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Uusitalo, Jouko, The role of drug metabolism in drug discovery and development
– Case Ospemifene. 
University of Oulu Graduate School; University of Oulu, Faculty of Medicine; Medical
Research Center Oulu; Oulu University Hospital
Acta Univ. Oul. D 1328, 2015
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Drug metabolism is one of the most important events a drug faces after administration.
Traditionally, drug metabolism has only been considered as a major clearance and elimination step
in the pharmacokinetics of a drug. However, drug metabolism is also one of the important factors
behind safety and toxicity issues in drug discovery and development. Some of the mechanisms
behind metabolism-related toxicity we do understand well while others, especially the role of
reactive metabolites, need further research. The thesis reviews the role of drug metabolism in the
drug discovery and development process from the point of view of metabolism and metabolites.
Special emphasis is put on reviewing the metabolism behind human toxicity and safety, and the
roles of circulating and reactive metabolites in particular.

Ospemifene is a nonsteroidal selective estrogen receptor modulator recently approved for the
treatment of vulvar and vaginal atrophy in postmenopausal women with moderate to severe
dyspareunia. The present study characterized the in vitro and in vivo metabolism and potential
drug interactions of ospemifene. The principal human metabolites were identified and the
adequacy nonclinical animal exposure was evaluated. The major human cytochrome P450
enzymes involved in the formation of principal metabolites were also identified and the clinical
consequences assessed. Finally, the interaction potential of ospemifene as a cytochrome P450
enzyme inducer or inhibitor was investigated. As a result, ospemifene was considered to be safe
drug from a metabolic interaction point of view.

This study was part of the drug development program of ospemifene and practically all of the
in vitro study data were included in the marketing authorization application of ospemifene.
Ospemifene was also a case molecule in the development of new methodologies to study drug
metabolism and drug-drug interactions.

Keywords: ADME, bioanalysis, Cytochrome P450 enzyme system, DMPK, drug
metabolism, drug safety, drug-drug interactions, ospemifene, pharmaceutical analysis,
pharmacokinetics, reactive metabolites





Uusitalo, Jouko, Lääkeainemetabolian merkitys lääkekehityksessä –
esimerkkitapauksena ospemifeeni. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1328, 2015
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Lääkeainemetabolia on lääkeaineen farmakokinetiikassa tärkeä puhdistuma- ja eliminaatioaskel,
jonka rooli on ymmärretty varsin hyvin. Lääkeainemetabolialla on myös merkittävä vaikutus
lääkeaineen toksisuuteen ja lääkkeen käytön turvallisuuteen. Osa lääkeainemetaboliaan liittyvis-
tä toksisuusmekanismeista selvitetty hyvin, mutta erityisesti reaktiivisiin metaboliitteihin liitty-
vä osa vaatii vielä tutkimusta. Tämän työn kirjallisuusosassa katselmoidaan lääkeainemetaboli-
an merkitystä lääkekehitysprosessissa painottaen erityisesti lääkeainemetabolian sekä reaktiivis-
ten ja verenkierrossa kiertävien metaboliatuoteiden vaikutusta toksisuuteen ihmisellä ja merki-
tystä turvalliseen lääkkeiden käyttöön.

Ospemifeeni on uusi ei-steroidinen selektiivinen estrogeenireseptorimodulaattori, joka on
hyväksytty yhdynnänaikaisesta kivusta kärsivien postmenopausaalisten naisten vulvan ja vagi-
nan limakalvojen kuivumisen hoitoon. Tässä tutkimuksessa selvitettiin ospemifeenin lääkeaine-
metaboliaa ihmisellä ja koe-eläimillä sekä mahdollisia lääkeinteraktioita. Tutkimuksessa tunnis-
tettiin tärkeimmät metaboliitit ihmisellä ja arvioitiin eläinkokeissa käytettyjen koe-eläinten altis-
tumisen kattavuus niille. Työssä selvitettiin myös tärkeimmät päämetaboliitteja katalysoivat
sytokromi P450 -entsyymit ja arvioitiin löydösten kliinistä merkitystä. Lisäksi tutkittiin aiheut-
taako ospemifeeni lääkeinteraktioita muille lääkeaineille indusoimalla tai inhiboimalla sytokro-
mi P450 -entsyymejä. Tutkimustulosten perusteella ospemifeenia voidaan pitää lääkeainemeta-
bolian suhteen turvallisena lääkkeenä.

Tämä tutkimus oli osa ospemifeenin lääkekehitysohjelmaa ja käytännössä kaikki tutkimus-
työn in vitro -tietoaineisto oli mukana ospemifeenin myyntilupa-hakemuksissa lääketurvallisuus-
viranomaisille. Ospemifeenia käytettiin tutkimustyön aikana myös yhtenä esimerkkimolekyyli-
nä kehitettäessä uusia menetelmiä lääkeainemetabolian ja lääkeinteraktioiden tutkimiseen.

Asiasanat: ADME, bionalytiikka, DMPK, farmakokinetiikka, lääkeaineanalytiikka,
lääkeainemetabolia, lääkeinteraktiot, lääketurvallisuus, ospemifeeni, reaktiiviset
metaboliitit, sytokromi P450 -entsyymijärjestelmä
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1 Introduction  

Drug discovery and development is a 10–15 year and multi-billion dollar process 

that leads to the acceptance of about 30 new drugs in the market each year. The 

process is currently in a discontinuity state as the earlier high-yielding 

blockbuster model is no longer fully valid and the new model with narrower 

therapeutic segments is finding its form. At the same time, patents of the ex-

blockbusters are expiring, regulatory requirements increasing and the cost of the 

process rising. All easy targets seem to already have efficient drugs and the 

industry is desperately seeking productivity in finding new druggable targets and 

unique chemistry. Despite the huge efforts, most of the drug development 

programs fail, and the main reasons are related to efficiency and safety. 

Drug metabolism is one of the most important events a drug faces after 

administration. Traditionally, drug metabolism has only been considered as a 

major clearance and elimination step in the pharmacokinetics of a drug. At the 

moment we understand that role remarkably well, but that is not all. We have now 

learned that drug metabolism is also one of the important factors affecting safety 

and toxicity issues currently encountered in drug discovery and development. 

Some of the mechanisms behind metabolism-related toxicity we do understand 

well while others, especially the role of reactive metabolites, need further 

research. 

The literature review examines the role of drug metabolism in the drug 

discovery and development process from the point of view of metabolism and 

metabolites, not from the traditional point of view of a drug and its 

pharmacokinetics. Special emphasis is put on reviewing the metabolism factors 

behind human toxicity and safety, and the roles of circulating and reactive 

metabolites in particular. 

The present study aimed to characterize the in vitro and in vivo metabolism 

and potential drug interactions of a newly accepted drug, ospemifene. A further 

aim was to evaluate the clinical safety of ospemifene considering the found 

metabolism characteristics and drug interaction potential. The study was part of 

the drug development program of ospemifene and most of the study results were 

included in the marketing authorization application dossier delivered to regulatory 

authorities. Additionally, the study molecule was one of the case molecules used 

in the development of new biochemical and analytical methodologies to study 

drug metabolism and related drug interactions. 
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2 Review of the literature 

2.1 Drug discovery and development  

The US Food and Drug Administration (FDA) approved 27 new medicines (25 

small molecules and 2 biologics) in 2013, (FDA 2014, Mullard 2014a). In 2014, 

the FDA approved 41 new medicines including 11 biologics, which is the highest 

number of approvals since 1997 (FDA 2015, Mullard 2015). Since 2000 the 

average number of new approvals has been 27.3 new molecular entities (NMEs, 

covering both small molecule drugs and biologics) per year. The trend seems to 

be upwards from the all-time-low in 2007, as can be seen from Fig. 1. The 

European Medicines Agency (EMA) approval history also shows positive trend as 

41 medicines containing new active substances were approved in 2014 compared 

to 38 in 2013, 35 in 2012, 25 in 2011 and 15 in 2010 (EMA 2014, EMA 2015a). 

One of the small molecules approved by FDA in 2013 and by EMA in 2014 was 

the study case molecule ospemifene (FDA 2014, EMA 2015b). 

Fig. 1. New molecular entities approved by FDA since 2000 (FDA 2014 & 2015). 

Historically, the pharmaceutical industry has produced a total of 1,494 NMEs to 

the market since the year 1827 (Kinch et al. 2014, FDA 2015). After 1950 the 

number is 1,406 new drugs to the market (Munos 2009, FDA 2015). Globally, 

there have been 261 pharmaceutical companies that have produced these new 

medicines (having at least one registration by Munos 2009), and 105 of them still 

exist after mergers and acquisitions (total 137 M&A), and 19 liquidations (Munos 
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2009). Today, two thirds of all NMEs are controlled by the top 10 pharmaceutical 

companies (Kinch et al. 2014). 

The small molecule drug discovery and development process from hit 

identification to product launch takes about 13.5 years and costs approximately 

USD900 million as out-of-pocket expenses (Paul et al. 2010). The most 

expensive phase is clinical Phase III costing USD235 million, on average. 

However, taking into account the cost of capital, the high project discontinuation 

rate and the length of the process cycle to produce one new approved drug, each 

new product launch had cost USD1.8 billion. When the cost of capital etc. is 

considered, the most expensive phase is actually lead optimization, costing in 

excess of USD400 million (Paul et al. 2010). And this is not all; additional costs 

are incurred from e.g. exploratory discovery research, post-approval R&D and 

overheads to supporting functions. In 2008, the total cost for new product launch 

was calculated to be around USD3.9 billion (Munos 2009).  

To compensate for the high costs there must be high returns. It has been 

forecasted that global drug sales will exceed USD1 trillion in 2014 (Mullard 

2014b). Growing sales are not the full picture though. At the same time the 

patents of many blockbuster drugs are expiring, giving rise to fierce generic 

competition and up to 90% revenue erosion for the ex-blockbuster. In 2012, an 

estimated drop of USD33 billion in revenue hit previous blockbusters including 

the biggest ever selling drug, Pfizer’s Lipitor (Tse & Kirkpatrick 2013). Naturally, 

the loss of revenue impacts the industry: over 30,000 employees were laid off in 

2012 and 2013. 

The fact that blockbusters of the past are generic mainstream medications of 

today creates extra hurdles for the industry in terms of discovery and development 

of new medications. It forces the discovery process into new unexplored areas 

where success is not granted. It affects adoption and reimbursement of newly 

approved medications as old ones are still very good (and cheap). It makes the 

approval process tight and regulators more cautious, demanding new medications 

that have more benefits and are less risky than existing (generic) ones (Scannell et 
al. 2012). As the blockbuster model has become less viable, the pharmaceutical 

industry is forced to search drugs for niche patient groups and rare diseases 

(Kakkar & Dahiya 2014). 
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2.1.1 Drug discovery and development process  

The small molecule drug discovery and development process consists of three 

major steps: discovery research, preclinical testing and clinical trials. While 

clinical trials were seldom conducted with more than one candidate drug in the 

past, nowadays it is not rare to start with couple of clinical candidates. Preclinical 

testing, however, frequently involves several or even tens of potential drug 

candidates called lead molecules or plain leads. In the discovery phase, hundreds 

hit molecules or even thousands of screened molecules are filtered down to a 

number promising leads or lead families for preclinical testing. Typically, 

pharmaceutical companies have tens and drug developing biotech companies 

several drug development programs going on in different phases and parallel 

activities within a program for clinical drug candidates or preclinical leads, back-

up compounds and major metabolites. In the discovery phase, tens of molecules 

can be simultaneously under planning, synthesis, structure optimization, 

physicochemical characterization and in vitro testing for efficacy or ADMET 

(drug absorption, distribution, metabolism, excretion and toxicity) properties 

(Pritchard et al. 2003, Kramer et al. 2007, Ballard et al. 2012). 

The drug discovery phase starts with target biology activities. A new or 

existing target is identified and the approach is validated. One desired outcome is 

simple and robust in vitro assay (e.g. receptor binding or activity inhibition) that 

can be utilized to test and rank a large number of different chemicals in high-

throughput format. This screening of molecular libraries (e.g. natural product or 

combinatorial chemistry library) against target in vitro assay is called hit 

identification. The purpose of hit identification is to find several different classes 

of molecules that give positive response (hit) from the test (Pritchard et al. 2003, 

Kramer at al 2007, Ballard et al. 2012). Confirmed hit molecules having adequate 

positive metrics (e.g. binding affinity or IC50) from the assay are then subjected to 

hit expansion towards early lead molecules. Several hit compound series are 

synthesized and explored using target in vitro assays (efficacy and selectivity 

tests) to define structure-activity relationship. Key physicochemical and ADMET 

properties are also measured or computed (van de Waterbeemd & Gifford 2003, 

Kirchmair et al. 2015). The lead-likeness of the best hit molecules includes the 

following criteria (Pritchard et al. 2003, Kramer at al 2007, Ballard et al. 2012):  



26 

– Very high affinity or other potency metrics. 

– Smaller molecular weight and lower lipophilicity compared to general 

drug-like rules (room for chemical optimization). 

– Reasonable predicted pharmacokinetics (PK). 

– Patentable structure without potentially toxic substructures, i.e. 

toxicophores. 

During the lead optimization phase the structures of selected leads are chemically 

tuned by medicinal chemists to produce optimal combination of efficacy, 

selectivity and pharmacokinetics without suspicion of toxicity. Mostly in vitro 

testing is utilized at this point, but some in vivo animal testing is also conducted 

for the most promising leads (Pritchard et al. 2003, Kramer at al 2007, Ballard et 
al. 2012). Typically, the selected lead compounds for preclinical development 

have 42 Da higher molecular weight and 0.4 logP-unit higher lipophilicity than 

the compounds entering lead optimization had (Morphy 2006).  

The aim of the preclinical phase is to come down to one clinical candidate 

having such an animal safety profile that administration to human is without risks. 

Most of the studies are in vivo pharmacological and toxicological animal studies, 

and in vitro safety studies under good laboratory practice (GLP) demanded by the 

regulator. Drug metabolism and pharmacokinetics (DMPK) is studied with 

radiolabeled study compound to define mass balance and exposure to circulating 

metabolites (Pritchard et al. 2003, Kramer at al 2007, Ballard et al. 2012).  

Clinical development has three phases: I, II and III. The first one with healthy 

volunteers should prove the safety and tolerability of the candidate drug. It also 

gives confirmation on the bioavailability and pharmacokinetics of the compound. 

The second phase is conducted with patient group(s) to create clinical proof of 

efficacy. The last phase produces definitive clinical proof of principle in large 

patient group(s) with long treatment duration. It also indicates whether the long-

term administration has safety or tolerability issues. Additional clinical studies 

can be conducted with patients or volunteers to examine drug-drug interactions. 

After marketing authorization, the safety surveillance (pharmacovigilance) of 

accepted drug continues and this is commonly called clinical Phase IV trial. 

2.1.2 Attrition in drug development 

Drug development suffers from high attrition (discontinuation of clinical 

development). In recent years, the attrition has increased as the productivity in 

drug development phases has dropped dramatically from overall 10% of 
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compounds passing all the clinical development phases in the 1990s to just 6% in 

2009–2010 (Kola & Landis 2004, Khanna 2012). This means that for every 100 

investigational new drugs (IND) entering clinical Phase I trials only six make it to 

the market today. The attrition rate comparison in Fig. 2 clearly shows that 

attrition has been coming down from 40% to 30% in Phase I, but for all the other 

phases the trend has been upwards, and fewer compounds enter the next phase. 

Very alarming is that in 2010, even 75% of compounds entering Phase II clinical 

trials and over 50% of compounds entering Phase III are discontinued. In the 

regulatory review stage after new drug application (NDA), almost 30% of 

compounds are still rejected. 

Fig. 2. Attrition rate by clinical phase (data from Kola & Landis 2004, Khanna 2012).  

However, this negative image is not the full consensus of attrition rates in the 

pharmaceutical industry. The development pipelines of the 50 largest 

pharmaceutical companies (by sales) were analyzed in 2009 and it was concluded 

that the overall success rate from IND to market approval in US was 19% 

(DiMasi et al. 2010). The investigation included 1,225 compounds entering first 

clinical testing during 1993–2004 and the approval/failure was tracked until June 

2009. The most recent study examines 835 drug developers including biotech 

companies, specialty pharmaceutical companies and large pharma from 2003 to 

2011, showing the success rate to be 10.4% (Hay et al. 2014). 

What are the reasons behind attrition in clinical development and have they 

changed over the time? For years we have seen the picture in Figure 3 showing 

how pharmacokinetics was for decades believed to be the main reason for attrition 
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(Kola & Landis 2004, Prentis et al. 1988). However, the alarming information of 

Kola and Landis is only based on two years of program cancellations (1991 and 

2000) and the analysis of Prentis includes 77 anti-infectives rejected due to 

unexpectedly poor human PK. The situation changes dramatically if these 

compounds are removed, as pointed out by Kennedy (1997) and Kubinyi (2003). 

Figure 4 shows the data of 1964–1985 (Prentis et al. 1988) now excluding anti-

infectives and the data of 1991 and 2000 (Kola & Landis 2004) has been 

averaged. Additionally, recent reports about Phase II and Phase III failures have 

been added together and included in the figure (Arrowsmith 2011a, Arrowsmith 

2011b, Arrowsmith & Miller 2013). In Figure 3 and 4, the ‘safety’ column 

includes both animal toxicity reasons and human adverse events, and the 

‘commercial’ column both commercial and financial reasons. The PK column also 

contains formulation reasons for the year 2000.  

Fig. 3. Traditional view for reasons of drug development attrition in 1964–2000 (data 

from Prentis et al. 1988, Kola & Landis 2004).  
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Fig. 4. Reasons for drug development attrition in 1964–2012 (data from Prentiss et al. 

1988, Kola & Landis 2004, Arrowsmith 2011a, Arrowsmith 2011b, Arrowsmith & Miller 

2013). 

The main failure issue has actually been, and still is, efficacy or rather lack of it. 

The industry can very well design drug candidates that behave nicely within the 

body causing less and less harm, but unfortunately they also seem to cause less 

and less benefit. Interestingly, in the 1990s, pharmacokinetics seemed to cause 

much trouble and at the same time, lack of efficacy was relatively low. 

Concerning the causes for lack of efficacy, a detailed analysis of 44 Phase II 

programs was performed by Pfizer, with the conclusion that many programs 

failing due to lack of efficacy had no clear reasons why. They could not state if 

the Phase II failure was caused by the drug not producing pharmacologically 

relevant activity in the target (e.g. failure to reach the target or bind to the target) 

or if the target itself was relevant or not for the indication (Morgan & van der 

Graaf 2012).  

It can be seen from Fig. 4 that the industry was capable of solving problem of 

poor human PK. Pharmacokinetics as reason for attrition does not exist anymore 

due to huge efforts to understand drug absorption, metabolism, distribution and 

excretion during the last few decades. The problems with safety have also 

decreased by about one third over the decades, probably due to increased 

understanding about toxicity mechanisms and the reasons behind adverse events. 

