentages of formed SKL Ph2 metabolites (pO-Glc, sO-Glc, N-Glc) after 120 min 
incubation by addressing activated microsomal UGTs of human, rat, mouse, dog and monkey 
LMs. The initial concentration of SKL was 10 µM in each incubation. The results represent the mean 
values of two incubations per species. *sum of both glucuronides 

As already mentioned, the N-Glc is only formed in HLM. Unfortunately, a 

chromatographic separation of the two O-linked glucuronides was not possible in RLM. 

On the one hand, this was due to the low formation of these in RLM. On the other 

hand, the method could not be optimised because the glucuronides were not available 

as reference substances at the time of the analyses. Therefore, the sum of 1.8 % of 

the formed sO- and pO-Glcs can be given. This is very low compared to the other 

species. The formation of SKL's pO-Glc seems most pronounced in MLM with 7.3 %. 

With 3.5 % in HLM, 3.8 % in DLM and 3.1 % in CMLM there are no clear differences 

with respect to pO-Glc generation in these species. In contrast, glucuronide 

conjugation leading to sO-Glc exhibits the most interspecies differences. The least of 

sO-Glc is formed in DLM with 3.2 %. CMLM and HLM produced a comparable amount 

of 6.0 % and 7.4 % sO-Glc. The most sO-Glc was generated in MLM with 44.1 %. With 

regard to the biotransformation of SKL in the presence of CYPs, there seemed to be 

a strong similarity between HLM and MLM. This may still be the case with regard to 

metabolic stability towards UGT conjugation reactions. However, HLM and MLM show 

significantly different results in terms of metabolites formed and their relative amounts. 
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In addition to MLM, HLM also showed very pronounced glucuronide formation. Hence, 

it is essential to understand which conjugation reaction is catalysed by which human 

UGT-isoform. Furthermore, the elucidation of N-Glc formation occurring only in HLM 

is essential for the assessment of the metabolic transformation of SKL. Therefore, a 

reaction phenotyping of glucuronidation was performed. The experimental procedure 

and the identified responsible isoenzymes are described in the upcoming 

section 3.5.2. 

Influence of Sorafenib on the Metabolic Stability of Skepinone-L  
The possible interaction of SRF on the glucuronidation of SKL in vitro was examined 

in an analogous manner for CYP-mediated biotransformation (3.5.1.1).  
 

 
Fig. 55: Metabolic stability in vitro of SKL solely and in the presence of SRF after 120 min 
incubation by addressing activated microsomal UGTs of human, rat, mouse, dog and monkey 
LMs. The initial concentration of SKL was 10 µM in each incubation combined with either 5, 10, 20 or 
40 µM SRF. Results represent the mean values of two incubations per species and concentration. The 
respective range of the two measured values is represented by error bars. 

The metabolic stability of SKL in the presence of SRF in all tested species is given in 

figure 55. This illustrates that SRF does not appear to have any effect on the 

conversion of SKL via UGTs and thus its metabolic stability in RLM and DLM. In these 

species, there are hardly any differences between incubations with different amounts 

of SRF despite fluctuations in the respective amount of unchanged SKL. In MLM and 

CMLM only the highest SRF concentration seems to lead to a small increase in 

metabolic stability towards transformation by UGTs. In HLM, a noticeable influence of 
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SRF on the metabolic conversion of SKL is visible. The remaining percentage of 

unchanged parental compound decreases significantly from 66.4 % (10 µM SKL) to 

41.7 % (10 µM SKL + 40 µM SRF). The addition of 5 and 10 µm SRF initially results 

in a relatively small decrease in SKL concentration. In the presence of 20 and 40 µM 

SRF, however, a very pronounced reduction occurs. This observation in LMs of donors 

which were untreated prior preparation is very unusual. Co-administration of two or 

more compounds may induce drug-metabolizing enzymes. This could lead to 

increased metabolic transformation of the drug investigated. This drug-drug interaction 

is known for a wide variety of xenobiotics. But enzyme induction represents regulation 

of gene expression and can thus only occur at the mRNA level [162], which is not 

possible in the system used here. Preclinically, the investigation could be performed 

ex vivo with LMs from previously treated animals [163] or in vitro with primary 

hepatocytes [164]. In summary, an induction of the responsible UGT isoenzymes by 

means of the untreated LMs used here, as well as the relatively short incubation 

period, is impossible. One hypothesis is that SRF increases the catalytic activity of the 

responsible UGTs. This would be possible via allosteric activation. In this case, SRF 

would bind at a site that is distinct from the active site of the enzyme [165]. However, 

no description that SRF could act as an allosteric effector could be found in literature 

so far. Therefore, the significantly lower metabolic stability of SKL in the presence of 

SRF in HLM cannot be explained. The relative amounts of SKL-glucuronides formed 

after 120 min of simultaneous incubation of SKL and SRF (Tab. 50) show further 

unexpected results. 
 

  SKL  + SRF 
  10 µM  5 µM 10 µM 20 µM 40 µM 

pO-Glc [%] HLM 3.5  2.4 2.8 2.0 2.2 
 RLM 1.8*  1.9* 1.8* 2.4* 1.8* 
 MLM 7.3  7.6 7.8 8.2 8.5 
 DLM 3.8  4.5 4.8 5.0 4.7 
 CMLM 3.1  3.6 2.0 2.6 2.6 

sO-Glc [%] HLM 7.4  6.2 6.0 5.5 4.8 
 RLM -/-  -/- -/- -/- -/- 
 MLM 44.1  47.3 47.5 46.8 45.9 
 DLM 3.2  4.0 4.4 4.4 4.3 
 CMLM 6.0  6.7 3.5 4.4 4.1 

N-Glc [%] HLM 5.1  5.8 7.6 9.4 13.0 
Tab. 50: Percentages of formed pO-Glc, sO-Glc and N-Glc after 120 min incubation in the 
presence of SRF. Thereby addressing activated microsomal UGTs of human, rat, mouse, dog and 
monkey LMs. The initial concentration of SKL was 10 µM in each incubation. Initial SRF concentrations 
were 5, 10, 20 or 40 µM respectively. The results represent the mean values of two incubations per 
species and concentration.  *sum of both glucuronides 
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The formation of pO-Glc in the presence of SRF is slightly decreasing in HLM and 

CMLM. However, a small but steady increase in relative pO-Glc content can be 

recognised in both MLM and DLM. The formation of sO-Glc also shows similar trends. 

Here, the decrease in HLM and CMLM is subject to less fluctuation. In MLM, there is 

initially an increased formation, which decreases again with higher SRF concentration. 

In DLM, a small increase can be observed with 5 and 10 µM SRF which remained 

almost unchanged with the subsequent concentrations. In RLM almost no change in 

the sum of the resulting metabolites was observed. With regard to the O-Glcs of SKL, 

the observed changes in the amounts formed in co-incubation with SRF are not 

distinct. In contrast, the N-Glc formation in the presence of SRF in HLM increases 

clearly from 5.1 % to 13.0 % in a concentration-dependent manner. At least this 

increased amount of N-Glc formed contributes to the reduced metabolic stability of 

SKL in combination with SRF in HLM. 

3.5.1.3. CYP and UGT Co-Activated Biotransformation Studies 

Metabolic Stability of Skepinone-L 
The metabolic stability and conversion of SKL shows obvious differences between 

CYP- and UGT-mediated degradation in each species tested here. However, both 

processes occur simultaneously in vivo and not separately. As a low cost and time 

saving alternative to primary hepatocytes, both groups of enzymes were co-activated 

in LMs. In this so-called "dual activity" assay (DAA), microsomal UGTs were first 

activated as described in the previous section (3.5.1.2). The addition of the NADPH 

regeneration system and UDPGA made it possible to investigate simultaneous 

CYP- and UGT-mediated transformation. The optimal composition and handling of the 

incubations were determined in preliminary tests. The aim was to obtain a similar 

conversion rate for the coupled method compared to the individual CYP and UGT 

incubations. In addition to SKL and its metabolites, the DAA should also provide similar 

results in stability and conversion for SRF. Numerous modifications of the 

experimental conditions were made, since both CYP and UGT activity could be 

influenced by components of the reaction mixture. For example, different 

concentrations of MgCl2, as well as ß-NADPH and UDPGA were tested. The potential 

influence of saccharolactone and bovine serum albumine (BSA) was also examined. 
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The final composition and optimal procedure are described in chapter 5.2.8.5. In 

addition, the chromatographic separation method was optimized in order to separate 

the three glucuronides of SKL in all species for analysis. The common test systems 

HLM RLM, MLM, DLM and CMLM were used.  

 

The metabolic stabilities and the relative amounts of glucuronides obtained by the DAA 

of 10 µM SKL are summarised in tables 51 and 52. 
 

 HLM RLM MLM DLM CMLM 
unchanged 

SKL [%] 84.9 79.7 50.0 87.3 74.5 
Tab. 51: Metabolic stability of 10 µM SKL after 120 min incubation by co-activation of 
microsomal CYPs and UGTs of human, rat, mouse, dog and monkey LMs. The results represent 
the mean values of two incubations per species. 

 HLM RLM MLM DLM CMLM 
pO-Glc [%] 3.6 1.5 20.1 3.9 1.9 
sO-Glc [%] 8.3 2.8 82.6 3.9 3.1 
N-Glc [%] 1.7 -/- -/- -/- -/- 

Tab. 52: Percentages of formed SKL Ph2 metabolites (pO-Glc, sO-Glc, N-Glc) after 120 min 
incubation by co-activation of microsomal CYPs and UGTs of human, rat, mouse, dog and 
monkey LMs. The initial concentration of SKL was 10 µM in each incubation. The results represent the 
mean values of two incubations per species. 

These results show that SKL appears to have the highest metabolic stability of 87.3 % 

in DLM and 84.9 % in HLM when CYPs and UGTs were simultaneous activated. RLM 

and CMLM are also similar to each other with values of 79.7 % and 74.5 %. With 50 %, 

the highest metabolic conversion of SKL has occurred in MLM. 
 

 
Fig. 56: Metabolic stability of SKL obtained after 120 min by addressing microsomal CYPs, UGTs 
either solely or co-activated of human, rat, mouse, dog and monkey LMs. The initial concentration 
of SKL was 10 µM in each incubation. The results represent the mean values of two incubations per 
species. The range of the two measured values is represented by error bars. 

HLM RLM MLM DLM CMLM

50

60

70

80

90

100

110

re
la

tiv
e 

am
ou

nt
 [%

]

CYP

UGT

Dual



Metabolic Conversion of Skepinone-L in vitro 

 115 

Directly compared (Fig 56), SKL shows in HLM a slightly lower stability during DAA 

than under Ph1 conditions. But related to UGT-mediated degradation it is significantly 

higher. Considering the resulting O-Glcs (Fig. 57) it is noticeable that their relative 

proportion increases slightly in the DAA compared to the UGT incubations. During 

co-activation the formation of N-Glc seems to be significantly reduced, which in turn 

explains the higher metabolic stability. This implies that the UGT isoform responsible 

for N-Glc formation is less active under DAA conditions. 
 

 
Fig. 57: Percentages of formed pO-Glc, sO-Glc and N-Glc obtained after 120 min incubation. 
Either by activated microsomal UGTs or co-activated CYPs and UGTs of human, rat, mouse, dog and 
monkey LMs. The initial concentration of SKL was 10 µM in each incubation. The results represent the 
mean values of two incubations per species. The respective range of the two measured values is 
represented by error bars. 

In RLM, the remaining amount of SKL after DAA is the lowest of all three analyses at 

79.7 %. However, it is similar to the CYP (82.0 %) and UGT conditions (85.8 %). Since 

it was not possible to separate the glucuronides under Ph2 conditions, a direct 

comparison between the two different assays was not possible. However, the 

differences between the percentages formed are very little, which is in alignment with 

the hardly changed amount of remaining SKL. In MLM, almost no CYP-mediated 

degradation of SKL could be observed. However, there was a high conversion in the 

presence of UGTs. This is most pronounced under DAA conditions. The metabolic 

stability decreased slightly by 4.5 to 50.0 %, but the relative amounts of the two 

glucuronides increased significantly. The pO-Glc increased by 12.8 to 20.1 %, while 

the sO-Gluc even rose by 38.5 to 82.6 %. Based on these relative quantities, it is 

obvious that the SKL glucuronides are very different from SKL in terms of ion yields. 

It has also not yet been clarified whether there is a linear relationship between 

concentration and signal intensity under the SKL-specific device parameters. To clarify 
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these questions, the glucuronides must be available and analysed as pure 

substances. In DLM, co-activation of both enzyme systems resulted in increased 

metabolic stability of SKL, although the glucuronide concentration slightly increased. 

Possibly, the conjugation reaction prevented metabolic degradation by CYPs resulting 

in an overall higher amount of unchanged SKL. In CMLM, the amount of SKL 

remaining after DAA was significantly lower than after Ph2, and thus comparable to 

CYP-mediated conversion. Glucuronide formation was also devided in half. 

 

In summary, the results obtained by DAA enables assumptions about the metabolic 

pathway of SKL in vitro in the species tested here. The examination of SKL in HLM 

initially showed a strong transformation with activated UGTs but was significantly 

reduced under DAA. This indicates that SKL has a high metabolic stability under 

in vivo-like conditions. In contrast, the degradation of SKL by co-activation is even 

more pronounced in MLM. Thus, in this rodent species, the main metabolic pathway 

of SKL appears to be via conjugation with glucuronic acid. In DLM SKL seemed to be 

metabolised mainly by CYPs. However, coupled transformation resulted in increased 

metabolic stability. In CMLM, the DAA confirmed the assumption that the metabolic 

degradation of SKL was primarily mediated by CYPs. These observations from the 

DAA clearly show that co-activation is much more meaningful than analyses of 

CYP- or UGT-mediated degradation alone in assessing the metabolic stability and 

metabolite formation of SKL. Moreover, it is not possible to draw conclusions from one 

species to another, nor is there a homogeneous picture within a genus such as rodent 

or non-rodent. 

Influence of Sorafenib on the Metabolic Stability of Skepinone-L 
The study of SKL and SRF drug-drug interactions was also performed by performing 

an DAA. The procedure was conducted as described previous in this section (3.5.1.3). 

The metabolic stabilities of SKL in the presence of SRF obtained by DAA are shown 

in figure 58. 
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Fig. 58: Metabolic stability in vitro of SKL solely and in the presence of SRF after 120 min 
incubation by co-activation of microsomal CYPs and UGTs of human, rat, mouse, dog and 
monkey LMs. The initial concentration of SKL was 10 µM in each incubation combined with either 5, 
10, 20 or 40 µM SRF. Results represent the mean values of two incubations per species and 
concentration. The respective range of the two measured values is represented by error bars. 

These are very similar to the results after UGT-mediated degradation. Despite some 

fluctuations no effect of SRF on the degradation of SKL in RLM and DLM could be 

observed. In MLM, SRF appears to suppress metabolic conversion in a concentration-

dependent manner. Thus, the percentage of unchanged SKL increases from 50.0 % 

to 57.9 %. An impact on the SKL concentration can also be observed in CMLM, but it 

is slightly lower with an overall change of 4.5 to 79.4 %. In summary, SRF appears to 

contribute to the increase in metabolic stability of SKL in the animal species tested 

here. HLM again shows a contrary result. Here, the amount of SKL decreases almost 

linearly from 84.9 % without SRF to a final 63.2 % in the presence of SRF. 
 

  SKL  + SRF 
  10 µM  5 µM 10 µM 20 µM 40 µM 

M#1 [%] HLM 0.0  0.3 0.4 0.5 0.7 
 RLM 0.7  0.6 0.6 0.9 0.5 
 CMLM 0.7  0.9 1.2 2.3 2.7 

M#2 [%] HLM 0.0  0.0 0.0 0.0 0.0 
 RLM 0.2  0.3 0.2 0.3 0.2 
 CMLM 0.2  0.3 0.3 0.7 0.7 

M#4 [%] HLM 0.0  0.0 0.0 0.0 0.0 
 RLM 0.0  0.0 0.0 0.0 0.0 
 CMLM 0.3  0.3 0.3 0.0 0.0 

Tab. 53: Percentage of formed SKL Ph1 metabolites after 120 min incubation in the presence of 
SRF. Thereby addressing co-activated microsomal CYPs and UGTs of human, rat and monkey LMs. 
The initial concentration of SKL was 10 µM in each incubation. Initial SRF concentrations were 5, 10, 
20 or 40 µM respectively. The results represent the mean values of two incubations per species. 
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Table 53 shows the relative amounts of SKL Ph1 metabolites in the absence or 

presence of SRF. In contrast to the CYP assay significantly fewer CYP-modified 

products were formed under DAA conditions. In MLM and DLM no formation of the 

metabolites investigated here could be observed. Moreover, M#3 and M#5 did not 

seem to be formed in any species. 

 

In HLM, only the conversion of SKL to M#1 could be observed. This seemed to be 

slightly increased by the presence of SRF. Although this is consistent with the 

observation from section 3.6.1.1, the relative amounts and differences are marginal. 

While M#4 was the main metabolite in RLM under Ph1 conditions, it was not observed 

during DAA. Thus, only M#1 and M#2 appeared to be formed in RLM. The addition of 

SRF does not seem to have any influence on their formation. Most metabolites 

appeared to be formed in CMLM. The formation of M#1 and M#2 seemed to be 

enhanced in the presence of SRF, whereas the formation of M#4 was suppressed. 

However, only M#1 showed a comparatively significant change of 2.0 %, whereas all 

others remained below 1.0 %. In summary, hardly any of the Ph1 metabolites M#1 to 

M#5 of SKL under DAA conditions were formed in all species tested here. 

Glucuronidation seems to be the main pathway of SKL metabolism. 

 

Regarding the formation of conjugated metabolites, the DAA results (Tab. 54) are 

similar to those obtained in Ph2 (3.5.1.2). 
 

  SKL  + SRF 
  10 µM  5 µM 10 µM 20 µM 40 µM 

pO-Glc [%] HLM 3.6  3.4 2.8 2.9 2.8 
 RLM 1.5  1.9 1.8 1.6 1.7 
 MLM 20.1  19.0 17.6 18.1 18.5 
 DLM 3.9  3.9 3.7 3.3 3.0 
 CMLM 1.9  1.9 1.7 2.1 2.2 

sO-Glc [%] HLM 8.3  7.5 6.1 6.0 6.1 
 RLM 2.8  2.7 3.5 2.0 1.8 
 MLM 82.6  79.6 76.1 74.3 65.7 
 DLM 3.9  4.1 3.7 3.8 3.3 
 CMLM 3.1  3.0 2.7 3.5 3.8 

N-Glc [%] HLM 1.7  3.3 4.3 7.6 12.9 
Tab. 54: Percentages of formed pO-Glc, sO-Glc and N-Glc after 120 min incubation of SKL in the 
presence of SRF. Thereby addressing co-activated microsomal CYPs and UGTs of human, rat, mouse, 
dog and monkey LMs. The initial concentration of SKL was 10 µM in each incubation. Initial SRF 
concentrations were 5, 10, 20 or 40 µM respectively. The results represent the mean values of two 
incubations per species. 
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Apart from minor deviations and fluctuations, either no change or only a slight 

decrease in the concentration of pO-Glc could be observed in the presence of SRF in 

all species. The formation of sO-Glc shows similar tendencies, but partly more 

pronounced. Thus, the presence of 40 µM SRF in HLM led to 2.2 % less sO-Glc. In 

MLM, the formation even decreased by 16.9 %. In RLM, DLM and CMLM increases in 

concentration are also occasionally observed. However, their differences compared to 

the percentage share without SRF do not exceed 1.0 % and can therefore not be 

considered as significant. The N-Glc formation in the absence of SRF was initially 

1.7 %, which was significantly lower than the 5.1 % generated in UGT-mediated 

transformation assay. However, a clear SRF-dependent increase in concentration 

could also be observed in DAA. The analysis with 40 µM SRF reaches with 12.9 % 

almost the same concentration as under Ph2 conditions. 

Metabolic Stability and Glucuronidation of Skepinone-L in Female Human Liver 
Microsomes 
The metabolic transformation of many marketed drugs is characterised by 

gender-specific differences [166]. These are due to the different expression levels of 

hepatic drug-metabolising enzymes in males and females [167]. In vivo 

pharmacokinetic studies of SKL in preclinical animal species have been performed in 

both sexes, whereas in vitro metabolism has only been studied in male microsomes. 

Therefore, it should be examined whether the metabolic transformation of SKL in vitro, 

glucuronidation in particular, is also subject to gender-specific differences. For this 

purpose, a DAA as described previously was performed with SKL in the presence of 

SRF in female HLM. 
 

  SKL  + SRF 
  10 µM  20 µM 40 µM 

unchanged 
SKL [%] 

 84.8  79.7 74.8 
 84.9  70.5 63.0 

pO-Glc [%]  2.1  1.7 1.8 
  3.6  2.9 2.8 

sO-Glc [%]  3.6  3.3 3.1 
  8.3  6.0 6.1 

N-Glc [%]  0.9  1.7 3.9 
  1.7  7.6 12.9 

Tab. 55: Metabolic stability of SKL and percentages formed pO-Glc, sO-Glc and N-Glc after 
120 min in the presence of SRF. Thereby addressing co-activated microsomal CYPs and UGTs of 
female and male human LMs. The initial concentration of SKL was 10 µM in each incubation. Initial 
SRF concentrations were 20 and 40 µM respectively. The results represent the mean values of two 
incubations per sex. 
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The presence of SRF led to a decrease in concentration of SKL in both. With 79.7 % 

and 74.8 % in the presence of 20 µM and 40 µM SRF, this was significantly less 

pronounced in female HLMs. Gender-specific differences can also be seen with regard 

to glucuronidation. The formation of the three SKL glucuronides is reduced by about 

half in female HLMs. The suppressive effect on oxygen-linked glucuronidation on the 

one hand and the enhancing effect on the formation of N-Glc on the other hand could 

also be observed in female HLMs in the presence of SRF. However, this is significantly 

less pronounced than in male HLMs.  

 

These results are not surprising as the HLMs that were used are characterised by their 

CYP content and UGT activities. Table 94 (Ch. 5.2.8.1) clearly shows that both content 

and activities are significantly lower in female than in male HLMs. Since this is 

comparable to the conditions in vivo, it can be assumed that both genders show clear 

differences with regard to the extent of metabolic transformation of SKL. In both 

genders, sO-Glc was formed the most, followed by pO-Glc and N-Glc. Thus, they differ 

only in the amount of unchanged SKL and the quantity of metabolites formed. 

Therefore, it can be assumed that the gender-related differences are reflected in a 

higher metabolic stability and lower metabolite formation in females, no further 

investigations of the metabolic transformation of SKL in vitro using female LMs were 

performed. 

N-Glucuronide Formation in the Presence and Absence of Alamethicin 
N-Glc formation increases significantly in the presence of SRF in a concentration-

dependent manner. As already explained, the peptide alamethicin is used to activate 

microsomal UGTs in order to study glucuronidation. Since enzyme induction is not 

possible in the system used, other factors must lead to the increased formation of 

N-Glc. Although it is assumed that alamethicin has no direct effect on a specific UGT 

isoform and its protein structure [168], an interaction with SRF cannot be excluded. 

This assumption was investigated by performing an UGT-mediated biotransformation 

assay in HLM according to the description given (Ch. 5.2.8.3). Incubations of 25 µM 

SKL with and without 75 µM SRF were performed in the presence and absence of 

alamethicin. The PARs obtained after 120 min of the generated SKL-glucuronides are 

shown in figure 59. 
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Fig. 59: Formation of pO-Glc, sO-Glc and N-Glc in HLM after 120 min. Incubations of 25 µM SKL 
were performed in non-activated and activated (+Ala) microsomal UGTs each in the absence or 
presence (+SRF) of 75 µM SRF. The results represent the mean values of two incubations per analysis. 
The respective range of the two measured values is represented by error bars. 

The incubation of 25 µM SKL without activation of microsomal UGTs resulted in 1.2 % 

pO-Glc, 1.8 % sO-Glc and 1.1 % N-Glc. In the presence of alamethicin a distinct 

increase in the concentrations of all glucuronides was observed. But their relation to 

each other remained unchanged. Thus, sO-Glc was formed mainly in this analysis with 

4.7 %, followed by N-Glc at 3.0 % and pO-Glc with 2.4 %. 

 

The simultaneous incubation of SKL and SRF without alamethicin clearly shows a 

changed ratio of relative amounts. Thus, only 0.8 % pO-Glc and 1.4 % sO-Glc were 

formed in the presence of SRF. The main product is now N-Glc with 3.8 %. The 

co-incubation of SKL and SRF with the addition of alamethicin resulted in the same 

tendencies. The formation of only 1.4 % pO-Glc and 2.9 % sO-Glc was observed. 

N-Glc was again the most conjugated product with 7.9 %. In addition, the formation of 

the nitrogen-linked SRF-glucuronide was determined. But its relative amount showed 

no significant change with values of 0.2 % in the absence and 0.3 % in the presence 

of alamethicin (data not shown). 

 

This clearly demonstrates that the increased formation of N-Glc in the presence of 

SRF is not due to alamethicin. Indeed, an effect of alamethicin on the formation of 

glucuronides can be observed. However, this is not due to the interaction of 

alamethicin with SRF. Through pore-forming in the microsomal membrane, the latency 

period until the substrate reaches the enzyme is eliminated. Thus, alamethicin does 

not seem to interact with SKL, SRF or the UGTs, but merely performs its function. This 

SKL 25 µM + Ala + SRF + SRF 
+ Ala

0

2

4

6

8

10
re

la
tiv

e 
am

ou
nt

 [%
] N-Glc

sO-Glc

pO-Glc



Results and Discussion 

 122 

suggests that SRF influences the UGT-mediated conversion of SKL which seems to 

be based on the specific induction of the N-Glc formation. 

Influence of Regorafenib on the Metabolic Stability of Skepinone-L 
Regorafenib (RGF) has high structural similarities to SRF (Fig. 60). RGF belongs also 

to small molecule multi-kinase inhibitors and is approved for the second-line treatment 

of HCC [169].  
 

Sorafenib  Regorafenib 

 

 

 
Fig. 60: Structures of multi-kinase inhibitors Sorafenib (SRF) and Regorafenib (RGF). 

Due to the structural similarity and potency [170] a combined therapy of SKL and RGF 

for the treatment of HCC in human could also be considered. Therefore, DAA was 

used to investigate whether the enhancing effect on the formation of SKL N-Glc is 

induced only by SRF or also by RGF. For this purpose, 10 µM SKL were incubated in 

HLM with different concentrations of RGF. 
 

 
Fig. 61: Formation of pO-Glc, sO-Glc and N-Glc in HLM after 120 min in the presence of RGF. 
Thereby addressing co-activated CYPs and UGTs of human LM. The initial concentration of SKL was 
10 µM in each incubation. Initial RGF concentrations were 5, 10, 20 or 40 µM respectively. The results 
represent the mean values of two incubations per analysis. The respective range of the two measured 
values are represented by error bars. 

Figure 61 clearly illustrates that the presence of RGF also influences the metabolic 

conversion of SKL by conjugation with glucuronic acid. Thus, the formation of pO-Glc 
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decreases from 4.8 % without RGF to 3.3 % with 40 µM RGF. The sO-Glc shows a 

decrease of 2.4 % from 9.2 % to 6.8 %. In contrast, SKL N-Glc is formed more when 

RGF is added. This was already observed in incubations with SRF. Its percentage 

share increases in dependance of the concentration of RGF added. Without RGF only 

2.2 % of N-Glc was formed. In contrast, the presence of 40 µM RGF resulted in 

18.1 %. Thus, the inducing effect on the N-Glc formation could also be observed in the 

presence of RGF. This allows the conclusion that not a single substance but rather a 

class of compounds initiates the underlying processes. 

Influence of Sorafenib on Glucuronide Formation of Trifluoperazine 
The previous study shows that the observed influence on the SKL N-Glc formation 

does not seem to be only dependent on SRF. The same effect occurred in the 

presence of RGF which is structurally similar to SRF. Thus, the question should now 

be clarified whether the increased N-linked glucuronidation is directly related to SKL. 

It could also be possible that SRF affects the nitrogen-bound glucuronidation of each 

substrate of the responsible UGT isoform. In the following section (3.5.2) the reaction 

phenotyping of SKL glucuronidation is described. Among other things, this shows that 

a known substrate of the UGT isoform that catalyses the N-glucuronidation of SKL is 

trifluoperazine (TFP) [171]. 
 

trifluoperazine N-glucuronidation 

 

 

 

 
Fig. 62: Structures of (left) trifluoperazine and (right) trifluoperazine-N-glucuronide. 

DAA was used to investigate the potential effect of SRF on TFP-N-glucuronide 

formation in HLM. This was conducted analogously to the procedure described 

previously. The chromatographic and MS/MS conditions are given in table 102 

(Ch. 5.2.8.5). The added concentrations of SRF were 10 and 40 µM. 
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 TFP  + SRF 
 10 µM  10 µM 40 µM 

unchanged TFP [%] 44.0  39.3 42.4 
TFP-N-Glc [%] 7.6  6.6 5.8 

Tab. 56: Metabolic stability of TFP and percentages of formed TFP- N-Glc after 120 min 
incubation in the presence of SRF. Thereby addressing co-activated CYPs and UGTs of human LM. 
The initial concentration of TFP was 10 µM in each incubation. Initial SRF concentrations were 10 or 
40 µM respectively. The results represent the mean values of two incubations per analysis. 

Table 56 surprisingly shows a decrease in TFP-N-Glc formation. The initial 7.6 % were 

reduced to 5.8 % in the presence of 40 µM SRF. However, the observed amount of 

unchanged TFP shows inhomogeneous values. It is possible that TFP is additionally 

metabolised by microsomal CYPs or other UGT isoforms which could influence both 

metabolic stability and N-Glc formation. Therefore, the influence of SRF on TFP-

N-glucuronidation was investigated on the recombinant UGT isoenzyme (upcoming 

section 3.5.3.5). 

3.5.2. Biotransformation of Sorafenib in the Presence of Skepinone-L in 
Liver Microsomes 

The metabolic transformation of SRF has been extensively investigated and 

elucidated since it is already approved for the treatment of HCC in humans under the 

trade name Nexavar® [100, 172]. However, there is a lack of data on whether and to 

what extent the biotransformation of SKL and SRF is influenced by their simultaneous 

presence. An interaction of SRF on the metabolic conversion of SKL in vitro could be 

observed as described in the previous chapter. Since interactions are usually based 

on reciprocity, the investigation of a possible influence of SKL on the in vitro 

transformation of SRF should also be examined. For this purpose, the metabolic 

stability of SRF was first determined in the test system of the respective species. 

Subsequently, co-incubations with different amounts of SKL were performed. Any 

differences that may occur with regard to metabolic stability and the formation of 

metabolites can most likely be attributed to the presence of SKL. 

 

The in vitro studies also included CYP- and UGT-mediated biotransformation as well 

as metabolic transformation with co-activation of both enzyme systems. LMs from 

humans, rats, mice, dogs and monkeys served as test systems. 
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3.5.2.1. Influence of Skepinone-L on the CYP-mediated Biotransformation 
of Sorafenib 

The study of the CYP-mediated transformation of SRF was performed in analogy to 

the metabolic stability determination of SKL (3.5.1.1). The results obtained by 

duplicate determination are shown in figure 63. 
 

 
Fig. 63: Metabolic stability in vitro of SRF solely and in the presence of SKL after 120 min 
incubation by addressing microsomal CYPs of human, rat, mouse, dog and monkey LMs. The 
initial concentration of SRF was 10 µM in each incubation combined with either 5, 10, 20 or 40 µM SKL. 
Results represent the mean values of two incubations per species. The respective range of the two 
measured values are represented by error bars. 

The results show that SKL seems to have an influence on the metabolic stability of 

SRF in vitro under CYP conditions. Thus, in each of the species tested here, there is 

a shift in the relative amount of unchanged SRF. In HLM, RLM and CMLM an overall 

increase in unchanged SRF can be observed in association with SKL. Up to 6.5 % 

more SRF in HLM and up to 5.9 % more SRF in RLM were detected. In the presence 

of 40 µM SKL in CMLM the increase in concentration of SRF is 4.9 %, despite some 

clear fluctuations. In contrast, the metabolic stability of SRF seems to decrease by 

addition of SKL in MLM and DLM. With a reduction of 4.9 % in MLM and 6.5 % in DLM 

this decrease is quite pronounced despite slight variations. As already mentioned, 

increased metabolic transformation through enzyme induction is actually not possible 

in the system used here. Therefore, the reasons for the reduced metabolic stabilities 

of SRF in the presence of SKL are still unclear.  
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The potential influence of SKL on the formation of primary SRF Ph1 metabolites NOX, 

HOM and DES was additionally examined (Tab. 57). 
 

  SRF  + SKL 
  10 µM  5 µM 10 µM 20 µM 40 µM 

NOX [%] HLM 11.1  11.2 11.9 11.0 8.7 
 RLM 0.4  0.4 0.4 0.4 0.6 
 MLM 0.8  1.4 2.3 3.4 4.2 
 DLM 0.1  0.1 0.1 0.2 0.2 
 CMLM 7.7  9.1 7.2 9.9 8.4 

HOM [%] HLM 4.9  4.7 5.3 5.5 4.5 
 RLM 1.7  1.5 1.4 1.3 1.3 
 MLM 3.0  2.4 2.2 2.4 2.0 
 DLM 2.7  2.7 3.7 3.9 4.0 
 CMLM 3.3  4.2 3.4 5.6 6.7 

DES [%] HLM 0.6  0.6 0.7 0.7 0.6 
 RLM 0.3  0.3 0.2 0.2 0.3 
 MLM 0.6  0.5 0.5 0.6 0.5 
 DLM 0.2  0.3 0.3 0.3 0.4 
 CMLM 0.9  1.0 0.9 1.2 1.3 

Tab. 57: Percentages of formed oxidative metabolites NOX, HOM and DES of SRF after 120 min 
incubation in the presence of SKL. Thereby addressing microsomal CYPs of human, rat, mouse, dog 
and monkey LMs. The initial concentration of SRF was 10 µM in each incubation. Initial SKL 
concentrations were 5, 10, 20 or 40 µM respectively. The results represent the mean values of two 
incubations per species.  

The metabolic transformation of 10 µM SRF mediated by CYP enzymes observed 

here, reflects roughly the findings reported in literature [172]. Thus, NOX, which is also 

pharmacologically active [93], was formed most in HLM and CMLM with 11.1 % and 

7.7 %, respectively. In contrast, it occurred only slightly in RLM, MLM and DLM with a 

maximum of 0.8 %. In these species, the formation of HOM was predominant with 

3.0 % in MLM, 2.7 % in DLM and 1.7 % in RLM. It represents the second most 

abundant metabolite in HLM with 4.9 %. The minor metabolite was DES, which was 

formed only in small amounts (0.2 to 0.9 %) in each species tested here. In the 

scientific discussion of Nexavar® (SRF), the in vitro metabolite profile of the rhesus 

monkey is considered to be most similar to that of humans [100]. In this study the 

closest correlation in in vitro metabolite formation to humans was observed in CMLM, 

too. The addition of SKL does not seem to have any significant effect on the metabolite 

formation of SRF in HLM. The relative amount of HOM shows both slight increases 

and decreases. In contrast, the amount of DES remained almost unchanged. After an 

initial increase, only NOX shows a decrease in the presence of 40 µM SKL. However, 

this is less than the increase in metabolic stability. In RLM, the amounts of NOX and 

DES remained almost unchanged. The formation of HOM showed a very slight 
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decrease after the addition of SKL. This does not correlate directly with the increased 

amount of unchanged SRF in terms of relative amounts, either. The percentages of 

DES also remained unchanged in MLM. For HOM, a decrease by a total of 1.0 % to 

2.0 % could be observed. The relative amounts of NOX obtained show a significant 

increase. Only 0.8 % was formed without SKL but in the presence of 40 µM SKL this 

amount was 4.2 %. This increase also explains the decrease in the metabolic stability 

of SRF in MLM in the presence of SKL. Similar trends can be observed in DLM. 

However, the amount of NOX remained almost unchanged, whereas the amount of 

HOM formed increased from 2.7 % to 4.0 %. DES also showed an increase from 0.2 % 

to 0.4 %. Particularly unexpected results with regard to metabolite formation in the 

presence of SKL can be observed in CMLM. Despite fluctuations, an increase of about 

5 % in unchanged SRF was observed. However, the three Ph1 metabolites also 

appeared to be formed more frequently, which contrasts with the increased metabolic 

stability of SRF. However, the relative amounts of NOX and DES formed showed some 

fluctuations. Moreover, the difference to the analysis without SKL is not very 

pronounced and is -0.5 % to 2.2 % for NOX and 0.1 % to 0.4 % for DES. In contrast 

there was a plus of HOM with 3.4 % in the presence of 40 µM SKL. One of the reasons 

for the increased metabolic stabilities of SRF and the reduced formation of metabolites 

in the presence of SKL may be the affinity to the substrate. Another reason could be 

the inhibition of the corresponding CYP isoform. Furthermore, alterations in solubility 

and thus availability in the incubation mixture could influence the results. 

 

SRF is known to undergo metabolic transformation by hydroxylation and N-oxidation 

selectively catalysed by human CYP3A4 [92]. Interestingly, the major metabolite NOX 

is known to inhibit this isoform [147]. CYP3A8 in CMLM shows the strongest similarity 

to human 3A4. Both murine and canine CYP3A isoforms show some parallels to 

humans. Although six CYP3A isoforms are expressed in rats, there are many 

discrepancies in the biotransformation of numerous xenobiotics between rats and 

humans [157]. This explains the differences in the resulting Ph1 metabolites of SRF in 

the species tested here. Another secondary biotransformation pathway, where NOX 

is enzymatically reduced to SRF was described by Gillani et al. [93]. The formation of 

SRF due to the reduction of previously formed NOX could influence the results of the 

microsomal incubations. Therefore, the CYP-mediated conversion of NOX in HLM was 

investigated. Within 180 min, neither the formation of SRF nor a significant 
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degradation of NOX could be observed in any of the three incubation mixtures (Data 

not shown). Consequently, an enzymatically induced reduction of NOX to SRF under 

the conditions used here in HLM can be excluded. Thus, the underlying processes 

regarding the increased metabolite formation of SRF in the presence of SKL remain 

unclear. 

3.5.2.2. Influence of Skepinone-L on the UGT-mediated 
Biotransformation of Sorafenib 

A potential influence of SKL on the UGT-mediated conjugation of SRF should be 

examined since N-glucuronidation of SRF accounts for 15 % of elimination in 

humans [173]. Therefore, Ph2 incubations of 10 µM SRF solely and in combination 

with either 5, 10, 20 or 40 µM SKL in HLM, MLM, DLM and CMLM were performed. 

Further experimental setup and the chromatographic conditions are described in 

chapter 5.2.8.3. UGT1A9 is known to be the responsible UGT isoform of SRF 

N-glucuronidation [174]. In rats no glucuronidation of SRF occurs because Ugt1a9 is 

a pseudogene [46], thus no functional protein is expressed. For this reason, the 

possible interaction of SKL on the Ph2 metabolism of SRF was not studied in RLM. 
 

 
Fig. 64: Metabolic stability in vitro of SRF solely and in the presence of SKL after 120 min 
incubation by addressing activated microsomal UGTs of human, mouse, dog and monkey LMs. 
The initial concentration of SRF was 10 µM in each incubation combined with either 5, 10, 20 or 40 µM 
SKL. Results represent the mean values of two incubations per species and concentration. The 
respective range of the two measured values are represented by error bars. 

10 µM
 SRF

+ 5 µM
 SKL

+ 10 µM
 SKL

+ 20 µM
 SKL

+ 40 µM
 SKL

40

50

60

70

80

90

100

re
la

tiv
e 

am
ou

nt
 [%

]

HLM

MLM

DLM

CMLM



Metabolic Conversion of Skepinone-L in vitro 

 129 

Figure 64 illustrates that SRF has a high metabolic stability in HLM and DLM towards 

UGT-mediated transformation. In both species only very small changes in percentages 

of remaining SRF occurred in the presence of SKL. As observed for SKL, SRF was 

heavily degraded in MLM. Starting with the addition of 20 µM SKL, the amount of SRF 

increased by 7.6 % to 53.8 % at 40 µM. The metabolic degradation of SRF in CMLM 

by UGTs is not quite as pronounced but nevertheless clearly observable. However, 

the addition of SKL led to a significant increase in stability. Thus, after 120 min, only 

67.2 % of the initial 10 µM SRF remained unchanged. In contrast, the addition of 

40 µM SKL resulted in a stability of 86.2 %. Table 58 shows the relative amounts of 

SRF-glucuronide (SRF-Glc) formed in HLM, MLM, DLM, and CMLM. 
 

  SRF  + SKL 
  10 µM  5 µM 10 µM 20 µM 40 µM 

SRF-Glc [%] HLM 0.9  1.4 0.7 0.9 0.7 
 MLM 17.5  16.5 15.5 15.2 13.3 
 DLM 0.0  0.0 0.0 0.0 0.0 
 CMLM 9.0  8.1 5.9 4.6 3.0 

Tab. 58: Percentages of formed SRF-N-glucuronide after 120 min incubation in the presence of 
SKL. Thereby addressing activated microsomal UGTs of human, mouse, dog and monkey LMs. The 
initial concentration of SRF was 10 µM in each incubation. Initial SKL concentrations were 5, 10, 20 or 
40 µM respectively. The results represent the mean values of two incubations per species. 

In HLM the SRF-Glc was formed only at a very low level of 0.7 % to 1.4 %. There 

seems to be no interaction with SKL. However, the amounts obtained here in vitro are 

below the 15 % of the applied dose reported for in vivo. These data include 

glucuronidated NOX in addition to SRF-Glc [173]. This cannot be formed in the 

absence of CYP enzymes. Moreover, in vivo-in vitro correlations usually require the 

determination as well as consideration of numerous factors and are therefore not 

hardly predictable. A high SRF-Glc formation occurred in MLM agrees with the 

observed metabolic stability. This is not surprising since the mRNA expression level 

of Ugt1a9 is very high in mouse liver [175]. As the concentration of co-incubated SKL 

increases, the amount of SRF-Glc appears to decrease. In the absence of SKL 17.5 % 

SRF-Glc was formed, which steadily impaired upon addition. Thus, only 13.3 % 

SRF-Glc was formed in the presence of 40 µM SKL. Despite UGT1A9 is functionally 

present in dogs no formation of SRF-Glc was observed in DLM. This result is 

consistent with descriptions from the literature. Thus, the specific substrate propofol is 

not glucuronidated in canine liver despite the expression of the responsible UGT 

isoform [46]. However, no comprehensive study of canine UGT expression levels has 
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been performed to date. CMLM also showed significant glucuronidation of SRF at 

9.0 %. This was significantly reduced after the addition of SKL. Incubation of SRF in 

the presence of 40 µM SKL resulted in a formation of only 3.0 % SRF-Glc. These 

results imply that SKL inhibits the specific UGT isoform responsible for SRF 

glucuronidation in vitro in MLM and CMLM. In HLM, no influence of SKL on SRF-Glc 

formation could be observed. The sum of the relative amounts of remaining SRF and 

formed SRF-Glc show high differences to the assumed value of 100 %, especially in 

MLM. Possibly, the formation of additional, non-detected glucuronides occurred in 

MLM and CMLM. Most likely, the difference is due to the specific ion yields generated 

by the ESI-source of SRF and its N-glucuronide. The latter was not available as a pure 

substance. Therefore, this assumption could unfortunately not be verified. Overall, the 

UGT-mediated transformation of SRF in the presence of SKL seems reasonable. 

3.5.2.3. Influence of Skepinone-L on the CYP and UGT Co-Activated 
Biotransformation of Sorafenib 

The metabolic conversion of SRF also showed clear differences between the CYP and 

UGT-mediated incubation assays in all species tested. However, both processes are 

not separated in vivo. In addition, there is the possibility that oxidative products are 

subsequentially conjugated with glucuronic acid. This is already known for the Ph1 

major metabolite NOX [173]. Therefore, the metabolic transformation of SRF in the 

presence of SKL in HLM, RLM, MLM, DLM and CMLM under DAA reaction conditions 

was examined. 

 

The obtained relative stabilities of SRF after 120 min DAA are shown in figure 68. The 

percentage of unchanged SRF in co-activated conditions increases in the presence of 

SKL in all species, or remains almost unchanged, despite some fluctuations. A 

particularly strong increase by addition of SKL was observed in HLM. Although this 

effect was already evident in the Ph1 incubation system, the overall change was only 

6.5 %. However, in DAA conditions an increase of almost 18 % was observed. The 

stability of SRF in MLM and DLM even showed a decrease of 4.9 % and 6.5 % 

following Ph1 incubations in the presence of SKL. In contrast, the stabilities obtained 

after performing DAA did not change significantly by addition of SKL in both species. 
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Fig. 65: Metabolic stability in vitro of SRF solely and in the presence of SKL after 120 min 
incubation by co-activation of microsomal CYPs and UGTs of human, rat, mouse, dog and 
monkey LMs. The initial concentration of SRF was 10 µM in each incubation combined with either 5, 
10, 20 or 40 µM SKL. Results represent the mean values of two incubations per species. The respective 
range of the two measured values are represented by error bars. 

  SRF  + SKL 
  10 µM  5 µM 10 µM 20 µM 40 µM 

NOX [%] HLM 10.8  11.2 11.4 10.6 7.8 
 RLM 0.2  0.2 0.3 0.2 0.2 
 MLM 0.4  0.9 1.3 2.4 3.9 
 DLM 0.0  0.0 0.0 0.0 0.0 
 CMLM 6.3  6.5 6.1 6.3 5.1 

HOM [%] HLM 4.9  5.2 5.3 5.2 4.3 
 RLM 2.9  2.6 2.3 2.3 1.9 
 MLM 4.1  4.0 3.7 3.1 2.8 
 DLM 2.1  2.1 2.6 2.6 2.8 
 CMLM 4.0  4.1 3.8 4.8 4.7 

DES [%] HLM 0.2  0.2 0.2 0.2 0.2 
 RLM 0.1  0.2 0.1 0.1 0.2 
 MLM 0.3  0.4 0.4 0.4 0.4 
 DLM 0.0  0.0 0.0 0.0 0.0 
 CMLM 0.4  0.4 0.3 0.3 0.3 

SRF-Glc [%] HLM 0.1  0.2 0.1 0.1 0.1 
 RLM 0.0  0.0 0.0 0.0 0.0 
 MLM 5.8  5.6 5.2 4.5 4.1 
 DLM 0.0  0.0 0.0 0.0 0.0 
 CMLM 1.1  1.0 0.7 0.7 0.5 

Tab. 59: Percentages of formed NOX, HOM, DES and SRF-Glc after 120 min incubation of SRF 
in the presence of SKL. Thereby addressing co-activated microsomal CYPs and UGTs of human, rat, 
mouse, dog and monkey LMs. The initial concentration of SRF was 10 µM in each incubation. Initial 
SKL concentrations were 5, 10, 20 or 40 µM respectively. The results represent the mean values of two 
incubations per species. 

The relative amounts of SRF metabolites formed under DAA conditions are given in 

table 59. They show some differences compared to the individual Ph1 and Ph2 
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studies, too. NOX was formed less in all species, but the tendencies remained 

unchanged with the addition of SKL. Thus, the relative amount decreased significantly 

by 3.0 % in HLM and slightly by 1.2 % in CMLM in the presence of 40 µM SKL. In RLM 

the minor amount of NOX produced remained unchanged with the addition of SKL. No 

NOX was formed during SRF incubation in DLM under DAA conditions. In contrast, 

the presence of SKL with SRF in MLM appeared to enhance the level of NOX 

generated. Thus, the relative quantity increased significantly from 0.4 % (without SKL) 

to 3.9 % (40 µM SKL). In HLM the percentage of HOM formed after DAA is the same 

as after single oxidative metabolism reaction studies. Although quite marginal, both 

increases and decreases were seen in the presence of SKL. In RLM and MLM a plus 

of 1 % HOM was formed than under CYP conditions but decreased to the same extent 

in the presence of SKL. Significant increases in HOM concentrations by addition of 

SKL in the Ph1 assay were observed in DLM and CMLM (Tab. 57, section 3.5.2.1). 

These effects were less significant in DAA. However, the tendency is visible in DLM, 

whereas the content of HOM fluctuated in CMLM. DES is formed even less under DAA 

conditions in all species than in the Ph1 incubation reaction system. In DLM, no 

formation is observed. The addition of SKL did not lead to a significant change in 

concentration in any species. 

 

The formation of SRF-Glc in DAA is significantly lower than in the absence of the 

NADPH-regeneration system. Only 5.8 % of 10 µM SRF in MLM were glucuronidated 

instead of 17.5 %. In CMLM conjugation decreased from 9.0 % to 1.1 %. Despite this 

significantly lower formation, the previously observed influence of SKL also occurred 

in DAA. Thus, in both species, the relative amount of SRF-Glc decreased in the 

presence of SKL. This effect was not as pronounced as in the UGT reaction incubation 

system due to the lower initial concentration formed. It was not possible to detect the 

glucuronidation of NOX in any of the tested species. The coupled oxidative-

conjugative reaction analysis of the metabolic transformation of SRF in the presence 

of SKL shows that there are not only advantages. Differences in SRF transformation 

observed during DAA were less pronounced than in the individual CYP- and UGT-

mediated analyses. Thus, the separate incubation reaction systems seemed to be 

more appropriate for examining the interaction of SKL on the biotransformation of 

SRF. It is possible to identify minor differences as well as trends in metabolite 

formation more clearly. Regardless of the assay used, a change in the metabolic 
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stability and metabolite formation of SRF was observed in all species tested linking to 

the presence of SKL. The conversion of SRF to NOX appeared to be reduced by SKL 

in HLM and CMLM. In contrast, an increase was observed in MLM. On the one hand 

the presence of SKL led to a lower formation of HOM in HLM, RLM and MLM and on 

the other hand to an increased formation in DLM and CMLM. Only the relative content 

of DES formed in all species did not seem to be influenced by SKL. The transformation 

of all CYP-mediated reaction products of SRF is only catalysed by the human CYP3A4 

isoform [94]. Apart from the unlikely induction in the given test system, selective 

inhibition of individual metabolites is also not possible. This would result in a reduced 

formation of all SRF Ph1 metabolites. It is possible that more than one CYP isoform is 

involved in the conversion of SRF into its different metabolites in the preclinical 

species. However, no increase in concentration resulting from the induction of the 

corresponding enzyme is possible, meaning that this observation remains 

unexplained. Regarding the glucuronidation of SRF, the addition of SKL seems to 

reduce the formation of SRF-Glc in a concentration-dependent manner. This suggests 

an inhibition of UGT1A9. However, this is mainly observed in MLM and CMLM. Mouse 

Ugt1a9 and monkey UGT1A9 are functional, but they are also subject to inter-species 

differences in terms of substrate specificity and catalytic activity [176],[177]. Therefore, 

further studies must clarify whether and to what extent human UGT1A9 is inhibited by 

SKL. There are obvious differences in the formation of SRF metabolites between the 

individual Ph1 and Ph2 studies and the coupled oxidative-conjugative reaction 

analyses. However, it can be assumed that the DAA setup corresponds closely to the 

actual situation in vivo. For this, it remains to be noted that SKL significantly increases 

the metabolic stability of SRF in HLM. This could be advantageous with regard to the 

intended combination therapy. 

3.5.2.4. Structure Elucidation of Skepinone-L Glucuronides 

In the previous chapters, it was already mentioned that the in vitro glucuronidation of 

SKL results in the generation of three products. The formation of pO-Glc and sO-Glc 

was observed in all species tested here, while N-Glc appears to be formed only in 

human LM. The identification and structural elucidation of these SKL glucuronides is 

described below. 
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During preliminary experiments of SKL in HLM in the presence of UDPGA as well as 

activated UGTs, the formation of initially two conjugation products was observed. The 

mass spectrum of the reaction products obtained using full scan mode is shown in 

figure 66. This illustrates that the compounds formed have an m/z ratio of 601.9 to 

603.0. SKL has a molecular weight of 425.43 g/mol and conjugation with glucuronic 

acid would result in the theoretical m/z ratios of 601.2, 602.2 and 603.2. Therefore, the 

obtained m/z ratios allow the conclusion that these are glucuronides of SKL. 
 

 
Fig. 66: Mass spectrum of postulated SKL-glucuronides with m/z values of 601.90 and 602.95 
acquired in full scan mode. 

Figure 67 shows the superimposed chromatograms resulted from different UGT 

reaction mixtures. The analysis a1 of SKL shows two clear product peaks after 60 min 

in the Ph2 incubation system. These increase in intensity after 120 min incubation, as 

the chromatogram of a2 shows. In contrast, no peaks could be detected at the same 

retention time after 120 min incubation in b, without UDPGA or c, the absence of SKL. 

These results of the different reaction mixtures as well as the obtained mass spectrum 

of the reaction products clearly show that the metabolites formed are most likely 

glucuronides of SKL. 
 

 
Fig. 67: Chromatograms of intensity over time resulted from preliminary incubations of SKL after 
60 min (a1, purple) and 120 min (a2, green) in the presence of human microsomal UGTs. In addition, 
the results after 120 min Ph2 incubation in the absence of UDPGA (b, red) and without SKL (c, black) 
are shown. 
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Subsequently, the analytical method was optimised to achieve a baseline separation 

of the two glucuronides formed. For this purpose, SKL was incubated at a high 

concentration of 75 µM in the Ph2 reaction system in well available and relatively 

low-cost RLM. Figure 68 illustrates the SKL glucuronides formed after 120 min. 

Multiple reaction monitoring analysis ensured that both occurring peaks were 

glucuronides of SKL. Unlike in the previous experiments, these are clearly separated 

from each other with retention times of 9.9 and 11.3 min. 
 

 
Fig. 68: LC-MS/MS chromatogram of SKL-glucuronides eluting at 9.9 and 11.3 min. Metabolite 
formation was analysed after 120 min Ph2 incubation of 75 µM SKL in rat LM. 

 
Fig. 69: LC-MS/MS chromatogram of SKL-glucuronides eluting at 4.3, 9.9 and 11.3 min. Metabolite 
formation was analysed after 120 min Ph2 incubation of 75 µM SKL in human LM. 

The same conditions were used for the incubation of 75 µM SKL in HLM. Surprisingly, 

the chromatogram obtained (Fig. 69) shows a third peak at a retention time of 4.3 min. 

Based on its m/z ratio and further control incubations, it can be assumed that the third 

peak is also a glucuronide of SKL. In the chromatogram obtained from the preliminary 

experiment, there was therefore obviously an insufficient separation of the three 
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metabolites. This initially led to the erroneous assumption that only two, instead of 

three SKL glucuronides are formed in vitro. However, one of these three glucuronides 

do not seem to be formed in RLM. 

 

SKL possesses three possible binding sites for the conjugation of glucuronic acid 

(Fig. 70a). Thus, oxygen-bound glucuronides could be formed at the glycerol residue 

of SKL in both primary (1) and secondary (2) positions. The third possibility would be 

the formation of a tertiary nitrogen-bound (3) SKL glucuronide. The chromatogram 

(Fig. 70b) obtained after Ph2 incubations of SKL in HLM, show that the three 

glucuronides (i), (ii) and (iii) were formed. These share the same m/z ratio but differ in 

their retention behaviour. Chromatographic separation indicates that (i) exhibits 

marked differences in polarity compared to (ii) and (iii). The latter two have similar 

retention times and are thus probably structurally very similar to each other. 
 

a) possible glucuronic acid 
binding sites of SKL b) chromatogram of formed SKL-

glucuronides 

 

 

 
Fig. 70: Possible binding sites of SKL (a) for conjugation with glucuronic acid to form (1) primary- 
or (2) secondary oxygen-linked as well as tertiary nitrogen-bound (3) glucuronides. LC-MS/MS 
chromatogram (b) of formed glucuronides (i), (ii) and (iii) obtained after 120 min Ph2 incubation of 75 µM 
SKL in HLM. 

The respective binding site of the glucuronic acid can provide information about the 

UGT isoforms involved. This in turn is important for the investigation of drug-drug 

interactions or adverse side effects due to genetic polymorphism. Therefore, the 

structure elucidation of the in total three different SKL glucuronides was essential. 

 

For this purpose, structural analogues of SKL were incubated in the presence of 

activated human liver microsomal UGTs. In order to obtain sufficient glucuronides, the 
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initial substrate concentration was 100 µM and the incubation time 6 h. Further 

experimental setup and the applied chromatographic conditions are given in table , 

chapter 5.2.7.4. Figure 71 shows the structures of the SKL derivatives examined and 

the resulted LC-MS/MS chromatogram of their glucuronides respectively. 
 

SKL derivative chromatogram of formed glucuronides 

a)  

 

 

N-methyl-SKL 

b)  

 

 

FS352 

c)  

 

 

SK845 

Fig. 71: Structures of SKL derivatives and their corresponding LC-MS/MS chromatogram of 
formed glucuronides after 6 h Ph2 incubations of 100 µM substrate in HLM. Blocking of the nitrogen 
binding site by a methyl group (a) as well as the exchange by oxygen (b) led to the formation of two 
glucuronides each. c) The absence of the secondary oxygen of the glycerol residue of SKL also results 
in the formation of two glucuronides.  
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SKL derivative chromatogram of formed glucuronides 

d)  

 

 

SK558 

e)  

 

 

FS332 

Fig. 72 (Continuation of fig.71): Structures of SKL derivatives and their corresponding 
LC-MS/MS chromatogram of formed glucuronides after 6 h Ph2 incubations of 100 µM substrate in 
HLM. Only one glucuronide is formed (d) when the glycerol residue is replaced by a methyl group. e) 
The replacement of nitrogen by oxygen and of the glycerol residue by a methyl group suppresses any 
glucuronide formation. 

The derivative glucuronides differ structurally and thus also in their physicochemical 

properties from the SKL glucuronides. It was therefore to be expected that they have 

different retention behaviour. Nevertheless, due to the number of glucuronides formed, 

as well as the difference in their retention times, both similarities and differences to 

SKL could be assessed. 

 

Compared to SKL, N-methyl-SKL (Fig. 71a) and FS352 (Fig. 71b) have only two 

hypothetical binding sites. This is due to the methylation of the nitrogen or its 

replacement by oxygen. This leaves only the primary and secondary hydroxy group of 

the glycerol residue as conjugation sites. The resulting chromatograms confirm these 

assumptions. After incubation of both SKL derivatives, the formation of two 

glucuronides can be observed. These show similar retention behaviour to each other, 

comparable to the SKL glucuronides (ii) and (iii) from figure 73b. The SKL derivative 

SK845 (Fig. 71c) has a hydroxypropoxy residue instead of a glycerol residue, and thus 

two possible binding sites. Whereby one would result in an oxygen bound glucuronide 
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and the other in a nitrogen-linked one. The related chromatogram shows the formation 

of two conjugation products. Compared to the results of the previous structural 

analogues, these glucuronides appear to show very different retention behaviour and 

thus have different polarities. The first eluting peak is comparable to the SKL 

glucuronide (i) (Fig. 70b). In contrast, the metabolite with higher retention time is most 

likely (ii) or (iii) shown in figure 70b. Of the three possible binding sites in SKL, its 

derivative SK558 (Fig. 72d) only possesses the nitrogen since the glycerol residue has 

been replaced by a methyl group. As expected, this results in the formation of only 

one glucuronide. If, on the other hand, none of the three possibilities of conjugation 

with glucuronic acid postulated for SKL are present, as in the case of FS332 (Fig. 72e), 

glucuronide formation is completely suppressed. 

 

The incubations of the SKL structural analogues led to the result that the binding sites 

postulated for SKL are actually conjugated with glucuronic acid in vitro. Thus, a total 

of three SKL glucuronides were apparently formed in vitro by UGT-mediated 

conjugation. In two of them, the glucuronic acid is bound via oxygen. The third 

conjugate product is most likely the glucuronide bound to the nitrogen. The analytical 

separation of the conjugation products (ii) and (iii) (Fig. 70b) was challenging in the 

preliminary stage. This suggests strongly similar physicochemical properties to each 

other, which could be based on close structural similarities. This indicates separate 

glucuronidation at the primary and secondary hydroxyl group of the glycerol moiety. 

Therefore, the first eluting peak (i) with a retention time of 4.0 min is most likely the 

tertiary nitrogen bound SKL glucuronide. However, Ph2 incubations of SKL 

demonstrated that the N-linked glucuronide is not generated in LMs of rat, mouse, dog 

and monkey. Thus, it seems to occur in human LM only. 

 

The formation of the three SKL glucuronides in HLM could be confirmed in the 

research group "Clinical Pharmacogenomics and Cancer" of the IKP Stuttgart 

(Germany) under the direction of Prof. M. Schwab. In figure 73 a representative 

LC-MS/MS chromatogram generated there after UGT-mediated conversion of SKL in 

HLM is given. In addition, two of the three SKL glucuronides could be chemically 

synthesised by this research group. Thus, it was possible to confirm the hypothesised 

structures of at least the two O-linked glucuronides. The exact binding site of the 
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glucuronic acid and the elution order could also be identified using the pure 

substances. 