However, this issue is far from solved: 35% of failures in Phase III during 2011–

12 were due to safety issues (Arrowsmith & Miller 2013). The data analysis in 

1999 from 12 pharmaceutical companies of 79 discontinued clinical drug 
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candidates due to safety reasons indicates the organ systems mainly involved in 

safety-related failures: Cardiovascular, liver and nervous system 22% each, 

immunity and renal both about 10%, and the rest 14% (Olson et al. 2000, Watkins 

2011). A recent study by AstraZeneca shows quite similar results for their safety 

attrition during 2005–2010 with the notable exception that hepatotoxicity 

accounts only for about 13% of the safety failure reasons (Cook et al. 2014). The 

same study also reveals safety being the most important project closure reason in 

preclinical and Phase I clinical development (82% and 62% of the closures, 

respectively), whereas efficacy, not surprisingly, dominates in the Phase II (proof 

of concenpt) closures: 57% in Phase IIa and 88% in Phase IIb (Cook et al. 2014). 

2.1.3 The productivity gap 

One could easily conclude that productivity issues of the pharmaceutical industry 

lie in clinical drug development due to high attrition rates. This is not the case, 

however. The problem is actually the discovery phase which is failing to produce 

safe and efficient preclinical leads and drug candidates (Scannell et al. 2012, 

Dimitri 2011). Over the last decades there have been huge apparent improvements 

in efficiency, quality and throughput in many discovery areas, like high-

throughput screening (HTS) methods, combinatorial synthesis, computerized 

tools and ADMET characterization. This should have increased the probability of 

success in the clinical phase, which has not happened (DiMasi et al. 2010), but 

the overall R&D efficiency has actually declined (Munos 2010).  

There are opinions that the industry industrialized the wrong set of discovery 

activities with HTS methodologies, which has led to screening of similar sets of 

compounds throughout the industry (Scannell et al. 2012). This has two dramatic 

consequences. First, unique patentable chemistry is difficult to obtain and 

secondly, with limited chemical starting space the screening hits minimal local 

optima rather than finding maximal global optimum. In fact, HTS-based 

screening for new targets is two times more likely to fail than screening for 

known targets (Keserü & Makara 2009). The current approach values in vitro 

potency and selectivity the most, but it has been shown that in vitro potency has 

negative correlation with good ADMET properties and additionally, may have 

negative correlation with in vivo efficiency (Gleeson et al. 2011). One approach to 

overcome the productivity gap is the Chorus model of Eli Lilly and company 

(Owens et al. 2015). The Chorus model operates in biotech-like networked 

manner inside Big Pharma and aims for fast in vivo proof-of-concept. The model 
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has demonstrated clear improvement in productivity compared to the traditional 

approach in terms of substantial savings in time to market and money spent with 

increased probability to market launch (Owens et al. 2015). On the other hand, 

Big Pharma could improve their overall productivity by a remarkable 30% if early 

killing of poor assets were improved by only 15% (Smietana et al. 2015). 

2.2 Drug metabolism 

The pharmaceutical industry has invested massively in discovery activities over 

the last couple of decades. One of the investment areas has been early screening 

and optimization of drug metabolism and pharmacokinetics (DMPK); as a 

consequence, poor human pharmacokinetics has vanished from the list of reasons 

for clinical attrition, as shown in Figure 4. Good pharmacokinetics is not only an 

issue of metabolism; it also involves multivariate optimization of 

physicochemical properties and structural features that affect solubility and 

dissolution, permeability and absorption, and metabolism and related interactions 

(Ballard et al. 2012, Bergstöm et al. 2013, Yusof et al. 2014).  

2.2.1 Importance of lipophilicity 

General relationships between physicochemical properties and pharmacokinetics 

are well understood (Obach et al. 2008a) and thanks to pioneering proposals of 

Lipinski et al. (1997) there are now numerous sets of rules-of-thumb on how to 

optimize physicochemical properties and what kind of cut-offs should be applied 

for different properties (Lipinski et al. 1997, Gleeson 2008, Johnson et al. 2009, 

Choy & Prausnitz 2011). These rules of thumb are usually combined to the 

standard set of cheminformatics tools of medicinal chemistry (Muchmore 2010, 

Cumming et al. 2013). An experienced medicinal chemist can interpret the 

screening outputs of modified compounds to a remarkable extent. For example, 

adding compound lipophilicity tends to increase permeability, but decrease 

solubility, increase the rate of metabolism and the number of metabolites, and 

raise plasma protein binding (Gleeson 2008, Varma et al. 2010, Meanwell 2011). 

On the other hand, adding hydrophilicity and ionizable groups to compounds – 

like drug metabolism does – may lead to poor absorption and tissue distribution 

due to decrease in membrane penetrability, transporter-mediated kinetics and 

rapid renal clearance (Varma et al. 2009, Obach 2013).  
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High lipophilicity is also associated with compound toxicity (Leeson & 

Springthorpe 2007, Hughes et al. 2008, Muchmore et al. 2010). In a joint study of 

four Big Pharma companies (AZ, Eli Lilly, GSK and Pfizer) concerning 812 oral 

compounds nominated for development between 2000 and 2010, it was found out 

that compounds reaching Phase II had an average calculated LogP of 3.1, whereas 

for compounds failing due to clinical safety concerns the average value was 3.8 

(Waring et al. 2015). This makes sense from a metabolism perspective as a more 

lipophilic compound produces more metabolites with a greater number of 

metabolizing enzymes involved. Thus, the probability for the production of 

reactive metabolites and for drug interactions increases with increasing compound 

lipophilicity. Very lipophilic compounds should have high potency (i.e., low daily 

dose) to avoid adverse events (Chen et al. 2013). Fortunately, the activity to the 

intended indication tends to increase by increasing molecular weight and 

lipophilicity (Perola 2010). However, selectivity has the opposite tendency to 

decrease by increasing lipophilicity (Leeson and Springthorpe 2007). With high 

lipophilicity, the likelihood to bind to multiple targets increases and as a result 

pharmacologically-based toxicity (Type A2 toxicity, see 2.8.2) may become an 

issue. The aim is to find an acceptable chemical compromise between 

lipophilicity, activity, selectivity and metabolic properties, and the trick is to 

increase potency without increasing too much lipophilicity. 

2.2.2 Drug metabolizing enzymes  

A study of the top 200 prescription drugs reveals that the majority of the drugs 

have metabolism as the main clearance mechanism (73%), whereas 24% have 

renal clearance and only 3% biliary clearance as the main mechanism (Williams 
et al. 2004, Wienkers & Heath 2005). Generally, the majority of drugs are 

lipophilic compounds requiring biotransformation(s) to a more hydrophilic form 

before they can be excreted into bile or urine. Metabolism usually increases the 

molecular weight, polar surface area (PSA) and solubility of the molecule, and all 

these decrease the permeability of membranes. Consequently, transporters are 

needed to carry the metabolites out from the hepatocyte (or enterocyte) and 

excrete them. If the polar surface area of the metabolite – or a hydrophobic drug – 

is high, they are transported to bile, and if PSA is low, they are transported to 

urine (Wu & Benet 2005, Zamek-Gliszczynski et al. 2006a, Benet 2010, Di et al. 
2013a).  
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The cytochrome P450 enzymes (CYP) metabolize 73% of drugs cleared 

through metabolism as primary mechanism before they are excreted or subjected 

to further metabolism. UDP-glucuronosyltransferases (UGT) are responsible for 

the first-line metabolism of 15% of drugs, esterases (hydrolases) for 9% and other 

enzymes for 3% of drugs (Williams et al. 2004). The most important CYP 

enzyme is CYP3A4 which is responsible for almost half of the CYP catalyzed 

oxidations as main route. About 95% of all CYP-mediated metabolism as main 

route is catalyzed by only five CYP enzymes: 1A2, 2C9, 2C19, 2D6 and 3A4 

(Williams et al. 2004). There are a total of 57 CYP enzymes (Guengerich 2008). 

When 4,192 oxidoreductase metabolic reactions of 860 drugs (each drug 

potentially undergoing multiple reactions) and their respective metabolic enzymes 

were examined, the CYP superfamily accounted for  more than 95% of all the 

reactions documented (Rendic & Guengerich 2014). The same five CYP enzymes 

account for 68% of all oxidoreductase reactions. The other notable 

oxidoreductase families were microsomal flavin-containing mono-oxygenase 

(FMO, 2% of all reactions), monoamine oxidase (MAO, 1%) and aldo-keto 

reductase (AKR, 1%) (Rendic & Guengerich 2014). For drugs containing polar 

heterocycles or aza-aromatics used to reduce lipophilicity, increase metabolic 

stability or to achieve special binding interactions, aldehyde oxidases (AO) are of 

elevated importance as a class of oxidoreductases (Zientek & Youdim 2014, 

Sanoh et al. 2015). 

The liver is responsible for most of the metabolism affecting drugs, but there 

are significant levels of drug-metabolizing enzymes in other organs as well. 

Especially the small intestine has high levels of CYP and UGT enzymes that 

correspond to the first-pass metabolism of drugs and thus to the overall 

bioavailability of orally administered drugs (Paine et al. 2004). Human UGT 

enzymes 1A1, 1A3, 1A4, 1A6, 1A9, 2B7, 2B10 and 2B15 are the most important 

ones in hepatic drug glucuronidation and UGT1A10 has an important role in the 

intestine (Oda et al. 2015). Esterases catalyze hydrolysis of amides, esters and 

thioesters, and carboxylesterases 1 and 2 (CES1 and CES2) are primarily 

responsible for the hydrolysis of drugs (Oda et al. 2015). Table 1 summarizes the 

relative abundances of CYP isoforms found in the liver (Rowland-Yeo et al. 
2004) and small intestine (Paine et al. 2006) together with the proportion of drugs 

metabolizing through these CYPs (Williams et al. 2004).  
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Table 1. Drug metabolizing CYP enzymes, their relative abundance in the liver and 

intestine, and the proportion of drugs metabolized via CYP enzymes as the main 

clearance mechanism. 

Drug metabolizing 

CYP isoform 

Relative CYP abundance 

in the liver 

(Rowland-Yeo et al. 2004) 

Relative CYP abundance in 

the small intestine 

(Paine et al. 2006) 

Proportion of drugs 

metabolized 

(Williams et al. 2004) 

CYP1A1  8%  

CYP1A2 12%  9% 

CYP2A6 8%   

CYP3A4 36% 59% 46% 

CYP3A5  20%  

CYP2B6 3%  2% 

CYP2C8 6%   

CYP2C9 17% 11% 16% 

CYP2C19 3% 1% 12% 

CYP2D6 2% 1% 12% 

CYP2E1 14%  2% 

Concerning the enzyme abundance data in Table 1, it has been pointed out that the 

measurements of protein contents are not too comprehensive as liver CYP 

abundances are measured from 42–241 liver samples depending on the CYP 

enzyme and intestine measurements are made only from 3–31 small intestine 

samples (Galetin et al. 2010). CYPs 3A4 and 3A5 are usually bundled together in 

the literature as the contribution of 3A5 to drug metabolism is not fully 

understood, and the same goes for the CYP2C family, as 2C8, 2C9 and 2C19 are 

sometimes summed together. It is important to notice the significance of two 

minor abundance CYP enzymes that provide major clearance mechanism for 

almost one in every four drugs cleared via CYP metabolism, namely CYP2C19 

and CYP2D6. They are both genetically polymorphic, especially CYP2D6, and 

polymorphism may lead to highly reduced or elevated circulating concentrations 

of the drugs (or metabolites) known to metabolize via these enzymes. The 

reduction/elevation of the drug/metabolite concentration depends on the specific 

polymorphism. As a consequence, toxic events may emerge due to too high a 

concentration of a drug (or a metabolite), or therapeutic loss of response may 

happen due to too low drug concentrations (Johansson & Ingelman-Sundberg 

2011 and references cited therein). According to Rendic & Guengerich (2014) 

20% of the oxidoreductase reactions of drugs under development are still 

produced by CYP2C19 and CYP2D6 despite the polymorphism issue and the 

avoidance of their substrates during the lead optimization. It is probable that 
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future medications will frequently be accompanied by genetic testing for 

polymorphism to aid selection of individually suitable drugs and therapeutic 

doses (Singh et al. 2011). 

One should keep in mind, however, that the quantitative amount of total drug 

metabolizing CYP enzymes (per mg protein) is about six times higher in the liver 

than in the intestine (Paine et al. 2006, Rowland-Yeo et al. 2004) and additionally, 

the weight of the liver is more than two-times that of the small intestine, 1,500 g 

vs. 700 g on average (Lin et al. 1999). Thus, the metabolic capacity of the liver is 

at least 15-fold greater compared to that of the small intestine. The abundance of 

CYP enzymes and transporters varies in different parts of the intestinal wall. The 

bioavailability can be increased for drugs with slow release formulation by 

escaping intestinal metabolism or efflux transporters of the early parts of the 

intestine (Jamei et al. 2009). Concerning other human organs, the kidney can 

have substantial contribution to the metabolism (e.g. glucuronidations) of some 

drugs (Knights et al. 2013), while skin has significant phase II metabolism 

potential (glucuronidation, sulfation, N-acetylation, catechol methylation and 

glutathione conjugation) for topical and transdermal applications as well as for 

cosmetics (Manevski et al. 2014). Target-specific metabolism (e.g. metabolism in 

brain or lung) may sometimes play an important role in the elimination (and 

efficacy) of drugs (Foti et al. 2015). 

The gastrointestinal microbiota is a major non-human organ whose 

contribution to the human drug metabolism has been overlooked. There are 100 

trillion microbes the human gastrointestinal tract and they are known to 

metabolize at least 30 marketed drugs. Most of the bacterial metabolic reactions 

are different from typical reactions provided by human metabolizing enzymes 

(e.g. reductions) and thus the metabolites may appear as surprises rather late in 

the development and produce pharmacological or toxicological effects not 

anticipated for the developed drug or its metabolites (Sousa et al. 2008). The 

microbiota may also prolong the duration of drug action by enterohepatic 

circulation, in which inactive conjugated drug (sulfate or glucuronic acid) 

excreted to bile is deconjugated by the bacteria, reabsorbed and returned to the 

circulation (Gao et al. 2014). 

2.2.3 Metabolism reactions 

Each compound can undergo several streams and steps of metabolism, as can be 

seen from the massive analysis of 6,767 metabolic reactions from over 1,171 
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substrates (medicinal and other xenobiotic compounds) extracted from three 

journals (Chemical Research Toxicology, Drug Metabolism and Disposition and 

Xenobiotica) published between 2004 and 2009. The results are summarized in 

Table 2 (Testa et al. 2012). The average number of was six metabolites per 

substrate. First generation metabolites accounted for 42% of all metabolites, 32% 

were second generation and 26% third or later generation. Interestingly, over 70% 

of the 201 (3%) pharmacologically active metabolites found were first generation, 

whereas for 473 (7%) toxic or potentially toxic (chemically reactive) metabolites 

the distribution of generations was practically identical to that of all metabolites, 

indicating that reactive metabolites can be formed almost equally at any 

generation (Testa et al. 2012). 

Redox reactions accounted for 57% of all metabolites, esterases for 10% and 

conjugations for 33%. A total of 40% and 14% of the reported 6,767 metabolites 

were produced by CYP and UGT enzymes, respectively. However, for the first 

generation metabolites the proportions were 58% and 11% for CYPs and UGTs, 

respectively. So, even if the majority of metabolically cleared compounds are 

first-line substrates for CYP enzymes, the majority of end-products are formed by 

enzymes. The later generation the metabolite is the more important other than 

CYP enzymes are in its production. Actually, 60% of third and further generation 

metabolites are produced by other than CYP or UGT enzymes! The proportions of 

CYP-mediated oxidations were 33% and 23% in the second and third generations, 

respectively (Testa et al. 2012).  

The low amount of active metabolites is not surprising as most of the 

substrates of medicinal interest were investigational drugs and their metabolite 

activity is normally not known. However, the reactions and enzymes producing 

active metabolites are not surprising: 37% ester hydrolyses and 36% by C-

hydroxylations (Testa et al. 2012). Simple hydroxylated metabolite may well 

retain the target affinity and pharmacological activity (Fura 2006), whereas ester 

hydrolysis is a major approach to cleave promoieties from prodrugs to gain 

pharmacologically active metabolites (Rautio et al. 2008). 
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Table 2. Different drug metabolism reactions, their responsible enzyme superfamilies 

and the relative abundance of produced metabolites (Redrawn from Testa et al. 2012). 

Drug metabolism reaction Responsible enzyme superfamily  % 

Redox reactions   

Oxidation of C-sp3 CYPs 20.6 

Oxidation of C-sp2 and C-sp CYPs (AOR, XOR) 13.9 

CHOH <-> C=O and C=C -> COOH Dehydrogenases 8.3 

Oxidation of R3N (tertiary amines) CYPs, FMOs 1.3 

Reduction of N-oxides Reductases 0.1 

Oxidation of NH or NOH CYPs (FMOs) 1.4 

Reduction of NO2, N=O or NOH Reductases 2.6 

Oxidation to quinones or anologs Peroxidases, CYPs 3.4 

Reduction to quinones or anologs Reductases 0.6 

Oxidation of S atoms CYPs, FMOs 2.6 

Reduction of S atoms Reductases 0.2 

Other redox reactions Reductases, other OXRs 1.7 

Hydrolytic reactions   

Hydrolysis of esters, lactones or 

inorganic esters 

Esterases 3.8 

Hydrolysis of amides, lactams or peptides Esterases 1.7 

Hydration of epoxides Esterases 1.6 

Other reactions of hydration or 

dehydration 

Esterases, non-enzymatic 

hydrolyses or (de)hydrations 

2.8 

Conjugation reactions   

O-Glucuronidation or glycosylations UDP-Glucuronosyltransferases 12.7 

Other gluguronidations (N, S or C) UDP-Glucuronosyltransferases 1.4 

Sulphonations Sulphotransferases 4.8 

Conjugations with glutathione and their 

sequels (incl. reductions) 

Glutathione-S-transferase and 

associated enzymes 

8.0 

Acetylations Acetyltransferases 1.5 

CoAs-ligation and aminoacyl 

conjugations 

Acyl-CoA ligases and associated 

enzymes 

1.8 

Methylations Methyltransferases 2.2 

Other conjugations (PO4, C=O) Other transferases or non-

enzymatic reactions 

0.9 

Potentially reactive or toxic metabolites are formed at any generation of 

metabolites as previously described. By far the most important reactions are 

oxidations to quinones, quinonimines, quinonimides and quinonedi-imides (41% 

of all alerting metabolites). Together oxidations account for about 85% of all toxic 

or reactive metabolites. Major contributions are due to aromatic hydroxylations 
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15% (epoxides), N-oxidations 8% (hydroxyl amines and nitroso compounds) and 

S-hydroxylations 9% (sulfenic acids) (Testa et al. 2012). 

2.3 Drug-drug interactions 

When medications are administered concomitantly, drug-drug interactions (DDI) 

may happen, meaning that one drug (perpetrator) alters the pharmacokinetics of 

another drug (victim) causing a change of exposure of the victim drug and its 

metabolites (Bode 2010, Prueksaritanont et al. 2013). Sometimes the perpetrator 

is not the drug but its metabolite (Isoherranen et al. 2009). The most studied 

classes of DDIs are CYP enzyme inhibition and induction, but interactions may 

involve other metabolizing enzymes as well as transporters. Unlike other drug 

metabolizing enzymes and transporters most of the CYP enzymes have relatively 

specific substrates, inhibitors and inducers. These can be used during drug 

discovery and development to study the potential of lead molecules and candidate 

drugs to cause or be victims to DDIs (Pelkonen et al. 2008a).  