 
Fig. 73: LC-MS/MS chromatogram and the related structures of SKL-glucuronides. First the N-Glc 
(i) elutes after 2.9 min followed by the sO-Glc (ii) after 9.0 min and the pO-Glc (iii) after 9.4 min. 
Metabolite formation was analysed after Ph2 incubation of 100 µM SKL in human LM. LC-MS/MS 
chromatogram with the kind permission of the Clinical Pharmacogenomics and Cancer research group 
(IKP Stuttgart). *structure of the N-Glc and peak assignment not verified 

Thus, the substance was identified from peak (ii) (Fig. 70b, 73) as the secondary SKL 

glucuronide (sO-Glc) and metabolite (iii) is the primary bound glucuronide of SKL 

(pO-Glc). Consequently, the first eluting substance (i) must be the postulated nitrogen-

linked glucuronide (N-Glc), as previously assumed. Unfortunately, this could not be 

verified by means of pure substance, since a chemical synthesis of N-Glc has not been 

possible so far. The enzymatic in vitro synthesis using liver microsomes was not 

economically justifiable due to the low yield in contrast to the incubation components 

to be used in large quantities. 

3.5.2.5. Intensity of Oxygen-linked Skepinone-L Glucuronides 

The relative amounts of glucuronides formed during the LM incubations of SKL 

exceeded the theoretically possible 100 % in some cases. This suggested that under 

the chromatographic conditions applied, the conjugates possess significantly higher 

ion yields than SKL itself. It was possible to verify this for pO-Glc and sO-Glc on the 
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basis of the available reference substances. For this purpose, blank plasma was 

spiked with exactly equal amounts of both O-linked glucuronides and SKL itself and 

processed as described earlier. The final concentration of all analytes was 10 µM 

each. The chromatogram obtained by LC-MS/MS analysis is shown in figure 74. 
 

 
Fig. 74: LC-MS/MS chromatogram of sO-Glc, pO-Glc and SKL at 10 µM each in order to compare 
their specific ion yields. 

This demonstrates clearly that the peak areas of the glucuronides significantly exceed 

those of SKL despite equal concentrations. Thus, the sO-Glc eluting at 10.25 min 

shows a peak area 3.3-times larger than SKL. The area of pO-Glc even exceeds that 

of SKL by 4.6-times. Thus, the assumption of strongly different ion yields of SKL and 

its O-glucuronides is confirmed. Unfortunately, this could not be verified for the N-Glc 

as this was not available as a pure substance. 

3.5.2.6. Inhibitory Activity of Oxygen-Linked Skepinone-L Glucuronides 

against p38a  Mitogen-Activated Protein Kinase 

In general, glucuronidation leads to the metabolic deactivation of endogenous and 

exogenous compounds [42]. In contrast to Ph1 reaction products, glucuronides are 

therefore commonly considered to be pharmaceutically inactive. However, some 

glucuronides are known to exhibit pharmaceutical activity comparable to that of their 

parent compound [178]. The previous results suggest that SKL undergoes metabolic 

conversion mainly by glucuronic acid conjugation reactions. The resulting 

glucuronides seem to represent the major in vitro metabolites, in almost all species 

tested here. Moreover, in human liver microsomal incubations, pO-Glc, sO-Glc and 

N-Glc appear to be the only metabolites of SKL that were formed in significant 

amounts. Since SKL is a selective and highly potent inhibitor of p38a MAP 
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kinase [111], it should be examined whether its glucuronides also possess inhibitory 

properties. However, this could only be performed for pO-Glc and sO-Glc, as N-Glc 

was not available as pure substance. The inhibitory activity of pO-Glc and sO-Glc was 

tested by performing an enzyme-linked immunosorbent assay (ELISA). Here, the 

remaining activity of p38a MAP kinase in the presence of the potential inhibitors is 

determined photometrically. The concentrations of glucuronides used to study the 

kinase reaction were 0.001, 0.01, 0.1 and 1.0 µM, respectively. The well-known 

p38a MAP kinase inhibitor SB203580 served as reference and assay control. The 

further experimental set-up and procedure were performed in accordance with the 

description by Goettert et al. [179]. The concentration-response diagram (Fig. 75) 

shows the inhibitory effect of pO-Glc and sO-Glc compared to the reference 

SB203580. Both glucuronides appear to inhibit p38a MAP kinase potently to a similar 

extent. Thus, the calculated IC50 for pO-Glc is 3.7 nM and for sO-Glc 4.1 nM. These 

excellent inhibitory activities are similar to unchanged SKL which possesses an IC50 

of 5 ± 2 nM [143]. The stability of pO-Glc and sO-Glc in the ELISA kinase buffer for 

14 h at 37°C was examined and confirmed as described in chapter 5.2.9 (p38a-

Mitogen-Activated Protein Kinase Assay). Thus, it can be excluded that SKL was 

present in the assay as a result of hydrolytic cleavage. Hence, there was no influence 

of the parent compound on the IC50 values of pO-Glc and sO-Glc. 
 

 
Fig. 75: Inhibitory activities of pO-Glc and sO-Glc towards p38a MAP kinase determined by an 
enzyme-linked immunosorbent assay in accordance with Goettert et al. [179]. 

Due to the structural and physicochemical similarity of both glucuronides, a 

comparable inhibitory activity was expected. Nevertheless, both IC50 obtained are 

unexpected, since, as already mentioned, glucuronidation results predominantly in 

inactivation and enhanced excretion of the parent drug. To explain this supposed 

contradiction, the binding of SKL to the ATP-pocket of p38a MAP kinase must be 
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examined more closely. It is known that SKL induces a glycine-flip at the hinge region 

and interacts with the hydrophobic regions I (HR I) and II (HR II) [111]. As shown 

schematically in figure 76, the pinone core of SKL forms two hydrogen bonds with 

methionine (Met109) and glycine (Gly110) [155]. Another hydrogen bond is formed by 

the terminal OH-group of the 2,3-dihydroxypropoxy moiety of SKL with the backbone 

carbonyl of Gly110. In addition, the secondary amine of SKL forms a water-mediated 

hydrogen bond with phenylalanine (Phe169), among others [111]. 
 

 
Fig. 76: Graphical representation of the binding mode of SKL in the ATP-binding pocket of p38a 
MAP kinase. SKL forms polar interactions with the hinge region and addresses the hydrophobic 
regions I (HR I) and II (HR II). Two hydrogen bonds are formed with the carbonyl group of the SKL-
pinone core and the amide nitrogens of Met109 and Gly110. An additional hydrogen bond engages the 
backbone carbonyl of Gly110 and the terminal OH of the 2,3-dihydroxypropoxy moiety of SKL. The 
secondary amine of SKL is linked via a water-bridged hydrogen bond to the backbone amide of Phe169. 
Graphic adapted from [155] and [111]. 

Since the glucuronyl-residue of pO- and sO-Glc is solvent exposed, it has no or only 

a minor influence on the binding of the SKL scaffold in the active kinase. Thus, the two 

O-bound glucuronides of SKL can also induce the glycine-flip and interact with HR I 

and HR II. This explains why their inhibitory activities are similar to unchanged SKL. 

In contrast the structural motif of the postulated N-Glc, which addresses the HR I is 

strongly changed compared to SKL. Thus, the metabolite has both a different 

molecular surface and increased hydrophilic properties at this structural element. 

Therefore, a linear binding of N-Glc into the binding pocket of the active p38a MAP 

kinase and an induction of the glycine-flip is highly unlikely. Hence, it can be assumed 

that the N-Glc has no inhibitory activity towards the p38a MAP kinase. 

 

The formation of pharmaceutically active metabolites can have both advantages and 

disadvantages. On the one hand, the reaction products can serve as templates for the 
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development of new drug candidates or even as drug candidates themselves. In 

addition, the presence of active metabolites can increase the therapeutic efficacy of 

the active pharmaceutical ingredient. However, this can also result in increased 

adverse effects or even toxicity [180]. For a better assessment of the disadvantages, 

knowledge of the UGT isoforms involved in the glucuronidation of SKL is essential. 

This is because these could be subject to genetic polymorphisms [181] and thus lead 

to high intervariability. Furthermore, there is the possibility that sorafenib is an inhibitor 

of these UGTs. This would be crucial for potential drug-drug interactions in terms of 

the aimed combination therapy of SKL and SRF. In addition, if possible, upcoming 

in vivo studies should examine whether and to which quantity the SKL-glucuronides 

circulate in plasma. If they are immediately excreted, their inhibitory activity against 

p38a MAP kinase would not be decisive for the efficacy and side effects of SKL. 

3.5.2.7. Kinetic Analysis of in vitro Skepinone-L Glucuronidation 

The kinetic analysis of the in vitro glucuronidation of SKL included the determination 

of the Michealis-Menten constant Km and the maximum reaction velocity Vmax. These 

were needed to identify the UGT isoenzymes involved in the conjugation reactions. If 

several isoforms catalyse the conversion of SKL, their substrate affinity can be 

distinguished on the basis of Km. The aim is to identify those with a high affinity, as 

these are already involved in glucuronidation at lower substrate concentrations and 

are therefore of clinical relevance. Prior to the determination of Km and Vmax, the 

optimal protein concentrations and the required incubation time were defined on the 

basis of preliminary experiments, as described in chapter 5.2.7.6. The kinetic 

parameters were evaluated by measuring the turnover rate of the enzyme in the 

presence of different SKL concentrations. This was conducted in the Ph2 incubation 

reaction system in HLM, RLM, MLM, DLM and CMLM. The detailed experimental 

procedure can be found in chapter 5.2.7.6 (Kinetic Analysis of Skepinone-L 

Glucuronidation in Liver Microsomes). Since only pO-Glc and sO-Glc were available 

as pure substances, no calibration could be carried out for N-Glc in HLM. However, it 

was very important to be able to represent its formation and compare it with the 

O-glucuronides in order to assess the affinities. Therefore, its quantification was 

performed using the calibration function of the sO-Glc.   
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The respective kinetic constants were calculated by nonlinear regression using 

GraphPadPrism9.0. For the graphical representation of the experimental data, the 

corresponding Michaelis-Menten diagram was created for each species. This 

represents the reaction rate of the enzymatic conversion as a function of the substrate 

concentration. The double reciprocal Lineweaver-Burk plot was used for extended 

graphical interpretation. 
 

 
Fig. 77: Graphical representation of the glucuronidation kinetic of SKL in HLM. Michaelis-Menten 
plot of (a) the sum of the formed glucuronides and (b) pO-Glc, sO-Glc and N-Glc individually. 
Lineweaver-Burk plot of (c) the sum of the formed glucuronides and (d) pO-Glc, sO-Glc and N-Glc 
individually. Each value represents the mean of triplicate experiments. The respective standard 
deviation is indicated by error bars. 

The glucuronidation of SKL seems to correspond to Michaelis-Menten kinetics in HLM. 

This is evident from the obtained hyperbolic curve of the Michaelis-Menten plot 

(Fig. 77a), as well as the straight line observed in the Lineweaver-Burk plot (Fig. 77c). 

The individual saturation curves of the glucuronides (Fig. 77b) reveal distinct 

differences in the kinetics of their formation. Thus, the conversion reaction to pO-Glc 
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saturates significantly faster than for sO-Glc. Since the quantification of N-Glc was 

performed by applying the calibration function of sO-Glc, no conclusion can be derived 

about its actual conversion rate. However, the formation of N-Glc is the only one to 

show deviations from the hyperbolic curve which could be an indication of allosterism. 
 

 
Fig. 78: Graphical representation of the glucuronidation kinetic of SKL in RLM. Michaelis-Menten 
plot of (a) the sum of the formed glucuronides and (b) pO-Glc and sO-Glc individually. Lineweaver-Burk 
plot of (c) the sum of the formed glucuronides and (d) pO-Glc and sO-Glc individually. Each value 
represents the mean of triplicate experiments. The respective standard deviation is indicated by error 
bars. 

In RLM the glucuronidation of SKL seems to proceed significantly slower than in HLM. 

Moreover, none of the saturation curves of the Michaelis-Menten plots (Fig. 78a,b) 

show a clear asymptotic approximation to the substrate concentration. This indicates 

that with the concentration of SKL applied, complete saturation and thus the maximum 

reaction rate has not yet been reached. The double reciprocal application of the sum 

(Fig. 78c) results in a slightly concave curve. However, positive cooperativity can be 

ruled out as a reason for this, since the corresponding Michaelis-Menten plot does not 
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display a sigmoidal curve. Thus, the glucuronidation of SKL in RLM did not follow 

Michaelis-Menten kinetics. The single plot of both metabolites (Fig. 78d) shows that 

this mainly applies to the formation of pO-Glc. 
 

 
Fig. 79: Graphical representation of the glucuronidation kinetic of SKL in MLM. Michaelis-Menten 
plot of (a) the sum of the formed glucuronides and (b) pO-Glc and sO-Glc individually. Lineweaver-Burk 
plot of (c) the sum of the formed glucuronides and (d) pO-Glc and sO-Glc individually. Each value 
represents the mean of triplicate experiments. The respective standard deviation is indicated by error 
bars. 

The kinetic of SKL glucuronidation in MLM seems to follow the Michaelis-Menten at 

least up to a substrate concentration of about 25 µM. However, figure 79a clearly 

shows that in the presence of higher SKL concentrations the reaction rate decreases 

after reaching Vmax. Product or substrate inhibition of the enzymes involved might be 

the reason for this observation. It seemed to affect the formation of pO-Glc and sO-Glc 

equally (Fig. 79b). The obtained bell shape of the plot according to Lineweaver-Burk 

(Fig. 79c,d) additionally indicates a substrate or product excess. 
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Fig. 80: Graphical representation of the glucuronidation kinetic of SKL in DLM. Michaelis-Menten 
plot of (a) the sum of the formed glucuronides and (b) pO-Glc and sO-Glc individually. Lineweaver-Burk 
plot of (c) the sum of the formed glucuronides and (d) pO-Glc and sO-Glc individually. Each value 
represents the mean of triplicate experiments. The respective standard deviation is indicated by error 
bars. 

In DLM, the glucuronidation of SKL also seems to correspond the Michaelis-Menten 

kinetics. However, the diagrams (a) and (b) from figure 80 indicate that complete 

saturation and the associated Vmax were not achieved with the substrate concentration 

applied. In HLM, RLM and MLM the pO-Glc formation rate was significantly lower than 

that of sO-Glc. In contrast, visually, only a minor difference between the turnover rates 

of SKL to pO-Glc and sO-Glc in DLM (Fig. 80b,d) could be observed. 
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Fig. 81: Graphical representation of the glucuronidation kinetic of SKL in CMLM. Michaelis-
Menten plot of (a) the sum of the formed glucuronides and (b) pO-Glc and sO-Glc individually. 
Lineweaver-Burk plot of (c) the sum of the formed glucuronides and (d) pO-Glc and sO-Glc individually. 
Each value represents the mean of triplicate experiments. The respective standard deviation is 
indicated by error bars. 

Both the Michaelis-Menten (Fig. 81a) and the Lineweaver-Burk (Fig. 81c) plot indicate 

an atypical kinetic for the glucuronidation of SKL in CMLM. The saturation curves of 

both O-glucuronides (Fig. 81b,c) show a similar course as previously observed for 

N-Glc formation in HLM. This could indicate positive cooperativity, but the Michaelis-

Menten plot does not exhibit a sigmoidal curve. Therefore, allosteric effects could be 

a possible reason. In contrast to the other species tested, the amount and rate of 

conversion of pO-Glc formation in CMLM exceeds that of sO-Glc. However, the 

formation reaction of sO-Glc does not seem to be completely saturated. The kinetic 

analysis of SKL glucuronidation is thus subject to significant species-specific 

differences. In addition to the above graphical representations of the experimental 

data, this is also reflected through the calculated kinetic parameters Km and Vmax 

(Tab. 60). 
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microsomes glucuronide Km 
[µM] 

Vmax 
[pmol/mg/min] 

R2 
(Lineweaver-Burk) 

HLM sum 21.4 41.7 0.9636 
 pO-Glc 19.2 5.7 0.7948 
 sO-Glc 24.8 20.1 0.9005 
 N-Glc 18.5 15.9 0.7502 

RLM sum 59.9 24.5 0.8562 
 pO-Glc 62.7 8.0 0.8657 
 sO-Glc 59.3 16.6 0.8254 

MLM sum 3.7 355.4 0.9900 
 pO-Glc 1.4 80.7 0.9544 
 sO-Glc 5.0 280.8 0.9896 

DLM sum 59.0 60.6 0.9866 
 pO-Glc 54.8 28.0 0.9848 
 sO-Glc 63.0 32.7 0.9886 

CMLM sum 20.1 81.2 0.9070 
 pO-Glc 12.9 39.9 0.9024 
 sO-Glc 40.5 47.3 0.8857 

Tab. 60: Kinetic parameters of the glucuronidation reaction of SKL in HLM, RLM, MLM, DLM and 
CMLM. Km and Vmax were determined for the sum and each individual glucuronide. The corresponding 
R2 were derived from the Lineweaver-Burk plots. 

The obtained Km values of SKL glucuronidation in sum ranged from 3.7 to 59.9 µM 

and Vmax values from 24.5 to 355.4 pmol/mg/min. By far the strongest substrate affinity 

with 1.4 µM for pO-Glc and 5.0 µM for sO-Glc formation was observed in MLM. The 

conversion rate of 80.7 pmol/mg/min (pO-Glc) and 280.8 pmol/mg/min (sO-Glc) was 

also clearly fastest in MLM. The Km values of 62.7 and 59.3 µM for the formation of 

pO- and sO-Glc in RLM are very similar to those observed in DLM (54.8 µM for pO-Glc, 

63.0 µM for sO-Glc). In addition, they correspond to the highest values for Km, 

indicating a lower affinity towards SKL as substrate. However, RLM and DLM differ 

significantly in their resepective conversion rates. In RLM, Vmax with values of 

8.0 pmol/mg/min for pO-Glc and 16.6 pmol/mg/min for sO-Glc formation was 

significantly slower than the Vmax observed in DLM (28.0 pmol/mg/min for pO-Glc, 32.7 

pmol/mg/min for sO-Glc). In HLM, Km of 19.2 µM for pO-Glc and 24.8 µM for sO-Glc 

indicate a relatively strong substrate affinity. However, the corresponding Vmax of 

5.7 pmol/mg/min (pO-Glc) and 20.1 pmol/mg/min (sO-Glc) are slow and comparable 

to those obtained in RLM. In HLM, RLM and DLM, the Km values of the respective 

pO-Glc and sO-Glc are relatively similar to each other. While in DLM the 

corresponding Vmax are also comparable, in HLM and RLM SKL is converted to sO-Glc 

at a significantly higher rate than to pO-Glc.  
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Overall, the kinetic parameters obtained correlate with the results of the in vitro 

metabolism studies. However, the dissimilarities and thus the complexity of 

interspecies scaling and in vitro extrapolation were also exemplified. For example, 

microsomal UGTs of both rodent species show completely different affinities and 

conversion rates of SKL. The highest similarity of the tested species to HLM was 

observed in CMLM. However, the most significant difference between HLM and the 

animal species is the formation of the postulated N-Glc. 

3.5.3. Glucuronidation of Skepinone-L in Recombinant Isoenzymes 

3.5.3.1. Identification of Skepinone-L Metabolizing UGT Isoforms 

UGT-mediated glucuronidation appears to be the major metabolic pathway for SKL 

in vitro. The results obtained so far show significant species-related differences in 

glucuronidation. Particularly noticeable is the formation of three glucuronides in HLM, 

in contrast to all other species tested here, in which only two SKL glucuronides are 

formed. This indicates the involvement of different isoforms, some of which are 

probably only expressed in humans. To predict adverse effects due to drug-drug 

interactions and genetic polymorphism, the UGT isoforms involved must be 

determined. For this purpose, human recombinant UGTs (rUGTs) 1A1, 1A3, 1A4, 1A6, 

1A9, 2B7, 2B10 and 2B15 were initially screened for glucuronidation of SKL. They 

were selected based on their expression in hepatic tissue and their important role in 

hepatic glucuronidation of xenobiotics [46]. The initial screening for glucuronidation 

was performed with a SKL concentration that correlated approximately with the Km in 

HLM and one ten times that value. Thus, incubations of 10 and 100 µM SKL in the 

presence of each rUGT were performed as described in chapter 5.2.8.1 

(Glucuronidation Reaction by Recombinant UGTs). The enzymatic reactions were 

stopped after 60 min. 

 

Reaction phenotyping indicated that rUGT1A1, 1A3 and 2B7 contribute for the 

formation of both SKL O-glucuronides. This enzymatic conversion can be described 

as a bi-reaction, since one enzyme forms two products. As illustrated in figure 91, the 

responsibility of each isoform seems to be dependent from the substrate 

concentration. Regarding the SKL concentration of 10 µM, which corresponds roughly 
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the estimated Km value in HLM, rUGT2B7 seems to be the only isoform involved in the 

O-linked conjugation. Interestingly, no difference in the formed amount of pO-Glc via 

rUGT2B7 between both substrate concentrations could be observed. 
 

 
Fig. 82: Formation of (a) the primary SKL-O-glucuronide, (b) the secondary SKL-O-glucuronide 
and (c) the N-glucuronide in vitro after 60 min incubation of 10 µM and 100 µM SKL in the presence 
of recombinant UGTs expressed as peak area ratio (area glucuronide vs. area ISTD). Reaction 
phenotyping indicates that in a concentration-dependent manner rUGT1A1, 1A3 and 2B7 contribute for 
the formation of pO-Glc and sO-Glc, whereas rUGT1A4 could be identified as solely responsible for 
N-Glc formation. 

In contrast, sO-Glc formation seemed to decrease at 100 µM initial SKL concentration. 

In addition, overlapping substrate selectivity could be observed at high substrate 

concentration. At high SKL levels, rUGT1A1 and 1A3 appear to catalyse the O-linked 

glucuronidation. However, rUGT1A1 seems to be more involved in the formation of 

sO-Glc than rUGT1A3. Thus, for SKL O-linked glucuronidation in vitro, UGT2B7 

appears to be the main enzyme responsible. UGT1A1 and 1A3 can be considered as 

minor pathways. With respect to N-Glc formation, figure 82c shows that only rUGT1A4 

appears to exhibit catalytic activity. The higher substrate concentration led to an 

increased level of glucuronide production. None of the other isoforms tested here 

appear to contribute to the formation of N-Glc, regardless of the SKL concentration 

applied. Figure 83 summarises the results obtained in terms of structural elucidation 

and identification of the main responsible UGT isoform for each SKL glucuronide 

formed in vitro. 
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Fig. 83: Summarised results of the structural elucidation of pO-Glc, sO-Glc and postulated N-Glc 
as well as the respective contributing UGT-isoenzymes. 

UGT2B7 is known to be one of the major drug metabolizing human hepatic UGTs. 

Besides the liver it is also expressed in the intestine, kidney, brain and several 

additional organs and tissues [182]. Genetic polymorphism which could significantly 

affect the clearance and efficacy of therapeutic drugs has been reported for 

UGT2B7 [183], [184]. Known orthologues for the UGT2B7 gene are, amongst others, 

present in rats (Ugt2b15), mice (Ugt2b36, Ugt2b35) and dogs [185]. However, there 

were significant differences between the species with regard to the obtained Km and 

Vmax values as well as the amounts of conjugation products formed in vitro. An 

interesting fact is that UGT2B7 catalyses the conjugation of two products from one 

substrate. The in vitro metabolism studies showed that in terms of the relative amounts 

of glucuronides formed, the sO-Glc was preferentially formed over the pO-Glc. 

However, the kinetic analysis of glucuronidation showed lower Km for pO-Glc than for 

sO-Glc. In contrast the associated turnover rate of pO-Glc formation was significantly 

lower than that of sO-Glc formation. This in turn explains the relative amounts formed 

during the microsomal incubations. These results lead to the hypothesis that UGT2B7 

has at least two independent substrate binding sites, or active centres. These could 

exhibit varying affinities for SKL and differ in the respective catalysed conjugation 
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reaction. The structure and number of these centres could vary between the UGT2B7 

orthologues, which could result in the inter species differences with regard to pO-Glc 

and sO-Glc formation observed in vitro. UGT1A1 is also responsible for the 

glucuronidation of numerous drugs. It is mainly located in the liver but can also be 

found within the colon, small intestine and stomach [186, 187]. More than 100 different 

variants have been described for the human UGT1A1 gene, which, inter alia, result in 

reduced or increased activity of the enzyme [188]. The functional UGT1A1 is also 

abundant in rat, mouse, dog and monkey and the human UGT1A1 is considered to be 

their orthologue [46]. Interestingly, SRF is known to be a very potent inhibitor of 

UGT1A1 [174]. This could explain the decrease of pO-Glc and sO-Glc formation 

observed in the presence of SRF during the in vitro metabolism studies. The third UGT 

isoform identified to contribute to SKL O-linked glucuronidation is UGT1A3. Its 

substrates include bile acids [189] and with only 6.5 % of all hepatic UGTs it is one of 

the less abundant [190]. As for almost every UGT-coding gene genetic polymorphism 

has also been reported for UGT1A3 [191]. In mice Ugt1a3 is a pseudogene [192] and 

also no UGT1A3 present in monkeys has been reported so far [46]. In all species, the 

relative proportion of sO-Glc formed in vitro is significantly higher than that of pO-Glc. 

The incubations of SKL on the recombinant isoenzyme also result in higher PARs for 

sO-Glc compared to pO-Glc. Thus, the conjugation at the secondary hydroxy group of 

SKL seems to be catalysed preferentially by UGT2B7 compared to the primary one. 

UGT1A4 accounts for about 26 % of the total UGT-mediated conjugation 

reactions [193]. In addition to O-glucuronidation reactions, it contributes to the 

glucuronic acid conjugation to amines, forming N-linked products [194]. This shows 

that the binding of glucuronic acid to the nitrogen of the difluorophenylamino-moiety of 

SKL is quite possible. Thus, the thesis of the postulated N-Glc is supported, even if it 

is not available as a pure substance. Moreover, the identification of rUGT1A4 as the 

only responsible isoform explains why N-Glc formation in vitro was only observed in 

human LM. Ugt1a4 is a pseudogene in both rats and mice and is therefore not 

expressed as a functional enzyme. In dogs and monkeys, UGT1A4 is formed, but 

there are distinct species-specific differences with regard to substrate specificity [46].  
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In addition to UGT1A4, UGT1A3, 1A9 and 2B10 also catalyse the glucuronidation of 

amines [195]. It is therefore interesting that UGT1A4 is the only one of the isoforms 

tested that is involved in the N-glucuronidation of SKL. Furthermore, UGT1A3 and 1A4 

share about 93 % homology, thus possess overlapping substrate specifity [196]. This 

accounts for both O- and N-linked glucuronidation. Therefore, it is also interesting that 

UGT1A3 but not 1A4 seems to be involved in sO- and pO-Glc formation. In summary, 

a total of four of the UGT isoforms tested are involved in the conjugation reaction of 

SKL. At the clinically more relevant lower SKL concentration, even only UGT2B7 and 

1A4. However, all involved isoforms are subjects to genetic polymorphisms [197], 

which may lead to interindividual differences in the degradation of SKL and the 

formation of its glucuronides. In addition, their expression can be induced in vivo, e.g., 

by anti-cancer drugs, which has already been described for UGT2B7 [198] and 

1A4 [199] in liver cell models. This can lead to an increase in metabolic degradation 

and thus to drug resistance. Some severe diseases, for example of the liver and 

intestine, can also alter the expression of UGTs [49]. Downregulation of both 

expression levels and activity in the context of HCC has been described for UGT1A1, 

1A4 and 2B7 [200]. It is highly likely that this results in influencing the metabolism of 

specific isoform targeting substrates, such as SKL. This could possibly help to 

understand why N-Glc was not detectable in all human plasma samples. The in vivo 

formation of pO-Glc and sO-Glc could also be influenced or altered by downregulation 

or induction of the responsible isoforms. 

 

However, the glucuronidation of SKL and the associated formation of both O-linked 

reaction products does not represent the norm. Contrary to the actual purpose, the 

conjugation of SKL does not result in its complete inactivation. Both pO-Glc and 

sO-Glc appear to have almost the same pharmacological potency as SKL (Ch. 3.5.2.6) 

in vitro. Thus, drug resistance caused by non-genetic regulatory factors could possibly 

be circumvented. However, further studies must resolve which factors are responsible 

for the presence and absence of N-Glc in human plasma. It also remains to be clarified 

whether and to what extent these factors affect the pharmacological effect of SKL. 

Thus, the identification of the UGT isoforms involved also shows that the in vitro -

in vivo correlation as well as the scaling from preclinical species to human possess a 

high complexity.  
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3.5.3.2. Kinetic Analysis of in vitro Skepinone-L Glucuronidation with 
Recombinant UGT Isoenzymes  

The kinetic parameters for SKL glucuronidation were previously determined in the 

enzyme mixture represented by LMs. Therefore, Km and Vmax should also be 

ascertained in the presence of the major contributing UGT isoforms for each known 

glucuronide. Thus, incubations of SKL in the presence of rUGT2B7 and 1A4 were 

performed as described in the previous section 3.5.3.1. 
 

 
Fig. 84: Graphical representation of the glucuronidation kinetic of SKL with rUGT2B7. Michaelis-
Menten plot of (a) the sum of the formed glucuronides and (b) pO-Glc and sO-Glc individually. Each 
value represents the mean of triplicate experiments. The respective standard deviation is indicated by 
error bars. 

The kinetic of SKL glucuronidation in the presence of rUGT2B7 shows a similar 

behaviour as previously observed in MLM. Thus, a clear reduction of the reaction 

velocity is observed from about 15 µM SKL. However, the rate decreases at the 

isoenzyme with increasing substrate concentration results in an almost complete 

standstill of the enzymatic reaction (Fig. 84). Hence, the rUGT2B7-mediated 

glucuronidation of SKL is affected either by product or substrate inhibition, and thus 

does not follow Michaelis-Menten kinetics. Therefore, neither Km nor Vmax could be 

determined, and due to the atypical course, no Lineweaver-Burk plot could be 

generated. Nevertheless, the kinetic analysis of SKL conjugation reaction catalysed 

by UGT2B7 illustrates the involvement of UGT1A1 and 1A3 in the formation of pO-Glc 

and sO-Glc at higher substrate concentrations. In MLM, a clear decrease of the 

turnover rate was observed, but not as pronounced as at rUGT2B7. In addition, 

reaction velocity also appeared to decrease in HLM, but only to a very small extent. 
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Accordingly, the formation of SKL O-glucuronides seems to be mediated mainly via 

UGT1A1 and 1A3 from higher SKL concentrations. The ratios of the formed amounts 

of pO-Glc and sO-Glc also illustrate the involvement of other UGT isoforms besides 

UGT2B7 in HLM. Thus, on average, about 3-fold more sO-Glc than pO-Glc was 

formed in HLM. In contrast, the amounts of sO-Glc and pO-Glc formed in the presence 

of rUGT2B7 showed a significantly lower ratio of only 1 to 1.5. 
 

 
Fig. 85: Graphical representation of the glucuronidation kinetic of SKL with rUGT1A4. (a) 
Michaelis-Menten plot and (b) Lineweaver-Burk plot of the formed N-Glc. Each value represents the 
mean of triplicate experiments. The respective standard deviation is indicated by error bars. 

Figure 85 shows the graphical representation of the kinetic analysis of SKL 

glucuronidation by rUGT1A4. However, it should be noted that the postulated N-Glc 

was unfortunately not available as pure substance. Therefore, the calibration function 

of sO-Glc was used for its quantification. Thus, the kinetic parameters Km and Vmax 

with 7.7 µM and 32.8 pmol/mg/min most likely do not represent the actual values and 

only serve as an approximation. Both the Michaelis-Menten (Fig. 85a) and the 

Lineweaver-Burk plot (Fig. 85b) leave scope for interpretation as to whether the 

formation of N-Glc mediated by rUGT1A4 is based on Michaelis-Menten kinetics. It 

might also be a biphasic process, which could be due to positive cooperativity. 

However, both the rapid increase in the rection rate from 2.5 µM SKL and the 

hyperbolic and thus non-sigmoidal course of the curve contradict this. Interestingly, 

N-Glc was formed in almost equal amounts in both HLM and rUGT. Both rUGT1A4 

and HLM-UGT1A4 had similar catalytic activities with 1,100 pmol/mg/min (Tab. 103, 

Ch. 5.2.8) and 1,150 pmol/mg/min (Tab. 92, Ch. 5.2.7.1). However, the final protein 

concentrations were 0.5 mg/mL within HLM and 0.25 mg/mL with rUGT1A4 
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incubations. Thus, N-Glc was formed in HLM in smaller quantities compared to the 

formed amount by rUGT1A4. The glucuronidation of SKL in HLM is known to result in 

the conjugated products pO-Glc and sO-Glc in addition to N-Glc. Thus, less substrate 

is available to UGT1A4, which could explain the lower amount of N-Glc formed in HLM. 

To fully clarify which of the three SKL glucuronides is preferentially generated, the 

actual Km of N-glucuronidation must be known. Thus, the substrate affinities of the 

enzymes involved could be compared. 

3.5.3.3. Inhibition Analysis of rUGT2B7 

Results obtained in the previous section (Fig. 84) show that higher values of the 

substrate concentration led to decreased product formation. The conjugation reaction 

catalysed by rUGT2B7 nearly stopped at the highest SKL-concentration of 75 µM. 

These findings indicate the existence of either substrate or product inhibition in vitro 

of UGT2B7. Several incubations were performed to elucidate if UGT2B7 is inhibited 

by either SKL, pO-Glc or sO-Glc. A chemical probe substrate of UGT2B7 is 

7-hydroxy-4-trifluoromethylcoumarin (HTMC) [201] which served therefore as activity 

control. The analysis of HTMC-Glc formation was performed by incubating 0.5 mg/mL 

rUGT2B7 in the presence of 10 µM HTMC at 37°C for 60 min. Prior, the isoenzyme 

was pre-incubated for 5 min on ice in the presence of the respective test compounds. 

Thus, rUBT2B7 was pre-incubated with either 10 or 100 µM SKL, 0.1 or 1.0 µM sO-Glc 

as well as with 0.1 or 1.0 µM pO-Glc. For the intended enzymatic inhibition, 200 µM of 

the non-enzyme-selective inhibitor diclofenac (DCF) were added [202]. Pre-incubation 

with DMSO served as positive control. Each reaction was started by adding HTMC 

and stopped with ACN which contained ISTD. Further experimental setup and the 

chromatographic conditions applied were as described in chapter 5.2.8.3 (Inhibition of 

rUGT2B7). 

 

Figure 86 shows that in all incubations the conjugation product HTMC-Glc could be 

observed. However, the substrate itself appeared to be only present when incubated 

with 200 µM DCF or 100 µM SKL. In all but these two incubations, the PARs of the 

glucuronide formed are nearly the same as that of the positive control (10 µM HTMC). 

Thus, the presence of neither 10 µM SKL nor even pO-Glc and sO-Glc each at both 

concentrations appeared to influence the formation of HTMC-Glc. In contrast to 
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200 µM diclofenac and 100 µM SKL, where significantly less HTMC-Glc was formed. 

Since the incubation with diclofenac served as a control of inhibition, the decrease in 

reaction product was expected. However, diclofenac does not appear to be a highly 

potent inhibitor of UGT2B7, at least at the concentration used. Eventually, the pre-

incubation period was too short to completely stop the enzymatic reaction. In addition, 

perhaps the incubation period should have been shorter to completely avoid 

glucuronide formation. As observed with diclofenac, the isoenzyme retained some of 

its activity in the presence of 100 µM SKL. 
 

 
Fig. 86: Formation of HTMC-Glc (white) in vitro after 60 min incubation of 10 µM HTMC (black) 
with rUGT2B7. Pre-incubations of rUGT2B7 with 200 µM DCF, 10 µM or 100 µM SKL, 0.1 µM or 
1.0 µM pO-Glc and 0.1 µM or 1.0 µM sO-Glc served to assess their inhibitory activity. 

Although inhibition with known and postulated inhibitors was thus apparently 

incomplete, the results clearly show that rUGT2B7 is inhibited by SKL in a 

concentration-dependent manner. Since the formation of HTMC-Glc was not reduced 

by either the pO-Glc or the sO-Glc, it appears that there is no product inhibition but 

rather a substrate inhibition. The exact SKL concentration at which this occurs must 

be determined in further experiments. But based on the kinetic analyses with the 

isoenzyme, it can be estimated that the inhibition seems to start between 10 and 

15 µM SKL. Catalysis of both the primary and secondary hydroxyl groups of SKL 

seems to be reduced to the same extent. 

 

The result that SKL appears to be both a substrate and an inhibitor of UGT2B7 could 

help to explain the high SKL concentrations in rat plasma. It is possible that the rat 

isoform Ugt2b15 is already inhibited by lower SKL concentrations. The longer 

exposure of 14 days in total could also lead to downregulation of the enzymatic 

activity. Thus, it cannot be excluded that the increased SKL concentration after 
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simultaneous administration with SRF is not exclusively due to the combinatorial 

treatment. During the kinetic analyses in LM, almost every species showed an atypical 

course of the Michaelis-Menten plot. The increase flattened steadily with increasing 

SKL concentration but did not reach a plateau even in the presence of very high 

concentrations. These observations could also be due to substrate inhibition. At the 

isoenzyme, the inhibitory effect of SKL on rUGT2B7 appeared to be relatively strong. 

In contrast, only a small impact of substrate inhibition on the reaction rate could be 

observed in HLM. This suggests that the conjugation of SKL in vivo is not very affected 

by the inhibition of UGT2B7 through SKL. However, based on the results to date, it is 

not possible to clearly predict the extent to which substrate inhibition could influence 

the plasma concentrations of SKL in vivo in humans. 

3.5.3.4. Influence of Sorafenib on Skepinone-L Glucuronide Formation in 
the Presence of Recombinant UGT Isoenzymes 

As described in chapter 3.3.3.7 simultaneous administration of SKL and SRF in rats 

showed a significant increase in SKL plasma-concentration compared to SKL 

monotherapy. A correlation between the metabolic stability of SKL and the presence 

of SRF was also observed during in vitro incubations of SKL in HLM, RLM, MLM, DLM 

and CMLM. Except for HLM, a mostly significant rise in the relative amounts of 

unchanged SKL could be observed with increasing SRF concentrations. This is due 

to the reduced formation of both O-linked glucuronides. This also occurs in HLM, but 

the presence of SRF seemed to induce the formation of the postulated N-Glc. This in 

turn resulted in a decrease in the metabolic stability of SKL after co-incubation with 

SRF. Since the processes underlying these observations could only be assumed, it 

should be investigated whether the effect of SRF on the metabolic conversion of SKL 

in vitro and in vivo occurs at the level of the involved UGT isoforms UGT2B7, 1A1 and 

1A4. 

rUGT2B7 
The conjugation of glucuronic acid to SKL is mainly catalysed by UGT2B7 resulting in 

pO-Glc and sO-Glc. Therefore, it should be investigated whether this influence of SRF 

on the O-glucuronide formation of SKL observed in LM is also present at the rUGT. 

For this purpose, the metabolic conversion of 10 µM SKL solely or in combination with 
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10 and 40 µM SRF by rUGT2B7 was investigated as described (Ch. 5.2.8.1). These 

incubations were performed as duplicates. 
 

 
Fig. 87: Metabolic stability of SKL solely and in the presence of 10 µM and 40 µM SRF after 
60 min incubation with rUGT2B7. In addition, corresponding relative amounts of formed pO-Glc and 
sO-Glc are given. Results represent the mean values of two incubations per concentration. The 
respective range of the two measured values is represented by error bars. 

Figure 87 presents the results of the rUGT2B7-incubations of 10 µM SKL alone or with 

the addition of 10 and 40 µM SRF. There is a distinct correlation between the 

metabolic stability of SKL and the added concentration of SRF. This was 91.7 % 

without SRF and increased via 94.4 % to 96.5 % with addition of SRF. This increase 

in unchanged SKL is reflected by the reduced formation of pO-Glc and sO-Glc. Their 

relative amounts also show a clear trend in the presence of SRF. Thus, the formation 

of pO-Glc decreases from 2.8 % to 2.2 % and finally to 0.5 %. The relative quantity of 

sO-Glc was 3.6 % without SRF, with 10 µM it already dropped to 2.6 % and the 

addition of 40 µM SRF reduced the formation to 0.5 %. These results clearly show that 

the activity in vitro of UGT2B7 with respect to the conversion of SKL is influenced by 

SRF. As far as is known, SRF itself is not a substrate of this isoform. Thus, SRF seems 

to have a certain inhibition capacity towards UGT2B7. 

rUGT1A1 
Another UGT isoform involved in the conversion of SKL is UGT1A1. However, 

compared to UGT2B7, it seems to play a minor role in the formation of pO-Glc and 

sO-Glc. Moreover, with an IC50 of 70 nM, SRF represents a highly potent inhibitor of 

this isoform [203]. Therefore, the interaction of SRF on the biotransformation of SKL 

with UGT1A1 should be investigated, or rather the expected inhibition should be 

confirmed. For this purpose, the incubation of SKL with rUGT1A1 was performed as 

described for rUGT2B7. 
 

SKL pO-Glc sO-Glc
0
2
4
6

90

95

100

re
la

tiv
e 

am
ou

nt
 [%

]
10 µM SKL

+ 10 µM SRF

+ 40 µM SRF



Results and Discussion 

 162 

 
Fig. 88: Metabolic stability of SKL solely and in the presence of 10 µM and 40 µM SRF after 
60 min incubation with rUGT1A1. In addition, corresponding relative amounts of formed pO-Glc and 
sO-Glc are given. Results represent the mean values of two incubations per concentration. The 
respective range of the two measured values is represented by error bars. 

The results obtained (Fig 88) are in line with expectations. Thus, the conversion of 

10 µM SKL to 0.4 % pO-Glc and 1.1 % sO-Glc catalysed by rUGT1A1 is significantly 

lower than that of rUGT2B7. The addition of 10 µM SRF already strongly reduced the 

formation of both glucuronides. In the presence of 40 µM SRF, no enzymatically 

catalysed conversion of SKL was observed. This is further illustrated by the increasing 

metabolic stability of SKL in the presence of SRF. Thus, the UGT1A1-mediated 

formation of O-linked glucuronides is relatively strongly influenced or inhibited by the 

addition of SRF. However, this isoform only seems to be involved in the conversion of 

SKL at very high substrate concentrations, which is why the expected influence of SRF 

in vivo is most likely not very substantial. 

rUGT1A4 
A significant decrease in the relative amounts of pO-Glc and sO-Glc was also 

observed in HLM during co-incubation with SRF. However, the metabolic stability of 

SKL also declined. This was due to the formation of N-Glc, which seemed to be 

induced by the addition of SRF in a concentration-dependent manner. As already 

mentioned, enzyme induction is not possible in the test system used. Therefore, 

incubation of SKL on the responsible isoenzyme rUGT1A4 could help to elucidate the 

underlying processes. The experimental setup corresponded to the description for the 

incubations with rUGT2B7. 
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Fig. 89: Metabolic stability of SKL solely and in the presence of 10 µM and 40 µM SRF after 
60 min incubation with rUGT1A4. In addition, the corresponding relative amount of formed N-Glc is 
given. Results represent the mean values of two incubations per concentration. The respective range 
of the two measured values is represented by error bars. 

Figure 89 clearly shows that in the presence of SRF, the metabolic stability of SKL 

decreases and at the same time the amount of N-Glc formed increases. Thus, SRF 

affects the N-glucuronidation of SKL in the same manner at the isoenzyme as 

previously observed in HLM. A direct, concentration-dependent interaction of SRF and 

UGT1A4 thus appears to be present. Clearly, this rules out induction by increasing the 

enzyme concentration as a cause. Interactions of SRF with other components of the 

LM can also be excluded. This result is highly interesting and unexpected, since SRF 

with an IC50 of 16.1 µM has a significantly higher inhibitory effect towards UGT1A4 

compared to UGT2B7 [203]. Thus, the activating or enhancing effect on UGT1A4 of 

SRF seems to exceed its inhibitory activity. 

3.5.3.5. Influence of Sorafenib on Glucuronide Formation of 
Trifluoperazine in the Presence of rUGT1A4 

As already described (Ch. 3.5.1.3), UGT1A4 catalyses with high affinity the 

glucuronidation of TFP to TFP-N-Glc. It should be examined whether SRF induces the 

formation of N-glucuronides of other substrates besides SKL. Incubations in HLM 

showed a contradictory and not entirely consistent result in this respect. No direct 

correlation between the metabolic stability of TFP and the presence of SRF could be 

observed. Moreover, the relative amounts of TFP-N-Glc decreased upon co-

incubation with SRF. However, an influence of microsomal CYPs as well as other UGT 

isoforms or further components of the LM incubations could not be excluded. 

Therefore, the influence of SRF on TFP-N glucuronidation on the rUGT1A4 was 
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investigated. This was conducted analogously to the procedure described for 

rUGT2B7. 
 

 
Fig. 90: Metabolic stability of TFP solely and in the presence of 10 µM and 40 µM SRF after 60 min 
incubation with rUGT1A4. In addition, the corresponding relative amount of formed TFP-N-Glc is 
given. Results represent the mean values of two incubations per concentration. The respective range 
of the two measured values is represented by error bars. 

The N-linked glucuronidation of TFP decreased significantly in the presence of SRF 

(Fig. 90). Thus, 39.6 % of 10 µM TFP was glucuronidated by rUGT1A4 within 60 min. 

In the presence of 10 µM SRF, the relative amount of TFP-N-Glc was reduced to 

33.0 %. Only 24.4 % was formed during co-incubation with 40 µM SRF. These results 

correlate with the amount of unchanged TFP obtained. This increased from 62.8 % via 

67.4 % to 73.8 % respectively. The results thus illustrate the inhibitory activity of SRF 

towards rUGT1A4. The inducing effect of SRF on N-Glc formation must therefore be 

based on a mutual interaction of SRF (or RGF), SKL and UGT1A4. 

3.5.4. Summary and Discussion of in vitro Metabolism Studies of 
Skepinone-L 

The in vitro metabolism studies show that the metabolic transformation of SKL has 

large interspecies differences. In HLM SKL appears to be stable against CYP-

mediated degradation with a metabolic stability of 95.0 %. Despite this low degradation 

it was possible to observe the formation of five Ph1 metabolites. The relative quantities 

formed amounted from 0.0 % to 1.3 % of the initial SKL concentration which is very 

low and can thus be considered as negligible. In contrast, SKL was highly susceptible 

towards UGT-mediated conjugation reaction in the Ph2 incubation system in HLM. 

Only 66.4 % of the initial 10 µM SKL remained unchanged. The formation of three 

glucuronides was observed. Their structures and accordingly the binding site of the 
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glucuronic acid could be elucidated and thus identified as pO-Glc, sO-Glc and N-Glc. 

The metabolic stability of SKL during the simultaneous activation of both enzyme 

systems was 84.9 %. This value is clearly higher than under Ph2 conditions but still 

lower than in the Ph1 reaction system. Two of the five Ph1 metabolites of SKL did not 

appear to be formed in the DAA. The formation of the remaining ones was very low 

(0.0 % to 0.7 %). The kinetic parameters determined show that glucuronide formation 

of SKL in HLM follows Michaelis-Menten kinetics. The amounts of pO-Glc and sO-Glc 

formed showed almost no differences between the UGT and DA assay. Compared to 

5.1 % N-Glc formed in the Ph2 incubation reaction system, its formation during DAA 

was significantly lower (1.7 %). The presence of SRF had no effect on the CYP-

mediated transformation of SKL in HLM. Under UGT and DAA conditions a decrease 

of the metabolic stability of SKL was observed. The higher the SRF concentration the 

more pronounced the reduction. In addition to the relative amount of unchanged SKL, 

pO-Glc and sO-Glc were formed less when SKL was co-incubated with SRF. However, 

the N-Glc formation seemed to be induced by the presence of SRF and RGF. Thus, 

not a single substance but rather a class of compounds seems to be responsible for 

this induction. However, studies of the N-glucuronidation of TFP in the presence of 

SRF showed that the enhancing effect only appears to occur in connection with SKL 

as a substrate. In addition to the influence of SRF on the biotransformation of SKL, an 

effect of SKL on the conversion of SRF can also be observed. Thus, the presence of 

SKL results in a higher metabolic stability of SRF under Ph1 conditions and in DAA. 

The increase in unchanged SRF is mainly due to the decrease in the formation of 

NOX. This suggests that SKL exhibits inhibitory activity towards CYP3A4.  

 

The metabolic stability of SKL in RLM was 82.0 % under CYP, 85.8 % under UGT 

conditions and 79.7 % in DAA. Accordingly, SKL in RLM is metabolically degraded to 

almost the same extent in the Ph1 and Ph2 incubation reaction systems. As in HLM 

the formation of five Ph1 metabolites was also observed in RLM. Based on the m/z 

ratios obtained and their retention behaviour, the oxidative reactions of SKL in HLM 

and RLM most likely resulted in the same metabolites. The UGT-mediated 

glucuronidation of SKL led to the formation of pO-Glc and sO-Glc in RLM. However, 

they were formed in significantly lower relative amounts compared to HLM. The 

conversion of SKL to its glucuronides in RLM did not appear to follow Michaelis-

Menten Kinetics. Co-incubation with SRF led to a slightly higher stability of SKL under 
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CYP conditions. In both the UGT and DA assays no effect on the biotransformation of 

SKL was observed regardless of the SRF-concentration applied. SKL appears to 

influence the metabolic transformation of SRF in RLM in each incubation system. 

Thus, an increase of remaining SRF and consequently increased metabolic stability 

was observed. Although this increase was only slight, it seemed to be related to the 

presence of SKL. In contrast to HLM the increased metabolic stability of SRF in the 

presence of SKL was due to the reduced formation of HOM. Thus, different CYP 

isoforms are most likely responsible for the conversion of SRF in RLM than in HLM. A 

potential interaction of SKL on the glucuronidation of SRF in RLM was not investigated 

as the responsible UGT isoform is not expressed in rats and no glucuronide formation 

was observed during preliminary studies. In MLM SKL showed a high stability of 

89.1 % in the Ph1 incubation reaction system. In contrast with remaining 54.5 % and 

50.0 % UGT-mediated metabolic degradation was prominent in Ph2 and DAA 

systems. Glucuronidation resulted in pO-Glc and sO-Glc whereas the latter being 

formed with a marked preference. During kinetic analysis of glucuronide formation of 

SKL in MLM a decrease in Vmax was observed in the presence of higher substrate 

concentrations. This suggests substrate or product inhibition of the involved UGT 

isoforms. The influence of SRF on the metabolic conversion of SKL in MLM was not 

entirely consistent under UGT conditions. On the one hand the presence of SRF led 

to a higher metabolic stability of SKL. On the other hand, there was also an increase 

in the amount of pO-Glc formed, while the relative amount of sO-Glc remained 

unchanged. The proportion of unchanged SKL also increased in the DAA in the 

presence of SRF. However, this time a clear decrease in the amounts of both 

glucuronides formed was observed. The influence of SKL on the metabolic conversion 

of SRF also appeared to be inhomogeneous. Co-incubation with SKL resulted in 

increased formation of NOX in the CYP and DA assays. In contras the formation of 

HOM seemed to be reduced and DES unchanged. This was also reflected in the 

decrease in metabolic stability of SRF in the presence of SKL. Furthermore, SKL in 

MLM appeared to possess an inhibitory effect towards glucuronidation of SRF in both 

Ph2 and co-activated conditions. 

 

CYP-mediated degradation led to the lowest metabolic stability of SKL in DLM with 

76.2 %. Under UGT conditions 83.9 % and after DAA 87.3 % of the initial 

concentration of 10 µM SKL remained unchanged. As conjugation products pO-Glc 
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and sO-Glc were identified. They were formed in almost equal relative amounts of 

3.8 % and 3.2 %. The kinetic analysis of their formation showed that it seemed to 

correspond to the Michaelis-Menten kinetic. The metabolic stability of SKL towards 

CYP-mediated degradation appeared to be slightly enhanced by the co-incubation of 

SRF. In contrast, no clear correlation was observed between the presence of SRF and 

the remaining amount of SKL in the Ph2 and DAA incubation reaction systems. SRF 

also did not seem to have a significant influence on the glucuronide formation of SKL 

in both the UGT and DA assays in DLM. CYP-mediated degradation of SRF was 

enhanced by the presence of SKL and led to increased formation of HOM, while NOX 

and DES remained unchanged. This was also observed to a lesser extent in DAA. 

Although the corresponding UGT isoform should be theoretically present no formation 

of SRF-N-Glc in DLM could be observed. In CMLM, SKL was metabolically degraded 

mainly by CYP enzymes. The Ph2 and DA assay showed that the UGT-mediated 

conjugation reaction represents the minor metabolic pathway of SKL. Under UGT 

conditions the presence of SRF slightly reduced the formation of the two glucuronides 

pO-Glc and sO-Glc. The metabolic stability of SKL with 74.5 % during co-activation of 

both enzyme systems was comparable to the 71.3% under Ph1 conditions. In addition, 

the formation of three SKL Ph1 metabolites was observed during DAA. The presence 

of SRF seemed to influence their formation. An increased formation of M#1 and M#2 

as well as a decreased formation of M#3 could be observed. The amounts of pO-Glc 

and sO-Glc formed remained unchanged during the simultaneous incubation of SKL 

with SRF. The kinetic analysis of their formation showed an atypical behaviour which 

does not correspond to Michaelis-Menten kinetics. CYP-mediated transformation of 

SRF was marginal affected by co-incubation with SKL. A slight increase of HOM and 

DES formation was observed by increasing SKL concentration. In contrast to the other 

species tested, incubation with activated UGTs in CMLM showed a significant SRF-

N-Glc formation at 9.0 %. This was reduced to 3.0 % by the presence of SKL and led 

to a significant increase of SRF’s metabolic stability. Any effect of SKL on the 

remaining amount of unchanged SRF could be observed under DAA conditions. 

However, the formation of SRF-N-Glc and NOX appeared to be reduced while DES 

remained unchanged, and HOM appeared to be increased. In almost each species 

reduced metabolite formation and consequently increased metabolic stability of SKL 

and SRF could be observed during their co-incubation. These findings can be 

explained by inhibitory activities and different substrate affinities. However, the 
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simultaneous incubation of SKL and SRF partly resulted in increased formation of 

single metabolites and decreased metabolic stability. This stimulatory effect seemed 

to be particularly pronounced by SRF on the formation of N-Glc in HLM. The possible 

causes and correlations of the increased metabolic transformation of SKL and SRF 

are discussed in more detail below. 

 

Reaction phenotyping results indicated that UGT2B7, 1A1, 1A3 and 1A4 were the 

responsible isoforms for the glucuronidation of SKL. Contributors to the formation of 

pO-Glc and sO-Glc were UGT2B7, 1A1 and 1A3. The latter two are only involved at 

high substrate concentrations. The kinetic of SKL-glucuronidation in the presence of 

rUGT2B7 showed that Vmax decreased pronouncedly starting at a SKL concentration 

of about 15 µM and finally stopped at 100 µM. Thus, rUGT2B7 is inhibited either by 

SKL or its glucuronides. Analysis of HTMC glucuronidation was used to determine 

whether the substrate or product was responsible for inhibition of UGT2B7. For this 

purpose, rUGT2B7 was pre-incubated with diclofenac and different concentrations of 

SKL, pO-Glc and sO-Glc. These analyses clearly showed that SKL inhibits rUGT2B7 

in high concentrations. Thus, substrate inhibition was present. The influence of SRF 

on the formation of pO-Glc and sO-Glc was investigated on rUGT2B7 and rUGT1A1. 

The higher the SRF concentration, the lower the formation of both glucuronides and 

the more unchanged SKL remained. SRF thus appears to have significant inhibitory 

activity against rUGT2B7. Independent of SKL concentration, rUGT1A4 was identified 

as the sole isoform responsible for N-glucuronidation observed exclusively in HLM. 

The enzymatic conversion of SKL to N-Glc follows the Michaelis-Menten kinetic. 

Co-incubation of SKL and SRF with rUGT1A4 clearly showed an influence of SRF on 

the N-Glc formation. The more concentrated SRF was, the lower the metabolic stability 

of SKL and the higher the relative amount of N-Glc formed. However, the same 

experimental conditions with TFP as substrate led to a significant decrease in TFP-

N-Glc formation. Thus, the enhancing effect of SRF on N-glucuronidation is dependent 

on SKL as substrate. The identification of isoforms involved in the metabolic 

transformation of SKL may help to elucidate the detailed processes of metabolism-

based drug-drug interactions between SKL and SRF and explain the results obtained. 

 

A recent article by Karbownik et al. [204] describes that SRF significantly increases 

the plasma levels of tapentadol in vivo when both are administered in combination. 
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The reason for this is that SRF inhibits the glucuronidation of tapentadol, which is a 

substrate of UGT1A9 and 2B7. However, this article did not elucidate which and to 

what extent the two isoforms involved are inhibited by SRF. A detailed UGT inhibition 

screen of several kinase inhibitors, including SRF, was conducted by Miners et 

al. [203]. Their studies showed that the inhibitory potency of SRF towards UGT2B7 

can be described as moderate with an IC50 of about 52 µM. The results of UGT2B7-

mediated transformation in vitro of SKL solely and with the addition of SRF are 

therefore in agreement with the descriptions in the literature. Despite the low inhibitory 

capacity of SRF towards UGT2B7, its activity is nevertheless expected to be strongly 

influenced due to the additionally present substrate inhibition of SKL. Thus, the 

co-therapy of SKL with SRF could result in a significant reduction of the 

O-glucuronidation of SKL, which in turn would increase SKL exposure. Therefore, it 

would be advisable to determine in future in vivo studies the amount of pO-Glc and 

sO-Glc formed in plasma as well as in urine and faeces. This could provide insights 

into how pronounced the impact of SRF on the metabolic conversion of SKL is and 

what were the consequences on both the therapeutic effect and any side reactions of 

SKL. 

 

In terms of UGT1A4-mediated N-glucuronidation of SKL, two marked observations 

emerged whose underlying mechanisms need to be clarified. The first topic involves 

the stimulatory effect of SRF on N-Glc formation in vitro. The increased conversion 

was observed both with HLM and the isoenzyme rUGT1A4 and appeared to be 

dependent on SKL as substrate. Enzyme induction is not possible in the test system 

used as no nucleus and thus no expression was present. Thus, a direct interaction of 

SRF with UGT1A4 must exist, which results in the increased formation of N-Glc. In 

addition to negative regulation through inhibition the enzymatic activity can also be 

increased by ligand binding. This is described as allosteric regulation [205]. The 

regulatory molecule has a different binding site on the enzyme than the substrate. 

Distal binding induces a conformational change of the active site which alters e.g., the 

affinity to the substrate or the conversion rate [206]. However, several substrate 

binding sites or effector binding sites must be present on the enzyme. The purification 

and crystallisation of membrane-bound proteins such as mammalian UGTs is very 

difficult, which is why their three-dimensional structure has not yet been fully 

elucidated [207]. With the application of two-site models Zhou et. al [194] were able to 
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show that UGT1A4 appears to possess several aglycone binding sites. In addition, the 

activation in vitro of the catalytic activity of UGT1A4 by a phosphatidylinositol 3-kinase 

inhibitor was recently described by Gao et. al [208], also assuming a mechanistic two-

site model.  
 

 
Fig. 91: The binding of SRF to the allosteric site of UGT1A4 leads to conformational changes of 
the substrate binding site. This alters the functional activity and results in increased N-Glc formation 
compared to that in the absence of SRF. Graphic adapted from [206]. 

Based on this information and the results obtained in the present work, it is postulated 

that SRF acts as a heterotropic allosteric effector with respect to the UGT1A4-

mediated conversion of SKL. This means that SRF is not a substrate of UGT1A4 but 

nevertheless alters its functional activity. As shown schematically in figure 91, the 

binding of SRF occurs outside the active site, which changes the conformation of the 

substrate binding site. This structural change thus has an increasing effect on the 

formation of N-Glc and the associated metabolic degradation of SKL. Thus, SRF 
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seems to positively regulate the glucuronidation reaction of SKL. Whether this occurs 

by increasing the affinity for SKL as a substrate or the turnover rate must be clarified 

in further studies. 

 

The conversion of the neuroleptic TFP is also catalysed by UGT1A4. However, this 

glucuronidation reaction is affected in a negative way by the presence of SRF. To date, 

the underlying mechanism of this SRF-induced inhibition has not been elucidated in 

detail. There might be a competitive inhibition in which SRF and TFP compete for the 

same binding site on the enzyme [209]. However, it could also be a case of negative 

allosteric regulation. In this model, the binding of SRF would trigger a conformational 

change of the active site, which would reduce or prevent the conversion of TFP to 

TFP-N-Glc by decreasing the affinity or catalytic activity. However, if the mechanism 

of inhibition remains unclear, this can only be speculated. 

 

Numerous new insights into the metabolic in vitro transformation of SKL were gained 

through the metabolism studies performed in the present work.  The isoenzymes 

involved were identified and their kinetic parameters determined. In addition, 

metabolism-based drug-drug interactions of SKL and SRF were detected and 

suggestions for the underlying mechanisms were proposed.

3.6. Excretion of Skepinone-L in vivo 

In addition to metabolism, the excretion of a substance is also part of its 

pharmacokinetic evasion phase. This ends with the final removal from the organism. 

The xenobiotic can be excreted both intact and chemically modified in the form of its 

metabolites. While hydrophilic substances are mainly excreted in the urine, biliary 

excretion is the main route of elimination of lipophilic substances. The route of 

excretion can therefore provide further information on the pharmacokinetic behaviour. 