2.3.1 Enzyme inhibition 

In enzyme inhibition, the perpetrator drug inhibits the action of an enzyme 

responsible for the metabolism of the victim drug causing an increase of the 

exposure of the victim drug. This may lead to potentially serious side effects 

unless there are compensatory clearance mechanisms. The most important drug 

metabolizing enzyme family is the CYPs, as they are generally the rate-limiting 

enzymes in drug clearance. However, UGT enzyme inhibition is an emerging 

field especially for the compounds having direct glucuronidations as the major 

metabolic clearance pathway. Human liver microsomes and recombinant 

CYP/UGT enzymes are the most frequently used systems to study CYP/UGT 

inhibition, whereas human hepatocytes are not that common a system due to a 

more complex and time consuming setup (Pelkonen et al. 2005, Pelkonen et al. 
2008b). In many cases the drug candidate is metabolized extensively by other 

enzymes than CYPs and the use of simplified inhibition systems may give biased 

results. Such system-dependent differences in the CYP inhibition would call for 

additional examination with human hepatocyte system (Parkinson et al. 2010). 

With careful selection of CYP-specific victim drugs and their concentrations they 

can be co-incubated (in vitro cocktail) together with one potential perpetrator 

(NCE) in human liver microsomes. The cocktail approach is used early in the 
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drug development to find in a robust, automated and time-saving manner the 

potential of CYP inhibition for new chemicals towards all important CYPs 

(Turpeinen et al. 2005, Turpeinen et al. 2006, Tolonen et al. 2007, Liu et al. 
2014). Similar in vitro cocktail approaches have also been developed to screen 

UGT enzyme inhibition in human liver microsomes (Joo et al. 2014, Gradinaru et 
al. 2015). 

Mostly, CYP inhibition is instant and reversible, as the inhibitor binds non-

covalently to the CYP enzyme. Time-dependent inhibition (TDI) happens when 

there is a clear time lag before the inhibition action starts. Time-dependence can 

be studied by pre-incubation with (presumed) inhibitor before adding the victim 

drug. If the pre-incubation enhances the inhibition, TDI is involved. The 

mechanisms behind TDI include formation of a perpetrator metabolite acting as 

reversible inhibitor to a CYP or formation of a perpetrator reactive intermediate 

(metabolite) that binds covalently and irreversibly to the CYP enzyme catalyzing 

the formation. In the more serious latter case (also referred to as mechanism-

based inhibition, MBI) the inhibition lasts longer and increases after multiple 

dosing. There is an industry consensus as to how to conduct TDI studies on 

human liver microsomes (Grimm et al. 2009), but some studies indicate that 

better predictions may be obtained by using cryopreserved or primary hepatocytes 

(Xu et al. 2009, Chen et al. 2011). 

In transporter inhibition, the perpetrator inhibits the operation of a transporter 

(or transporters) involved in intestinal, hepatic or renal uptake, or in intestinal or 

hepatic efflux of a victim drug or its metabolite. Depending on the inhibited 

transporter(s) this may lead to adverse events due to prolonged circulation or 

accumulation to organs of the victim drug or its metabolites, or to therapeutic 

failure. As described by Bode (2010) complex interactions may involve both CYP 

enzymes and transporter and they are practically impossible to predict based on in 
vitro observations. The kinetics of transporter-related interactions is not 

thoroughly understood, but simple competition mechanism is commonly assumed 

(Prueksaritanont et al. 2013). The interaction data derived from in vitro 

transporter models have high inter-laboratory variation and dependence on the 

systems and methodology used. As an individual transporter alone has usually 

less than three-fold clinical DDI effect, it is questioned if comprehensive 

transporter studies as a routine are justifiable (Prueksaritanont et al. 2013). 

Recently, an in vivo cocktail of four transporter probe drugs was proposed for the 

simultaneous clinical investigation of inhibition of P-gp, BCRP, OATP and OCT 

(Ebner et al. 2015). 
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CYP inhibition related DDIs do not only involve the liver, but also the 

intestine. Enterocytes have a high content of especially CYP3A which should be 

taken into account when quantitatively predicting overall DDI risks (Galetin et al. 
2010). A method for predicting intestinal drug-drug interactions involving 

CYP3A4 and efflux transporter P-glycoprotein (MDR1, P-gp) has been proposed 

(Tachibana et al. 2009). However, Kosugi et al. (2012) noticed in a retrospective 

study of 35 reported clinical DDI cases that for CYP3A4 the DDIs were 

overestimated, if intestinal DDI was taken into account.  

2.3.2 Enzyme induction 

Enzyme induction by perpetrator creates an opposite effect compared to inhibition 

when the amount of metabolizing enzyme increases. As a result the extent of 

victim metabolism increases leading to increase of metabolite exposure and 

decrease of victim drug exposure, which may potentially cause therapeutic 

failure. Enzyme induction takes some time to evolve as the mechanism involves 

activation of nuclear receptors CAR and PXR which regulate the expression of 

their target genes affecting the levels of CYP enzymes, conjugation enzymes 

(UGTs and sulfotransferases) and transporters (Pelkonen et al. 2008a). With some 

chemicals the nuclear receptor activation can be very selective towards certain 

CYP enzyme induction (Kühlbeck et al. 2011).  

Because of the mechanism, the in vitro methods to study DDIs caused by 

CYP enzyme induction have to be performed with hepatocytes or cell lines 

expressing the needed nuclear receptor activation pathway (Hewitt et al. 2007). 

The human immortalized hepatoma cell line HepaRG is a good example of a cell 

line expressing all major drug metabolizing enzymes and transporters as well as 

nuclear receptors (Guillouzo et al. 2007). The functionality and inducibility of 

HepaRG has been proved (Turpeinen et al. 2009, Anthérieu et al. 2010). Like 

intestinal CYP enzyme inhibition also intestinal CYP enzyme induction may 

happen, and sometimes the intestinal induction may be over 8-fold greater than 

the induction in the liver measured by comparison of induction effect after oral 

and i.v. administration (Galetin et al. 2010). An in vitro cocktail approach to study 

induction potential of NCEs early in the discovery phase has been developed for 

CYP enzymes 1A2, 2B6, 2C9 and 3A4 using cryopreserved human hepatocytes 

(Gerin et al. 2013). 
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2.3.3 Metabolizing CYP enzyme identification 

By identifying the CYP enzymes responsible for the metabolism of the candidate 

drug it is possible to evaluate the probability of the candidate becoming a victim 

of a DDI. The identification can be achieved by incubating the study compound 

with human liver microsomes or hepatocytes and adding CYP-specific inhibitors 

one-by-one into the system (Pelkonen et al. 2005, Pelkonen et al. 2008b). 

Observation of which metabolite disappears (compared to incubation without 

inhibitor) gives indirect information about the corresponding CYP enzyme. A 

direct approach utilizes incubation of the study compound with single 

recombinant CYP enzymes. Observation of a metabolite appearing in incubation 

gives evidence of the involvement of the respective CYP enzyme (Pelkonen et al. 
2005, Pelkonen et al. 2008b). It is advisable to use both direct and indirect 

approaches to safely state that a certain metabolite is formed by a certain CYP 

enzyme. The above-mentioned approaches also apply to UGT enzymes, as they 

have the most important recombinant enzymes available. However, the known 

inhibitors lack specificity, which has to be taken into account when using the 

indirect method. 

2.3.4 Regulatory guidance for drug-drug interactions 

Both FDA and EMA released guidance for the investigation of drug interactions 

in 2012 (U.S. Department for Health and Human Services 2012 (later FDA 2012), 

European Medicines Agency 2012 (later EMA 2012)) to support market 

authorization. Even though the FDA guidance is a draft guidance with nonbinding 

recommendations, the FDA reviewers have already referenced it when giving 

instructions to drug developers (Prueksaritanont et al. 2013). While both 

guidances were released almost simultaneously and have quite a similar concept 

based on the same state-of-the-art science, they contain marked differences. Most 

importantly, according to the EMA the evaluation of CYP and transporter 

inhibition (and triggering need for in vivo interaction trials) should be based on 

unbound plasma concentration, whereas the FDA favors the use of total plasma 

concentration (FDA 2012, EMA 2012). This poses a challenge for drug 

developers as the same data can be predicted differently with different regulatory 

specifications and the extent of interaction potential may be changed (Kosugi et 
al. 2012, Prueksaritanont et al. 2013). A comparison between cryopreserved 

human hepatocytes suspended in human plasma (total plasma) and in protein-free 
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hepatocyte maintenance medium (unbound plasma) shows that the total plasma 

method predicts 89% of 63 reported clinical interactions studies with 17 different 

CYP3A, CYP2C9 or CYP2D6 inhibitors correctly, while the protein-free method 

predicts only 59% correctly (Mao et al. 2011, Mao et al. 2012). Moreover, the 

total plasma method predicted both reversible and time-dependent interactions. 

On the other hand, another retrospective study of 26 GSK compounds having 

both clinical DDI data and consistent microsomal data, points out prediction 

superiority for unbound concentrations over the use of total concentrations: 

average prediction 91% vs. 52% within two-fold observed AUC, respectively 

(Shardlow et al. 2011). Additionally, considering intestinal contribution to DDI, 

the study shows similar average prediction power for the unbound method 

whether or not the intestinal contribution is left out (93% vs. 91%), and 

significantly poorer prediction power for the total concentration method if the 

intestinal DDI contribution was left out (35% vs. 52%) (Shardlow et al. 2011). 

In addition to CYP enzyme inhibition, EMA also requires studying inhibition 

of UGT1A1 and UGT2B7, if one of the major elimination pathways is 

glucuronidation of the parent drug. Both UGTs are important in endobiotic 

metabolism (1A1: bilirubin glucuronidation, 2B7: glucuronidations of hormones 

and fatty acids). In the area of transporters, the EMA requires inhibition study of 

the bile salt export pump (BSEP), which the FDA does not require (EMA 2012, 

FDA 2012). Again, BSEP has important endogenous function likely to influence 

the requirement, and the inhibition of BSEP has been associated with cholestatic 

drug-induced liver injury (Garzel et al. 2014, Dawson et al. 2012). EMA also 

provides clearer guidance concerning when to conduct DDI studies with the main 

metabolites and emphasizes that all in vitro interaction studies should be 

performed before the onset of Phase II (EMA 2012). FDA introduced transporter 

interaction decision trees in 2008 (Zhang et al. 2008) and both guidances include 

now several helpful decision trees for drug developers. 

Concerning in vitro CYP induction studies, the end point should be the 

mRNA level compared to control, not levels of probe metabolites as enzyme 

activity measure. Induction studies should be performed on cultured fresh or 

cryopreserved hepatocytes, not on e.g. HepaRG cell line, which can, however, 

provide supportive information. According to EMA, the proper study of mixed-

mode inhibition/induction always requires in vivo interaction trial. Neither agency 

recommends in vitro induction studies for transporters. (EMA 2012, FDA 2012). 

The analysis of NDA (new drug application) reviews for NMEs approved by FDA 
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in 2013 shows general consistency with the current recommendations (Yu et al. 
2014). 

2.3.5 Metabolites causing CYP enzyme inhibition 

Concerning drug metabolites, the FDA recommends considering both potential 

enzyme and transporter DDI studies when a metabolite is present at ≥25% of the 

parent drug AUC, whereas the EMA requires the same for metabolites present 

both at ≥25% of the parent drug AUC and ≥10% of exposure of total drug-related 

material (EMA 2012, FDA 2012). In the case of parent being an inhibitor and in 
vivo DDI study is conducted the metabolite contribution will be automatically 

included at a clinically relevant level unless there are populations where 

metabolites of such parent could be present at considerably higher levels (Yu and 

Tweedie 2013). 

A literature review of 129 CYP inhibiting drugs revealed that a majority of 

them (82%) had confirmed circulating metabolites and the 21 most potent 

inhibitors all had reported circulating metabolites (Isoherranen et al. 2009). 

Worryingly, only 34 circulating metabolites were investigated in vitro for 

inhibitory potential and for 14 of them either parent drug or metabolite (or both) 

were identified as MBIs (Isoherranen et al. 2009). Later the same group continued 

the study with 72 inhibitory compounds having parent and circulating metabolite 

AUC data available. In the resulting 120 parent-metabolite AUC data sets, in over 

80% of the cases the metabolite AUC was ≥25% of the parent AUC (Yeung et al. 
2011). However, only 29 metabolites of 21 drugs were characterized in vitro for 

their inhibitory potency: in 13 cases the in vitro potential was greater with the 

metabolite than with the parent and only in 8 cases the metabolite was predicted 

not to contribute to the inhibition (Yeung et al. 2011). Although the metabolites 

were observed as likely to contribute to in vivo CYP enzyme inhibition in most of 

the cases, there were only three inhibitors whose inhibitory potential would not 

have been predicted based on the parent compound in vitro data only (out of 21 

drugs whose metabolites were tested in vitro) (Yeung et al. 2011).  

In a Pfizer survey of their 33 clinical compounds having altogether 115 

circulating metabolites over half of the metabolites (60) had exposure levels 

greater than 25% of the parent drug. However, only 14 metabolites of 12 parents 

were tested with synthetic standards: no clinically relevant inhibitory DDI were 

observed (Callegari et al. 2013). Additionally, Callegari et al. (2013) propose a 

static method to evaluate DDI potential and subsequent need for in vivo DDI 
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study of a major metabolite having ≥25% of the parent drug AUC. The model is 

based on in vivo measured Parent Cmax (from human PK), Metabolite/Parent AUC 

ratio (from human mass balance study) and in vitro measured Ki of the 

metabolite. In case where Ki is not available for the metabolite, 4*Ki of the parent 

is used (Callegari et al. 2013). As metabolites are usually more polar than the 

parent and tend to have less affinity to drug metabolizing enzymes, Yu and 

Tweedie (2013) propose that only metabolites less polar than parent having ≥25% 

of the parent drug AUC should be tested in vitro for DDI potential. More polar 

metabolites should be tested only if their AUC ≥100% of the parent (Yu & 

Tweedie 2013). However, major metabolites with structural alerts for MBI, which 

are not present in the parent structure, should be evaluated on a case-by-case basis 

(Yu and Tweedie 2013, Yu et al. 2015). A common metabolic reaction possessing 

structural alert to cause MBI is N-dealkylation of secondary/tertiary amines to 

form primary amines that can further metabolize to nitroso intermediates and 

inactivate corresponding CYP enzyme (Orr et al. 2012). 

A group of metabolism scientists from 18 pharmaceutical companies 

analyzed literature for drug interactions of the 137 most frequently prescribed 

drugs to assess the risk of metabolites as the sole contributor to CYP enzyme 

inhibition (Yu et al. 2015). The risk is low as only metabolites of 5 drugs (3.6%) 

were likely to be the sole perpetrators. For majority of drugs, circulating 

metabolites seem not to be important in causing in vivo DDIs. However, many 

metabolites alter the time course and magnitude of inhibitory DDIs (Varma et al. 
2015). Additionally, 10 of the 19 MBI causing drugs with known mechanism have 

circulating metabolites known to cause CYP inactivation (VandenBrink & 

Isoherranen 2010). 

2.4 Prediction of pharmacokinetics 

Pharmacokinetics, the fate of a drug from administered dose to elimination 

outside the body, is a complex interplay of drug absorption, distribution, 

metabolism and excretion involving active and passive events, drug metabolizing 

enzymes and drug transporters, drug-drug and drug-food interactions, binding of 

drug to proteins and cellular systems, and so on. Pharmacokinetics is explaining 

what is happening to a drug in the body, and when and how it comes out from the 

body. 
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2.4.1 The role of drug transporters 

In addition to numerous different drug metabolizing enzymes there are over 20 

clinically important transporters that affect the pharmacokinetics of drugs and 

metabolites in absorption, disposition and excretion. They locate mainly in the 

intestine, liver, kidney and blood-brain barrier (Giacomini et al. 2010). The organ 

location of the most important drug transporters and the operational directions 

where they transport the drugs and metabolites have been well described 

(Giacomini et al. 2010, König et al. 2013, Nigam 2015). Since the introduction of 

transporter drug-drug interactions to regulatory interest and subsequently to 

guidances (FDA 2012, EMA 2012), the understanding of the interplay between 

drug transport and drug metabolism in the combined kinetics of absorption, 

disposition and elimination of drugs and their metabolites has increased (König et 
al. 2013, Hochman et al. 2015). However, the understanding of the endogenous 

roles of transporter proteins is limited (Nigam 2015). 

Drug metabolism generally increases polarity and metabolic stability 

compared to parent drugs. However, these properties together with generally 

lower membrane permeability mean that their disposition is likely to involve 

transporters, and thus, metabolites might cause drug transporter interactions 

(Zamek-Gliszczynski et al. 2014). Metabolite-transporter interactions are very 

challenging to explore for several reasons. First of all, it is difficult to distinguish 

relative contribution of parent drug and metabolite(s) in drug interactions 

(Schuetz et al. 2014). Secondly, contrary to drug metabolizing enzymes, there are 

only a small number of specific substrates and inhibitors for most of the 

transporters (Brouwer et al. 2013) because they may have multiple binding sites 

and large binding pockets (Aller et al. 2009). The third reason is the complex 

clinical interplay between the uptake and efflux transporters, and metabolizing 

enzymes in different organs (Bode 2010). The in vitro investigation methods for 

transporter induction are not well established even though P-glycoprotein activity 

in Caco-2 cells is inducible through cell line transfection (Korjamo et al. 2006).  

Generally, lipophilic metabolites permeate passively to sinusoidal blood and 

circulation from the liver, whereas hydrophilic metabolites, especially conjugates 

like glucuronides, sulfates and glutathione adducts, are actively carried 

immediately after formation to bile (apical/canalicular transport) and then 

directed to feces, or to sinusoidal blood (basolateral transport) and circulation, 

and eventually excreted into urine (Zamek-Gliszczynski et al. 2006a). It remains 

unclear why certain metabolites are excreted apically from the liver and some 
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basolaterally, i.e., why some metabolites circulate while others do not (Zamek-

Gliszczynski et al. 2014). For biliary excreted metabolites, enterohepatic 

circulation may take place for intact oxidized metabolite or for conjugated drug or 

oxidized metabolite (after deconjugation by intestinal microbiota). In some cases, 

practically the whole exposure of conjugated metabolites is found from the feces 

and none of them circulate (Zamek-Gliszczynski et al. 2006a), but for 

nonconjugated metabolites there are only a few of such reports (Zamek-

Gliszczynski et al. 2013, Li et al. 2014.). Extensive enterohepatic circulation of 

metabolites may lead to hepatic accumulation and hepatotoxicity. 

2.4.2 Prediction of clearance  

Prediction of metabolic clearance of a drug is quite a well understood and mature 

area of in vitro - in vivo extrapolation (IVIVE) especially concerning CYP-

mediated metabolism (Houston 2013). Metabolic clearance affects drug half-life 

and oral bioavailability, which are important factors for the establishment of dose 

and dosing regimen. Drug developers start measuring the metabolic clearance 

early on in the drug discovery process aiming to find and develop further 

compounds having suitable metabolic clearing characteristics for once daily oral 

dosing.  