Since diseases of the corresponding elimination sites can influence the excretion and 

thus the therapeutic efficacy or toxicity of a drug, knowledge of the corresponding 

excretion pathways is essential. Drug-drug interactions can also affect the retention 

time of a substance in the organism. 
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Since SKL has lipophilic properties (log Dpredict = 4.25) and a molecular weight greater 

than 300 g/mol, the absorbed but chemically unchanged portion will most likely be 

excreted mainly via the bile [210]. This route of elimination includes, in addition to 

direct excretion in faeces, the possibility of resorption and thus enterohepatic 

recycling [139]. This could increase exposure, which in turn would have to be taken 

into account in the dosing interval [211]. As described in chapter 3.5, conjugation with 

glucuronic acid is the main pathway of metabolic conversion of SKL in vitro. The 

resulting glucuronides are most likely excreted renally in the urine due to their 

hydrophilic properties. To investigate these assumptions, SKL and its glucuronides 

were quantitatively determined in mouse faeces. 

3.6.1. Skepinone-L and its Glucuronides in Mouse Faeces 

For the quantitative determination of SKL and its glucuronides, the faeces of mice 

excreted over 24 hours were collected. At the time of sampling, these animals had 

already been treated with 10 mg/kg/day SKL for 10 months. Since the administration 

was oral, the amount of SKL consumed within 24 hours was also determined. In total, 

the faeces of three groups (I, II, III) of 5 mice each (C57BL/6) were examined. Groups 

I and II consisted of females and group III of males. The exact procedure for extracting 

SKL and its glucuronides from mouse faeces as well as the analytical method used 

are described in chapter 5.2.10. 
 

  within 24 h  % of administered SKL dose in faeces 

group food 
[g] 

SKL 
[mg] 

faeces 
[g]  SKL pO-Glc sO-Glc 

I  10.16 1.016 1.047  7.1 0.06 0.06 
II  10.73 1.073 1.443  8.5 0.10 0.10 
III  12.21 1.221 1.525  15.0 0.21 0.29 

Tab. 61: Overview of the amount of food, thus SKL eaten within 24 h by each of the three groups 
examined. Further, the amount of excreted faeces and the percentages of SKL, pO-Glc and sO-Glc 
from the administered dose contained therein are given. 

The results (Tab. 61) show that the mouse faeces contained SKL as well as pO-Glc 

and sO-Glc. The total quantity of SKL in the feaces of group I was 72 µg, 91 µg of II 

and 184 µg of group III. This corresponds to a percentage share of 7.1 % (I), 8.5 % (II) 

and 15.0 % (III) of the administered SKL dosage. The determined amount of pO-Glc 

was 0.9 to 3.6 µg which corresponds to 0.06 % to 0.21% of the ingested SKL dose. 

The quantity of sO-Glc excreted in faeces was marginally higher at 0.9 to 5.0 µg which 
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corresponds to 0.6 % to 0.29 % of the administered dosage of SKL. The very low 

amounts of O-glucuronides in the faeces confirms the assumption that they are mainly 

excreted via the kidneys due to their polar properties. The percentage of unchanged 

SKL excreted in faeces is relatively low. Accordingly, at least 85 % of the administered 

dose would have to be metabolically converted. Within the scope of the in vitro 

metabolism studies conducted in the present work, a low metabolic stability as well as 

very high relative amounts of glucuronides formed in MLM were observed for SKL. 

This correlates with the determined percentages in mouse faeces. To verify whether 

the remaining 85 % of the applied SKL quantity is actually excreted as glucuronides, 

the analysis of mouse urine is necessary. Since this was unfortunately not available 

within the experimental setup used in the present work, further investigations must be 

performed. However, both the results of the in vitro metabolism studies and the 

determination of the SKL concentration in mouse faeces lead to the conclusion that 

the mouse does not have comparable behaviour to humans regarding the metabolic 

conversion of SKL. Thus, extrapolation from mice to humans to predict the 

pharmacokinetics of SKL is not directly possible, and mice are rather unsuitable as an 

animal model for this question. 
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4. CONCLUSION 

In the present study, the ADME profile of SKL was comprehensively investigated and 

elucidated. A selective LC-MS/MS method was developed for the reliable 

quantification of SKL and SRF both individually and simultaneously from plasma of 

rats, dogs, monkeys and humans. This method was validated according to the FDA 

"bioanalytical method validation" and ICH "validation of analytical procedures" 

guidelines with respect to sensitivity, linearity, accuracy, precision and reproducibility. 

The results of the validation were always within the acceptance criteria, so that the 

method clearly fulfilled all requirements. 

The analysis of the plasma samples from the pharmacokinetic studies of SKL in rats, 

dogs and monkeys was performed with the method developed. The obtained plasma 

concentration-time profiles (Previous section 3.3) were used to calculate the 

pharmacokinetic parameters by both non-compartmental and two-compartmental 

analysis. These parameters (Tab. 62 and 63, upcoming section 4.1) show that the 

absorption of SKL was extensive in all species, which led to partly very high Cmax. This 

is also illustrated by the mean pharmacokinetic profiles of SKL in rats, dogs and 

monkeys obtained after p.o. administration (Fig. 92).  
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Fig. 92: Mean plasma concentration vs. time profiles of SKL following p.o. administration of 
50 mg/kg SKL in dogs, 5, 15 and 50 mg/kg SKL in rats and 50 mg/kg SKL in monkeys. The respective 
standard deviation is represented by error bars. 

During the combined treatment of SKL and SRF in rats a positive influence of SRF on 

the pharmacokinetic behaviour of SKL after repetitive oral administration was 

observed (Tab. 64, upcoming section 4.1). The parameters derived from the plasma 

profiles indicated that SKL was strongly bound to plasma proteins in vivo. However, a 

mutual influence of SRF and SKL on each other's plasma protein binding could not be 

observed. 

 

The metabolic profile of SKL was elucidated by incubations in LM of different species. 

Both CYP-mediated degradation and UGT-mediated degradation were analysed 

individually and in combination. There were clear differences between the species. 

SKL was stable against CYP-mediated degradation in HLM, RLM and MLM, whereas 

strong oxidative degradation was observed in DLM and CMLM. In contrast, UGT-

mediated transformation showed an opposite picture. In RLM, DLM and CMLM, SKL 

was metabolically stable, whereas in HLM and MLM, a very strong conjugation of SKL 

with glucuronic acid was observed. Incubations using both enzyme systems 

simultaneously confirmed that SKL is almost exclusively subject to UGT-mediated 

degradation in human microsomes. Co-incubations of SKL and SRF showed a mutual 

influence on metabolic transformation in all species. Thus, the presence of SRF in the 

presence of CYP enzymes led to increased stability of SKL in all LM. Interestingly, 
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UGT-mediated degradation was only affected in human liver microsomes, where a 

significant decrease in the stability of SKL was observed. In the dual system, the 

presence of SRF in all animal species led predominantly to an increase in the 

remaining relative proportion of SKL, whereas in HLM there was repeatedly increased 

metabolic degradation. 

 

While two glucuronides were formed in all animal species, the formation of three 

conjugation products was observed in human microsomes. By means of incubations 

with derivatives of SKL, it was possible to elucidate the structures of all three 

glucuronides (po-Glc, sO-Glc and N-Glc). During this work it was found that the N-Glc 

was exclusively formed in HLM, and its formation was even increased by the presence 

of SRF. This was identified as the main reason for the increased degradation of SKL. 

Following the structural elucidation of the metabolites, the isoenzymes involved in the 

catalytic conversion were identified. These were determined by reaction phenotyping 

with 8 recombinant UGT isoenzymes. The isoenzymes involved as well as the 

resulting structures of the SKL-glucuronides are shown in the following figure 93. 

 
Fig. 93: Schematic pathway of the metabolic conversion of SKL into its glucuronides, the 
contributing isoenzymes and the respective species. 

Studies with RGF and TFP revealed that the inducing effect of SRF on N-Glc formation 

is due to regulations directly on the isoenzyme. This is most likely an allosteric 

activation of UGT1A4 by SRF. However, this positive regulation appears to apply only 
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to SKL as a substrate, inhibiting the conversion of other substrates. Due to their high 

polarity, glucuronides of SKL are supposed to be excreted preliminary via the kidney 

and thus the urine, while unchanged SKL most likely leaves the organism via faeces.

4.1. Synopsis of Results 

4.1.1. Pharmacokinetic behaviour of Skepinone-L in vivo 

single bolus injection of SKL 
species  dose (SKL) 

[mg/kg] 
C0 

[ng/mL] 
t1/2 
[h] 

AUC0-t 
[ng∙h/mL] 

Vss 
[L/kg] 

Cl 
[L/h/kg] 

mouse  0.4 186; 218 3.1; 4.3 291; 327 3.3; 3.5 1.2; 1.4 
dog  5 2,912; 3,782 3.3; 3.9 12,948; 18,254 1.4; 1.6 0.3; 0.4 

  5 2,137; 2,715 3.7 10,600; 14,306 1.6; 2.2 0.4; 0.5 
rat  3 4,288 1.4 11,085 0.9 0.4 

  5* 3,573 1.9 7,776 1.6 0.6 
  10 5,341; 9,710 0.6: 1.9 4,677; 16,405 1.2; 1.4 0.6; 1.5 

Tab. 62: Summary of the pharmacokinetic parameters of SKL in mice, dogs and rats following 
intravenous administration. *only one value for each parameter available in this dose group 

single oral administration of SKL 
species  dose (SKL) 

[mg/kg] 
Cmax 

[ng/mL] 
tmax 
[h] 

t1/2 
[h] 

AUC0-t 
[ng∙h/mL] 

mouse  1.2 188; 206 0.5 2.8; 3.3 670; 773 
  10 1,346 0.8 1.3 3,095 

dog  50 4,969; 5,257 4.0 3.9; 4.1 41,976; 61,249 
  50 5,099; 6,025 2.0; 4.0 3.4; 4.5 69,832; 76,021 

rat  5 175 5.0 8.6 1,112 
  15 586 4.5 35.0; 37.7 5,217 
  50 1,210 6.3 54.9* 10,011 

monkey  50 1,502; 3,672 2.0; 4.0 4.5; 5.5 14,079; 39,826 
  50 744; 1,718 1.0; 4.0 6.4; 24.1 8,336; 27,976 

Tab. 63: Summary of the pharmacokinetic parameters of SKL in mice, dogs, rats, monkeys and 
humans following single oral administration. *only one value available 
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repetitive oral administration of SKL in rats 
gender SKL dose 

[mg/kg] 
SRF dose 

[mg/kg] 
Cmax 

[ng/mL] 
tmax 
[h] 

t1/2 
[h] 

AUC0-t 
[ng∙h/mL] 

 15 -/- 1,310 6.7 8.4 16,398 
 15 25 5,410 2.7 3.1 58,928 
 50 -/- 1,933 9.0 11.1 32,293 
 50 25 11,415 1.3 8.5 123,196 
 50* 25 7,133 1.7 9.0 82,994 

 15 -/- 2,015 3.8 13.9 42,428 
 15 25 6,792 1.0 9.0 72,001 
 50 -/- 5,277 4.0 18.4 81,942 
 50 25 13,970 2.3 7.6 164,996 
 50* 25 13,798 1.7 12.3 178,453 

Tab. 64: Summary of the pharmacokinetic parameters of SKL in rats following repetitive oral 
administration of SKL solely and combined with SRF.* treatment order: SRF first, SKL second 

4.1.2. Pharmacokinetic behaviour of Sorafenib in vivo 

single oral administration of SRF 
species  dose (SRF) 

[mg/kg] 
Cmax 

[ng/mL] 
tmax 
[h] 

t1/2 
[h] 

AUC0-t 
[ng∙h/mL] 

monkey   50 2,866; 3,246 8.0 N/A 42,007; 52,527 
  50 2,349; 6,348 4.0; 8.0 7.6* 34,868; 85,816 

Tab. 65: Summary of the pharmacokinetic parameters of SRF in monkeys following single oral 
administration. *only one value available 

repetitive oral administration of SRF in rats 
gender SRF dose 

[mg/kg] 
SKL dose 
[mg/kg] 

Cmax 
[ng/mL] 

tmax 
[h] 

t1/2 
[h] 

AUC0-t 
[ng∙h/mL] 

 25 -/- 16,578 5.0 16.4 250,141 
 25  15 16,283 7.3 20.6 285,009 
 25  50 13,718 2.7 23.0 240,040 
  25*  50* 25,289 6.7 17.2 439,002 

 25 -/- 28,625 3.3 34.7 489,594 
 25  15 25,284 4.0 30.4 460,585 
 25  50 16,000 5.7 84.2 327,473 
  25*  50* 32,049 3.3 40.3 601,501 

Tab. 66: Summary of the pharmacokinetic parameters of SRF in rats following repetitive oral 
administration of SRF solely and combined with SKL. *treatment order: SRF first, SKL second 
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4.1.3. Metabolic Stability and Transformation of Skepinone-L in vitro 

metabolic stability of SKL [%] in liver microsomes 
  SKL with SRF       
  10 µM  5 µM  10 µM  20 µM  40 µM 

microsomes  CYP UGT DAA  CYP UGT DAA  CYP UGT DAA  CYP UGT DAA  CYP UGT DAA 
HLM  95.0 66.4 84.9  95.6 63.7 81.1  94.1 61.3 76.6  94.0 51.1 70.5  95.3 41.7 63.0 
RLM  82.0 85.8 79.7  81.6 86.4 81.2  82.0 83.6 82.9  83.7 86.6 82.4  85.6 83.8 82.1 
MLM  89.1 54.5 50.0  87.8 57.4 55.3  88.4 56.4 55.4  89.0 55.4 58.0  89.7 59.4 57.9 
DLM  76.2 83.9 87.3  76.4 84.6 90.4  79.3 85.6 88.5  84.2 83.6 89.1  90.2 85.2 91.2 

CMLM  71.3 88.7 74.5  72.1 88.2 75.0  74.0 88.9 77.1  81.5 88.8 78.2  85.6 91.8 79.4 
Tab. 67: Metabolic stability [%] of 10 µM SKL after 120 min incubation solely and in the presence of 5, 10, 20 or 40 µM SRF. Incubations were performed 
in HLM, RLM, MLM, DLM and CMLM. In each, the microsomal CYP and UGT enzyme systems were activated, either individually or in combination (DAA). 

SKL-metabolite formation [%] in liver microsomes 
   SKL with SRF       
   10 µM  5 µM  10 µM  20 µM  40 µM 

metabolite microsomes  UGT DAA  UGT DAA  UGT DAA  UGT DAA  UGT DAA 
pO-Glc [%] HLM  3.5 3.6  2.4 3.4  2.8 2.8  2.0 2.9  2.2 2.8 

 RLM  1.8* 1.5  1.9* 1.9  1.8* 1.8  2.4* 1.6  1.8* 1.7 
 MLM  7.3 20.1  7.6 19.0  7.8 17.6  8.2 18.1  8.5 18.5 
 DLM  3.8 3.9  4.5 3.9  4.8 3.7  5.0 3.3  4.7 3.0 
 CMLM  3.1 1.9  3.6 1.9  2.0 1.7  2.6 2.1  2.6 2.2 

sO-Glc [%] HLM  7.4 8.3  6.2 7.5  6.0 6.1  5.5 6.0  4.8 6.1 
 RLM  -/- 2.8  -/- 2.7  -/- 3.5  -/- 2.0  -/- 1.8 
 MLM  44.1 82.6  47.3 79.6  47.5 76.1  46.8 74.3  45.9 65.7 
 DLM  3.2 3.9  4.0 4.1  4.4 3.7  4.4 3.8  4.3 3.3 
 CMLM  6.0 3.1  6.7 3.0  3.5 2.7  4.4 3.5  4.1 3.8 

N-Glc [%] HLM  5.1 1.7  5.8 3.3  7.6 4.3  9.4 7.6  13.0 12.9 
Tab. 68: Formation of SKL metabolites [%] after 120 min incubation of 10 µM SKL solely and in the presence of 5, 10, 20 or 40 µM SRF. Incubations 
were performed in HLM, RLM, MLM, DLM and CMLM. In each, the UGT enzyme system was activated, individually or in co-activation with the microsomal 
CYPs (DAA). *sum amount formed [%] of pO-and sO-Glc  
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metabolic stability and metabolite formation [%] of SKL in the presence of recombinant UGTs 
  SKL with SRF   
  10 µM  10 µM  40 µM 

analyte  rUGT1A1 rUGT1A4 rUGT2B7  rUGT1A1 rUGT1A4 rUGT2B7  rUGT1A1 rUGT1A4 rUGT2B7 
SKL [%]  94.5 88.2 91.7  97.1 79.9 94.4  99.9 73.2 96.5 

pO-Glc [%]  0.4 0.0 2.2  0.0 0.0 2.2  0.0 0.0 0.5 
sO-Glc [%]  1.1 0.0 2.6  0.3 0.0 2.6  0.0 0.0 0.6 
N-Glc [%]  0.0 4.2 0.0  0.0 6.9 0.0  0.0 12.4 0.0 

Tab. 69: Metabolic stability and metabolite formation of SKL [%] after 60 min incubation of 10 µM SKL solely and in the presence of 10 or 40 µM SRF. 
Incubations were performed with rUGT1A1, rUGT1A4 and rUGT2B7.  

4.1.4. Influence of Skepinone-L on the Metabolic Stability and Transformation of Sorafenib in vitro 

metabolic stability of SRF [%] in liver microsomes 
  SRF with SKL       
  10 µM  5 µM  10 µM  20 µM  40 µM 

microsomes  CYP UGT DAA  CYP UGT DAA  CYP UGT DAA  CYP UGT DAA  CYP UGT DAA 
HLM  52.6 95.2 62.4  49.3 95.6 64.2  51.2 93.9 68.0  54.2 96.2 75.4  59.1 94.3 80.3 
RLM  78.3 -/- 82.0  80.1 -/- 83.1  80.9 -/- 86.2  82.1 -/- 84.5  84.2 -/- 89.2 
MLM  83.2 46.2 56.4  79.4 46.8 58.0  78.5 46.2 53.5  79.3 48.8 53.5  78.3 53.8 57.1 
DLM  85.2 96.7 87.9  82.7 96.3 87.6  82.4 98.1 89.5  83.2 99.4 88.6  78.7 98.0 88.7 

CMLM  55.8 67.2 72.4  57.7 70.3 71.2  55.5 75.2 69.5  61.5 84.2 71.6  60.7 86.2 73.8 
Tab. 70: Metabolic stability [%] of 10 µM SRF after 120 min incubation solely and in the presence of 5, 10, 20 or 40 µM SKL. Incubations were performed 
in HLM, RLM, MLM, DLM and CMLM. In each, the microsomal CYP and UGT enzyme systems were activated, either individually or in combination (DAA). 
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oxidative SRF-metabolite formation [%] in liver microsomes 
   SRF  SKL       
   10 µM  5 µM  10 µM  20 µM  40 µM 

metabolite microsomes  CYP DAA  CYP DAA  CYP DAA  CYP DAA  CYP DAA 
NOX [%] HLM  11.1 10.8  11.2 11.2  11.9 11.4  11.0 10.6  8.7 7.8 

 RLM  0.4 0.2  0.4 0.2  0.4 0.3  0.4 0.2  0.6 0.2 
 MLM  0.8 0.4  1.4 0.9  2.3 1.3  3.4 2.4  4.2 3.9 
 DLM  0.1 0.0  0.1 0.0  0.1 0.0  0.2 0.0  0.2 0.0 
 CMLM  7.7 6.3  9.1 6.5  7.2 6.1  9.9 6.3  8.4 5.1 

HOM [%] HLM  4.9 4.9  4.7 5.2  5.3 5.3  5.5 5.2  4.5 4.3 
 RLM  1.7 2.9  1.5 2.6  1.4 2.3  1.3 2.3  1.3 1.9 
 MLM  3.0 4.1  2.4 4.0  2.2 3.7  2.4 3.1  2.0 2.8 
 DLM  2.7 2.1  2.7 2.1  3.7 2.6  3.9 2.6  4.0 2.8 
 CMLM  3.3 4.0  4.2 4.1  3.4 3.8  5.6 4.8  6.7 4.7 

DES [%] HLM  0.6 0.2  0.6 0.2  0.7 0.2  0.7 0.2  0.6 0.2 
 RLM  0.3 0.1  0.3 0.2  0.2 0.1  0.2 0.1  0.3 0.2 
 MLM  0.6 0.3  0.5 0.4  0.5 0.4  0.6 0.4  0.5 0.4 
 DLM  0.2 0.0  0.3 0.0  0.3 0.0  0.3 0.0  0.4 0.0 
 CMLM  0.9 0.4  1.0 0.4  0.9 0.3  1.2 0.3  1.3 0.3 

Tab. 71: Formation of SRF oxidative metabolites [%] after 120 min incubation of 10 µM SRF solely and in the presence of 5, 10, 20 or 40 µM SKL. 
Incubations were performed in HLM, RLM, MLM, DLM and CMLM. In each, the CYP enzyme system was activated, individually or in co-activation with the 
microsomal UGTs (DAA). 

SRF-glucuronide formation [%] in liver microsomes 
   SRF  SKL       
   10 µM  5 µM  10 µM  20 µM  40 µM 

metabolite microsomes  UGT DAA  UGT DAA  UGT DAA  UGT DAA  UGT DAA 
SRF-Glc [%] HLM  0.9 0.1  1.4 0.2  0.7 0.1  0.9 0.1  0.7 0.1 

 MLM  17.5 5.8  16.5 5.6  15.5 5.2  15.2 4.5  13.3 4.1 
 DLM  0.0 0.0  0.0 0.0  0.0 0.0  0.0 0.0  0.0 0.0 
 CMLM  9.0 1.1  8.1 1.0  5.9 0.7  4.6 0.7  3.0 0.5 

Tab. 72: Formation of SRF-Glc [%] after 120 min incubation of 10 µM SRF solely and in the presence of 5, 10, 20 or 40 µM SKL. Incubations were 
performed in HLM, MLM, DLM and CMLM. In each, the UGT enzyme system was activated, individually or in co-activation with the microsomal CYPs (DAA). 
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4.2. Outlook 

In summary, a lot of knowledge and information regarding the ADME profile of SKL 

has been gained through the present work. This in turn has led to some new questions 

that need to be clarified in future studies. For example, it should still be determined 

whether and to what extent SKL is an inhibitor of CYP3A4 and UGT1A9. In addition, 

the chemical synthesis of N-Glc is still needed to verify the postulated structure and to 

examine whether it is pharmacologically active. Since SKL has no prerequisite for the 

formation of potentially toxic acyl glucuronides, a toxic effect from N-Glc is not to be 

expected. Furthermore, the quantitative determination of glucuronides in human urine 

and faeces after oral administration is required to fully elucidate the excretion route of 

SKL. In addition, the potential influence of SRF on the biotransformation and thus 

excretion of SKL in vivo should be investigated by urine and faeces analyses after 

simultaneous administration. To test the hypothetical allosteric activation of UGT1A4 

by SRF dependent on SKL as substrate, incubations on the isoenzyme at different 

SKL concentrations are still required. In addition, it would be interesting to clarify 

whether the positive regulatory influence of SRF is only present with SKL as a 

substrate or if this also applies to the conversion of other substrates and would be of 

pharmacological benefit. 

4.3. Summary 

The results obtained in the present thesis regarding the pharmacokinetics and 

biotransformation of SKL in vitro and in vivo as well as the identified interactions of 

SKL and SRF clearly show that a successful completion of the clinical trials of the 

targeted combinatory therapy with SKL and SRF can be expected with a high degree 

of probability. Thus, in conclusion, the proposition of a promising therapeutic approach 

for the treatment of HCC can be confirmed from a pharmacological perspective. 
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Fig. 94: Schematic representation of the obtained results regarding the pharmacokinetic profile 
of SKL in vitro and in vivo and the influence of SRF. 
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5. MATERIAL AND METHODS

5.1. Material 

5.1.1. Biological Material 

Beagle dog plasma Envigo, Horst (NL) 
C57BL/6 mouse plasma Envigo, Horst (NL) 
Cynomolgus monkey plasma CiToxLab, Evreux (FR) 
Human plasma blood donation centre, Tübingen 
Sprague Dawley rat plasma Envigo, Horst (NL) 

5.1.2. Chemicals and Reagents 

Acetonitrile Fisher Scientific, Loughborough (GB) 
Alamethicin Sigma Aldrich, St. Louis (US) 
Bovine serum albumin VWR International, Darmstadt 
Dimethylsulfoxide Carl Roth, Karlsruhe 
Formic acid Carl Roth, Karlsruhe 
Glucose-6-phosphate Sigma Aldrich, St. Louis (US) 
Glucose-6-phosphate dehydrogenase Roche Diagnostics, Mannheim 
Heparin sodium injection Braun Melsungen, Melsungen 
Hydroxy-4-(trifluoromethyl)coumarin Tokyo Chemical Industry, Tokyo (JP) 
Magnesium chloride hexahydrate VWR International, Darmstadt 
Methycellulose Sigma Aldrich, St. Louis (US) 
N-Methylpyrrolidone Sigma Aldrich, St. Louis (US) 
Nicotinamide adenine dinucleotide- 
 phosphate Sigma Aldrich, St. Louis (US) 
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Polyethylene glycol 400  Sigma Aldrich, St. Louis (US) 
Polysorbate 80 VWR International, Darmstadt 
Propylene glycol VWR International, Darmstadt 
Saccharic acid 1,4-lactone monohydrate Sigma Aldrich, St. Louis (US) 
Trifluoperazine dihydrochloride Sigma Aldrich, St. Louis (US) 
Trizma® Base Sigma Aldrich, St. Louis (US) 
Trizma® hydrochloride Sigma Aldrich, St. Louis (US) 
Uridine 5′-diphosphoglucuronic acid- 
 trisodium salt Sigma Aldrich, St. Louis (US) 
Ultra pure Water in-house ELGA PureLab Ultra  
 purification system

5.1.3. Test and Reference Compounds 

FS112 (Internal Standard) 
Structure: 

 
IUPAC nomenclature: 2-((2,4-difluorophenyl)amino)-7-(2-hydroxyethoxy)-10,11-dihydro-

5H-dibenzo[a,d][7]annulen-5-one 
Chemical formula: C23H19F2NO3 
Molecular weight: 395.41 g/mol 

 
FS332 
Structure: 

 
IUPAC nomenclature: 2-(2,4-difluorophenoxy)-7-methoxy-10,11-dihydro-5H-

dibenzo[a,d][7]annulen-5-one 
Chemical formula: C22H16F2O3 
Molecular weight: 366.36 g/mol 

 
FS352 
Structure: 

 
IUPAC nomenclature: 2-(2,4-difluorophenoxy)-7-(2,3-dihydroxypropoxy)-10,11-dihydro-

5H-dibenzo[a,d][7]annulen-5-one 
Chemical formula: C24H20F2O5 
Molecular weight: 426.42 g/mol 
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FS694 
Structure: 

 
IUPAC nomenclature: 8-((3-benzamido-4-fluorophenyl)amino)-N-(2-morpholinoethyl)-5-

oxo-10,11-dihydro-5H-dibenzo[a,d][7]annulene-3-carboxamide 
Chemical formula: C35H33FN4O4 
Molecular weight: 592.67 g/mol 

 
N-Desmethyl Sorafenib (DES) 
Structure: 

 
IUPAC nomenclature: 4-(4-(3-(4-chloro-3-

(trifluoromethyl)phenyl)ureido)phenoxy)picolinamide 
Chemical formula: C20H14ClF3N4O3 
Molecular weight: 450.80 g/mol 

 
N-Hydroxymethyl Sorafenib (HOM) 
Structure: 

 
IUPAC nomenclature: 4-(4-(3-(4-chloro-3-(trifluoromethyl)phenyl)ureido)phenoxy)-N-

(hydroxymethyl)picolinamide 
Chemical formula: C21H16ClF3N4O4 
Molecular weight: 480.83 g/mol 

 
N-Methyl-Skepinone-L 
Structure: 

 
IUPAC nomenclature: 2-((2,4-difluorophenyl)(methyl)amino)-7-(2,3-dihydroxy-propoxy)-

10,11-dihydro-5H-dibenzo[a,d][7]annulen-5-one 
Chemical formula: C25H23F2NO4 
Molecular weight: 439.46 g/mol 
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Regorafenib (RGF) 
Structure: 

 
IUPAC nomenclature: 4-(4-(3-(4-chloro-3-(trifluoromethyl)phenyl)ureido)-3-

fluorophenoxy)-N-methylpicolinamide 
Chemical formula: C21H15ClF4N4O3 
Molecular weight: 482.82 g/mol 

 
SK558  
Structure: 

 
IUPAC nomenclature: 2-((2,4-difluorophenyl)amino)-7-methoxy-10,11-dihydro-5H-

dibenzo[a,d][7]annulen-5-one 
Chemical formula: C22H17F2NO2 
Molecular weight: 365.38 g/mol 

 
SK845  
Structure: 

 
IUPAC nomenclature: 2-((2,4-difluorophenyl)amino)-7-(3-hydroxypropoxy)-10,11-

dihydro-5H-dibenzo[a,d][7]annulen-5-one 
Chemical formula: C24H21F2NO3 
Molecular weight: 409.43 g/mol 

 
Skepinone-L (SKL) 
Structure: 

 
IUPAC nomenclature: 2-((2,4-difluorophenyl)amino)-7-(2,3-dihydroxypropoxy)-10,11-

dihydro-5H-dibenzo[a,d][7]annulen-5-one 
Chemical formula: C24H21F2NO4 
Molecular weight: 425.43 g/mol 
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Skepinone-L primary O-Glucuronide (pO-Glc) 
Structure: 

 
IUPAC nomenclature: 6-(3-((8-((2,4-difluorophenyl)amino)-5-oxo-10,11-dihydro-5H-

dibenzo[a,d][7]annulen-3-yl)oxy)-2-hydroxypropoxy)-3,4,5-
trihydroxytetrahydro-2H-pyran-2-carboxylic acid 

Chemical formula: C30H29F2NO10 
Molecular weight: 601.56 g/mol 

 
Skepinone-L secondary O-Glucuronide (sO-Glc) 
Structure: 

 
IUPAC nomenclature: 6-((1-((8-((2,4-difluorophenyl)amino)-5-oxo-10,11-dihydro-5H-

dibenzo[a,d][7]annulen-3-yl)oxy)-3-hydroxypropan-2-yl)oxy)-
3,4,5-trihydroxytetrahydro-2H-pyran-2-carboxylic acid 

Chemical formula: C30H29F2NO10 
Molecular weight: 601.56 g/mol 

 
Sorafenib (SRF) 
Structure: 

 
IUPAC 
nomenclature: 

4-(4-(3-(4-chloro-3-(trifluoromethyl)phenyl)ureido)phenoxy)-N-
methylpicolinamide 

Chemical formula: C21H16ClF3N4O3 
Molecular weight: 464.83 g/mol 

 
Sorafenib-N-Oxide (NOX) 
Structure: 

 
IUPAC nomenclature: 4-(4-(3-(4-chloro-3-(trifluoromethyl)phenyl)ureido)phenoxy)-2-

(methylcarbamoyl)pyridine 1-oxide 
Chemical formula: C21H16ClF3N4O4 
Molecular weight: 480.83 g/mol 
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5.1.4. Consumables 

Micro inserts Macherey-Nagel, Dueren  
Pipette Tips Eppendorf, Hamburg  
Reaction tubes Eppendorf, Hamburg  
RED plate with inserts  Thermo Scientific Pierce, Rockford (US) 
Vacutainer Li-Heparine Sarstedt, Nümbrecht  
Vials and caps Macherey-Nagel, Dueren  

5.1.5. Apparatus 

Alliance 2695 separations module Waters, Eschborn 
Analytical balance MSA6.6S Sartorius, Göttingen 
Centrifuge Universal 32-R Hettich, Tuttlingen 
Incubator Heidolph, Schwabach 
pH meter Mettler-Toleda, Gießen 
Pipets Eppendorf, Hamburg 
Quattro micro™ API with an ESI-probe Waters, Eschborn 
Thermo Shaker Eppendorf, Hamburg 
Ultra sonic bath Bandelin, Berlin 
Vortex mixer Heidolph, Schwabach

5.2. Methods 

5.2.1. Descriptive Statistic 

The following location parameter and dispersion characteristics of the descriptive 

statistic were used to summarize the data obtained during method validation. In 

addition, they were utilised to present the collected pharmacokinetic data and results 

[216]. 

arithmetic mean: x" 	= !
"∑ x#"

#$! = %!&%"&⋯&%#
"   

(Eq. 7) 

standard deviation (s.d.): s	 = +( !
"(!∑ (x# − x"))"

#$!   
(Eq. 8) 

coefficient of variation (CV): v	 = *
%+ ∙ 100%  

(Eq. 9) 
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5.2.2. Method Validation of Skepinone-L and Sorafenib in Plasma 

Chromatographic Conditions 
LC-MS/MS analysis is performed on a triple quadrupole mass spectrometer combined 

to an LC devise for chromatographic separation of SKL, SRF and ISTD (FS112). 

Analytical column: Waters Symmetry® C18, 5µm, 4.6x150mm 
Column temperature: 40°C 
Sample temperature: 4°C 
Eluent: A: 90% H2O / 10% ACN (v/v) + 0.1% formic acid 
 B: ACN + 0.1% formic acid 
 isocratic mode: 30% A / 70% B 
Flow rate: 0.4 mL/min 
Injection volume: 20 µL 
Retention time [min]: SKL: 5.0 – 5.8 
 SRF: 7.1 – 7.2 
 FS112: 5.7 – 6.7 
The relatively wide range in retention time is due to exchange of capillaries and 

pre-column holder between the validation in rat, dog and monkey plasma. 

MS/MS Conditions 
Ionisation: ESI (+) 
Source temperature: 100°C  
Desolvation temperature: 280°C 
Desolvation gas flow: 550 L/h 
Cone gas flow: 50 L/h 
Collision gas: argon 5.0 
Collision cell pressure: <1e-4 mbar 
Detection: MRM-mode 

For increased sensitivity and enhanced selectivity, CID with argon as collision gas is 

applied to generate product ions from precursor ions. Further instrumental 

adjustments and monitored pairs of m/z values detected via MRM-mode are utilized 

as given in following table 75. 
 SKL SRF FS112 

cone voltage [V] 51 51 51 
collision energy [V] 29 29 29 

precursor ion [M+H]+ 426.3 465.0 396.3 
product ion 257.6 252.5 257.6 

Tab. 73: Instrumental parameters for the mass spectral analysis of SKL, SRF and FS112 in dog, 
rat, monkey and human plasma using MRM-mode.  
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5.2.2.1. Sample Preparation 

The precipitation of plasma proteins is initiated by adding 50 µL ISTD solution at a 

concentration of 2000 ng/mL FS112 in ACN to 50 µL plasma (sample or blank). In 

order to achieve optimal precipitation, samples are blend for 10 s through a vortex-

inducing-mixer followed by 20 min incubation at 4°C. The samples are then 

centrifuged at 4°C and 19,800 relative centrifugal force for 20 min. The supernatant is 

transferred into a micro volume HPLC-vial insert and directly used for LC-MS analysis. 

5.2.2.2. Vehicle and Dose Formulation Preparation 

The vehicle used for preparation of SKL and SRF dose formulation is composed as 
follows: 45 % v/v polyethylene glycol 400 (PEG400) 
 30 % v/v 1,2-propylene glycol (1,2-PG) 
 20 % v/v deionized water 
 5 % N-Methyl-2-pyrrolidone (NMP) 

For dose formulation preparation, the test compound (SKL or SRF) is exactly weighed 

into a previously tared glass vial. Then the corresponding volume of NMP is added 

and blend on a vortex-inducing-mixer. After complete dissolution, remaining vehicle is 

pipetted and the glass container is placed in an ultrasonic bath for 10 min to remove 

eventual occurring bubbles of air. 

5.2.2.3. Stock Solutions, Calibration Standards and QC Samples 

Stock solutions for SKL (SS1-SKL; SS2-SKL), SRF (SS1-SRF; SS2-SRF) and FS112 

(SS-FS112) are prepared in 1.5 mL glass vials. The reference substances are 

weighed exactly and are dissolved in the corresponding solvent, whose volume is 

determined by each initial weight. The sets of 9 till 10 calibration standards are 

generated from SS1-SKL and SS1-SRF and were diluted in rat, dog and human blank 

plasma. SS2-SKL and SS2-SRF are used to prepare the 5 QC samples in each rat, 

dog, monkey and human blank plasma. Detailed dilution procedures for stock 

solutions, calibration standards and QC samples in plasma of each applied species 

are described in tables 76 to 84. Calibration standards and QC samples are prepared 

freshly prior use and mixed with an equal volume of ISTD solution to achieve the 

desired analyte concentrations.  
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Validation in Rat Plasma 
stock solution SKL or SRF 

[mg] 
dissolved in final concentration 

[mg/mL] 
SS1-SKL 0.816 1.020 mL ACN 0.800 
SS2-SKL 0.792 0.990 mL ACN 0.800 
SS1-SRF 1.100 1.375 mL vehicle* 0.800 
SS2-SRF 0.900 1.125 mL vehicle* 0.800 
SS-FS112 0.620 1.550 mL ACN 0.400 

Tab. 74: Initial weight and preparation of SKL, SRF and FS112 stock solutions for validation and 
analysis in rat plasma. * Vehicle: 45% PEG400; 30% 1,2-PG; 20% H2O; 5% NMP (v/v) 

The ISTD solution with a FS112 concentration of 2,000.00 ng/mL is prepared by 

pipetting 250 µL of SS-FS112 in a 50 mL volumetric flask and filling up with ACN. 
calibration 
standard 

SKL 
[ng/mL] 

SRF 
[ng/mL] 

dilution procedure  
(diluent: rat plasma) 

CSKL/SRF-4000 4,000.0 4,000.0 20.0 µL SS1-SKL+ 20.0 µL SS1-SRF ad 1.00 mL 
CSKL/SRF-2000 2,000.0 2,000.0 500 µL CSKL/SRF-4000 ad 1.00 mL 
CSKL/SRF-1000 1,000.0 1,000.0 500 µL CSKL/SRF-2000 ad 1.00 mL 
CSKL/SRF-500 500.0 500.0 500 µL CSKL/SRF-1000 ad 1.00 mL 
CSKL/SRF-250 250.0 250.0 500 µL CSKL/SRF-500 ad 1.00 mL 
CSKL/SRF-125 125.0 125.0 500 µL CSKL/SRF-250 ad 1.00 mL 
CSKL/SRF-62.5 62.50 62.50 500 µL CSKL/SRF-125 ad 1.00 mL 
CSKL/SRF-31.3 31.25 31.25 500 µL CSKL/SRF-62.5 ad 1.00 mL 
CSKL/SRF-15.6 15.63 15.63 500 µL CSKL/SRF-31.3 ad 1.00 mL 

Tab. 75: Preparation of SKL/SRF calibration standards in rat plasma. 

QC sample SKL 
[ng/mL] 

SRF 
[ng/mL] 

dilution procedure  
(diluent: rat plasma) 

QCSKL/SRF-3960 3,960.0 3,960.0 19.8 µL SS2-SKL+ 19.8 µL SS2-SRF ad 1.00 mL 
QCSKL/SRF-1980 1,980.0 1,980.0 500 µL QCSKL/SRF-3960 ad 1.00 mL 
QCSKL/SRF-990 990.0 990.0 500 µL QCSKL/SRF-1980 ad 1.00 mL 
QCSKL/SRF-198 198.0 198.0 100 µL QCSKL/SRF-990 ad 0.50 mL 
QCSKL/SRF-19.8 19.80 19.80 50 µL QCSKL/SRF-198 ad 0.50 mL 

Tab. 76: Preparation of SKL/SRF quality control samples for validation and analysis in rat 
plasma. 

Validation in Dog Plasma 
stock solution SKL 

[mg] 
dissolved in final concentration 

[mg/mL] 
SS1-SKL 0.800 1.000 mL ACN 0.800 
SS2-SKL 0.796 0.995 mL ACN 0.800 
SS-FS112 0.340 0.850 mL ACN 0.400 

Tab. 77: Initial weight and preparation of SKL and FS112 stock solutions for validation and 
analysis in dog plasma. 

The ISTD solution with a FS112 concentration of 2,000.00 ng/mL is prepared by 

pipetting 250 µL of SS-FS112 in a 50 mL volumetric flask and filling up with ACN. 
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calibration  
standard 

SKL 
[ng/mL] 

dilution procedure  
(diluent: dog plasma) 

CSKL-4000 4,000.0 50.0 µL SS1-SKL ad 5.00 mL 
CSKL-3000 3,000.0 1500 µL CSKL-4000 ad 2.00 mL 
CSKL-2000 2,000.0 1000 µL CSKL-3000 ad 1.50 mL 
CSKL-1000 1,000.0 500 µL CSKL-2000 ad 1.00 mL 
CSKL-500 500.0 500 µL CSKL-1000 ad 1.00 mL 
CSKL-250 250.0 500 µL CSKL-500 ad 1.00 mL 
CSKL-100 100.0 400 µL CSKL-250 ad 1.00 mL 
CSKL-50 50.0 500 µL CSKL-100 ad 1.00 mL 
CSKL-25 25.0 500 µL CSKL-50 ad 1.00 mL 
CSKL-10 10.0 200 µL CSKL-25 ad 0.50 mL 

Tab. 78: Preparation of SKL calibration standards in dog plasma. 

QC sample SKL 
[ng/mL] 

dilution procedure  
(diluent: dog plasma) 

QCSKL-3921.6 3,921.57 10.0 µL SS2-SKL ad 1.010 mL 
QCSKL-1960.8 1,960.78 500 µL QCSKL-3921.6 ad 1.000 mL 
QCSKL-980.4 980.39 500 µL QCSKL-1960.8 ad 1.000 mL 
QCSKL-196.1 196.08 100 µL QCSKL-980.4 ad 0.500 mL 
QCSKL-19.6 19.61 50 µL QCSKL-196.1 ad 0.500 mL 

Tab. 79: Preparation of SKL quality control samples for validation and analysis in dog plasma. 

Validation in Human Plasma 
stock solution SKL or SRF 

[mg] 
dissolved in final concentration 

[mg/mL] 
SS1-SKL 0.820 1.025 mL ACN 0.800 
SS2-SKL 0.652 0.815 mL ACN 0.800 
SS1-SRF 0.141 0.704 mL ACN 0.200 
SS2-SRF 0.127 0.635 mL ACN 0.200 
SS-FS112 0.868 0.868 mL ACN 1.000 

Tab. 80: Initial weight and preparation of SKL, SRF and FS112 stock solutions for validation in 
human and analysis in monkey and human plasma. 

The ISTD solution with a FS112 concentration of 2,000.00 ng/mL is prepared by 

pipetting 100 µL of SS-FS112 in a 50 mL volumetric flask and filling up with ACN.  
calibration 
standard 

SKL 
[ng/mL] 

SRF 
[ng/mL] 

dilution procedure  
(diluent: human plasma) 

CSKL/SRF-4000 4,000.0 4,000.0 10.0 µL SS1-SKL+ 40.0 µL SS1-SRF ad 1.00 mL 
CSKL/SRF-2000 2,000.0 2,000.0 500 µL CSKL/SRF-4000 ad 1.00 mL 
CSKL/SRF-1000 1,000.0 1,000.0 500 µL CSKL/SRF-2000 ad 1.00 mL 
CSKL/SRF-500 500.0 500.0 500 µL CSKL/SRF-1000 ad 1.00 mL 
CSKL/SRF-250 250.0 250.0 500 µL CSKL/SRF-500 ad 1.00 mL 
CSKL/SRF-125 125.0 125.0 500 µL CSKL/SRF-250 ad 1.00 mL 
CSKL/SRF-62.5 62.50 62.50 500 µL CSKL/SRF-125 ad 1.00 mL 
CSKL/SRF-31.3 31.25 31.25 500 µL CSKL/SRF-62.5 ad 1.00 mL 
CSKL/SRF-15.6 15.63 15.63 250 µL CSKL/SRF-31.3 ad 0.50 mL 

Tab. 81: Preparation of SKL/SRF calibration standards in human plasma. 
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QC sample SKL 
[ng/mL] 

SRF 
[ng/mL] 

dilution procedure  
(diluent: human or monkey plasma) 

QCSKL/SRF-3960 3,960.0 3,960.0 9.9 µL SS2-SKL+ 39.6 µL SS2-SRF ad 1.00 mL 
QCSKL/SRF-1980 1,980.0 1,980.0 500 µL QCSKL/SRF-3960 ad 1.00 mL 
QCSKL/SRF-990 990.0 990.0 500 µL QCSKL/SRF-1980 ad 1.00 mL 
QCSKL/SRF-198 198.0 198.0 100 µL QCSKL/SRF-990 ad 0.50 mL 
QCSKL/SRF-19.8 19.80 19.80 50 µL QCSKL/SRF-198 ad 0.50 mL 

Tab. 82: Preparation of SKL/SRF quality control samples for validation in human plasma and 
analysis in cynomolgus monkey and human plasma. 

5.2.2.4. Quantification and Data Evaluation 

SKL, SRF and ISTD FS112 were evaluated using the MRM detection and scanning 

mode for three mass pairs of precursor- and product ion combinations. A desktop 

computer and the MassLynxÔ4.1 software supported data acquisition and analysis. 

Calibration and quantification of SKL and SRF in plasma of various species was done 

by establishing linear regression functions after 1/x weighting of PAR (analyte/ISTD) 

versus corresponding analyte concentrations. Further data processing was performed 

using MicrosoftÒ Excel 2013.

5.2.3. Pharmacokinetic Studies of Skepinone-L in vivo 

No animal experiments were performed within the present dissertation. Only plasma 

samples from different animal species were analysed in this thesis. These samples 

originated from externally commissioned and externally conducted in vivo 

experiments. 

5.2.3.1. Animal Treatment Conditions of Pharmacokinetic Studies 

The preliminary pharmacokinetic study of SKL in mice was planned, commissioned 

and financed by the department of Pharmaceutical and Medicinal Chemistry from 

Tübingen University. The bioavailability study of SKL in dogs and the pharmacokinetic 

studies of SKL and SRF in rats and monkeys were planned, commissioned and 

financed by c-a-i-r biosciences GmbH from Ulm, Germany. 

 

The following tables 83 till 87 provide a brief overview of treatment for each tested 

species. Besides the routes of administration, the corresponding doses of all 
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administered compounds and the duration, if applicable, is given. In addition, the 

gender and number of all tested animals are listed. 
SKL in mice – treatment summary 

 dose 
[mg/kg] route m f 

SKL 0.4 i.v. 2* -/- 
 1.2 p.o. 2* -/- 
 10 p.o. -/- 3 

Tab. 83: Treatment summary of C57BL/6 mice with SKL in the preclinical PK study. 
i.v. = intravenous; p.o. = per oral; m = male; f = female; *two sets of animals, one consisted of 9 mice 

SKL in dogs – treatment summary 

 dose 
[mg/kg] route m f 

SKL 5 i.v. 2 2 
 50 p.o. 2 2 
 50 capsule 2 2 

Tab. 84: Treatment summary of beagle dogs with SKL in the bioavailability study. 
i.v. = intravenous; p.o. = per oral; m = male; f = female 

SKL in rats part I – treatment summary 

 dose 
[mg/kg] route m f 

SKL 3 i.v. 3 -/- 
 5 i.v. 3 -/- 
 10 i.v. 3 -/- 
 5 p.o. 3 -/- 
 15 p.o. 3 -/- 
 50 p.o. 3 -/- 

Tab. 85: Summary of treatment of Sprague Dawley rats with SKL during the PK studies part I. 
i.v. = intravenous; p.o. = per oral; m = male; f = female 

SKL and SRF in rats part II– treatment summary 

 dose 
[mg/kg] route duration 

[days] m f 

SKL 15 p.o. 7 6 6 
 50 p.o. 7 6 6 

SRF 25 p.o. 7 6 6 
 25 p.o. 7 3 3 

SKL + SRF 15 + 25 p.o. 7 3 3 
 50 + 25 p.o. 7 6 6 

Tab. 86: Summary of treatment of Sprague Dawley rats with SKL and SRF during the PK studies 
part II. i.v. = intravenous; p.o. = per oral; m = male; f = female 

SKL and SRF in monkeys – treatment summary 

 dose 
[mg/kg] route m f 

SKL 50 p.o. 2 2 
SRF 50 p.o. 2 2 

Tab. 87: Summary of treatment of cynomolgus monkeys with SKL and SRF during the PK study. 
i.v. = intravenous; p.o. = per oral; m = male; f = female 
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5.2.3.2. Preliminary Study of Skepinone-L in Mice 

Part I of the preliminary study in mice was performed and analysed by Synovo GmbH 

in Tübingen, Germany. Cassette dosing was applied in this study, using two cassettes, 

C#1 and C#2. Each consisted of six compounds, where only SKL is considered in the 

present work. C#1 and C#2 were administered both intravenous and oral to a total of 

four sets of animals, were one set consisted of nine male C57BL/6 mice. The dosing 

of SKL was 0.4 mg/kg for i.v. and 1.2 mg/kg for p.o. administration. 

 Vehicle i.v.:  63 % serum; 36 % PEG400; 1 %Tween 80 

 Vehicle p.o.: 63 % hypromellose (0.5 % in H2O); 36 % PEG400; 1 % Tween 80 

For determination of SKL-plasma levels blood samples were taken at 5, 15, 30 and 

60 min as well as at 2.0, 4.0, 8.0 and 24.0 h post i.v.-dosing and at 0.25, 0.5, 1.0, 2.0, 

4.0, 8.0 and 24.0 h after p.o. administration. It should be noted that the number mice 

from which blood samples were taken at each time point ranged between three and 

nine. 

 

The in vivo section of the preliminary pharmacokinetic study in mice part II was 

performed at the Department of Physiology, University Hospital Tübingen, Germany. 

Dose formulation, sample preparation and analysis were conducted in-house 

(Department of Pharmaceutical and Medicinal Chemistry, Tübingen University). In this 

study, 10 mg/kg SKL was administered to three female C57BL/6 mice per oral gavage. 

 Vehicle: 57 % PEG400; 37 % methylcellulose (0.5 % in H2O); 6 % Tween 80 

Blood samples from the tail vein were taken shortly before and 15, 30, 60, 120, 240, 

480 as well as 1,440 min after administration. 20.0 µL blood were immediately vortex-

mixed for 30 s with 80.0 µL heparin solution, followed by addition of 100 µL ice cooled 

ISTD solution (500 ng/mL FS694 in ACN). The samples were then ultrasonically 

treated on ice for 10 min, centrifuged at 1°C and 19,800 relative centrifugal force for 

15 min. The supernatant was transferred into a micro volume HPLC-vial insert and 

directly analysed via LC-MS/MS. 

Chromatographic Conditions 
The injection volume, column, sample temperature and eluent were used as described 

in chapter 5.2.2.  
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Analytical column: Phenomenex Synergi™ Max-RP, 4µm, 4.6x150mm 
Gradient mode:   

t [min] 0.0 0.5 4.0 10.5 11.0 12.0 16.5 
% B 0.0 0.0 60 80 100 0.0 stop 

 
Flow rate: 0.5 mL/min 
Retention time [min]: SKL: 13.9 – 14.0 
 FS694: 5.7 – 5.8 

MS/MS Conditions 
Ionisation: ESI (+) 
Source temperature: 100°C  
Desolvation temperature: 350°C 
Desolvation gas flow: 600 L/h 
Cone gas flow: 40 L/h 
Collision gas: argon 5.0 
Collision cell pressure: <1e-4 mbar 
Detection: MRM-mode 

 SKL FS694 
cone voltage [V] 50 50 

collision energy [V] 29 29 
precursor ion [M+H]+ 426.3 593.6 

product ion 257.6 506.0 
Tab. 88: Instrumental parameters for the mass spectral analysis of SKL and FS694 in mouse 
plasma applying MRM-mode. 

5.2.3.3. Bioavailability Study of Skepinone-L in Dogs 

The in vivo phase of the bioavailability study of SKL in dogs was performed at the 

Research Toxicology Centre (RTC) in Baugy, France. The study was conducted on a 

single group of four beagle dogs in total (two male and two female). SKL was 

administered by the intravenous route with a dosage of 5 mg/kg and after a wash-out 

period by the oral route with 50 mg/kg SKL. The vehicle and dose formulations were 

prepared by RTC prior use according to the preparation procedure description 

(Ch. 5.2.2.2). Blood samples from the cephalic vein were collected shortly before and 

5, 15, 30 min and 1, 2, 4, 8 and 24 h after intravenous administration. Following oral 

administration, blood samples were taken before treatment and at 0.5, 1, 2, 4, 8 and 

24 h after treatment. The collected blood samples were transferred into tubes 

containing lithium heparin as anticoagulant, centrifuged at 1,900 g for 10 min at room 

temperature. The plasma was frozen and stored at -20°C until dispatch on dry ice. 

Complete analysis of the received plasma samples was performed in-house 
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(Department of Pharmaceutical and Medicinal Chemistry, Tübingen University) using 

the developed and validated method in dog plasma as described in chapter 5.2.2. 

5.2.3.4. Pharmacokinetic Study of Skepinone-L and Sorafenib in Rats 

The in vivo section to investigate the PK profiles of SKL and SRF in Sprague Dawley 

rats was performed at the RTC in Pomezia, Italy. Part I of this study consisted of six 

treatment groups (Tab. 22, Ch. 3.3.3.1), each of three male rats. SKL was 

administered once to three groups orally by gavage at dose levels of 5, 15 and 

50 mg/kg. Remaining treatment groups received SKL per intravenous bolus injection 

with a single dosage of 3, 5 and 10 mg/kg. Time points for blood sampling from the tail 

vein were 0.25, 0.5, 1, 2, 4, 9 and 12 h after oral and 5, 15 min and 1, 2, 4 and 9 h 

after intravenous administration. Three groups were treated in part II, were each group 

consisted of six male and six female rats (Tab. 29, Ch. 3.3.3.3). A fourth group with 

three animals of each gender served as control group. In the first phase of this study 

part, two groups received repeated oral administration of SKL on seven consecutive 

days, at dose levels of 15 and 50 mg/kg/day, respectively. The third group was treated 

in the same manner with the reference item SRF at a dose of 25 mg/kg/day. On the 

seventh day, blood samples were taken from three male and three female rats of each 

treatment group, which were then sacrificed. In the second phase, 25 mg/kg/day SRF 

or a combination of SRF and 15 or 50 mg/kg/day SKL was administered orally to the 

remaining animals for further 7 days of treatment. 

 

Depending on the treatment group, blood was collected pre-dose and at 0.5, 1, 2, 4, 

9, 12 and 24 h after dosing, at the seventh or fourteenth day of treatment. All blood 

samples were transferred into tubes containing heparin as anticoagulant and 

centrifuged at room temperature. The plasma was frozen at -20°C and dispatched on 

dry ice. RTC prepared vehicles and dose formulations for both study parts, according 

to the preparation procedure description (Ch. 5.2.2.2). Complete analysis of received 

plasma samples was performed in-house (Department of Pharmaceutical and 

Medicinal Chemistry, Tübingen University) using the developed and validated method 

in rat plasma as described in chapter 5.2.2. 
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5.2.3.5. Pharmacokinetic Study of Skepinone-L and Sorafenib in Monkeys 

CiToxLAB in Evreux (France) was the test facility which performed the in vivo phase 

to assess the pharmacokinetic profiles of SKL and SRF in cynomolgus monkeys. One 

treatment group, consisting of two male and two female monkeys, was used in this 

study. First, they received a single dose of 50 mg/kg SKL by oral gavage. After a 

wash-out period 50 mg/kg SRF were administered also by the oral route. Blood 

samples for plasma level determination of SKL and SRF were collected pre-dose and 

at 0.5, 1, 2, 3, 4, 8 and 24 h after dosing. Collected venous blood samples were 

transferred into tubes containing lithium heparin and centrifuged at 3,000 g and 4°C 

for 10 min. The plasma was stored at -20°C and dispatched on dry ice. Vehicle and 

dose formulations were prepared freshly prior use by CiToxLAB according to the 

preparation procedure as described previously (Ch. 5.2.2.2). Plasma analysis and 

pharmacokinetic analysis of the received plasma samples were performed in-house 

(Department of Pharmaceutical and Medicinal Chemistry, Tübingen University) using 

the developed and validated method in human plasma as described in chapter 5.2.2. 

 

5.2.4. Pharmacokinetic Data Analysis 

5.2.4.1. Non-Compartmental Analysis 

Based on the individual and calculated mean plasma concentrations, the primary 

pharmacokinetic parameter were determined by non-compartmental analysis (NCA) 

calculation. The evaluation was done with PKSolver2.0, an add-in program for 

pharmacokinetic data analysis in MicrosoftÒ Excel [15]. For this purpose, an 

NCA-model was selected which described the plasma concentration of the 

administered drug after either intravenous bolus injection or extravascular application. 

 

The terminal elimination slope  lz is calculated by using the regression of three 

terminal data points from the semi-logarithmic graph. The AUC, a primary 

pharmacokinetic parameter, expresses the intensity of drug exposure and acts as a 

distinguishing marker of linear and non-linear pharmacokinetic [217]. As described as 

follows, the linear trapezoidal method was used to calculate the AUC from zero to the 

last sampling time point (AUC0-t). The last observed plasma concentration (Ct last) and 
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the slope of the terminal elimination  lz provide the basis for the AUC extrapolation 

from time zero to infinity (AUC0-¥). 

 AUC(0-t) = 	∑ (-$&-$%!)
) ∙ ∆t"

#$!  
(Eq. 10) 

 AUC(0-¥) = AUC	(t/ − t01*2) +
-&'()&
3*

 
(Eq. 11) 

The AUMC from time zero to the last sampling time point was also determined by 

using the linear trapezoidal method and the extrapolation from zero to infinity as 

described as follows. 

 AUMC(0-¥) = AUMC (t/ − t01*2) + 3
-&'()& ∙2
3*

+	-&'()&3*"
4 (Eq. 12) 

The time required to reduce the plasma concentration by half is defined as the terminal 

plasma half-life t1/2 and is related to the terminal elimination rate [21]. Since the 

kinetics of SKL can be described as non-linear, the calculation of the apparent volume 

of distribution V is performed at the time of steady state (SS) following intravenous 

bolus injection [22]. The total body clearance (Cl) is the sum of all occurring renal and 

non-renal excretion processes and describes the drug elimination rate from the body. 

To determine Vss and Cl after extravascular administration the drug bioavailability (F) 

must be known [218]. 

terminal plasma half-life: t1/2 = 	0" )3*  
(Eq. 13) 

 

volume of distribution: Vss = 	5
$+∙678-,-.$+

(67-,-.$+ )"  
(Eq. 14) 

 

total body clearance: Cl = 	 5$+
67-,-.$+  

(Eq. 15) 

 

bioavailability: F = 	100 ∙ 67-,-.
/0 ∙5$+

67-,-.$+ ∙5/0 
(Eq. 16) 

5.2.4.2. Compartmental Analysis 

Compartmental data analysis was also performed with the add-in program 

PKSolver2.0. For this purpose, the arithmetic mean of the observed plasma 

concentrations was calculated using descriptive statistics and plotted versus time in a 

semi-logarithmic graph. To select the most appropriate pharmacokinetic model, the 

decline of the concentration was visually assessed if the decrease was either mono- 

or multi-exponential. Since the elimination of SKL in vivo could be described as 
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biphasic, the two-compartment model seemed to be the most suitable one and obeys 

following equations: 

intravenous bolus input: C(t) = A ∙ e(9∙2 + B ∙ e(:∙2 
(Eq. 17) 

extravascular input: C(t) = A ∙ e(9∙2 + B ∙ e(:∙2 − (A + B) ∙ e(;(∙2 
(Eq. 18) 

In order to adapt these equations to the observed plasma concentration curves, the 

model parameters were calculated by nonlinear regression. The optimization of these 

model equations was mathematically a minimization of the weighted sum of squares 

(WSS) and was calculated from the differences (wi) of the observed (Ci) and predicted 

(C' i) concentrations. 

 WSS = ∑ w# ∙"
#$! 9C# − C; #<

) 
(Eq. 19) 

To obtain the absolute minimum of the WSS-function, PKSolver2.0 uses the 

generalized reduced gradient algorithm for nonlinear optimization [15]. 

5.2.5. Pharmacokinetic Model Assessment 

In addition to the coefficient of correlation R2 and the visual assessment, further criteria 

were used to assess the precision of the estimated pharmacokinetic parameters of the 

selected model. Of the numerous model diagnostic possibilities which were provided 

by PKSolver2.0, the Akaike’s information criterion (AIC) and Schwarz criterion (SC) 

can be considered as the most important ones [219]. They are used to compare 

different PK models of the same weighting type and are calculated as follows: 

 AIC = n ∙ ln	(WSS) + 2p 
(Eq. 20) 

 SC = n ∙ ln(WSS) + p ∙ ln	(n) 
(Eq. 21) 

where the number of measurement points (n), the WSS and the number of estimated 

parameters (p) were considered [15]. The smaller the AIC or SC value, the better the 

model is suited for the respective mathematical description of the data.

5.2.6. Determination of Plasma Protein Binding of Skepinone-L 

In order to determine the affinity of SKL to bind to plasma proteins an equilibrium 

dialysis was performed. In addition, it was researched whether the potential binding 
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affinity of SKL is influenced in any manner by the presence of SRF, NOX or HOM. For 

these purposes, RED plates with inserts purchased from Thermo ScientificTM Pierce, 

Rockford (USA), were used. 