The initial metabolic clearance measurement is based on parent drug 

depletion when incubated with human liver microsomes and appropriate cofactors 

for CYP and UGT mediated metabolism. Thus, the basic setup has the limitation 

of not involving all potential metabolism routes. Other limitations are the short 

lifetime of enzymatic activity and general underprediction of hepatic intrinsic 

clearance from microsomal data. However, due to a rather simple and inexpensive 

setup, relative ease of extrapolation and ability to rank compounds with high 

throughput, the use of liver microsomes is likely to remain the first-line choice for 

early metabolic clearance measurement. With appropriate analytical 

instrumentation the major metabolites of first and second generation catalyzed by 

CYP and UGT enzymes can be detected and their structures tentatively elucidated 

(Pelkonen et al. 2005, Pelkonen et al. 2008b).  

Later during the drug discovery and development process a more 

comprehensive system is needed to characterize metabolic and hepatic clearance. 

The role of human hepatocytes has been emphasized to a great extent (Hewitt et 
al. 2007, Soars et al. 2007, Li 2007, Gómez-Lechón et al. 2007), as all the drug 

metabolizing enzymes are present, as well as uptake and efflux transporters. 
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Plated and cultured human hepatocytes are the golden standard in metabolic 

clearance and metabolite formation studies, even though the levels of drug 

metabolizing enzymes may decrease during cultivation (Pelkonen et al. 2008b). 

Commercial availability of pooled cryopreserved hepatocytes has increased their 

use. There is general consensus that the enzyme activities are preserved under 

cryopreservation and they can be routinely used for the evaluation of drug 

metabolism related processes (Li 2007). The incubation time with cryopreserved 

hepatocytes is longer than with microsomes (4 h vs. 1 h), but the resulting hepatic 

clearance is underpredicted compared to microsomes (Brown et al. 2007, Stringer 
et al. 2008). However, it can be corrected to the same level by better 

consideration of fraction unbound in hepatocytes and microsomes (Hallifax & 

Houston 2006, Kilford et al. 2008). Still, the relative underprediction prevails for 

high clearance compounds (Hallifax et al. 2010). This was also studied with 

human liver microsomes and suspended hepatocytes from the same four donors, 

and a four-fold average underprediction for high clearance compounds was found 

(Foster et al. 2011). Concerning microsomal prediction for highly protein bound 

compounds, considerable tailoring of intrinsic clearance parameters is presented 

in terms of drug ionization state and which proteins they actually bind (Poulin et 
al. 2012). The same method was not shown to offer significant improvement in 

clearance prediction for a larger set of compounds regardless of whether the data 

came from microsomes or hepatocytes (Hallifax and Houston 2012). 

The proportion of slowly metabolizing compounds has increased in the drug 

discovery process partly due to increased screening of metabolic clearance and 

biased selection towards low clearance compounds. In many cases the clearance 

cannot even be predicted as there is no or too low a turnover (depletion) of the 

parent compound. To solve this, a hepatocyte relay incubation method was 

developed and a two-fold difference between in vitro and in vivo intrinsic 

clearance was achieved for most compounds (Di et al. 2012, Di et al. 2013b). The 

difference is similar compared to what is generally achieved for high and 

moderate clearance compounds with hepatocytes. In the relay method, the 

supernatant is removed and added to a fresh plate of cryopreserved hepatocytes 

every 4 hours and standard procedure includes five relay cycles (Di et al. 2012). 

Another approach is HepatoPac, a micropatterened hepatocyte-fibroblast 

coculture system continuously usable for metabolism incubations even up to 7 

days (Khetani & Bhatia 2008, Wang et al. 2010, Chan et al. 2013). The results 

(Chan et al. 2013) are comparable to Di et al. (2013b), but the experimental setup 

is much more complicated and laborious (Khetani & Bhatia 2008). Additionally, 
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cryopreserved HepaRG cells have shown to provide hepatic clearance predictions 

quantitatively comparable to cryopreserved hepatocytes (Zanelli et al. 2012).  

For drugs anticipated to be hepatic transporter substrates, hepatocyte media 

loss assay may provide more reliable clearance prediction than conventional 

hepatocyte incubation, even though the method only provides 50% accuracy to 

identify the actual transporter involvement (Jigorel & Houston 2012). The 

prediction of intestinal clearance can be done based on permeability and human 

liver microsomal clearance normalized to tissue-specific (intestine-liver) CYP3A 

content (Gertz et al. 2010). Generally good predictions are obtained for 

compounds with low to moderate intestinal extraction, but not for high extraction 

compounds (Gertz et al. 2010). For compounds metabolizing mainly through 

CYP3A4, incubation with rat intestinal S9 fraction has proved to give reliable 

prediction of intestinal clearance, but for compounds additionally metabolizing 

through CYP2C enzymes, overprediction of intestinal extraction is observed, 

especially for low permeability compounds (Karlsson et al. 2013). 

2.4.3 Physiologically based pharmacokinetic modeling 

Physiologically based pharmacokinetic (PBPK) modeling is a widely used 

simulation tool to predict pharmacokinetics and drug interactions of drug 

candidates in humans during clinical development as well as to give mechanistic 

insight into compound ADME properties (Pelkonen et al. 2011, Rostami-

Hodjegan 2012, Jones et al. 2012, Jones et al. 2015). It has regulatory acceptance 

to illustrate the pharmacokinetic behavior of a compound and even to replace 

certain clinical studies (e.g. drug-drug interactions) provided that input data is of 

high quality and the simulation addresses a specific question (Huang 2012, Zhao 
et al. 2011, Sinha et al. 2014). According to FDA, since 2008, drug developers 

have started to include PBPK modeling and simulations regularly into IND 

applications and NDAs, and even FDA reviewers frequently conduct PBPK 

simulations to support the reviews (Zhao et al. 2011). The FDA drug interaction 

draft guidance puts strong emphasis on the use of PBPK models and plans to use 

it in DDI studies (FDA 2012). Additionally, the FDA has proposed a workflow for 

determining TDI potential of a new drug utilizing the PBPK model (Vieira et al. 
2012) and shown the utility of the PBPK approach in quantitative prediction of 

complex drug-drug-disease interaction (Grillo et al. 2012). 

The PBPK model can evaluate the effects of intrinsic (e.g. age, race, disease, 

organ dysfunction, pregnancy, gender, genetics) and extrinsic (e.g. concomitant 
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medications, alcohol use, smoking, environment, diet, herbs) factors, alone or in 

combinations, to enable numerous ‘what if’ simulations of pharmacokinetics and 

drug exposure to help explain and design clinical trials and drug interaction 

studies. The general process to build and refine the PBPK model is the following 

(Zhao et al. 2011): 

1. Identification and quantification of clearance pathways (main metabolic 

enzymes, renal and biliary excretion) based on in vitro and in vivo data. 

2. Building the model based on IVIVE and incorporation of drug and its 

physicochemical and physiological parameters. 

3. Comparison of initial simulated pharmacokinetics (plasma concentration-time 

profile) to in vivo first-in-human (FIH) studies. 

4. Model refinement based on sensitivity analysis and/or comparison to in vivo 

pharmacokinetics. 

5. Simulation of PK profiles under various scenarios. Refinement of the model 

when additional in vivo data is obtained. 

Besides being used in the clinical phase of drug development PBPK has recently 

gained popularity also in the discovery phase in the prediction of absorption and 

bioavailability, tissue distribution and clearance (Rostami-Hodjegan 2012, Chen 
et al. 2012, Shaffer et al. 2012). However, one of the main challenges is the 

incorporation of active transport processes to the models, which affect especially 

the renal and biliary clearance of drugs and metabolites (Smith 2012, Jones et al. 
2012) that cannot be easily studied in vitro. Application of PBPK tools in 

discovery stages to lead development and candidate selection increases efficiency, 

reduces the need for animal studies and increases PK understanding (Jones et al. 
2009, Jones et al. 2012). PBPK studies can be used to prioritize preclinical 

compounds and select doses and formulation for in vivo animal PK and 

toxicological studies, whereas in candidate selection human pharmacokinetics and 

dose predictions are the key considerations (Jones et al. 2012). In the discovery 

phase, building a PBPK model for preclinical animals may also prove useful 

especially in the evaluation of mechanistic bioavailability issues after oral 

administration, or in the development of formulation and dose selection (Sinha et 
al. 2012, Bouzom et al. 2012). All the major commercial software applications for 

PBPK already contain at least two animal species in addition to human (Bouzom 
et al. 2012). 

It is challenging to ensure good knowledge in understanding both the 

systemic ‘virtual body’ components and the drug-dependent ADME components 
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in building and refining PBPK models to be able to quantitatively understand the 

effects of intrinsic and extrinsic factors in PBPK simulation (Zhao et al. 2011, 

Bouzom et al. 2012). This will be further highlighted in the future when 

pharmacodynamic properties are linked to PBPK models to evaluate the dose-

exposure-response relationship (Bouzom et al. 2012). Furthermore, as the PBPK 

understanding and respective models evolve and new clinical data become 

available from the earlier modeled compounds, there is a continuous need to re-

simulate and re-evaluate the risks and benefits of existing (or even rejected) drugs 

(Rostami-Hodjegan 2012, Rostami-Hodjegan et al. 2012). 

2.5 Metabolites in safety testing (MIST) 

The awareness concerning drug metabolites’ contribution to safety increased by 

the end of the millennium due to several reasons. First, analytical techniques had 

evolved to such a level that metabolites of drug candidates can easily be detected 

from human and animal samples. Secondly, in vitro methodologies to study 

metabolism had evolved as well, and together they facilitate better understanding 

of the role of metabolites (Baillie et al. 2002). The third reason was numerous 

drug withdrawals from the market based on idiosyncratic toxicities, especially 

hepatotoxicity. In the 1990s and 1980s, 14 drugs were withdrawn from the market 

in both periods due to hepatotoxic adverse events, whereas before 1980 the total 

number of hepatotoxicity related withdrawals was as low as 11 (Guengerich & 

MacDonald 2007, Smith & Obach 2005). Additionally, Smith & Obach (2006) 

reviewed 24 drugs withdrawn from the market in the EU and USA in 1980–2004 

and found metabolites behind the presumed toxicity mechanism in 75% of the 

cases (14 confirmed and 4 suspected). 

Earlier, metabolites were generally not considered, because their abundance 

and contribution to the pharmacological and toxicological profile of parent drugs 

was not known. However, in the early 2000s the time was right to study and 

consider their share in on-target and off-target activity, toxicological potential and 

safety in general. Concerning hepatotoxicity, something must have been done 

right, as in 2000–2013 there were only 7 new withdrawals due to hepatotoxicity 

(Guengerich & MacDonald 2007, Lexchin 2014, McNaughton et al. 2014). The 

data for 123 new drugs approved in Japan in 2000–2006 show that metabolite 

safety was studied in 39% of the cases (48 NMEs) and none of them produced 

metabolites having substantially greater toxicity compared to the parent 

compounds (Naito et al. 2007). The typical reason for the metabolite safety 
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testing was ‘It is the major metabolite’ (44/48); other important reasons were: 

‘unique human metabolite’, ‘no metabolite in rat’ and ‘suspected genotoxicity’ 

(Naito et al. 2007). 

2.5.1 The regulatory guidelines 

Publication of the so-called MIST paper (Metabolites In Safety Testing) in 2002 

by the representatives of seven Big Pharma companies (Baillie et al. 2002) and 

the FDA response to that (Hasting et al. 2003, Baillie et al. 2003) started a 

scientific debate within the industry and the FDA concerning definition of major, 

minor and unique to human metabolites, their characterization and quantification 

and the need of toxicological testing of metabolites (Smith & Obach 2005, 2006, 

Davis-Bruno & Atrakchi 2006, Guengerich 2006, Humpreys & Unger 2006, 

Prueksaritanont 2006, Baillie 2007, Luffer-Atlas 2008). Ultimately this debate led 

to the final Guidance for Industry concerning safety testing of drug metabolites 

(U.S. Department of Health and Human Services 2008 (later FDA 2008)). 

The guidance concentrates on human only metabolites and metabolites that 

are present at considerably higher levels in humans than in any of the animal 

species used in toxicology testing of the parent drug. In such a case, it is 

considered that the disproportionate metabolite may not have had adequate 

exposure during nonclinical testing and may need further examination due to 

potential toxicity, chemical reactivity or pharmacological activity. An active 

metabolite can enhance the therapeutic target activity or interact with other targets 

causing unwanted effects. However, if at least one animal species in toxicological 

testing has formed a disproportionate metabolite at approximately equal to or 

greater than human exposure level, it may be presumed that the contribution of 

that metabolite to the overall toxicity of parent drug has been taken into account 

(FDA 2008). 

Phase I metabolites are more likely to be chemically reactive or 

pharmacologically active and, therefore, are more likely to need safety evaluation. 

Stable conjugates of the parent and phase II metabolites, including stable 

conjugates of potentially reactive intermediates, may eliminate the need for 

further safety evaluation. Metabolites raising a safety concern are formed at 

greater than 10% of parent drug systemic exposure at steady state measured in 

serum or plasma. Sometimes the disproportionate metabolites are not circulating, 

but only present in excreta. If a non-circulating disproportionate metabolite 

representing more than 10% of the bioavailable dose is found in urine or feces, 
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additional safety studies may be required. Such issues should be discussed with 

the FDA as soon as possible. The FDA encourages drug developers to study the 

metabolic profile of candidate drugs in vitro, in vivo (animals) and in humans as 

early as feasible to avoid finding disproportionate metabolites later and potential 

development and marketing delays (FDA 2008). 

The primary approach to study toxicity contribution of a metabolite is to 

investigate the toxicity of parent drug in an additional animal species routinely 

used in toxicity studies forming the disproportionate metabolite at adequate 

exposure levels. The secondary approach is to synthesize the drug metabolite and 

study its toxicology. The recommended studies include general toxicity, 

genotoxicity, reproductive toxicity and carcinogenicity. The FDA acknowledges 

that direct dosing of a metabolite may lead to metabolism and toxicities that were 

not observed with the parent drug, adding complications to the safety evaluation 

(FDA 2008). The discrepancies include differences between the metabolite and 

parent drug in physico-chemical properties, interactions with transporters and 

metabolizing enzymes, tissue selective distribution and species differences in 

transporters and enzymes leading to potential downstream metabolite with unique 

toxicity (Prueksaritanont et al. 2006). The kinetics of synthetic metabolite and in 
vivo formed metabolite has been shown to be different, unless they both have a 

passive mechanism of membrane permeability and their enzymes for metabolism 

and removal are readily available in a well-mixed compartment (Pang 2009). 

Thus, similar behavior can only be expected from highly lipophilic parent drug 

and a metabolite that retains lipophilicity with minimal modification to the parent 

structure. 

The decision to conduct direct safety testing of a metabolite is based on 

careful and comprehensive consideration of the following (FDA 2008): 

– Similarity of the metabolite to the parent drug 

– Pharmacological or chemical class 

– Solubility and stability in stomach pH 

– Phase I vs. phase II metabolite 

– Relative amounts detected in humans vs. in animals 

– Proposed drug indication and patient population 

– The proposed duration of use and levels of exposure at the therapeutic 

dose 

Additionally, the FDA emphasizes collection of all possible plasma samples from 

the nonclinical in vivo studies and first-in-human studies to be able to prove 
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adequate exposure in case of a disproportionate metabolite finding. For the 

disproportionate metabolite, FDA demands toxicological studies conducted under 

GLP and validated analytical methods capable of identifying and quantifying the 

metabolite (FDA 2008).  

The European Medicine Agency revised its guidance on nonclinical safety 

studies (ICH guideline M3(R2)) for the conduct of human clinical trials at the end 

of 2009 to include short metabolite section (EMA 2009). The EMA requires 

nonclinical characterization for human metabolites having levels greater than 

10% of total drug-related exposure and at greater levels than maximum observed 

in toxicological animal studies (EMA 2009). After guideline finalization a large 

number of questions arose concerning the metabolite section and they were 

formally answered in a Q&A addition to ICH guideline M3(R2) (European 

Medicine Agency (EMA) 2011). Q&A included definition and calculation method 

for 10% exposure; how to characterize safety, exposure and metabolites in 

different circumstances; and what kinds of studies are needed for metabolites 

(EMA 2011). The FDA has also unofficially adapted to these clarifications (Gao 
et al. 2013). It is noteworthy, from a regulatory perspective, that ICH guidance is 

prioritized over regional regulatory guidances.  

2.5.2 The industry perspective 

There are remarkable costs associated with the demand to identify and quantify 

disproportionate metabolites. It means that the industry will not automatically 

study numerous metabolites in every animal study just in case the data is later 

needed. In 2006, the method development and validation for an additional 

metabolite incurred costs of about USD100,000, and the cost of analyzing the 

additional 10,000 samples from an extra preclinical program could end up at 

USD700,000 (Humpreys & Unger 2006). Moreover, the cost of the GLP 

toxicological program required would be (in 2009) between USD0.9 million and 

USD1.2 million, excluding the potential need for supporting studies (MTD, dose 

range finding, toxicokinetics). The cost for synthesis of kilogram quantities of the 

metabolite depends highly on the structure and requires at least an additional 

USD100,000 (Powley et al. 2009). Thus, the total cost would easily exceed 

USD2.0 million. Even if the cost alone were not a barrier to conducting safety 

evaluation of the metabolite, it is likely to lead to resource exchange from other 

development activities.  
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Smith & Obach (2009) performed a literature search for publications about 

quantitative assessment of human circulating metabolites and the same data for at 

least one animal species of the same parent drug. The search yielded 15 examples. 

Over half of the parents (eight) had two or more metabolites (average 3.5, range 

0–13) present at level greater than 10% of the parent. In five of those eight cases 

the animal exposure was less than 10% of the parent for at least two metabolites 

(range 0–13) and in four of the earlier five cases one or two metabolites were not 

detected at all in animals (Smith and Obach 2009). Theoretically, if parent 

concentrations in circulation are very low, there can be an unlimited number of 

metabolites circulating at a level higher than 10% of the parent, thus requiring 

follow-up and resources of up to USD2.0 million each (Anderson et al. 2009). It 

has recently been proposed that the disproportionate metabolite qualification for 

additional studies should be agnostic to guidelines, indication, dosing and timing 

(Haglund et al. 2014). Individual industrial MIST case studies have been 

presented recently (Holmberg et al. 2014, Sharma et al. 2014, Sharma et al. 
2015), as have tiered strategies concerning the MIST regulatory issues (Haglund 
et al. 2014, Ma & Chowdhury 2014). 

Chemically reactive metabolites were practically left out from the MIST 

guidance for two reasons: they are generally short-lived and low in abundance 

(FDA 2008). Thus, they would not be detectable in the systemic circulation of 

animals or humans. It is also unclear how the information of reactive metabolites 

should be interpreted, as there still is a lack of understanding about the 

mechanisms of potential toxicity generated by metabolic activation (Baillie 2009). 

2.6 Circulating metabolites 

Primary human metabolites can quite easily be predicted in vitro, but it is more 

complex to understand which metabolites are likely to circulate and which are 

likely to be readily excreted or metabolized further.  