 

Equilibrium dialysis is a common technique for determining the fraction of new 

chemical entities bound to plasma proteins. This method consists of two chambers 

which are separated by a semi-permeable membrane. The molecular-weight cut-off of 

dialysis membranes allows small molecules to diffuse but restricts the passage of 

proteins. In the present study, membranes with 8 kDa cut-off were used. The protein 

chamber contained human plasma pooled from eight donors processed within a 

maximum of 4 hours after blood donation. The second compartment was protein-free 

and contained phosphate-buffered saline (PBS) consisting of 10 mM phosphate-

buffer, 2.7 mM KCl and 137 mM NaCl. 

 

For each analysis (n = 2) 200 µL human plasma spiked with analyte was added to the 

sample compartment and 350 µL PBS to the buffer compartment. Pre-conditioning of 

the RED membrane inserts was not necessary. In order to verify the state of 

equilibrium, the sample compartment of the control analysis contained buffer instead 

of plasma spiked with analyte. Immediately after the sample transfer the plates were 

covered with sealing tape and incubated in a shaking-incubator for 4 h at 37°C and 

750 rpm. Afterwards, 75 µL from both the plasma and the buffer compartment were 

pipetted in separate microcentrifuge tubes containing the equal volume of either blank 

buffer or blank plasma, thus all samples had the same plasma to buffer ratio. Protein 

precipitation and analyte release was performed by adding 300 µL chilled ACN 

containing the ISTD (15 µM FS112). The samples were vortex-mixed for 30 s, 

incubated for 30 min at 4°C and centrifuged for 20 min at 19,800 relative centrifuge 

force and 4°C. The supernatant was directly used for LC-MS/MS analysis.  

 

The percentages of the fraction unbound (fu) and the percentage of compound bound 

to plasma proteins (fb) and was calculated using following equations: 

 fu = 	 <6=	?@AABC	DEFG1C2FB"2<6=	G01*F1	DEFG1C2FB"2 ∗ 100 
(Eq. 22) 

 fb = 	100 − f@ 
(Eq. 23) 
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The plasma protein-bound fraction of SKL, SRF and NOX was determined both 

separately and combined in varying concentrations of 12.5, 25.0 and 37.5 µM. This 

corresponds to 5,318, 10,636 and 15,953 ng/mL SKL, to 5,810, 11,621 and 

17,431 ng/mL SRF and to 6,010, 12,020 and 18,030 ng/mL NOX. 

Chromatographic Conditions 
The analytical column, injection volume, column and sample temperature, flow rate 

and eluent used were the same as described in chapter 5.2.2, except that the isocratic 

composition consisted of 33 % solvent A. 

Retention time [min]: SKL: 5.2 – 5.3 
 SRF: 7.9 – 8.0 
 NOX: 5.7 – 5.8 
 FS112: 6.1 – 6.2 

MS/MS Conditions 
Instrumental parameters were applied as described previously (Ch. 5.2.2). Further 

adjustments and monitored pairs of m/z values detected via MRM-mode were utilized 

as following (Tab. 89). 
 

 SKL SRF NOX FS112 
cone voltage [V] 51 51 40 51 

collision energy [V] 29 29 29 29 
precursor ion [M+H]+ 426.3 465.0 481.0 396.3 

product ion 257.6 252.5 286.2 257.6 
Tab. 89: Instrumental parameters for the mass spectral analysis using MRM in order to 
determine the degree of binding to plasma proteins of SKL, SRF, NOX and FS112.

5.2.7. Metabolism and Biotransformation in vitro 

5.2.7.1. Liver Microsomal Incubations 

Since the biotransformation of drugs takes place predominantly in the liver, 

microsomes are a frequently used test system for investigating metabolic 

transformation in vitro. They require little equipment, and the experiments are relatively 

quick, simple and low-cost. However, they have neither cytosolic nor organelle-

associated enzymes, and require the addition of relevant co-factors. Pooled liver 

microsomes of different species were purchased from Sekisui Xenotech (Kansas City, 

USA) and Sigma Aldrich (Steinheim, Germany). These microsomes were 
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characterized in protein content (Tab. 90) and used to study the in vitro metabolism of 

SKL by conducting Ph1, Ph2 and DA incubation assays. 

species race abbreviation catalogue No. gender 
protein 
content 
[mg/mL] 

human Caucasian, African 
American, Hispanic 

HLM H1000 m 20 
fHLM H1500 f 20 

rat Sprague Dawley RLM M9066 m 20 
mouse CD-1 MLM M1000 m 20 

dog beagle DLM D1000 m 20 
monkey cynomolgus CMLM P2000 m 20 

Tab. 90: Overview of purchased and for in vitro metabolism studies of SKL and SRF applied liver 
microsomes of male and female humans, male Sprague Dawley rats, CD-1 mice, beagle dogs and 
cynomolgus monkeys.  

Further, the CYP content expressed in nmol per mg protein of purchased LMs is 

specified as well as the activity of UGT isoforms 1A1, 1A4, 1A9 and 2B7 of human 

LMs. Table 91 summarises the lot of LM used in each assay and its characteristics 

regarding CYP content and UGT activity. 
 

LM lot 
CYP content 

[nmol/mg 
protein] 

UGT activity 
[pmole/mg protein/min] 

 incubation assay 

1A1 1A4 1A9 2B7  Ph1 Ph2 DA 
HLM 1210270 0.428 1210 1150 4570 4060  X X X 
fHLM 1210079 0.402 833 818 4210 3720  -- -- X 
RLM SLBN0707V 

SLBS4975 
0.770 
0.650 

N/A N/A N/A N/A  X 
-- 

X 
-- 

-- 
X 

MLM 1610148 1.166 N/A N/A N/A N/A  X X X 
DLM 1310086 0.579 N/A N/A N/A N/A  X X X 

CMLM 1110329 1.258 N/A N/A N/A N/A  X X X 
Tab. 91: Characteristic CYP content and UGT activity of applied LMs in the corresponding 
incubation assay. N/A = not available; X = lot used in incubation-assay; -- = lot not used in incubation-
assay 

5.2.7.2. CYP-mediated Phase 1 Metabolism Studies 

CYP-mediated Ph1 biotransformation of SKL and SRF was studied using pooled LM 

from humans, mice, rats, dogs and monkeys. The incubations were performed in the 

presence of a nicotinamide adenine dinucleotide phosphate (NADPH)-regenerating 

system, which consisted of 5 mM glucose-6-phosphate (G6P), 5 U/mL glucose-6-

phosphate dehydrogenase (G6PDH) and 1 mM NADP+. The analytes, the 

regeneration system and 4 mM MgCl2 x 6 H2O in 0.1 M Tris-HCl buffer (pH 7.4 at 

37°C) were preheated for 5 min at 37°C and 750 rpm in an incubator. The incubation 

mix was split into 50 μL aliquots and the reaction was started by adding the respective 
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LM. Thereby the microsomal protein content was standardized to 1.0 mg/mL. To follow 

the course of potential metabolic degradation, reaction tubes were quenched after 0, 

10, 20, 30, 60, 90 and 120 min by adding 150 μL ice cooled ISTD (FS112) at a 

concentration of 30 μM in ACN. The samples were vortexed immediately for 30 s and 

incubated at 4°C for 30 min to ensure that precipitation of proteins and salts is 

complete. Afterwards the mixture was centrifuged for 20 min at 19,800 relative 

centrifugal force and 4°C. The supernatant was directly used for LC-MS/MS analysis. 

All incubations in the present thesis were performed at least as duplicates, mostly as 

triplicates, and incubations with heat-inactivated LM were used to demonstrate that 

the analyte reduction that occurred resulted only from metabolic degradation. 
 

reagent solvent stock solution 
concentration 

final 
concentration 

Tris-HCl pH 7.4 (37°C) [mM] H2O 100.0 -/- 
MgCl2 [mM] Tris-HCl 80.0 4.0 

ß-NADPH [mM] Tris-HCl 20.0 1.0 
G6P [mM] Tris-HCl 100.0 5.0 

G6PDH [U/mL] Tris-HCl 100.0 5.0 
analyte [µM] DMSO 1,000.0 10.0 

LM [mg/mL protein] -/- 20.0 1.0 
Tab. 92: Composition of the Ph1 incubation assays for the determination of metabolic stability 
and analysis of metabolite formation of SKL and SRF in vitro in LM from humans, mice, rats, dogs and 
monkeys. 

Incubations of 10 µM SKL alone and in the presence of 5, 10, 20 and 40 µM SRF were 

performed to study whether the Ph1 metabolism of SKL in vitro is influenced by SRF. 

The influence of SKL on the biotransformation of SRF was examined by microsomal 

incubations containing 10 µM SRF alone and with additional 5, 10, 20 and 40 µM SKL. 

Changes and deviations from the procedure described here are mentioned with the 

respective results in chapter 3.5. 

Chromatographic Conditions 
The analytical column, column and sample temperature, flow rate and eluent used 

were the same as described in chapter 5.2.2. 

Injection volume: 15 µL 
Gradient mode:   

t [min] 0.00 0.10 2.25 4.00 4.50 10.0 
% B 45.0 45.0 87.0 87.0 45.0 stop 
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Retention time [min]: SKL: 7.2 – 7.3 
 SRF: 8.7 – 8.8 
 NOX: 7.6 – 7.7 
 HOM: 7.9 – 8.0 
 DES: 8.1 – 8.2 
 FS112: 8.0 – 8.1 
 
The chromatographic conditions used for the analysis of the SKL Ph1 metabolites M#1 

to M#5 are the same as for the determination of the UGT-mediated metabolism 

reaction and are given in the upcoming section 5.2.7.3. 

Retention time [min]: M#1: 6.4 – 6.5 
 M#2: 7.6 – 7.7 
 M#3: 9.5 – 9.6 
 M#4: 10.0 – 10.1 
 M#5: 11.8 – 11.9 

MS/MS Conditions 
Instrumental parameters were applied as described previously (Ch. 5.2.2). Further 

adjustments and the pairs of m/z values detected by MRM-mode are given in the 

following tables 93 and 94. 
 SKL SRF NOX HOM DES FS112 

cone voltage [V] 51 51 40 55 51 51 
collision energy [V] 29 29 29 27 29 29 

precursor ion [M+H]+ 426.1 465.0 481.0 462.8 451.0 396.3 
product ions 257.7 252.5 259.0 268.0 256.0 257.6 

 378.1 424.9 286.0 406.0 406.0  
 407.2 446.9 462.8 451.0   

Tab. 93: Instrumental parameters for the mass spectral analysis using MRM to determine the 
metabolic degradation of SKL and SRF. 

 M#1 M#2 M#3 M#4 M#5 
cone voltage [V] 51 51 51 51 51 

collision energy [V] 29 25 25 25 25 
precursor ion [M+H]+ 424.0 424.0 424.0 349.9 349.9 

product ions 203.4 358.9 203.4 202.9 194.0 
 255.9 387.9 255.9 215.8 215.8 
 358.9  358.9 256.0 221.8 
 387.9  387.9 332.5 332.5 

Tab. 94: Instrumental parameters for the mass spectral analysis using MRM to determine Ph1 
metabolites of SKL. 

5.2.7.3. UGT-mediated Phase 2 Metabolism Studies 

In vitro glucuronidation of SKL was examined by utilising microsomal uridine 

5'-diphospho-glucuronosyltransferases (UGTs). The active site of these membrane-

bound enzymes protrudes into the inside of the endoplasmic reticulum. Therefore, the 
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membrane is disrupted using a pore-forming agent to enhance substrate access for 

maximum enzyme activity [168]. For this purpose, pooled LM with a final protein 

concentration of 1.0 mg/mL were pre-incubated for 30 min on ice in 0.1 M Tris-HCl 

buffer in the presence of 50 µg/mg protein alamethicin. Subsequently, the LMs thus 

activated were tempered up to 37°C for 5 min with 5 mM uridine diphosphate 

glucuronic acid (UDPGA) as glycosyl donor, 5 mM saccharolactone to inhibit 

microsomal ß-glucuronidases [220] and 5 mM MgCl2 as another essential cofactor. 

 

After splitting this incubation mixture into 50 µL aliquots, conjugation reaction was 

started by addition of analyte and was performed in an incubator at 37°C and 750 rpm. 

After 0, 10, 20, 30, 60, 90 and 120 min the reaction was stopped with 150 µL of ice 

cooled ISTD (30 µM FS112 in ACN) to monitor time dependent glucuronide formation. 

One incubation without analyte and one without UDPGA served to demonstrate that 

occurring products are glucuronides of the test compound. Sample preparation for 

LC-MS/MS analysis was performed as described in section 5.2.7.2. A potential 

influence of SKL on the biotransformation of SRF and vice versa was also to be 

investigated under Ph2 conditions. For this purpose, incubations of the analyte to be 

tested were carried out in the presence of different concentrations of the other 

substance analogous to the previous section (5.2.7.3). 

reagent solvent stock solution 
concentration 

final  
concentration 

Tris-HCl pH 7.4 (37°C) [mM] H2O 100.0 -/- 
MgCl2 [mM] Tris-HCl 80.0 5.0 

UDPGA [mM] Tris-HCl 40.0 5.0 
saccharolactone [mM] Tris-HCl 40.0 5.0 

alamethicin [mg/mL] 
 

DMSO 
 

10.0 
 

50.0 
[µg/mg protein] 

analyte [µM] DMSO 1,000.0 10.0 
LM [mg/mL protein] -/- 20.0 1.0 

Tab. 95: Composition of Ph2 incubation assay to determine conjugative metabolite formation of 
SKL and SRF in vitro in LM from humans, mice, rats, dogs and monkeys. 

Chromatographic Conditions 
The analytical column, flow rate, column and sample temperature as well as eluent 

used were the same as described in chapter 5.2.2. 

Injection volume: 15 µL 
Gradient mode:   

t [min] 0.00 7.50 7.65 11.0 11.01 16.20 
% B 40.0 40.0 80.0 80.0 40.0 stop 
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Retention time [min]: SKL: 13.4 – 13.5 
 pO-Glc: 11.5 – 11.6 
 sO-Glc: 10.1 – 10.2 
 N-Glc: 4.2 – 4.3 
 SRF: 15.5 – 15.6 
 SRF-Glc: 7.1 – 7.2 
 FS112: 14.0 – 14.1 

MS/MS Conditions 
Instrumental parameters were applied as previously described (Ch. 5.2.2). Specific 

MRM settings were used for SKL, SRF and FS112 as presented in section 5.2.7.2. 

Further adjustments and the pairs of m/z values of the remaining analytes detected by 

MRM-mode are given in the following table 96. 

 pO-Glc sO-Glc N-Glc SRF-Glc 
cone voltage [V] 51 51 51 51 

collision energy [V] 29 29 29 29 
precursor ions [M+H]+ 426.1 426.1 426.1 465.0 

 602.8 602.8 602.8 641.1 
product ions 257.6 257.6 257.6 252.5 

 351.0 351.0 351.0 424.9 
 378.3 378.3 426.1 446.9 
 426.1 426.1  465.0 

Tab. 96: Instrumental parameters for the mass spectral analysis using MRM to analyse the 
formed glucuronides of SKL and SRF. 

5.2.7.4. UGT-mediated Metabolism Studies of Skepinone-L Analogues 

Structural elucidation of SKL glucuronides was performed by incubations of SKL 

analogues in HLM. Therefore 100 µM of N-methyl-SKL, FS352, SK845, SK558 and 

FS332 were incubated in the presence of activated microsomal UGTs for 6 h. Further 

procedure and the composition of the reaction mixture was as described in the 

previous section 5.2.7.3. 

Chromatographic Conditions 
The analytical column, flow rate, column and sample temperature as well as eluent 

used were the same as described in chapter 5.2.2. 

Gradient mode:  
N-methyl-SKL t [min] 0.00 4.75 5.00 10.00 10.10 16.20  

 % B 50.0 50.0 65.0 65.0 50.0 stop  
         

FS352 t [min] 0.00 5.00 5.25 10.00 10.10 16.20  
 % B 50.0 50.0 70.0 70.0 50.0 stop  
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FS332 t [min] 0.00 5.00 5.25 9.50 11.0 11.01 16.70 
 % B 50.0 50.0 85.0 90.0 90.0 50.0 stop 
         

SK558 t [min] 0.00 5.00 5.50 8.50 10.0 10.01 16.50 
 % B 50.0 50.0 85.0 90.0 90.0 50.0 stop 
         

SK845 t [min] 0.00 5.00 5.25 10.00 10.10 16.50  
 % B 50.0 50.0 70.0 70.0 50.0 stop  

 
Retention time [min]:  

N-methyl-SKL FS352 FS332 SK558 SK845 
11.3 11.6 15.4 13.7 12.3 

MS/MS Conditions 
Instrumental parameters were applied as described in chapter 5.2.2 Further 

adjustments and monitored pairs of m/z values detected via MRM-mode are given in 

the following tables 97 and 98.  

 N-methyl-
SKL 

N-methyl-
SKL-Glc. 

FS352 FS352-
Glc 

FS332 FS332-
Glc 

cone voltage [V] 51 51 35 35 40 40 
collision energy [V] 29 29 24 24 25 25 

precursor ions [M+H]+ 440.1 440.1 427.1 427.1 367.0 367.0 
  616.0  603.1  544.1 

product ions 231.8 231.8 259.0 259.0 259.0 259.0 
 271.8 271.8 336.0 336.0 305.0 305.0 
 347.6 347.6 378.8 378.8 323.6 323.6 
 391.9 391.9 390.5 390.5 335.5 335.5 
  440.1  427.1  367.0 

Tab. 97: Instrumental parameters for the mass spectral analysis of N-methyl-SKL, FS352, FS332 
as well as their respective glucuronides applying MRM. 

 SK558 SK558- 
Glc 

SK845 SK845- 
Glc 

cone voltage [V] 45 45 45 45 
collision energy [V] 25 25 28 28 

precursor ions [M+H]+ 366.0 366.0 410.0 410.1 
  542.0  586.1 

product ions 209.2 209.2 257.8 257.8 
 230.0 230.0 335.7 335.7 
 257.6 257.6 351.8 351.8 
 347.8 347.8 391.5 391.5 

  366.0  410.1 
Tab. 98: Instrumental parameters for the mass spectral analysis of SK558 and SK845 as well as 
their respective glucuronides using MRM. 
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5.2.7.5. Dual-Activity Metabolism Assay 

In order to study the simultaneous oxidative conjugative reaction dual activity 

metabolism assays (DAA) with pooled LM were performed. The incubation mixture 

consisted of an adapted combination of the Ph1 and Ph2 metabolism studies 

ingredients (Tab. 99). Additionally, it contained 0.1 % bovine serum albumin (BSA) to 

antagonise inhibitory long-chain fatty acids [221] and thus influence the activities of 

CYP and UGT enzymes [222]. 

 

The incubation mixture consisted of two separately prepared parts. As described for 

Ph2 metabolism studies, LMs were pre-incubated with alamethicin in Tris-buffer on ice 

for 30 min, which represented part A. All remaining components were contained in 

solution part B, except the analyte. Both parts were tempered to 37°C for 5 min. 

Immediately after addition of analyte to part A the enzymatic reaction was started by 

mixing both parts and subsequently splitting the incubation mixture into aliquots of 

50 µL. The further procedure, also with regard to study the drug-drug interactions of 

SKL and SRF, RGF and TFP was as described in chapter 5.2.7.3. 
reagent solvent stock 

solution 
concentration 

final 
concentration 

mixture part 

Tris-HCl pH 7.4 (37°C) [mM] H2O 100.0 -/- A / B 
MgCl2 [mM] Tris-HCl 80.0 4.0 B 

UDPGA [mM] Tris-HCl 100.0 5.0 B 
saccharolactone [mM] Tris-HCl 100.0 5.0 B 

ß-NADPH [mM] Tris-HCl 20.0 1.0 B 
G6P [mM] Tris-HCl 100.0 2.5 B 

G6PDH [U/mL] Tris-HCl 100.0 5.0 B 
BSA [%] Tris-HCl 5.0 (w/v) 0.1 (v/v) B 

alamethicin [mg/mL] DMSO 
 

10.0 
 

50.0 
[µg/mg protein] 

A 

analyte [µM] DMSO 1,000.0 10.0 A 
LM [mg/mL protein] -/- 20.0 1.0 A 

Tab. 99: Composition of mixture parts A and B for the dual-activity assay to determine oxidative-
conjugative metabolite formation of SKL and SRF in vitro in LM from humans, mice, rats, dogs and 
monkeys. In addition, the DAA mixture was used to study the metabolic transformation of RGF and TFP 
in the presence of SKL or SRF in HLM. 

Chromatographic Conditions 
Chromatographic conditions applied for analysis of SKL, SRF and FS112 in DAA were 

the same as used in UGT-mediated Ph2 metabolism studies. The retention times of 

these analytes and their glucuronides were as described previously (Ch. 5.2.7.3). The 

separation method outlined there was additionally used for the analysis of RGF. 
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Retention time [min]: RGF: 14.9 – 15.0 
 NOX: 13.8 – 13.9 
 HOM: 14.2 – 14.3 
 DES: 14.6 – 14.7 
 

In order to determine glucuronidation of TFP during DAA studies the gradient was as 

follows. The analytical column, flow rate, column and sample temperature as well as 

eluent used were the same as described in chapter 5.2.2. 

Injection volume: 15 µL 
Gradient mode:   

t [min] 0.00 0.50 2.25 4.40 4.50 11.50 
% B 33.0 33.0 87.0 87.0 33.0 stop 

 

Retention time [min]: SRF: 9.1 – 9.2 
 TFP: 5.8 – 5.9 
 TFP-Glc: 6.2 – 6.3 
 FS112: 8.5 – 8.6 

MS/MS Conditions 
Instrumental settings were applied as described in chapter 5.2.2. Specific MRM 

parameters for SKL, SRF, NOX, HOM, DES and FS112 were used as given in 

chapter 5.2.8.2. The adjustments applied in section 5.2.7.3 for the glucuronides of SKL 

and SRF were adopted for the DAA. The pairs of m/z values of the remaining analytes 

detected by MRM following DAA are given in the table 100. 
 RGF TFP TFP-Glc 

cone voltage [V] 51 51 30 
collision energy [V] 29 29 33 

precursor ions [M+H]+ 483.0 408.0 584.2 
product ions 270.2 141.0 113.1 

 287.7 247.8 141.0 
 423.9 259.6 279.8 
 442.3 279.8 408.0 
 465.2   

Tab. 100: Instrumental parameters for the mass spectral analysis using MRM to analyse RGF, 
TFP and TFP-Glc. 

5.2.7.6. Kinetic Analysis of Skepinone-L Glucuronidation in Liver 
Microsomes 

Linearity Determination of Glucuronide Formation 
The conversion of substrate over time must be linear in order to determine Km and 

Vmax. The optimal protein concentration and incubation time were therefore 
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ascertained in advance. For this purpose, incubations of 100, 10 and 1 µM SKL in 

HLM, RLM, MLM, DLM and CMLM were performed applying Ph2 conditions 

(Ch. 5.2.8.3). Protein concentrations were 0.10, 0.25, 0.50 and 1.00 mg/mL, 

respectively. The reactions were stopped after 10, 20, 40 and 60 min by addition of 

ISTD in ACN. The chromatographic conditions used were as described previously 

(Ch. 5.2.7.3). 

Determination of Km and Vmax 

To determine Km and Vmax the conjugation of SKL with glucuronic acid was examined 

as described in chapter 5.2.7.3, including sample preparation and chromatographic 

conditions. However, the reaction mixture displayed there has been changed 

somewhat. Besides the modified protein contents, this mixture contained 10 mM 

UDPGA and 0.1% BSA. SKL was incubated at nine different concentrations in HLM, 

RLM, MLM, DLM and CMLM. Table 101 shows the final concentrations of SKL as well 

as the respective protein contents and incubation times. The Ph2-incubations for each 

SKL concentration were performed as triplicate. 
 HLM RLM MLM DLM CMLM 

SKL [µM] 1.0  /  2.5  /  5.0  /  7.5  /  10  / 15  /  25  /  50  /  75 
protein [mg/mL] 1.00 1.00 0.25 1.00 0.50 

time [min] 30 20 20 20 20 
Tab. 101: Concentrations of SKL, liver microsomal protein content of each species and 
incubation time applied to determine Km and Vmax. 

Calculation of the kinetic constants Km and Vmax from experimental data were 

performed via nonlinear regression using the enzyme kinetics model of 

GraphPadPrism9.0.

5.2.8. Incubations with Recombinant UGTs 

The complete elucidation of the metabolic transformation of a xenobiotic also requires 

the identification of the involved isoforms of the catalysing enzyme family. Incubations 

with recombinant human UGTs (rUGTs) were used to identify the isoforms involved in 

the glucuronidation of SKL. Recombinant enzymes were purchased from Corning 

(Woburn, USA). SupersomesTM were prepared from insect cells infected with 

baculovirus containing human UGT cDNA. Table 102 summarises the general 
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information about the applied isoforms and their characteristic protein content and 

glucuronidation activities. 
UGT catalogue 

No. 
lot No. protein 

content 
[mg/mL] 

glucuronidation 
activity 

[pmol/mg protein/min] 

specific 
substrate 

1A1 456411 8047001 5.0 870 estradiol 
1A3 456413 6197002 5.0 190 estradiol 
1A4 456414 7179004 5.0 1,100 TFP 
1A6 456416 6216001 5.0 4,000 HTMC 
1A9 456419 6307002 5.0 4,600 HTMC 
2B7 456427 7193001 5.0 2,400 HTMC 
2B10 453323 7326001 5.0 9.7 amitriptyline 
2B15 456435 6271006 5.0 1,700 HTMC 

Tab. 102: Overview of purchased and for in vitro glucuronidation studies of SKL applied UGT 
isoforms. TFP = trifluoperazine, HTMC = hydroxytrifluoromethylcoumarin 

5.2.8.1. Glucuronidation Reaction by Recombinant UGTs 

Glucuronidation reaction of SKL in the presence of rUGTs was performed in 

accordance with the UGT Corning-SupersomesTM guidelines. SKL was incubated with 

0.5 mg/mL of the respective isoform in 0.1 M Tris-HCl buffer in the presence of 

25 µg/mL alamethicin, 10 mM MgCl2 and 5 mM UDPGA at 37°C. The exact 

composition of the reaction mixture is given in table 103. The substrate concentration 

and the incubation time varied depending on the objective. To avoid deactivation of 

the respective human rUGT, no further agitation after initial mixing and no pre-

incubation of the reaction mixture were performed. The enzymatic reaction was 

stopped by adding ice cooled ISTD in ACN. The function of the isoenzyme was verified 

by control incubations with rUGT-specific substrate (Tab. 102), with known inhibitor as 

well as without protein. Sample preparation for LC-MS/MS analysis was performed as 

described in section 5.2.7.2. A potential influence of SRF on the SKL-glucuronidation 

was also to be investigated in the presence of the respective human rUGT isoform. 

For this purpose, rUGT-mediated glucuronidation of SKL were examined in the 

presence of different SRF concentrations. Each glucuronidation reaction incubation 

was performed as duplicate. 
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reagent solvent stock solution 
concentration 

final 
concentration 

Tris-HCl pH 7.5 (37°C) [mM] H2O 100.0 -/- 
MgCl2 [mM] Tris-HCl 500.0 10.0 

UDPGA [mM] Tris-HCl 100.0 5.0 
alamethicin [mg/mL] DMSO 10.0 0.025 

analyte [µM] DMSO 1,000.0 1.0 – 100 0 
rUGT [mg/mL protein] -/- 5.0 0.5 

Tab. 103: Composition of glucuronidation reaction mixture with human rUGTs to determine 
conjugative metabolite formation of SKL in vitro. 

Chromatographic conditions and MS/MS parameters applied for SKL, SRF and TFP 

analysis were the same as described in chapter 5.2.7.5. 

5.2.8.2. Kinetic Analysis of Skepinone-L Glucuronidation in Recombinant 
UGTs 

The determination of the kinetic parameters was also performed in the presence of the 

respective major responsible rUGT isoform. As previously described (Ch. 5.2.7.6) for 

the analysis in LM, the optimal protein concentration and analysis duration were 

determined in preliminary experiments. The incubations of SKL with rUGT2B7 and 

1A4 for the determination of Km and Vmax were performed with 0.5 mg/mL protein each 

and stopped after 20 min. The incubation reaction mixture used is described in the 

previous chapter. Sample preparation for LC MS/MS analysis was performed as 

described in section 5.2.7.2 by applying the chromatographic conditions displayed in 

chapter 5.2.7.3. 

5.2.8.3. Inhibition of rUGT2B7 

Several incubations with rUGT2B7 were used to clarify whether SKL, pO-Glc or 

sO-Glc are inhibitors of this isoform. For this purpose, the glucuronidation of the 

chemical probe substrate HTMC was investigated. The sample preparation was 

performed analogously to the description in chapter 5.2.7.2 and the composition of the 

incubation mixture is shown in section 5.2.8.1. 
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Chromatographic Conditions 
The analytical column, flow rate, column and sample temperature as well as eluent 

used were the same as described in chapter 5.2.2. Injection volume and LC gradient 

were given in chapter 5.2.7.3. 

MS/MS Conditions 
Instrumental parameters were applied as described previously (Ch. 5.2.2). Specific 

MRM settings used for SKL, pO-Glc, sO-Glc and ISTD FS112 are presented in 

chapter 5.2.7.3 UGT. Further adjustments and the pairs of m/z values of HTMC and 

HTMC-Glc detected by MRM-mode are given in the following table 104.  
 HTMC HTMC-Glc 

cone voltage [V] 51 51 
collision energy [V] 29 29 

precursor ions [M+H]+ 231.0 231.4 
  407.0 

product ions 161.3 161.3 
 166.8 166.8 
 229.0 230.6 
 230.6 231.4 

Tab. 104: Instrumental parameters for the mass spectral analysis using MRM in order to analyse 
HTMC and HTMC-Glc. 

 

5.2.9. p38a  Mitogen-Activated Protein Kinase Assay 

In order to assess the inhibitory activity of pO-Glc and sO-Glc towards p38a MAP 

kinase, an ELISA as described by Goettert et al. [179] was performed. 