2.6.1 Why metabolites circulate? 

Once a metabolite has been formed in the hepatocyte by metabolizing enzymes its 

fate is determined by its physicochemical nature. If the metabolite is lipophilic 

enough (positive LogP) and has a polar surface area less than 140–150 Å2, it can 

passively diffuse to sinusoidal blood (and circulation) or bile. If a metabolite has a 

hydrophilic nature (LogP negative or slightly positive) and its PSA is higher than 
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75–100 Å2, efflux transporters can carry the metabolite either to bile or sinusoidal 

blood (Smith & Dalvie 2012). Note the overlaps in both LogP and PSA; there are 

no definitive thresholds. Metabolites with higher polar surface area tend to be 

transported to the bile by canalicular efflux transporters (e.g. BRCP, P-gp, 

MRP2), whereas with lower PSA they tend to be carried to blood (and circulation) 

by sinusoidal efflux transporters (e.g. MRP3, MRP4, MRP6) (Benet 2010, Wu & 

Benet 2005, Giacomini et al. 2010). A worst-case scenario would be a metabolite 

being too hydrophilic to passively diffuse and too lipophilic to be actively 

transported. The resulting accumulation in hepatocyte could eventually cause a 

toxic effect. Also, extensive metabolism of a high-dose parent to a hydrophilic, 

high PSA metabolite could lead to rate limiting efflux clearance and concentration 

of the metabolite in the hepatocyte (Smith 2013). If the polar surface area of a 

metabolite with positive lipophilicity is below 75 Å2, further metabolism is likely 

to happen (Smith 2011). Potential routes for metabolite disposition are depicted in 

Fig. 5. 

Fig. 5. Potential routes for metabolite disposition from the liver (modified from Loi et 

al. 2013). 

Metabolites directed to bile will be eventually fecally excreted unless they are 

reabsorbed in the intestine either passively (lipophilic metabolites) or actively by 

uptake transporters. Glucuronide conjugates may also degrade back to parent drug 

or to phase I metabolite, and be either excreted or reabsorbed. Reabsorbed 

fraction will again face first-pass metabolism and the products will exit the liver 

either to bile or blood, actively or passively. Metabolites directed to circulation 
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may be excreted by kidney to urine, if they are hydrophilic enough to be taken up 

by the transporters at kidney proximal tubules. Nonexcreted (or effluxed) 

lipophilic metabolites will continue to circulate and distribute to tissues until 

finally excreted to bile or urine, or cleared by further metabolism and consecutive 

excretion. 

Modern drugs are generally highly lipophilic with low PSA and they generate 

phase I metabolites with relatively small structural changes and evenly small 

changes in physicochemistry: usually a small decrease in LogP and a small 

increase in PSA due to hydroxylation. Such metabolites act very similarly to their 

parents, circulating, passively diffusing the membranes and primarily clearing via 

further metabolism (Smith & Dalvie 2012). However, a small change in 

physicochemical values makes the metabolites relatively stable compared to 

parent in terms of additional phase I metabolism. Depending on the place of 

hydroxylation (aliphatic vs. aromatic) enhanced phase II metabolism may occur. 

The pharmacological activity of a phase I metabolite may be retained, but usually 

with somewhat lower activity level than the parent has, as the parent has generally 

been designed for very high affinity and selectivity to a specific target (Smith and 

Dalvie 2012). 

The physicochemical properties of a metabolite are changed dramatically 

when multiple steps of oxidative metabolism happen or the drug (or its primary 

oxidative metabolite) is conjugated with glucuronic acid or forms a sulfate. The 

lipophilicity of metabolite is considerably lower than that of the parent, and the 

PSA is much higher. As a consequence, membrane permeability drops 

significantly and active transport enzymes clear the metabolites mainly to bile 

(Smith & Dalvie 2012). However, many drugs have circulating glucuronides in 

high concentrations, even as major metabolites. It is likely that efflux transporter 

MRP3 at the basolateral membrane of the hepatocyte is responsible for the 

glucuronide transport to blood circulation (Zamek-Gliszczynski et al. 2006b, 

Hirouchi et al. 2009, Lagas et al. 2010). Sulfate conjugates have also been found 

in the circulation and there is evidence that the same transporter MRP3 (or 

MRP4) is involved (Zamek-Gliszczynski 2006b). Most circulating conjugative 

metabolites have low membrane permeability and thus do not distribute to tissues 

very well. The exception is zwitterionic glucuronides (or sulfates) from basic 

drugs that can retain some lipoidal permeability.  

Glucuronides are usually highly protein bound (>50%) apart from acyl 

glucuronides, which are also rather unstable in plasma (Sawamura et al. 2010, 

Smith & Dalvie 2012), and the determination of their plasma protein binding 
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(PPB) needs careful experimentation (Buscher et al. 2014). However, the plasma 

stability of structurally closely related acyl glucuronides can be very different 

(Zhang et al. 2011). High protein binding of glucuronides is associated with the 

acid group in the glucuronide moiety. High protein binding of any drug or 

metabolite increases the duration of circulation due to decreased rate of clearance 

(Loi et al. 2013).  

A study of plasma protein binding of 222 drugs reveals half of them having 

PPB higher than 90% (Zhang et al. 2012). As metabolites have generally lower 

lipophilicity than their parent has, their PPB is usually lower (Riccardi et al. 
2015). Thus, major metabolites may have higher free fraction in circulation than 

their parents even if the circulating concentrations are the same (Smith et al. 
2010). 

2.6.2 Which metabolites circulate? 

Loi et al. (2013) conducted a literature survey of AUC values of 125 drugs and 

their main metabolites after human administration aiming to find out which kind 

of metabolites circulate with high metabolite-to-parent ratio (M/P ratio). They 

also calculated physicochemical properties (cLogD and tPSA) for the parent 

drugs and metabolites to monitor the trend changes within biotransformation 

classes (Loi et al. 2013). The results are summarized as follows: 

N-dealkylation 

– 42% of drugs formed primary or secondary amine metabolites (52/125) 

– 77% of them had >25% M/P ratio (40/52) 

– Average increase in tPSA was 20 Å 

– Average decrease in cLogD was 1.0 log unit (cleavage ethyl/methyl unit)  

– Four drugs had N-didesalkyl metabolites in circulation and 50% of them 

had >25% M/P ratio (2/4) 

– Four drugs cleaved larger groups and 75% of them had >25% M/P ratio 

(3/4) 

Aliphatic/alicyclic oxidation or O-dealkylation 

– 32% of drugs formed aliphatic or alicyclic alcohol metabolites (40/125) 

– 83% of them had >25% M/P ratio (33/40) 
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– 4% of drugs formed ketones to circulation (5/125) and 60% of them 

had >25% M/P ratio (3/5) 

– Average increase in tPSA was 20 Å 

– Decrease in cLogD was 1–2 log units 

– Mostly remained as free aglycones due to high pKa (12–16) of the 

hydroxyl 

– Primary alcohols were mainly further oxidized to carboxylic acids  

– Aromatic/heterocyclic alkyl hydroxylations were further glucuronidated 

Arenol metabolites 

– 29% of drugs formed arenol metabolites (36/125) 

– 50% of them had >25% M/P ratio for the remained aglycone (18/36) 

– 22% circulated only as conjugates (8/36) and 75% of them had >25% 

M/P ratio (6/8) 

– 41% circulated additionally as conjugates (15/36) and 47% of these 

conjugates had >25% M/P ratio (7/15) 

– Low pKa (4–11) of the arenol group explains conjugation 

– Increase in tPSA was 11–20 Å 

– Decrease in cLogD was 0.5–1 log unit  

– para-Hydroxylated arenols were mainly conjugated and ortho-

hydroxylated remained as aglycones 

S-oxides 

– 10% of drugs formed S-oxide metabolites (12/125) 

– 75% of sulfide drugs had sulfoxides >25% M/P ratio (6/8), but no/low 

sulfone metabolites in circulation 

– Average increase in tPSA was 11 Å 

– Decrease in cLogD was 1–2 log units 

– 75% of sulfoxide drugs (3/4) had sulfone metabolites with >25% M/P 

ratio  

– Conversion of sulfoxide to sulfone raise cLogD 1 log unit and tPSA 6 Å 

N-oxides 

– 9% of drugs formed aliphatic or aromatic N-oxide metabolites (11/125) 
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– 73% of them had >25% M/P ratio (8/11) 

– Average increase in tPSA was 14 Å 

– Average decrease in cLogD was 0.5–2 log unit  

Carboxylic acids 

– 9% of drugs formed carboxylic acid metabolites (11/125) 

– 82% of them had >25% M/P ratio (9/11) 

– Increase in tPSA was 20–40 Å 

– Decrease in cLogD was 1.5–4 log unit  

Additionally, seven drugs had rearrangement products as major metabolites, with 

86% of them having >25% M/P ratio (6/7). Altogether, 88% of the drugs 

investigated had at least one metabolite with >25% M/P ratio and 96% had at 

least one metabolite with >10% M/P ratio. The data suggests the fraction of 

metabolite formed from the absorbed parent (fm) being one of the major 

determinants for metabolite-to-parent ratio (M/P). It appears that fm value 

of >15% for a metabolite increases the likelihood to reach >25% M/P ratios 

especially in the case of amine, alcohol, S- and N-oxide and carboxylic acid 

metabolites (Loi et al. 2013).  

2.6.3 In vitro prediction of circulating metabolites 

Before regulatory awakening to drug metabolites in safety testing, most of the 

reviews and comparisons of different in vitro test systems for metabolism 

concentrated on prediction of hepatic clearance, qualitative metabolic pathways or 

drug-drug interactions (Pelkonen et al. 2005, Pelkonen & Raunio 2005, Nassar et 
al. 2004, Brandon et al. 2003). These tasks are naturally highly important and the 

methods are well established. However, for the current safety interest of FDA and 

EMA – which metabolites circulate and give high in vivo exposure to humans – 

the prediction is still problematic and the results may not be accurate (Pelkonen et 
al. 2009a).  

A study of 17 molecules from the Eli Lilly portfolio each having quantitative 

human in vivo and in vitro data (derived from varying in vitro systems) 

demonstrated that only 41% of the cases the in vitro data correctly predicted the 

in vivo circulating metabolites in human (Anderson et al. 2009). Underprediction 

occurred in 35% of the cases and overprediction in 24%. However, the prediction 

criteria were set strictly. The case prediction was successful when in vitro 
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metabolites were found at any level in human circulation. The data was 

considered underpredictive if a major circulating human metabolite was not 

identified in the in vitro system. One explanation might be the relatively high 

substrate concentrations used in standard metabolism screening, which may lead 

to saturation of metabolic enzymes. Some bias may have also been generated by 

using generic in vitro methods without optimization of the systems for each 

compound. Additionally, extrahepatic pathways are not covered in standard 

routines and some metabolites may have been missed due to that. In 

overpredictive cases, many in vitro metabolites were not seen circulating in vivo. 

Even if metabolites were observed in urine or feces, but not in plasma, the case 

was judged as overpredictive. In a typical case, in vitro system predicted too 

many CYP-mediated metabolites compared to in vivo circulation (Anderson et al. 
2009). The more complex metabolism the parent generated the less likely it was 

that the in vitro methods predicted circulating metabolites. One explanation for 

this may be the analytical methods that were usually generic or optimized for the 

parent, as the instrumental response of a metabolite might be very different 

compared to the parent. Anderson et al. (2009) concluded that it is not possible to 

foresee which metabolites circulate in humans and what are the exposure levels. 

However, the in vitro and animal in vivo experimentations provide good 

knowledge of whether metabolism is likely to contribute extensively to drug 

clearance, and preliminary information on what metabolites might be the major 

circulating ones. Furthermore, it has been shown that metabolite to parent AUC 

ratio can be simulated from in vitro data reasonably well (Lutz & Isoherranen 

2012). However, it requires thorough characterization of metabolite clearance 

pathways and understanding of the secondary metabolic processes involved in the 

elimination of the metabolite (Lutz & Isoherranen 2012). 

In another industry study, Dalvie et al. (2009) from Pfizer incubated 27 in-

house compounds and 21 commercial drugs with human liver microsomes, S9 

fraction and hepatocytes to compare the in vitro metabolite profile to major 

human (in vivo) circulating and excretory metabolites. Only major in vivo 
metabolites were considered that constituted at least 10% of the circulating 

radioactivity or 10% of the radioactive dose in excreta. All in all, these 48 

compounds produced 88 major circulating and excretory metabolites. 

Disappointingly, 31 of them (35%) were not detected in any of the in vitro 

systems. Hepatocytes predicted all major in vivo metabolites for 52% of the 

compounds, whereas S9 and microsomes were successful for 42% and 31%, 

respectively. The major differences were in the ability to produce secondary 
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metabolites by S9 and microsomes, and the lack of certain conjugation enzymes 

from microsomes. All systems had equal success to predict primary phase I 

metabolites (Dalvie et al. 2009). Fortunately, when examining only circulating in 
vivo metabolites produced by 37 of the study compounds, the success rates were 

much better. Hepatocytes predicted all major circulating metabolites for 65% of 

the compounds, whereas S9 and microsomes were successful for 62% and 49%, 

respectively. The differences were again in the production of secondary 

metabolites by S9 and microsomes, and the lack of ability of microsomes to 

produce all conjugations. All systems had equal success to predict primary phase I 

metabolites and S9 had best success to predict primary phase II metabolites (87% 

vs. 73% in hepatocytes and microsomes, respectively). Finally, prediction of 

primary metabolic pathways for 24 of the 27 Pfizer compounds that produced in 
vivo metabolites was extremely successful. Correct route was identified in 75%, 

92% and 83% of the cases by hepatocytes, S9 and microsomes, respectively 

(Dalvie et al. 2009). However, for one compound none of the systems could 

predict the primary pathway that was direct glucuronidation of the parent. Even 

though the success rates to predict major primary metabolites and main metabolic 

pathways in vitro are high, the risk of finding a human in vivo disproportionate 

metabolite remains (Dalvie et al. 2009). However, despite the lack of absolute 

accuracy, the knowledge is rapidly accumulating and the data produced by current 

approaches is very useful for drug development (Pelkonen et al. 2009a). 

Hepatocyte-like in vitro systems capable of producing quantitative amounts 

of drug metabolites in long-term incubations like HepaRG (Turpeinen et al. 2009, 

Anthérieu et al. 2010), micropatterened hepatocyte co-culture (Wang et al. 2010) 

or newly introduced dog hepatocyte co-culture (Atienzar et al. 2014), may prove 

to be useful in the hunt for in vitro systems to predict major human metabolites. 

Additionally, the systems can be used to produce large enough amounts of 

metabolites to be isolated and used as a reference standard for quantification. 

While HepaRG is likely to be utilized in toxicological studies, micropatterned 

hepatocyte is a really promising media for metabolite profiling of low clearance, 

slowly metabolizing drugs (Wang et al. 2010). Wang et al. (2010) used the same 

set of Pfizer compounds as Dalvie et al. (2009) with micropatterened hepatocyte 

co-culture and managed to detect 11 of the 31 undetected human metabolites in 

the previous study.  

An alternative approach to metabolite prediction or isolation may be the use 

humanized chimeric mice (Sanoh & Ohta 2014, Katoh & Yokoi 2007, Bateman et 
al. 2014). Especially interesting would be continuous production (by excretion) of 
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even a small quantity of a disproportionate human metabolite that could be 

isolated and used as a standard. For the investigation of biliary excreted 

metabolites, the Entero-Test device has been successfully utilized in dogs to 

noninvasively capture biliary metabolites for qualitatively analysis (Guiney et al. 
2010). As the device is routinely used also with humans in the clinic, it would be 

interesting to see its application for human metabolism study. 

2.7 Qualitative and quantitative analysis of metabolites 

The discovery phase bioanalysis of drugs and metabolites is a balancing act with 

speed and data quality of high number of samples, as the turnaround time of a 

bioanalysis sample set is only days (Ho 2014). In later drug development phases 

the game is more about data quality concerning the quantification of parent drug 

and important metabolites. To receive high data quality it is extremely important 

to know all the metabolites present in the samples and how they may impact the 

bioanalytical method and its selectivity (Garofolo et al. 2010). The bioanalytical 

methods need to evolve from drug discovery to drug development in terms of 

quality and method validation. The European Bioanalysis Forum has a best 

practice recommendation for a tiered approach in metabolite quantification 

(Timmerman et al. 2010). The first tier is ‘Screening methods’ for discovery 

bioanalysis without method validation and strict acceptance criteria. The second 

tier is ‘Qualified methods’ for preclinical investigations with scientific method 

validation implemented (e.g. accuracy, precision and stability). The final tier is 

‘Validated methods’ for clinical bioanalysis which employs full method 

development and validation procedure according to Good Laboratory Practice 

(GLP). The tiers and drug development stages overlap depending on the project 

and anticipated results, e.g. a known toxic metabolite may trigger qualified 

methods for discovery bioanalysis and validated methods for preclinical 

bioanalysis (Timmerman et al. 2010). 

2.7.1 Detection and identification of drug metabolites 

The recent development of both high resolution liquid chromatography (e.g. 

UHPLC, UPLC) and high resolution mass spectrometry (e.g. TOFMS, QTOF, 

Orbitrap) has made metabolite detection an almost trivial task (Ravindran et al. 
2014, Tolonen & Pelkonen 2015, Zhu et al. 2011, Ma & Chowdhury 2011, 

Tolonen et al. 2009, Prakash et al. 2007). Recent comparison of different mass 



63 

spectrometric instruments used in metabolite profiling was compiled by Tolonen 

& Pelkonen (2015). These workhorses of any discovery DMPK laboratory with 

qualified analytical scientists can easily be utilized to detect potentially all 

predicted and unpredicted in vitro metabolites with a reasonable dynamic range 

for parent depletion, good sensitivity to detect also minor metabolites and 

excellent mass resolution and mass accuracy to determine exact molecular mass 

and elemental composition for the found metabolites. The instrument software 

automatically calculates metabolic stability of parent, relative abundances of all 

found metabolites and proposes their biotransformation to help medicinal 

chemists evaluate clearance rate, metabolic soft spots and initial metabolism 

pathways. The post-acquisition data mining for metabolite detection utilizes 

comparison to control sample (Mortishire-Smith et al. 2005), background 

subtraction (Zhu P. et al. 2009a, Zhang & Yang 2008), predicted ion extraction 

(Chang et al. 2000, Castro-Perez et al. 2005), mass defect filtering (Zhu et al. 
2006, Zhang et al. 2008, Zhang et al. 2003) and isotope pattern filtering 

(Cuyckens et al. 2009, Zhu P. et al. 2009b). Automation of such systems enables 

first-line metabolite profiling of tens of new chemical entities in a day from 

different therapeutic programs and diverse structural classes (Tiller et al. 2008a).  

The structural characterization and complete identification of metabolite 

structure requires a bit more from the MS instrument and software. Besides the 

above-mentioned instruments the modern drug metabolism laboratory has 

additional instruments for metabolite identification and characterization (e.g. 

MS/MS, ion trap, linear trap, FTMS). The instruments are able to selectively 

(MS/MS or MSn ability) or non-selectively (in-source fragmentation or MSE) 

fragment the metabolite ions and generate structural information. Software can be 

used to switch the MS to operate in a certain data acquisition mode triggered by 

the data gained from full scan mode. While full scan mode acquires all ions with 

preset parameters, triggered data acquisition mode can, for example, scan and 

acquire every second scan differently. Additionally, the full scan operation can 

have preset alternating fragmentation energies (high and low collision energy 

every second scan, MSE scan) enabling simultaneous acquisition of molecular 

ions and structure specific fragments (Mortishire-Smith et al. 2005, Wrona et al. 
2005). Possible data acquisition modes include triggering based on ion intensity 

above preset threshold (Ruan et al. 2008), detection of certain neutral loss 

(Bateman et al. 2009), detection of isotope pattern (Cuyckens et al. 2008, Lim et 
al. 2008, Rathahao-Paris et al. 2014) or detection of specific mass defect 

(Bateman et al. 2007, Tiller et al. 2008a). In addition, the earlier mentioned post-
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acquisition data mining methods product ion filtering (Ruan et al. 2008, Lim et 
al. 2007, Wrona et al. 2005) and neutral loss filtering (Ruan et al. 2008, Wrona et 
al. 2005) can be used. Automated systems containing a metabolite database may 

permit full characterization of major metabolites from in vitro and in vivo 

samples, decreasing the workload of metabolism scientists (Bonn et al. 2010, Li 
et al. 2009). In cases where fragmentation does not give enough information to 

distinguish between monoisotopic metabolites (e.g. hydroxylation vs. S/N 

oxidation) hydrogen/deuterium exchange can be a useful technique for molecules 

containing limited number of exchangeable hydrogens (Liu et al. 2007, Tolonen 
et al. 2005). For compounds having numerous exchangeable hydrogens, such as 

glucuronide conjugates, ion mobility spectrometry combined with mass 

spectrometry (IMS-MS) instrument can be a wonderful structural elucidation tool 

even for co-eluting conjugates (Shimizu et al. 2012) or co-eluting parent and 

glucuronide (Smith et al. 2013) from very complex in vivo matrices (Blech & 

Laux 2013). 

Even though very confirmatory metabolite structures can be obtained, MS 

data alone does not prove the structure definitively, but isolation and NMR 

characterization, or synthesis of major metabolites and direct comparison of in 
vivo or in vitro metabolites is needed (Frederick & Obach 2010, Walker et al. 
2014). Typical analytical process for detection and identification of drug 

metabolites has been presented by Ma & Chowdhury (2011). 

2.7.2 Quantification of metabolite exposure without standards 

Quantification of the metabolite levels from different in vitro systems and in vivo 

matrices is required to be able to evaluate human exposure. The above-mentioned 

LCMS data cannot be used for quantitative comparisons between metabolites and 

parents, because ionization efficiencies and mass spectrometric responses 

typically differ (Frederick & Obach 2010). A huge metabolite response in LC/MS 

does not necessary mean that the metabolite has major presence, but the 

abundance data is very tentative. The response differences are due to different 

physicochemistry of the metabolite and physicochemical properties affect 

ionization directly. Furthermore, metabolites are usually more polar than the 

parent and elute out from the HPLC earlier than the parent. Earlier elution time 

means more water in the HPLC mobile phase, which affects negligibly the 

ionization efficiency in the MS interface. Additionally, the matrix effect will be 

different if the elution time is different. Dahal et al. (2011) tested the response 
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difference with a set of very similar substrates and their common metabolites 

containing multiple nitrogen atoms to guarantee good LC/MS signal. None of the 

studied biotransformations, O/N-demethylations and aromatic/benzylic 

hydroxylations, gave a consistent trend of bigger or smaller signal compared to 

the parent. The study demonstrates that 90% of the parent-metabolite responses 

were statistically different and the ratio of the slopes of standard curves varied up 

to 4-fold even though the main structure remained very ionization friendly (Dalal 
et al. 2011). 

The use of LC/UV response correction for LC/MS peak areas has been 

proposed to obtain quantitative information of metabolites without authentic 

standards (Vishwanathan et al. 2009). Two important prerequisites are that the 

UV spectrum of the metabolite is very similar to the parent and the metabolite 

peaks in the LC/UV chromatogram are resolved without any interference. 

Unfortunately, the latter is not obvious with in vivo samples without extensive 

workout and potential loss (and chemical modification) of the metabolites. The 

UV correction method was tested against actual calibration with one compound 

producing six metabolites to rat plasma after oral administration (Yang et al. 
2011). The results show up to three-fold differences in Cmax and AUC, which is 

actually quite reasonable for early decision-making. Yang et al. (2011) also 

studied metabolite calibration against MS calibration curve of the parent and 

found up to eight-fold differences compared to actual calibration with metabolite 

standards. However, both of the methods (UV correction and parent MS 

calibration) demonstrated only about two-fold difference for the four most parent-

like metabolites (N-oxide and aromatic/alicyclic hydroxylations). This sounds 

good, but unfortunately, the metabolite with eight-fold difference (parent MS 

method) was by far the most important metabolite whose PK would have been 

significantly underestimated (Yang et al. 2011). 

Radiochromatographic metabolite profiles can be used to create relatively 

accurate MS response factors for abundant metabolites, since the specific activity 

of the radiolabeled parent is known. However, the synthesis of radiolabeled 

analogs usually takes place only for serious lead molecules quite late in the 

preclinical phase or just before the initiation of clinical studies. The method is 

simple (Yu et al. 2007):  

1. Analysis of the same metabolized sample with the same chromatographic 

conditions by LC/MS and LC/RAD. 

2. Obtain definitive metabolite concentrations from the radiochromatogram.  
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3. Comparison to respective LC/MS peak areas.  

4. Calculation of response ratios for each metabolite. 

5. Use the response ratios to quantitate metabolites from unknown in vitro or in 
vivo samples. 

Matrix mixing of reference sample before response ratio measurement ensures 

minimal matrix effect difference to the unknown samples, and the use of long LC 

method for unknown samples helps bridging metabolites unambiguously. The 

caveats are rather poor sensitivity of LC/RAD (minor metabolites may be missed 

or response ratio is less accurate) and unknown linearity due to only one-point 

calibration. Adjusting reference sample to the same concentration level than 

expected unknown average concentrations helps somewhat with the linearity 

issue. The method can provide quantitative results within 20% compared to 

concentrations determined from the radiochromatogram (Yu et al. 2007). The 

method is in routine use within the pharmaceutical industry (Tiller et al. 2008b). 

NMR is an attractive technique for quantitative determinations as the signal 

response is independent of the molecular structure of the analyte. In principle, 

known molar response from any 1H resonance of any compound can act as a 

reference standard for any 1H resonance of any other compound. It is even 

possible to use a mathematically generated signal inserted into the spectrum as 

quantitative reference (Walker et al. 2011). The limitations of the technique are 

high price (and thus availability), low sensitivity (better with expensive 

cryoprobes) and interfacing with chromatographic systems (not common, high 

price, low sensitivity due to void volumes, need to stop flow during metabolite to 

enhance sensitivity). In practice, NMR quantification of metabolites has been 

done for isolated metabolites from various biological matrices (Gear et al. 2008, 

Espina et al. 2009, Srivastava et al. 2010, de Vlieger at al. 2010, Mutlib et al. 
2011), which provides good sensitivity down to 10 ng/mL (Gear et al. 2008) and 

generally good accuracy producing concentrations within 10% of the nominal 

value (Espina et al. 2009). 

The regulatory guidances do not actually require determinations of steady 

state concentrations of metabolites in animals and humans; it is only necessary to 

demonstrate animals having greater exposure than humans (FDA 2008, EMA 

2009). In fact, characterization of metabolite toxicity is considered adequate even 

when animal exposure is 50% of that in human (EMA 2011). As a consequence, a 

simple LC/MS/MS method with pooled samples can provide quantitative 

comparisons of exposures to all detectable metabolites between animal species 
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and humans without synthetic metabolite standards and calibration curves as 

proposed by Walker et al. (2009) and confirmed by Ma et al. (2010). Gao et al. 
(2010) additionally demonstrated that MS exposure ratios correlated extremely 

well (slope 0.99, r = 0.994) with the nominal concentration ratios. Furthermore, it 

was shown that the actual exposure ratio was at least 1.0 if the MS exposure ratio 

was at least 2.0 (p < 0.01) (Gao et al. 2010).  

Human steady state pharmacokinetic samples and animal toxicokinetic 

samples are pooled using Hamilton plasma pooling technique (Hamilton et al. 
1981, Hop et al. 1998). If required, new animal samples should be generated at 

steady state and NOAEL dose level. Pooled samples are mixed with control 

matrix to minimize LC/MS matrix effect, and internal standard is used. After 

LC/MS/MS analysis the exposure multiples (EM) are calculated using the 

equation (1) 

 EM = (Am,a/AIS,a)/( Am,h/AIS,h) (1) 

where Am,a and Am,h are the metabolite peak areas measured from animal and 

human samples, respectively, and AIS,a and AIS,h are the peak areas of internal 

standard measured from animal and human samples, respectively. Safety margin 

of 0.3 (EM > 1.3) is proposed based on doubling the accuracy demand of standard 

bioanalytical method validation (Ma & Chowdhury 2011). As a conclusion from 

the method, if the exposure ratio is greater than 1.3 for a metabolite, it should be 

investigated whether this metabolite is >10% of total drug-related material in 

humans (Ma & Chowdhury 2011). The method was proved to be applicable also 

for potentially unstable (during storage) epoxide, amide catechol and acyl 

glucuronides metabolites, but not for iminium or ester metabolites (Gao & Obach 

2012). This approach has been unofficially verified by the FDA to be adequate for 

the determination of metabolite exposure (Gao et al. 2013). The method offers 

time- and resource-savings in determining metabolite exposures in humans 

offering an opportunity to postpone synthesis of radiolabeled compound for mass 

balance studies. It should be kept in mind although that this approach does not 

remove the risk of later detecting a disproportionate metabolite in humans, which 

still requires definitive ADME studies with radiolabeled compound in humans 

and animals. 
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2.7.3 ADME study strategies in humans and animals 

After the MIST guidance release (FDA 2008) a number of proposals for 

comprehensive strategies of human and animal metabolite identification and 

human exposure have been published by the pharmaceutical industry (Nedderman 

2009, Nedderman et al. 2011, Leclercq et al. 2009, Zhu M. et al. 2009, Penner et 
al. 2009, Penner at al. 2012, Isin et al. 2012, Obach et al. 2012) using various 

analytical methodologies including definitive human and animal ADME studies 

with radiolabeled compound. These strategy papers contain discussion about the 

need and timing of individual in vitro and in vivo ADME studies with humans and 

animal species, proposals for accelerating or delaying human radiolabeled studies, 

and workflows or decision trees for circulating metabolite characterization and 

exposure determination. The most radical thinking by Pfizer scientists proposes 

the complete removal of routine animal radiolabeled ADME package from drug 

development and continuing with human-only radiolabeled ADME approach 

(Obach et al. 2012, Obach et al. 2013). They feel that the removal could be done 

because of following reasons: 

– The MIST guidance clarifies that circulating human metabolites are the 

most important ones. 

– The exposures of human metabolites in preclinical toxicity species are 

more important than complete metabolite profile in animal species. 

– The analytical technologies are advanced enough to facilitate 

identification and characterization of very low-level metabolites from 

humans and animals from unlabelled compounds.  

In this strategy, a radiolabeled drug is first used in a rat WBA study to get tissue 

dosimetry data before a human radiolabel study. In the human radiolabeled study, 

the metabolites comprising 10% of the total circulating drug-related material are 

detected from the quantitative metabolite profiles. For those metabolites, relative 

steady-state metabolite exposures across species are determined using MS 

metabolite ratios as described earlier (Ma & Chowdhury 2011). Simulated steady 

state AUC and Cmax values can be obtained from a single radiolabeled dose, if 

unlabeled steady-state data is available (Prakash et al. 2012). Finally, actions are 

taken according to human vs. animal exposure multiples. Downstream 

metabolites of reactive metabolites found from the excreta are compared similarly 

(Obach et al. 2012). Radiolabeled ADME animal studies should still be conducted 
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as problem-solving studies when certain risks need to be assessed (Obach et al. 
2012):  

1. Addressing specific animal toxicity and search for animal-unique metabolite 

or disproportionate metabolite relative to human 

2. Assessing potential for biliary excretion with bile duct cannulated rats 

3. Confirming (poor) oral absorption 

4. Addressing low mass-balance in humans to find out if material is retained in 

the body 

5. Finding macromolecular plasma protein adducts 

6. Finding reactive metabolites as downstream products of reactive 

intermediates 

7. Understanding clearance pathways. 

The proposal was agreed by AstraZeneca scientists with the exception to propose 

retaining routine radiolabeled QWBA, mass balance and ADME studies with one 

animal species, namely rat, to better understand the complete metabolism picture 

of the drug candidate (Isin et al. 2012). The propositions provoked an industry-

wide commentary emphasizing the general benefits of the traditional radiolabeled 

animal study package in interpreting preclinical toxicological and 

pharmacological findings, characterizing circulating metabolites and determining 

principal clearance pathways (Penner et al. 2012, White et al. 2013). They find 

radiolabeled animal ADME studies an irreplaceable component of drug 

development that need to be performed before exposure of human subjects to 

investigational new drugs. 

The general differences between the primary objectives of human and animal 

radiolabeled ADME studies are small, as can be seen from Table 3 (Penner et al. 
2009, Penner et al. 2012). It is naturally clear that dosing regimen, number of 

doses and sample collection suffer great limitations with humans compared to 

animals. With animals the options include multiple high doses and radioactivities 

with several administration routes, bile duct cannulation, terminal blood 

collection and even organ removal. With humans, one is typically limited to one 

oral dose (Phase II clinical trial dose level) of radiolabeled compound (100–200 

μCi activity) to male volunteers and collection of primarily three types of 

samples: blood, urine and feces. The human sample collection usually continues 

until about 90% of administered radioactivity is excreted or only 1% of 

radioactivity is excreted in two consecutive days. However, this may take up to 

ten days of the study subject’s time (Penner et al. 2009). Generally, the recovery 



70 

of radiolabeled material is at least 80% in humans, whereas in rat and dog it is 

somewhat greater, at least 90% and 85%, respectively (Roffey et al. 2007). 

Possible reasons for low mass balances include non-covalent tissue sequestration, 

affinity to phospholipids, binding to melanin or to specific proteins in tissues and 

covalent binding. However, the low mass balance results do not automatically 

implicate safety issues, as the usual reasons involve long half-life of the drug 

candidate or its metabolites (Roffey et al. 2007). As it is not possible to 

thoroughly characterize the distribution of drugs and metabolites to human tissues 

and and organs, the human ADME studies are actually human AME studies. For 

simplicity, the acronym ADME is used for both animals and human. 

Table 3. The primary objectives of human ADME/MB studies and animal ADME/MB 

studies (collected from Penner et al. 2009 and Penner et al. 2012). 

Primary objective Human ADME Animal ADME 

To determine mass balance x x 

To determine routes of elimination x x 

To determine extent of absorption - x 

To identify circulatory and excretory metabolites x x 

To determine clearance mechanisms x x 

To characterize the distribution into tissues and organs - x 

To determine exposures of the compound and its metabolites x x 

To help validate animal species for toxicological tests x x 

To explore if metabolites contribute to pharmacological or 

toxicological effects 

x x 

Secondary objectives of human ADME studies may include the evaluation of DDI 

potential and identification of disproportionate metabolites (Penner et al. 2009). 

Despite the dosing and sample collection limitations, a radiolabeled human 

ADME study is the golden standard study in drug development to understand the 

metabolic properties of a drug candidate in humans (Penner et al. 2012). It gives a 

definitive quantitative answer as to clearance through circulating and excretory 

metabolite profiles, triggers additional studies to address potential metabolic 

safety liabilities, and helps to understand the impact of metabolism on drug 

efficacy.  

It is possible to summarize different ADME study approaches of the 

pharmaceutical industry into four basic strategies based on the nature and timing 

of principal human and animal radiolabeled ADME studies (Nedderman et al. 
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2011). These basic strategies are the 1) standard, 2) accelerated, 3) delayed and 4) 

early ADME approaches and they are shown in the first four columns of Figure 6.  

Fig. 6. A schematic presentation of basic ADME strategies used by the pharmaceutical 

industry according to Nedderman et al. (2011), Penner et al. (2012) and Obach et al. 

(2012). 

The standard approach has for years been the most common strategy in the 

pharmaceutical industry. Usually, radiolabeled animal studies are conducted 

simultaneously to Phase I clinical stage to gain human versus animal exposure 

comparison (Exposure ratio). Typically, quite extensive radiolabeled animal 

ADME studies are conducted with two toxicology species, a rodent and a 

nonrodent, rat and dog being the most commonly used species. Definitive human 

ADME study with radiolabeled compound is delayed to very late in development, 

just before entering Phase III clinical studies, together with additional and issue-

driven animal studies. The standard approach delays the burden of costs 

associated with definitive human ADME study and also delays the exposure of 

humans to the radiolabeled compound. However, the approach bears risks of 

wasting time with animal-specific issues and the appearance of unpleasant 

human-specific metabolism surprises at a later stage (Nedderman et al. 2011). 

The accelerated approach is usually not preselected unless very short late 

development timelines are expected (e.g. oncology indication). Generally, early 

human definitive studies right after Phase I are triggered by scientific 

considerations that emerge in Phase I and animal radiolabeled studies. This 
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approach has high early cost burden, but the results may accelerate later 

development (Nedderman et al. 2011).  

In the delayed ADME strategy, all the radiolabeled studies (human and 

animal) are postponed until the late Phase II clinical stage to save resources. This 

is a risky approach, as the Phase II stages are full of development activities; this 

raises the possibility of a costly delay in starting the Phase III program if serious 

metabolism issues emerge (Nedderman et al. 2011).  

The early human approach utilizes accelerator mass spectrometry (AMS) 

technology and very low radioactive dosing, which enables early human 

administration, simultaneously with or even before Phase I, without the need of a 

rat tissue distribution study (WBA, Zhu M. et al. 2009). In the best case, the 

human information gained is definitive, no further human radiolabeled study is 

needed, and despite the high cost of the study an ultimate cost-efficiency of 50% 

may be achieved (Yamane et al. 2013). However, the risk of wasting money may 

occur due to possible early discontinuation of the drug candidate or nondefinitive 

AMS data (Nedderman et al. 2011).  

In another early human strategy recently proposed, animal radiolabeled 

ADME studies are conducted at the beginning of Phase I and human definitive 

ADME study immediately after that, before ending Phase I (Penner et al. 2012). 

The radical difference to the other strategies is the complete lack of human-

animal exposure studies with unlabeled material. One could call this radiolabeled 

only ADME strategy (fifth column, RAD-only strategy in Fig. 6). The human 

only ADME strategy (Obach et al. 2012) would be the sixth approach (Fig. 6), 

where only a rat WBA study would be conducted simultaneously with the Phase I 

clinical study and human-animal exposure comparisons. Definitive human ADME 

study would be conducted in early Phase II and issue-driven animal studies 

(radiolabeled or not) after that, before the initiation of clinical Phase III studies.  

Radiolabeled material is not only used in human and animal definitive 

ADME studies during clinical development; they are also widely used in 

preclinical and exploratory phases as well, e.g. to increase detection lead 

molecules in biological assays or gain quantitative in vitro metabolism data (Isin 
et al. 2012). At earlier stages 3H label is preferred due to relative ease of 

synthesis, but there is a risk of losing the label in case of oxidative metabolism 

and inducing kinetic isotope effects to certain biotransformations. The preparation 

of 14C label is much more expensive as the label has to be introduced to the core 

of the molecule skeleton early in the synthetic pathway. This ensures the 

protection of the label against metabolism, but due to the cost of processing the 
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chemistry 14C label is generally used for serious drug candidates only (Isin et al. 
2012).  