Stability of Oxygen-linked Skepinone-L Glucuronides  
Hitherto, very little was known about the properties, especially the stability in solution, 

of the newly discovered SKL-glucuronides. O-linked glucuronides are generally less 

predisposed to chemical hydrolysis than other glucuronides [223]. However, it is 

possible that pO-Glc and sO-Glc were unstable in the kinase buffer used in the ELISA 

during the test period. This could result in the hydrolysis of the glucuronide-SKL 

conjugates into glucuronic acid and SKL. The presence of highly potent SKL could 

result in misrepresented IC50 values for the glucuronides. In order to exclude this, both 

glucuronides were incubated in ELISA kinase buffer for a total of 14 h at 37°C. The 

exact composition of the kinase buffer can be found in the description by 

Goettert et. al. [179]. Changes in the peak areas of sO-Glc and pO-Glc over the 
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incubation duration as well as a possible formation of SKL were investigated by 

LC-MS/MS using the method described in section 5.2.7.5. Neither a decrease in the 

peak areas nor a SKL signal could be detected over the duration of the entire 

experiment. Thus, the pO-Glc as well as the sO-Glc can be considered stable in the 

ELISA kinase buffer under assay conditions. Consequently, the presence of SKL and 

a possible influence on the determined IC50 can be excluded.

5.2.10. Extraction of Skepinone-L from Mouse Faeces 

In order to investigate the route of excretion of SKL and its glucuronides, their 

quantities in mouse feaces were determined. To extract SKL and its glucuronides from 

mouse faeces, it was first shredded with metal beads using a vortex mixer. For 

extraction the exactly weighed faeces was suspended with 0.5 mL H20 and 1.0 mL 

ISTD in ACN (FS112, 30 µM). After 10 min ultra-sonication at room temperature the 

suspensions were incubated for 4 h at 1,000 rpm in a shaker. Subsequently, the 

samples were centrifuged for 10 min at room temperature and 19,800 relative 

centrifugal force. 1,000 µL of the supernatant were filtered (0.45 µm) and analysed by 

LC-MS/MS. The mouse faeces consisted mainly of the carrier of the oral formulation. 

Therefore, this carrier was spiked with 2 µg each of pO-Glc and sO-Glc and processed 

accordingly to the samples. Since almost no SKL could be detected, pO-Glc and 

sO-Glc appeared to be stable during the sample preparation. Chromatographic 

conditions and instrumental parameters to analyse the feaces samples were applied 

as described in chapter 5.2.7.1. 



 

 218 

 

 

 



 

219 

6. LIST OF PUBLICATIONS 

During the preparation of the thesis, the following publications were contributed to: 

 

1.) Heider F, Ansideri F, Tesch R, Pantsar T, Haun U, Döring E, Kudolo M, Poso A, 

Albrecht W, Laufer SA, Koch P. Pyridinylimidazoles as dual glycogen synthase 

kinase 3β/p38α mitogen-activated protein kinase inhibitors. J Med Chem. 2019; 

175:309-329. 

 

2.) Opretzka LCF, Espírito-Santo RFD, Nascimento OA, Abreu LS, Alves IM, Döring 

E, Soares MBP, Velozo EDS, Laufer SA, Villarreal CF. Natural chromones as 

potential anti-inflammatory agents: Pharmacological properties and related 

mechanisms. Int Immunopharmacol. 2019; 72:31-39. 

 

3.) Forster M, Chaikuad A, Dimitrov T, Döring E, Holstein J, Berger BT, Gehringer M, 

Ghoreschi K, Müller S, Knapp S, Laufer SA. Development, Optimization, and 

Structure-Activity Relationships of Covalent-Reversible JAK3 Inhibitors Based on 

a Tricyclic Imidazo[5,4- d]pyrrolo[2,3- b]pyridine Scaffold. J Med Chem. 2018; 

61(12):5350-5366.  



List of Publications 

 220 

4.) Juchum M, Günther M, Döring E, Sievers-Engler A, Lämmerhofer M, Laufer S. 

Trisubstituted Imidazoles with a Rigidized Hinge Binding Motif Act As Single Digit 

nM Inhibitors of Clinically Relevant EGFR L858R/T790M and 

L858R/T790M/C797S Mutants: An Example of Target Hopping. J Med Chem. 

2017; 60(11):4636-4656. 

 

5.) Heider F, Haun U, Döring E, Kudolo M, Sessler C, Albrecht W, Laufer S, Koch P. 

From 2-Alkylsulfanylimidazoles to 2-Alkylimidazoles: An Approach towards 

Metabolically More Stable p38α MAP Kinase Inhibitors. Molecules. 2017; 

22(10):1729. 

 

6.) Walter NM, Wentsch HK, Bührmann M, Bauer SM, Döring E, Mayer-Wrangowski 

S, Sievers-Engler A, Willemsen-Seegers N, Zaman G, Buijsman R, Lämmerhofer 

M, Rauh D, Laufer SA. Design, Synthesis, and Biological Evaluation of Novel Type 

I1/2 p38α MAP Kinase Inhibitors with Excellent Selectivity, High Potency, and 

Prolonged Target Residence Time by Interfering with the R-Spine. J Med Chem. 

2017; 60(19):8027-8054.  

 

7.) Günther M, Lategahn J, Juchum M, Döring E, Keul M, Engel J, Tumbrink HL, Rauh 

D, Laufer S. Trisubstituted Pyridinylimidazoles as Potent Inhibitors of the Clinically 

Resistant L858R/T790M/C797S EGFR Mutant: Targeting of Both Hydrophobic 

Regions and the Phosphate Binding Site. J Med Chem. 2017; 60(13):5613-5637. 

 

8.) Muth F, El-Gokha A, Ansideri F, Eitel M, Döring E, Sievers-Engler A, Lange A, 

Boeckler FM, Lämmerhofer M, Koch P, Laufer SA. Tri- and Tetrasubstituted 

Pyridinylimidazoles as Covalent Inhibitors of c-Jun N-Terminal Kinase 3. J Med 

Chem. 2017; 60(2):594-607. 

 

9.) Muth F, Günther M, Bauer SM, Döring E, Fischer S, Maier J, Drückes P, Köppler 

J, Trappe J, Rothbauer U, Koch P, Laufer SA. Tetra-substituted 

pyridinylimidazoles as dual inhibitors of p38α mitogen-activated protein kinase 

and c-Jun N-terminal kinase 3 for potential treatment of neurodegenerative 

diseases. J Med Chem. 2015; 58(1):443-56. 



 

221 

7. APPENDIX 

7.1. Primary Calibration Lines during Method Validation 

  
Fig. 95: Primary calibration line for the determination of SKL in dog plasma at a range of 10.00 to 
4,000.00 ng/mL. 
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Fig. 96: Primary calibration lines for the determination of SKL (left) and SRF (right) in rat plasma at a 
range of 7.81 to 4,000.00 ng/mL. 

  
Fig. 97: Primary calibration lines for the determination of SKL (left) and SRF (right) in human plasma 
at a range of 15.63 to 4,000.00 ng/mL. 

7.2. Plasma Concentrations of Skepinone-L and Sorafenib in vivo 

Preliminary Study of SKL in Mice: 
SKL [ng/mL] in male mouse plasma after cassette dosing 
time 
[h] 

cassette 1  cassette 2 
i.v. n p.o. n  i.v. n p.o. n 

0.08 178.16 9 -/- -/-  175.70 9 -/- -/- 
0.25 163.65 3 138.23 9  114.48 3 119.03 9 
0.50 163.17 3 205.91 3  107.72 3 187.78 3 
1.00 73.31 6 182.19 3  69.30 6 168.42 3 
2.00 39.88 3 110.60 6  41.27 3 105.89 6 
4.00 13.14 3 64.32 3  12.59 3 41.14 3 
8.00 4.09 3 16.25 3  4.21 3 15.66 3 
24.00 0.45 3 0.44 3  0.13 3 0.60 3 

Tab. 105: Individual and mean concentrations of SKL [ng/mL] in mouse plasma of male C57BL/6 mice 
after 0.4 mg/kg i.v. and 1.2 mg/kg p.o. administration of cassette 1 and 2. n = number of samples  
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SKL [ng/mL] in female mouse plasma after p.o. administration 

time [h] animal mean 1 2 3 
0.00 0.00 0.00 0.00 0.0 
0.25 635.38 415.48 616.48 525.4 
0.50 1,191.14 1,101.33 1,103.81 1,146.2 
1.00 1,338.47 1,595.90 1,078.46 1,467.2 
2.00 652.4 681.48 538.63 666.9 
4.00 136.02 274.76 124.62 205.4 
8.00 29.37 37.51 17.52 33.4 
24.00 0.00 0.00 0.00 0.0 

Tab. 106: Individual and mean concentrations of SKL [ng/mL] in mouse plasma of female C57BL/6 
mice after single p.o. administration of 10 mg/kg SKL. 

Bioavailability Study of SKL in Dogs: 
SKL [ng/mL] in dog plasma after i.v. administration 
time [h] 4 (male) 5 (male) 6 (female) 7 (female) 

0.00 0.00 0.00 0.00 0.00 
0.08 2,864.80 3,365.44 2,022.35 2,579.35 
0.25 2,772.69 2,664.22 1,811.18 2,327.55 
0.50 2,658.94 2,238.03 1,530.93 2,271.76 
1.00 2,444.96 2,001.77 1,493.77 2,129.00 
2.80 1,732.52 1,420.39 1,236.35 1,525.93 
4.00 1,522.64 1,133.78 751.86 1,154.54 
8.00 644.02 349.89 363.21 458.85 
24.00 42.71 15.59 17.21 29.69 

Tab. 107: Individual concentrations of SKL in plasma of male and female beagle dogs after single 
intravenous administration of 5 mg/kg SKL. 

SKL [ng/mL] in dog plasma after p.o. administration 
time [h] 4 (male) 5 (male) 6 (female) 7 (female) 

0.00 0.00 0.00 0.00 0.00 
0.50 3,071.52 1,676.50 1,075.94 3,996.88 
1.00 3,691.45 2,479.43 1,723.04 4,621.24 
2.00 4,599.63 3,538.48 4,551.21 6,025.03 
4.00 5,256.50 4,968.63 5,098.93 5,851.79 
8.00 3,272.95 1,787.01 4,506.20 4,174.52 
24.00 151.96 142.77 103.98 296.13 

Tab. 108: Individual concentrations of SKL [ng/mL] in dog plasma of male and female Beagle dogs after 
single oral (p.o.) administration of 50 mg/kg SKL. 

SKL [ng/mL] in dog plasma after p.o. administration (capsule) 
time [h] 4 (male) 5 (male) 6 (female) 7 (female) 

0.00 0.00 0.00 0.00 0.00 
0.50 10.83 440.90 157.31 0.00 
1.00 5.60 366.19 576.80 696.77 
2.00 85.85 1,705.03 1,605.85 713.79 
4.00 376.99 3,086.89 2,011.78 707.42 
8.00 6,323.07 1,063.09 722.85 444.40 
24.00 914.08 44.83 23.98 418.64 

Tab. 109: Individual concentrations of SKL [ng/mL] in dog plasma of male and female Beagle dogs after 
single oral (p.o.) administration of 50 mg/kg SKL per capsule.  
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Pharmacokinetic Study of Skepinone-L and Sorafenib in Rats: 
Part I: 
SKL [ng/mL] in rat plasma after 5 mg/kg p.o. administration 

time [h] 8 9 10 mean 
0.00 0.00 0.00 0.00 0.0 
0.25 27.09 84.52 44.45 52.0 
0.50 32.01 106.86 105.72 81.5 
1.00 79.05 137.80 115.43 110.8 
2.00 55.12 149.73 78.17 94.3 
4.00 46.69 100.08 41.95 62.9 
9.00 199.94 127.40 12.03 113.1 
12.00 258.89 71.23 13.11 114.4 

Tab. 110: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after single oral (p.o.) administration of 5 mg/kg SKL. 

SKL [ng/mL] in rat plasma after 15 mg/kg p.o. administration 
time [h] 11 12 13 mean 

0.00 0.00 0.00 0.00 0.0 
0.25 414.61 192.24 145.05 250.6 
0.50 603.43 491.92 402.91 499.4 
1.00 572.99 650.35 401.41 541.6 
2.00 455.78 626.17 281.95 454.6 
4.00 439.71 600.40 291.20 443.8 
9.00 381.99 378.25 413.68 391.3 
12.00 387.37 631.56 502.82 507.3 

Tab. 111: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after single oral (p.o.) administration of 15 mg/kg SKL. 

SKL [ng/mL] in rat plasma after 50 mg/kg p.o. administration 
time [h] 14 15 16 mean 

0.00 0.00 0.00 0.00 0.0 
0.25 272.33 194.48 161.66 209.5 
0.50 361.57 424.24 525.91 437.2 
1.00 436.10 619.81 1,426.87 827.6 
2.00 384.31 605.58 1,330.04 773.3 
4.00 485.32 741.96 792.06 673.1 
9.00 954.93 1,247.65 N/A 1,101.3 
12.00 803.00 787.02 1,147.57 912.5 

Tab. 112: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after single oral (p.o.) administration of 50 mg/kg SKL. N/A = not available 

SKL [ng/mL] in rat plasma after 3 mg/kg i.v. administration 
time [h] 17 18 19 mean 

0.00 0.00 0.00 0.00 0.0 
0.08 5,600.36 4,485.61 1,409.24 3,831.7 
0.25 3,659.10 4,585.94 1,332.89 3,192.6 
1.00 3,796.61 2,426.53 870.49 2,364.5 
2.00 N/A 3,704.03 693.56 2,198.8 
4.00 1,021.69 1,341.04 333.82 898.9 
9.00 35.85 59.86 41.21 45.6 

Tab. 113: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after single intravenous (i.v.) administration of 3 mg/kg SKL. N/A = not available  
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SKL [ng/mL] in rat plasma after 5 mg/kg i.v. administration 
time [h] 23 24 25 mean 

0.00 0.00 0.00 0.00 0.0 
0.08 3,339.73 3,159.27 5,276.31 3,925.1 
0.25 2,917.75 3,896.06 3,538.27 3,450.7 
1.00 1,764.00 * * -/- 
2.00 1,135.05   -/- 
4.00 682.83   -/- 
9.00 94.36   -/- 

Tab. 114: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after single intravenous (i.v.) administration of 5 mg/kg SKL. N/A = not available; *= rat died 

SKL [ng/mL] in rat plasma after 10 mg/kg i.v. administration 
time [h] 21 22  mean 

0.00 0.00 0.00  0.0 
0.08 7,875.79 5,086.33  6,481.1 
0.25 5,180.97 4,613.34  4,897.2 
1.00 2,434.69 4,003.17  3,218.9 
2.00 * N/A  -/- 
4.00  1,346.64  -/- 
9.00  215.86  -/- 

Tab. 115: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after single intravenous (i.v.) administration of 10 mg/kg SKL. N/A = not available; *= rat died 

 
Part II-A: 
SKL [ng/mL] in male rat plasma after 15 mg/kg/day 
time [h] 32 33 34 mean 

0.00 45.83 48.00 47.86 47.2 
0.50 1,052.73 346.42 857.44 752.2 
1.00 987.88 499.03 1,031.72 839.5 
2.00 1,610.97 435.68 965.06 1,003.9 
4.00 1,104.19 307.62 1,347.09 919.6 
9.00 1,010.83 804.50 1,515.37 1,110.2 
12.00 504.41 749.87 751.92 668.7 
24.00 128.61 430.00 41.28 200.0 

Tab. 116: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after repetitive oral administration of 15 mg/kg/day. 

SKL [ng/mL] in female rat plasma after 15 mg/kg/day 
time [h] 38 39 40 mean 

0.00 65.51 485.16 154.27 235.0 
0.50 1,467.17 1,412.04 2,065.80 1,648.3 
1.00 1,869.64 1,560.75 2,055.83 1,828.7 
2.00 2,211.54 1,112.64 1,540.57 1,621.6 
4.00 1,470.05 1,105.70 690.56 1,088.8 
9.00 1,045.81 1,767.93 787.64 1,200.5 
12.00 759.19 906.87 352.19 672.8 
24.00 233.68 351.86 1,367.96 651.2 

Tab. 117: Individual and mean concentrations of SKL [ng/mL] in rat plasma of female Sprague Dawley 
rats after repetitive oral administration of 15 mg/kg/day.  
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SKL [ng/mL] in male rat plasma after 50 mg/kg/day 
time [h] 44 45 46 mean 

0.00 1,031.89 371.83 669.68 691.1 
0.50 1,810.81 1,359.65 1,517.68 1,562.7 
1.00 1,709.97 1,566.47 1,613.43 1,630.0 
2.00 1,832.24 1,719.26 1,909.12 1,820.2 
4.00 1,801.96 1,482.95 1,688.43 1,657.8 
9.00 2,117.56 1,732.15 1,948.58 1,932.8 
12.00 1,864.55 1,328.11 929.06 1,373.9 
24.00 250.25 939.96 583.8 591.3 

Tab. 118: Individual and mean concentrations of SKL [ng/mL] in rat plasma of male Sprague Dawley 
rats after repetitive oral administration of 50 mg/kg/day. 

SKL [ng/mL] in female rat plasma after 50 mg/kg/day 
time [h] 50 51 52 mean 

0.00 1,498.38 513.35 1,263.11 1,091.6 
0.50 4,870.64 1,296.63 2,403.67 2,857.0 
1.00 5,959.12 1,669.72 3,620.54 3,749.8 
2.00 5,678.79 2,903.05 4,095.54 4,225.8 
4.00 5,777.06 3,197.00 3,192.25 4,055.4 
9.00 4,895.42 5,775.13 3,253.25 4,641.3 
12.00 2,248.43 4,987.78 2,952.19 3,396.1 
24.00 1,886.95 2,221.73 2,320.90 2,143.2 

Tab. 119: Individual and mean concentrations of SKL [ng/mL] in rat plasma of female Sprague Dawley 
rats after repetitive oral administration of 50 mg/kg/day. 

SRF [ng/mL] in male rat plasma after 25 mg/kg/day 
time [h] 56 57 58 mean 

0.00 12,386.79 11,821.78 10,829.97 11,679.5 
0.50 13,498.77 13,168.10 12,723.01 13,130.0 
1.00 16,530.31 21,823.85 14,688.41 17,680.9 
2.00 17,328.63 29,304.91 20,360.88 22,331.5 
4.00 18,440.35 32,998.52 20,802.98 24,080.6 
9.00 16,782.41 30,913.07 18,650.58 22,115.4 
12.00 15,139.04 16,326.29 24,429.09 18,631.5 
24.00 7,742.61 17,548.85 9,848.60 11,713.4 

Tab. 120: Individual and mean concentrations of SRF [ng/mL] in rat plasma of male Sprague Dawley 
rats after repetitive oral administration of 25 mg/kg/day. 

SRF [ng/mL] in female rat plasma after 25 mg/kg/day 
time [h] 62 63 64 mean 

0.00 22,762.68 22,601.64 20,385.71 21,916.7 
0.50 22,790.04 28,152.91 21,640.80 24,194.6 
1.00 26,999.80 31,278.29 24,685.51 27,654.5 
2.00 36,960.41 32,436.67 25,007.84 31,468.3 
4.00 35,143.43 33,768.49 25,418.57 31,443.5 
9.00 30,690.84 28,014.39 20,432.32 26,379.2 
12.00 28,254.43 24,932.58 18,588.43 23,925.1 
24.00 21,732.51 22,156.22 16,598.04 20,162.3 

Tab. 121: Individual and mean concentrations of SRF [ng/mL] in rat plasma of female Sprague Dawley 
rats after repetitive oral administration of 25 mg/kg/day.  
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SRF [ng/mL] in male rat plasma after 25 mg/kg/day 
time [h] 26 27 28 mean 

0.00 886.26 11,704.63 6,997.06 6,529.3 
0.50 2,100.38 13,111.10 7,803.75 7,671.7 
1.00 16,260.23 5,297.13 10,541.49 10,699.6 
2.00 10,232.21 13,331.24 17,514.40 13,692.6 
4.00 16,982.57 10,750.69 12,345.17 13,359.5 
9.00 11,350.42 15,238.74 12,020.27 12,869.8 
12.00 8,058.97 12,978.55 10,021.60 10,353.0 
24.00 5,261.96 7,594.23 7,255.97 6,704.1 

Tab. 122: Individual and mean concentrations of SRF [ng/mL] in rat plasma of male Sprague Dawley 
rats after repetitive oral administration of 25 mg/kg/day SRF. 

SRF [ng/mL] in female rat plasma after 25 mg/kg/day 
time [h] 29 30 31 mean 

0.00 13,032.16 13,438.71 13,431.79 13,300.9 
0.50 15,804.54 16,551.10 13,866.76 15,407.5 
1.00 22,221.35 16,944.60 19,001.92 19,389.3 
2.00 34,715.02 24,946.43 21,438.94 27,033.5 
4.00 32,097.03 26,251.51 24,907.89 27,752.1 
9.00 24,189.20 17,850.91 18,273.49 20,104.5 
12.00 26,831.94 16,253.21 17,739.64 20,274.9 
24.00 19,883.08 13,990.19 13,056.73 15,643.3 

Tab. 123: Individual and mean concentrations of SRF [ng/mL] in rat plasma of female Sprague Dawley 
rats after repetitive oral administration of 25 mg/kg/day. 

 
Part II-B: 
SKL and SRF [ng/mL] in male rat plasma after 15 mg/kg/day SKL + 25 mg/kg/day SRF 
time 
[h] 

35 36 37 
SKL SRF SKL SRF SKL SRF 

0.0 180.10 9,148.92 129.18 8,396.49 351.34 6,426.25 
0.5 2,443.55 11,612.72 3,638.24 10,364.79 1,864.62 7,090.23 
1.0 5,618.53 15,715.09 3,661.19 10,382.76 4,502.03 11,397.17 
2.0 6,121.05 17,173.78 4,431.64 14,886.51 4,442.15 11,044.31 
4.0 5,745.59 13,933.04 3,283.24 12,262.26 5,676.39 16,171.08 
9.0 3,895.83 17,479.23 3,417.16 15,199.42 3,642.76 10,788.92 
12.0 2,440.88 16,115.22 1,614.82 8,316.79 1,570.30 11,358.06 
24.0 186.99 12,274.57 134.57 7,405.21 66.91 5,510.80 

Tab. 124: Individual concentrations of SKL and SRF [ng/mL] in rat plasma of male Sprague Dawley 
rats after simultaneous repetitive oral administration of 15 mg/kg/day SKL and 25 mg/kg/day SRF. 

SKL and SRF [ng/mL] in female rat plasma after 15 mg/kg/day SKL + 25 mg/kg/day SRF 
time 
[h] 

41 42 43 
SKL SRF SKL SRF SKL SRF 

0.0 440.16 13,554.35 380.26 11,145.17 296.09 18,253.86 
0.5 5,219.78 15,091.86 3,365.50 14,241.39 7,354.88 29,133.95 
1.0 6,847.58 17,351.79 5,455.91 14,926.46 8,073.10 25,369.52 
2.0 5,381.83 19,728.87 5,002.47 19,002.47 6,614.86 29,342.02 
4.0 4,993.59 23,298.30 4,254.70 21,458.60 4,874.03 31,095.08 
9.0 4,548.13 21,542.28 3,379.78 15,043.91 2,174.54 24,503.20 
12.0 3,316.11 19,448.76 3,090.58 14,683.79 2,053.52 22,920.14 
24.0 257.39 14,190.77 853.40 11,195.77 1,169.51 17,730.38 

Tab. 125: Individual concentrations of SKL and SRF [ng/mL] in rat plasma of female Sprague Dawley 
rats after simultaneous repetitive oral administration of 15 mg/kg/day SKL and 25 mg/kg/day SRF.  
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SKL and SRF [ng/mL] in male rat plasma after 50 mg/kg/day SKL + 25 mg/kg/day SRF 
time 
[h] 

47 48 49 
SKL SRF SKL SRF SKL SRF 

0.0 285.82 6,026.97 333.34 8,305.82 887.16 6,284.95 
0.5 4,748.35 7,007.67 11,936.67 11,436.58 8,401.58 8,026.56 
1.0 6,458.31 8,514.21 14,450.64 13,862.12 8,961.30 10,138.54 
2.0 6,044.54 9,275.84 7,531.36 10,471.59 13,336.14 14,307.76 
4.0 5,826.95 7,907.81 12,267.14 17,570.70 6,625.02 12,406.82 
9.0 5,699.28 7,247.61 7,294.79 14,579.68 6,405.94 12,099.08 
12.0 3,960.15 5,847.96 4,798.54 12,716.46 5,398.97 11,849.57 
24.0 2,470.40 5,273.86 1,197.29 9,084.46 265.24 7,283.53 

Tab. 126: Individual concentrations of SKL and SRF [ng/mL] in rat plasma of male Sprague Dawley rats 
after simultaneous repetitive oral administration of 50 mg/kg/day SKL and 25 mg/kg/day SRF. 

SKL and SRF [ng/mL] in male rat plasma after 50 mg/kg/day SKL + 25 mg/kg/day SRF 
time 
[h] 

59 60 61 
SKL SRF SKL SRF SKL SRF 

0.0 2,728.33 5,738.93 1,140.24 6,019.44 729.48 3,228.30 
0.5 7,090.22 8,446.41 3,607.89 6,075.33 2,391.85 3,494.26 
1.0 2,935.05 3,941.99 5,154.91 6,787.84 8,028.02 10,075.20 
2.0 7,621.87 9,824.32 5,748.45 7,660.39 2,915.27 4,636.17 
4.0 6,391.46 8,980.24 5,409.99 8,408.54 2,938.15 4,909.92 
9.0 5,920.25 10,386.65 4,085.66 8,144.17 2,883.18 4,269.43 
12.0 4,570.35 11,559.74 2,997.11 6,678.65 2,739.39 3,306.99 
24.0 1,788.02 7,651.14 1,396.70 5,210.81 869.55 2,949.10 

Tab. 127: Individual concentrations of SKL and SRF [ng/mL] in rat plasma of male Sprague Dawley 
rats after simultaneous repetitive oral administration of 50 mg/kg/day SKL and 25 mg/kg/day SRF. 

SKL and SRF [ng/mL] in female rat plasma after 50 mg/kg/day SKL + 25 mg/kg/day SRF 
time 
[h] 

53 54 55 
SKL SRF SKL SRF SKL SRF 

0.0 1,649.20 10,097.23 1,527.49 11,142.05 1,325.23 12,946.31 
0.5 12,384.11 12,364.01 10,274.64 12,756.41 3,224.50 11,817.14 
1.0 13,067.41 13,419.02 16,647.21 14,710.48 5,827.55 13,096.56 
2.0 14,870.98 14,085.89 15,676.16 15,514.36 8,436.06 13,497.67 
4.0 12,383.69 16,615.73 14,681.19 15,449.01 10,390.89 15,426.93 
9.0 6,982.03 15,437.97 9,376.91 15,956.79 7,525.36 13,635.14 
12.0 5,554.57 12,819.92 5,723.33 14,952.17 6,560.57 13,129.42 
24.0 2,095.47 11,572.50 2,214.90 14,859.65 1,584.45 8,023.59 

Tab. 128: Individual concentrations of SKL and SRF [ng/mL] in rat plasma of female Sprague Dawley 
rats after simultaneous repetitive oral administration of 50 mg/kg/day SKL and 25 mg/kg/day SRF. 

SKL and SRF [ng/mL] in female rat plasma after 50 mg/kg/day SKL + 25 mg/kg/day SRF 
time 
[h] 

65 66 67 
SKL SRF SKL SRF SKL SRF 

0.0 1000.41 10942.60 2048.92 9497.98 1247.36 12754.02 
0.5 8979.83 11675.60 12432.84 11809.94 7494.37 12566.77 
1.0 12440.56 12848.69 16749.52 12965.42 10105.14 13754.78 
2.0 13292.43 14072.88 17995.80 15230.48 9564.76 14037.57 
4.0 12949.33 13809.46 14444.07 15111.08 7173.63 14015.34 
9.0 9694.83 13609.27 9806.28 17736.61 6245.28 13469.41 
12.0 7029.08 12595.98 6068.66 14996.68 5481.09 12005.05 
24.0 3820.11 11012.41 3993.92 12797.28 3147.23 9936.56 

Tab. 129: Individual concentrations of SKL and SRF [ng/mL] in rat plasma of female Sprague Dawley 
rats after simultaneous repetitive oral administration of 50 mg/kg/day SKL and 25 mg/kg/day SRF.  
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Pharmacokinetic Study of Skepinone-L and Sorafenib in cynomolgus monkeys: 
SKL [ng/mL] in monkey plasma after 50 mg/kg p.o. administration 
time [h] 68 (male) 69 (male) 70 (female) 71 (female) 

0.0 0.00 0.00 0.00 0.00 
0.5 703.74 87.19 592.89 156.94 
1.0 1,248.71 904.22 744.10 531.36 
2.0 1,501.39 1,921.92 723.71 1,285.97 
3.0 1,317.67 2,565.36 712.35 1,532.99 
4.0 1,076.77 3,671.86 602.86 1,718.27 
8.0 657.72 2,399.21 398.62 1,305.07 
24.0 87.82 180.63 69.07 916.74 

Tab. 130: Individual concentrations of SKL in plasma of male and female cynomolgus monkeys after 
single oral administration of 50 mg/kg SKL. 

SRF [ng/mL] in monkey plasma after 50 mg/kg p.o. administration 
time [h] 68 (male) 69 (male) 70 (female) 71 (female) 

0.0 0.00 0.00 0.00 0.00 
0.5 58.02 103.79 627.47 130.87 
1.0 258.11 456.29 800.18 421.78 
2.0 1,005.82 1,334.39 1,759.61 1,181.13 
3.0 1,988.19 1,616.72 2,216.93 2,345.80 
4.0 2,393.62 2,290.24 2,348.92 3,824.20 
8.0 3,246.43 2,866.31 2,080.42 6,347.96 
24.0 1,357.74 534.16 412.64 1,108.43 

Tab. 131: Individual concentrations of SRF in plasma of male and female cynomolgus monkeys after 
single oral administration of 50 mg/kg SRF. 

7.3. Calibration Lines during Kinetic Analysis of Skepinone-L 
Glucuronidation 

   
Fig. 98: Calibration lines for the determination of SKL (a) and its glucuronides pO-Glc and sO-Glc (b) 
in human LM to determine Vmax and Km. 
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Fig. 99: Calibration lines for the determination of SKL (a) and its glucuronides pO-Glc and sO-Glc (b) 
in rat LM to determine Vmax and Km. 

 

  
Fig. 100: Calibration lines for the determination of SKL (a) and its glucuronides pO-Glc and sO-Glc (b) 
in mouse LM to determine Vmax and Km. 

 

   
Fig. 101: Calibration lines for the determination of SKL (a) and its glucuronides pO-Glc and sO-Glc (b) 
in dog LM to determine Vmax and Km. 
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Fig. 102: Calibration lines for the determination of SKL (a) and its glucuronides pO-Glc and sO-Glc (b) 
in monkey LM to determine Vmax and Km. 

 

  
Fig. 103: Calibration lines for the determination of SKL (a) and its glucuronides pO-Glc and sO-Glc (b) 
in rUGT1A4 to determine Vmax and Km. 

 

   
Fig. 104: Calibration lines for the determination of SKL (a) and its glucuronides pO-Glc and sO-Glc (b) 
in rUGT1A4 to determine Vmax and Km. 
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