2.7.4 Microdosing 

The concept of microdosing was introduced to get drug candidates into humans 

faster and to obtain pharmacokinetic and metabolism data of one or several drug 

candidates prior to the actual first-in-human (FIH) study and Phase I (Garner 

2005, Brown et al. 2006). The concept is also called Phase 0. The regulatory 

guidances (FDA 2006, EMA 2009) allow clinical study with a microdose of 100 

µg and <1% of the expected pharmacological dose of drug substance. The 

substance can be isotopically labeled or not. Even repeated allowable doses (up to 

5 doses) are possible (EMA 2009). The preclinical testing program for a 

microdosing trial with a sub-pharmacologic dose can be less extensive than a 

traditional test package before FIH as the potential risk for human subject is much 

lower (FDA 2006). The regulatory requirements for safety testing before a 

microdosing study have been comprehensively collected by Muller (2011). Due to 

the low dose, no efficacy or safety data can be expected from a microdosing 

study.  

Initially, the concept was introduced to AMS analytical technology due to 

superior sensitivity compared to other techniques, but in recent years the 

sensitivity of LC/MS/MS technologies has developed to such levels that 

microdosing and even cocktail microdosing studies of favorable candidates can be 

conducted and analyzed without isotopic labeling (Maeda and Sugiyama 2011). In 

AMS studies, the natural 14C content in human tissues limits the detection level to 

pM region, but experimentally high attomolar levels have been reached with a 

sensitive carbon carrier method (Salepour et al. 2009). The benefits of 

microdosing include about 6–12 months faster FIH results than traditionally, with 

at least USD1 million less in expenses and need of only sub-milligram quantities 

of material (synthesis under limited GLP) compared to about 100 grams needed 

(synthesis under strict GMP) until Phase I completed (Shinde et al. 2011). The 

drawbacks are the high price of the AMS instrument, demand for highly skilled 

operators, very laborious sample preparation (graphitization) and lack of 

automation. The AMS instrument cannot be directly interfaced with HPLC, and 

currently, metabolites need to be fraction-collected before analysis. Instrument 

size, price and cost of use have recently come down somewhat without 

compromising the quality of results, but they are still big-room-size instruments 
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demanding about 60 m2 floor area (Young et al. 2008). There have also been 

advancements in building a direct analysis interface for nonvolatile samples to 

avoid graphitization for faster sample preparation (Liberman et al. 2004). It is 

anticipated that the investment to AMS instruments within the pharmaceutical 

industry will increase as new generation instruments become commercially 

available (Young and Ellis 2007). However, the real breakthrough would be 

hyphenation with HPLC. 

There has been a suspicion that the lack of enzyme and/or transporter 

saturation that may happen with the therapeutic doses of drugs affects the PK and 

metabolism profile of a drug with microdosing. Pharmacokinetic comparison 

between microdose and therapeutic dose of many drugs shows the results to be 

very well comparable and the data would have been useful in the selection or de-

selection of drug candidates (Lappin et al. 2006, Lappin et al. 2011, Maeda and 

Sugiyama 2011). As modern drugs tend to have greater potency and lower doses 

than in the past, the enzyme and transporter saturation issue might become 

irrelevant and a microdose could be expected to predict the therapeutic dose 

pharmacokinetics quite well (Lappin et al. 2011). Furthermore, PBPK analysis 

based on microdosing results and in vitro studies on metabolism, transporters, 

binding and DDI enables accurate prediction of PK profiles in humans after the 

therapeutic dose (Sugiyama and Yamashita 2011). However, microdosing can 

only allow assessment of PK properties, but the common causes of attrition lie in 

safety and efficacy. Thus, microdosing may lead to savings on some of the overall 

expenses, but would likely have limited impact on the overall productivity of drug 

development (Boyd and Lalonde 2007). 

2.7.5 Microtracing 

Simultaneous dosing of a clinical dose (oral, dermal, sublingual etc.) of 

nonlabeled drug and an i.v. microdose of isotopically labeled drug is called 

microtracing. The aim is to determine human clearance, volume of distribution, 

total metabolism and excretion profiles and absolute bioavailability of a drug 

(Dueker et al. 2011). As the total exposure is at therapeutic level, it is not 

microdosing. The microdose of labeled compound is at a similar low level as in 

microdosing, so a rat WBA study is not needed, but for the therapeutic dose of 

nonlabeled compound all the prerequisite regulatory requirements have to be 

fulfilled. Typically, this kind of single exposure absolute bioavailability study is 

conducted together with Phase I clinical studies (Obach et al. 2012). The labeled 
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drug and metabolites are analyzed by preparative HPLC and AMS whereas 

nonlabeled drug and metabolites are analyzed with traditional LC/MS and MSMS 

methods. With careful sample preparation and analytical operation the AMS 

approach meets the bioanalytical guidance requirements similar to those of 

LC/MS/MS assays (Gao et al. 2011).  

Simultaneous intravenous pharmacokinetics and oral (or other) route 

pharmacokinetics together with other in vivo and in vitro data and PBPK 

modeling allow the determination of absolute bioavailability, mass balance, 

metabolite exposure and other key PK parameters (Zhu M. et al. 2009, Dueker et 
al. 2011). In the best case, conventional human ADME (labeled or nonlabeled) 

are not needed (Zhu M. et al. 2009). The microtracing study design has six 

advantages over traditional approaches (Dueker at al. 2011):  

– The microdose formulation is simplified and the microdose is too small 

to perturb the kinetics of the therapeutic dose. 

– Animal studies enabling intravenous dose are not needed (e.g. tissue 

dosimetry and local tolerance studies). 

– The two doses are mixed in vivo ensuring equal clearance. 

– The determination of clearance, routes of excretion and second-pass 

metabolism is enabled by 14C microdose.  

– Statistical power is improved because individuals serve as their own 

control. 

– The very cost-efficient single arm study design delivers the same benefits 

as traditional two tests with a cross-over design with a washout period. 

The microdose is so low that excreted radioactivity contamination is not a 

concern. Additional cost-efficiency is reached when the need to house the study 

subjects in the clinic for the whole sample collection period is removed (Obach et 
al. 2012). The microtracing approach allows different multiple dose study 

designs, e.g. to measure exact steady state metabolite concentrations or to 

compare metabolism profiles between the first and last day of administration to 

address auto-induction or inhibition (Obach et al. 2012). With high-sensitivity 

AMS, the reportable plasma concentrations can be routinely measured until 48 h 

post-dose, which results in better overall PK profiles (Gao et al. 2011). 

Microtracing has been successfully used to study long half-life compounds or 

poor absorption, both of which require very long collection periods with low 

sample concentration of drug candidate and metabolites (Graham et al. 2011). 
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Microtracing can also be used for compounds suffering from radiolytic instability 

in conventional human 14C ADME studies (Comezoglu et al. 2009).  

2.8 Metabolism-related adverse drug reactions 

Adverse drug reactions (ADR) are important safety reasons for attrition during 

drug development, and to a great extent they are generated by stable or reactive 

metabolites. A key issue in reducing the drug development cost and time is to 

detect and assess metabolism-related toxicities as early as possible. Simple in 
vitro testing in the discovery phase may save up to hundred million euros when 

preventing a toxic drug from entering clinical trials (Guengerich & MacDonald 

2008). 

ADR toxicity has been categorized into five classes based on their clinical, 

chemical and pharmacological characteristics (Park et al. 1998). These toxicity 

classes are Type A: augmented reactions generated by circulating metabolites, 

further sub-classified to A1 (on-target pharmacology) and A2 (off-target 

pharmacology) by Smith & Obach (2005); Type B: bizarre or idiosyncratic drug 

reactions (IDR) caused primarily by reactive metabolites and often mediated by 

the immune system; Type C: chemical reactions caused directly by reactive 

metabolites; Type D: delayed genotoxicity or teratogenicity reactions arising 

months or years after the exposure to reactive metabolites; and Type E: end-of-

treatment reactions related to the pharmacology of the drug (similar to Type A), a 

sudden stop of the medication (not return of disease), and possibly involving 

circulating metabolites (Park et al. 1998, Frederich & Obach 2010). Type A, B, C 

and D toxicities and metabolism are reviewed more thoroughly. 

2.8.1 Type A1 toxicity 

For type A1 toxicity (target activity), the administered drug is often behind the 

most common exaggerated pharmacological effects as the parent compound is 

designed to be the most active component present (Park et al. 1998, Smith & 

Obach 2005, Smith et al. 2009). The effects are usually predictable from the 

known pharmacology, dose-dependent and occur due to too high receptor 

occupancy or enzyme inhibition, or due to a target response in nontarget tissue 

(Park et al. 1998, Testa 2009). The causative factors include poor dose selection 

(overdose) and individual variability due to metabolic or transporter 

polymorphism (Smith & Obach 2009). Circulating stable metabolites having 
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minor structural modifications to noncritical substituents in terms of activity and 

physicochemisty compared to the parent can also produce Type A1 toxicity as 

augmented pharmacological effect to the target. Particularly, unbound 

concentrations of such active metabolites are available to the intended receptors 

causing the extra effect (Smith & Obach 2009). Metabolites that exceed 25% of 

the parent in free concentration should be considered for the study of their on-

target activity (Smith &Obach 2005, Smith &Obach 2009). The onset of the effect 

is usually almost instant (Smith & Obach 2009) and due to the high dose-

dependency the symptoms may be alleviated by dose reduction (Park et al. 1998). 

2.8.2 Type A2 toxicity 

For type A2 toxicity (secondary pharmacology, off-target activity), the 

administered drug is again most often behind this selectivity issue (Park et al. 
1998, Smith & Obach 2005, Smith et al. 2009). The effects are generally dose-

dependent, predictable from the known selectivity and pharmacology of the 

parent drug, and occur due to interaction with a nonintended target (Park et al. 
1998, Testa 2009). Circulating stable metabolites having minor structural 

modifications to noncritical substituents in terms of activity and physicochemisty 

compared to the parent can produce Type A2 toxicity similar to the parent (Smith 

& Obach 2009). Major metabolic modifications can lead to surprising secondary 

pharmacological effects (novel compared to the parent), but this is a very rare 

event (Smith & Obach 2005). Again, unbound concentrations of such active 

metabolites are available to the nonintended receptors causing the unwanted 

effect (Smith & Obach 2009). It has been recommended to study off-target 

selectivity if a free concentration of a circulating metabolite exceeds 1 µM, 

regardless of the structure (Smith & Obach 2005, 2006). The onset of the effect is 

usually almost instant, but can take up to one month, if a tissue change is needed 

for the expression of toxicity (Smith & Obach 2009, Smith et al. 2009).  

2.8.3 Type B toxicity 

Type B (bizarre) toxicity is usually referred to as idiosyncratic drug reaction 

(IDR) due to its unpredictable nature that is not related to the pharmacology of the 

drug. The IDRs are very rare (<1 case in 5,000 patients) and the mechanism does 

apparently not follow a simple dose-response relationship in a classic manner 

even though drugs given at high doses are more likely to cause these reactions 
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(Park et al. 1998, Uetrecth 2007, Testa 2009). The mechanisms are poorly 

understood, might contain genetic and external factors and are generally 

considered patient-dependent. Additionally, the mechanisms of IDRs seem to 

have a metabolic and/or immunologic component (Park et al. 1998, Uetrecht 

2007, Testa 2009, Frederich & Obach 2010). These potentially life-threatening 

hypersensitivity reactions include anaphylaxis, hepatoxicity, aplastic anemia and 

drug-induced allergy. The three primary sites of type B toxicity are liver, blood 

cells and skin, possibly due to their high content of oxidizing systems and the 

presence of active immunological defense. Many of the IDR victims suffer 

toxicity effects in all three sites (Park et al. 2000, Uetrecht 2003, Smith et al. 
2009). Type B toxicity has a fairly rapid onset of one week to one month and all 

sensitizing drugs require a few doses (more than one) to cause reactions. 

However, duration of the treatment is not a risk assessment parameter (Smith et 
al. 2009). 

Reactive metabolites are almost always associated with IDRs (Smith & 

Obach 2005, 2006). The initial event is bioactivation of a drug to a reactive 

metabolite that forms a covalent bond (irreversible) nonselectively to proteins. In 

rare cases the reactive metabolite acts as a hapten, which can trigger through a 

covalent protein binding the immune system (the hapten hypothesis). In another 

hypothesis, the danger hypothesis, it is assumed that reactive metabolites 

covalently bond to cells causing cell stress or damage sometimes leading to a 

danger signal triggering the immune system to act (Park et al. 1998, Uetrecht 

2003, Uetrecht 2007, Uetrecht 2008).  

Reactive metabolites cannot be directly measured due to their reactivity, but 

their downstream products can be found from the excreta, usually as glutathione 

conjugates or their further metabolic products (e.g. mercapturic acids). These 

structures are indicative of the past reactivity. As all drugs forming reactive 

metabolites do not cause IDRs and high-dose drugs (>200 mg/day) seem to cause 

more reactions than low-dose drugs, it is assumed that the total body burden of 

reactive metabolites is the most important risk assessment parameter. The risks 

increase when the body reservoirs of detoxification substances (e.g. glutathione) 

are dangerously depleted because of the reactive metabolite production. For drugs 

dosed at less than 50 mg a day, excreted metabolites are generally considered of 

little or no concern unless the drugs contain very susceptible moieties (see 2.8.4, 

type C toxicity). With higher dosed drugs, the absolute mass of excreted reactive 

metabolite downstream products should be considered in risk assessment. General 

guidance encourages identifying all metabolites (any structure in urine and feces) 
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having at least 10 mg daily excretion in humans and determining whether reactive 

metabolites are involved in the reaction pathway. If there is a risk, one should 

ensure that the species used in safety assessments generate the reactive metabolite 

of concern at sufficient levels (Smith & Obach 2005, Smith & Obach 2006, Smith 

& Obach 2009, Smith et al. 2009). 

2.8.4 Type C toxicity 

Type C (chemical) toxicity is quite similar to type B toxicity, but it arises more 

regularly with rapid onset, has a clear dose-response relationship, and can occur 

after a single high dose. Type C toxicity is normally caused by bioactivation of 

the drug to a reactive metabolite that directly, or after consuming detoxification 

reservoirs such as glutathione, reacts with macromolecules resulting in a rapid 

toxic response through direct damage to the cell or subcellular units. In the case 

of type C toxicity, compared to type B, the reactivity can be predicted (or 

rationalized) based on the chemical structure of the drug (Park et al. 1998, Smith 
et al. 2009, Smith & Obach 2009, Frederich & Obach 2010). Bioactivation can 

form metabolites undergoing redox cycling (e.g. quinones ↔ hydroquinones), 

deplete intracellular stores of reduction potential (e.g. reduced glutathione) and 

cause oxidative stress (after formation of reactive oxygen species), which can lead 

to cell death and tissue necrosis (Smith & Obach 2005, Testa 2009). The same 

risk assessment tool of 10 mg total daily body burden of metabolite is generally 

used as for type B toxicity (Smith & Obach 2005, 2009). The reactive metabolites 

seem to show selectivity to certain protein targets (Hanzlik et al. 2007, Hanzlik et 
al. 2009, Liebler 2008).  

The toxic potential of many compounds is explained by their metabolic 

activation to electrophilic intermediates or free radicals. Certain structural alerts, 

potential toxicophores, are found frequently behind type C toxicity (Williams & 

Park 2003, Williams 2006, Guengerich & MacDonald 2007, Naito et al. 2007, 

Testa & Krämer 2009, Stepan et al. 2011). Potential toxicophoric groups and 

resulting toxicophores have been listed (Testa 2009, Testa & Krämer 2009):  

– Aromatic systems oxidized to epoxides, quinones, quinone imines and 

quinone methides 

– Aromatic ethynyl groups oxidized to ketenes 

– Arylamines and arylamides oxidized to N-oxygenated species and 

nitrenium ions 
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– Nitroarenes reduced to N-oxygenated species and nitrenium ions 

– Thiocarbonyl compounds oxidized to sulfenes 

– Thiols oxidized to sulfenic acids leading to mixed disulfides with proteins 

– Carboxylic acids forming acyl glucuronides 

– (Hydroxymethyl)arenes forming sulfate esters 

– Polyhalogenated alkyl groups reduced to radicals 

– Polyphenols and quinones forming superoxide 

– Carboxylic acids forming lipophilic residues via their coenzyme A 

conjugates 

– Primary arylamines forming poorly soluble N-acetyl conjugates 

One should remember that the most common chemical outcome of bioactivation 

is not a toxic reaction, but an inactivation reaction, usually via conjugation of a 

reactive metabolite with GSH or another detoxification system, e.g. hydrolysis of 

electrophilic epoxide with epoxide hydrolase (Testa & Krämer 2009, Stepan et al. 
2011). 

2.8.5 Type D toxicity 

Type D (delayed) toxicity reactions are long-term toxicities like carcinogenicity 

and teratogenicity. These adverse effects occur months, years or even decades 

after the treatment or exposure (Park et al. 1998, Park et al. 2000). 

Carcinogenesis can be caused by chemically reactive metabolites reacting with 

genetic material (mechanism similar to Type B and C), or through hormonal 

processes involved in cell growth and regulation (mechanism similar to Type A). 

Carcinogenicity has a dose-response relationship (Smith & Obach 2009, 

Frederick & Obach 2010). However, the duration of exposure is a 10 times more 

relevant risk factor than concentration or dose size. Another important factor is 

the age of the patient at the onset of long-term treatment with a potentially 

carcinogenic medication. It may take 30 years from exposure to the carcinogenic 

event, and thus, the younger the patient the greater the risk of actual 

carcinogenicity (Smith et al. 2009). There are over 50 known structural alerts 

(toxicophores) for mutagenicity and carcinogenicity (Enoch & Cronin 2010). 

Teratogenicity also has similar mechanisms to Type A, B and C toxicity, 

including receptor mediation and oxidative stress. The mechanisms are mostly 

similar to Type A1 or A2 involving circulating metabolites. Exposure of the toxic 

agent has to occur during a critical developmental time period, such as gestation 

or childhood (Smith & Obach 2009, Frederich & Obach 2010). 
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2.9 Reactive metabolites  

The formation of chemically reactive metabolites (metabolic activation, 

bioactivation) is one of the main reasons for attrition in drug discovery and early 

development due to their association with Type B, C and D toxicities. 

2.9.1 Avoidance of reactive metabolite formation 

Since the early 2000s the industry has adopted an avoidance strategy to minimize 

the potential for reactive metabolite formation from their lead molecules and drug 

candidates. Toxicophoric functional groups may be excluded from drug design 

irrespective of their potential pharmacologic, pharmacokinetic or 

biopharmaceutical advantages (Baillie 2006, Shu et al. 2008, Kalgutkar & Dalvie 

2015). In cases where toxicophores cannot be completely avoided because they 

are also pharmacophores and bioactivation suspected, medicinal chemists have a 

considerable toolbox to get rid of the potential liability (Stachulski et al. 2013): 

– Introducing a minor substituent (e.g. fluorine atom) to block the 

metabolic activation pathway. This usually has minor effect on 

pharmacological properties, but efficiently redirects the metabolism. 

– Introducing a steric hindrance to the vicinity of the bioactivation site (e.g. 

change N-atom to S-atom). This results in reorientation of the compound 

at the active site of metabolizing enzyme. 

– Decreasing electron density in the nucleophilic center undergoing 

metabolic activation. Incorporation of e.g. a halogen atom or nitrile group 

close to the nucleophilic center withdraws electron density and lowers 

the probability of oxidation by CYP enzymes. 

– Structural modification to create a metabolic soft spot and alternate 

metabolic pathway. Addition of a simple methyl group to or close to the 

bioactivation site may be sufficient to create an oxidation site away from 

the reactive metabolite formation. 

– Replacing liable functionality by a similar, but more stable substituent, if 

the toxicophore is not the pharmacophore of the compound. For example, 

different aryl systems may need to be introduced to assure positive 

biopharmaceutical properties without bioactivation. 
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2.9.2 Experimental approaches to study bioactivation 

Valid animal models would really be appreciated for bioactivation study, but such 

models are rare (Uetrecht 2006). A recent review summarizes only eight animal 

models for idiosyncratic drug reactions (Uetrecht & Naisbitt 2013). Most of the 

animal models presented have serious limitations and only one model shows the 

same IDR mechanism as humans. The facts that IDRs are rare in humans, adverse 

reactions are quite often minor (e.g. itching skin) and humans can develop an 

immune tolerance, make it very difficult to develop the same mechanistic animal 

models. Another important reason for the difficulty involved in animal model 

development is that animals may not produce at all (or not sufficiently) the 

reactive metabolite needed for the IDR to be triggered (Uetrecht & Naisbitt 

2013). As noted in an in vitro comparison study of 55 compounds in humans and 

rat, the metabolism profiles can be very similar or very different (Pelkonen et al. 
2009b). 

Besides avoidance strategy, another default procedure is to use appropriate in 
vitro investigations at the discovery and lead optimization phases to identify 

potential metabolic liabilities. However, there are no straightforward correlations 

between reactive metabolite formation in vitro and idiosyncratic adverse drug 

effect. All drugs forming reactive metabolites in vitro do not cause adverse events 

in vivo (false positives) and vice versa (false negatives). Human in vivo 
metabolism may occur at a completely different site than in vitro (other than 

toxicophore) and lead to nonreactive metabolism. On the other hand, perfectly 

safe-looking molecules without known toxicophores may end up producing 

reactive metabolites through an unexpected metabolic route or catalyzing enzyme 

(Stachulski et al. 2013, Kalgutkar & Dalvie 2015). In some cases, metabolic 

activation might be only one of the possible mechanisms behind observed adverse 

events (Tang & Lu 2010). 

The existence of false positives and multiple mechanisms raises a concern 

that too stringent in vitro cutoff limits for reactive metabolite formation lead to 

attrition of potentially great new medicines that would have been completely safe 

and would have had a significant impact on the treatment of serious human 

illnesses (Park et al. 2011a). The ever increasing sensitivity of analytical 

instruments is potentially leading to a situation where evidence of reactive 

metabolites can be detected for all investigated molecules in one or more in vitro 

test systems (Park et al. 2011b). This puts pressure on good scientific practices, 
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physiologically relevant testing systems and clinically relevant conditions used 

(Li 2009, Smith 2009, Park et al. 2011a).  

Even though there are well-established toxicology practices for regulatory 

purposes (that have actually not changed in decades) the prediction of human 

drug toxicity is difficult. One of the main reasons is species difference as 

preclinical safety testing is based on laboratory animal experiments. Additionally, 

most animal models are designed for acute toxicity and do not represent 

mechanisms for rare adverse events (Uetrecht & Naisbitt 2013). Unique to human 

metabolites cannot be tested at this point and unique to human toxicity will not be 

detected (Li 2009). There is no solid experimental procedure for human 

idiosyncratic toxicity risk assessment beyond in vitro methods. The first true 

biological toxicity alert may be an adverse event in late development (clinical 

trial) or after approval (Park et al. 2011b).  

The experimental approaches to find and identify reactive metabolites and to 

evaluate their significance can be divided into two categories: the ones that 

require synthesis of radioactive study compound and the ones that can be done 

with cold study compound. As synthesis of radioactively labeled compound is 

rather expensive, these studies are done in the later phases of drug development 

for advanced compounds. These studies are mostly inside the regulatory package 

of DMPK and ADME in vivo studies with radiolabeled compound. At the early 

discovery and lead selection phases only the cold compound is available and most 

of the studies are performed in vitro. Some of these studies include routine drug 

metabolism studies for each novel compound, some study samples are extracted 

from the routine study for additional examination, and some of the bioactivation 

investigations are triggered by the findings in the routine studies (Li 2009, Park et 
al. 2011a, Stachulski et al. 2013, Kalgutkar & Dalvie 2015).  

Studies with cold study compound: 

– Time-dependent CYP enzyme inhibition (in vitro) 

– Smoking gun metabolite identification (in vitro and in vivo) 

– Reactive metabolite trapping (in vitro) 

– Quantitative reactive metabolite trapping (in vitro) 

– Extrahepatic metabolism (in vitro) 

– Acyl glucuronide kinetics (in vitro) 
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Studies requiring radiolabeled study compound: 

– Covalent binding (in vitro) 

– Smoking gun metabolite identification (in vivo) 

– Plasma radioactivity recovery (in vivo) 

– Mass Balance (in vivo) 

– Tissue binding in QWBA (in vivo) 

The most important in vitro approaches, covalent binding and reactive metabolite 

trapping of chemically reactive metabolites, are discussed separately after the 

following discussion of the other bullets. 

The examination of potential effect on CYP activity is a typical and 

commonly automated procedure for new compounds in drug discovery. If reactive 

metabolites are produced in the test setup, covalent binding to the CYP enzyme 

may happen and lead to inhibition of the CYP enzyme by time-dependent 

inactivation. Time-dependent inhibition (TDI), also called metabolism-dependent 

inhibition (MDI), can be a starting point for further reactive metabolite 

investigations. Significant TDI together with high daily dose, covalent binding 

and GSH adduct formation may indicate potential risk for adverse events (Reese 
et al. 2011, Sakatis et al. 2012). However, TDI only is not a proof of reactive 

metabolite generation as there are other mechanisms of time-dependent inhibition 

as well (Li 2009, Park et al. 2011a, Stachulski et al. 2013, Kalgutkar & Dalvie 

2015). There is considerable variation in the experimental design and data 

analysis of TDI studies which may bias the results and predictions from one 

laboratory to another (Stachulski et al. 2013). 

Reactive metabolites are not usually detected as such; instead, their 

downstream products that are stable enough to survive until analysis are detected. 

These “smoking gun” metabolites include most importantly GSH adducts and 

mercapturic acids, but also dihydrodiols, acyl glucuronides, carboxylic acids, 

methyl catechols, and acetic acid. They can be found – and should be searched – 

with current analytical technologies from in vivo and in vitro samples (human and 

animal) routinely generated for the evaluation of properties of a new molecule 

(Bass et al. 2009) during the drug discovery phases. Some caution must be 

exercised if certain metabolites are only found from animal samples. The 

structures of these end-products should be elucidated to get indirect information 

concerning the identities of reactive metabolites and the site of bioactivation. As 

the isolation and concentration of these downstream products is difficult, artificial 
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methods to produce the reactive metabolites with in situ coulometric oxidation 

(Tong et al. 2010), electrochemical oxidation (Fashe et al. 2014) or 

biomimetically for large-scale production for standard use and NMR analysis 

(Lassila et al. 2015) might be useful. The quantitative content, plasma exposure 

and potential relevance of smoking gun metabolites can be measured from the 

samples of radiolabeled ADME studies (Obach et al. 2012, Stachulski et al. 2013, 

Kalgutkar & Dalvie 2015). Besides the liver, minor quantities of CYP enzymes as 

well as other drug metabolizing enzymes are also present in many organs. 

Sometimes it might be necessary to investigate tissue- or organ-specific 

bioactivation with appropriate extrahepatic preparations as organs have different 

proportions of reactive metabolite forming enzymes (Stachulski et al. 2013). A 

special case of reactive metabolites is acyl glucuronide, whose reactivity is based 

on the ability to direct transacylation and acyl migration to form reactive species 

towards amines (Bailey & Dickinson 2003). The measurement of kinetics of the 

acyl migration serves as an indication of acyl glucuronide reactivity (Walker et al. 
2007). Analyses of half-lives of 21 acyl glucuronides in phosphate buffer, human 

serum albumin and fresh human plasma show that more stable acyl glucuronides 

are generally less toxic than rapidly migrating or transacylating ones (Sawamura 
et al. 2010). 

Different LC/MS technologies are routinely used for the metabolite analysis 

and identification from a variety of in vitro and in vivo samples, including plasma 

samples form radiolabeled DMPK and ADME studies. Before analysis the plasma 

proteins need to be removed, usually by precipitating them with organic solvent. 

Measuring the total radioactivity of the plasma sample before precipitation and 

after complete washout of proteins gives plasma radioactivity recovery. Low 

recovery (e.g. below 85%) can be indication of covalent binding due to reactive 

metabolites. Further investigations may reveal covalent binding also in tissues, in 

addition to plasma (Stachulski et al. 2013). Quantitative whole body 

autoradiography (QWBA) study in rat can reveal potential tissue covalent 

binding, when radioactivity is seen in tissues for a prolonged time (Takakusa et 
al. 2008). However, the shortcoming is that the rodent data may not be relevant to 

humans due to species differences in reactive metabolite formation. Similarly to 

plasma recovery, low mass balance, i.e., recovery of radioactive excreta, provides 

indicative (but not unambiguous) evidence. However, there are no clear cutoffs 

for reactive metabolite alarms, as for example human mass balance recovery can 

be as low as 70% for various reasons (Roffey et al. 2007). 
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2.9.3 Reactive metabolite trapping 

Oxidations catalysed by CYP enzymes are the most common source of reactive 

metabolites, but also e.g. peroxidases, monoamine oxidases and flavin 

monooxygenases catalyze the formation of reactive metabolites. The reactivity is 

usually based on the electrophilic nature of these metabolites and they can react 

with numerous nucleophilic sites in the proteins, DNA and cell structures. The 

electrophiles are classified as soft and hard. They are reactive because their 

electrophilic center is electron-deficient. Hard electrophilic centers have high 

positive charge density while soft ones have lower positive charge density. 

Nucleophiles are electron rich at their nucleophilic center. Soft electrophiles like 

epoxides and quinones will react with soft nucleophiles, such as protein thiol and 

amino groups. Likewise, hard electrophiles, e.g. aldehydes and imines, react with 

hard nucleophiles, such as DNA bases or protein serine and threonine residues. 

Additionally to oxidation reactions, conjugation reactions may produce hard 

nucleophiles through spontaneous breakdown to carbonium or nitrenium ions. 

Table 4. Examples of hard and soft electrophiles and endogenous nucleophiles (from 

Stachulski et al. 2013), and nucleophilic trapping agents for both electrophile groups. 

Type Electrophiles Endogenous nucleophiles Trapping agents 

Hard Alkyl carbonium ions Oxygen atoms of purine/pyrimidine KCN 

 Benzyl carbonium ions Bases in DNA Semicarbazide 

 Iminium ions Endocyclic nitrogens of purine bases in 

DNA 

Methoxylamine 

 Aldehydes Oxygen atoms of protein serine and 

threonine  

 

  residues  

Soft Epoxides Protein thiol groups GSH and GSH  

 Enones Sulfhydryl groups of glutathione derivatives 

 Quinone imines and methides Primary/secondary amino groups of 

protein  

N-acetylcysteine 

 Michael acceptors lysine and histidine residues Mercaptoethanol 

Table 4 summarizes examples of hard and soft nucleophiles, the respective 

electrophiles and chemical agents used to trap each class of electrophiles 

(Stachulski et al. 2013). Sometimes reactive metabolites are free radicals 

possessing an unpaired electron that can abstract a hydrogen atom from 

endogenous molecules, or they can add themselves to double bonds (Testa & 

Krämer 2009, Stachulski et al. 2013 
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Reactive metabolite trapping experiments are most frequently done with 

unlabeled drug incubated with human liver microsomes fortified with appropriate 

cofactors and reduced GSH. Glutathione is the natural reactive metabolite 

trapping agent having a concentration of approximately 10 mM in the human 

liver. GSH adduct formation can be used as a surrogate marker for reactive 

metabolites (Masubuchi et al. 2007). Different LC/MS methods are used for the 

detection of the glutathione adducts formed (Park et al. 2011a, Stachulski et al. 
2013, Kalgutkar & Dalvie 2015). Distinguished exact mass and characteristic 

fragmentation pattern have been routinely used for years to aid the fast and 

automated detection of GSH adducts and identification of tentative structures 

(Samuel at al. 2003, Ma et al. 2008, Zhang & Yang 2008, Ma & Zhu 2009). As 

the instrumentation and detection algorithms continue to develop, more 

sophisticated and efficient methods are frequently being introduced (Rousu et al. 
2009, Brink et al. 2014) to facilitate rapid identification of reactive metabolites 

and to help medicinal chemists to modify the lead molecule structures.  

Glutathione is not able to catch all of the soft electrophiles, and additional 

trapping agents have been proposed (Baillie 2008). The most frequently used are 

N-acetyl cysteine (Xu et al. 2005) and mercaptoethanol (Baillie 2008). Also, 

different GSH derivatives have been introduced for qualitative, quantitative and 

semi-quantitative workout (Gan et al. 2005, Soglia et al. 2006, Ma & Chan 2010, 

Lentz et al. 2014). The most frequently used quantitative assessment of reactive 

metabolites utilizes 35S-labeled glutathione (Masubuchi et al. 2007, Takakusa et 
al. 2009). It should be kept in mind that true quantitation can only be reached 

with radioactivity detection. Radioisotopically labeled glutathione can, however, 

aid in the detection of minor adducts in LC/MS analysis (Yan & Caldwell 2004, 

Rousu et al. 2009). The typical experimental setups with liver microsomes for 

GSH adduct formation actually favor the generation of reactive metabolites and 

do not take into account alternative metabolism and detoxification pathways. 

Thus, one must be cautious when drawing conclusions from the experiments even 

if the experiments were quantitative in nature (Park et al. 2011a, Stachulski et al. 
2013, Kalgutkar & Dalvie 2015). 

Combination of in vitro and in vivo metabolism studies, extensive reactive 

metabolite trapping experiments with microsomal preparations, S9 fraction and 

especially hepatocytes are emphasized to get the full picture of bioactivation 

potential through reactive metabolism (Park et al. 2011a, Stachulski et al. 2013, 

Kalgutkar & Dalvie 2015). Quantitative [35S]GSH trapping and TDI assay can be 

a useful combination to spot potentially highly reactive metabolites in the early 
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stages of drug discovery (Nakayama et al. 2011). Intended daily dose of the drug 

and total body burden of a potentially reactive metabolite should be considered in 

the quantitative risk evaluation. For example, there are no drugs currently 

marketed that cause idiosyncratic adverse events, if the dose is less than 20 

mg/day (Kalgutkar & Didiuk 2009, Kalgutkar 2011). Additionally, less than 1 

mg/day total body burden of a potentially reactive metabolite seems to be a safety 

limit in avoiding drug-induced toxicity (Gan et al. 2009, Humphreys 2011). 

Hard nucleophiles can also be trapped with several agents. For qualitative 

LC/MS and quantitative LC/RAD work unlabeled and labeled potassium cyanide, 

respectively, have been successfully used (Argoti et al. 2005, Meneses-Lorente et 
al. 2006, Rousu & Tolonen 2010, Barbara et al. 2012). Other frequently used 

trapping agents for quantitative and qualitative work are semicarbazide (Rousu et 
al. 2009, Miura et al. 2010) and methoxylamine (Baillie 2008). Additionally, 

there have been proposals of peptide trapping agents capable of simultaneously 

trapping both hard and soft electrophiles (Yan et al. 2007, Mitchell et al. 2008).  

Hard electrophiles reacting with nucleic acids may lead to genotoxic and 

carcinogenic outcomes. Dobo et al. (2009) have generalized a risk assessment 

model for potentially genotoxic metabolites based on total body burden of 

suspected risky metabolites. The risk of genotoxicity for any metabolite is low, 

– if the total body burden of a metabolite in rodents is over 10 mg/kg/day 

and no tumorigenic response is detected  in the carcinogenicity study, or 

– if the total body burden of a metabolite in humans is less than 1.5 μg/day, 

or 

– if the rodent total body burden of a metabolite exceeds that of human 

body burden by over 1000x. 

2.9.4 Covalent binding 

In a typical covalent binding study, a radioisotopically labeled test molecule is 

incubated with human liver microsomes and appropriate cofactors to allow 

metabolism. If reactive metabolism occurs, some of the reactive intermediates 

may covalently bind to the microsomal proteins, which is measured from the 

precipitated and washed protein pellet using a radioactivity detector. The 

procedure was semi-automated already 10 years ago (Day et al. 2005). If careful 

tritium labeling to a metabolically stable part of the molecule is used, it can be 

employed for relatively many lead candidates at the later phases of drug discovery 
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(Samuel et al. 2003). However, the covalent binding study is typically performed 

for a few drug candidates at the early development phase (Stachulski et al. 2013). 

It has actually been shown that there is a good correlation between in vitro 

covalent binding and maximum in vivo covalent binding, if the model is based on 

the free fraction of plasma AUC (Masubuchi et al. 2007). 

After the seminal perspective article of Evans et al. (2004) from Merck, the 

majority of pharmaceutical industry adopted a threshold value for microsomal 

covalent binding of 50 pmol drug-equivalent/mg protein. The 50 pmol/mg is not a 

definitive upper limit for covalent binding, but a drug developer should be aware 

of and consider the potential for reactive metabolites, bioactivation and associated 

adverse events for molecules with higher covalent binding value. Also, alternative 

metabolic detoxification and clearance routes as well as projected therapeutic 

dose should be considered before making medicinal chemistry decisions (Evans et 
al. 2004). Recently, it was determined that 65% of compounds having greater 

than 200 pmol/mg covalent binding are likely to be hepatotoxic in vivo (Sakatis et 
al. 2012). For medicinal chemistry purposes a good approach would be a 

combination of covalent binding and reactive metabolite trapping of lead series 

compounds to find the most potent and safe drug candidate (Hagmann 2008, 

Stachulski et al. 2013).  

2.9.5 Daily dose considerations 

Idiosyncratic drug reactions are not thought to be linearly dose-dependent. 

Careful examination of 230 oral drugs from pharmaceutical databases and adverse 

event registers has shown that risk for e.g. idiosyncratic drug-induced liver injury 

(DILI) increases when daily dose exceeds 50 mg/day (Lammert et al. 2008). 

When the microsomal covalent binding data is put together with clinically used or 

projected daily dose, the prediction of which compounds are likely to cause 

idiosyncratic toxicity is improved (Obach et al. 2008b). Several industrial 

research groups changed microsomes to hepatocytes to add additional metabolism 

and detoxification routes to the bioactivity study setup and achieved good 

discrimination between the two groups (tox/non-tox), but some overlap still 

remained, predicting false positives and negatives (Nakayama et al. 2009, Usui et 
al. 2009, Baumann et al. 2009). Even if the results and models presented were 

useful for the industry, clear threshold values for dose/covalent binding 

relationship could not be announced for guidance. Each study also had a common 

limitation in that the study set was quite low: 20–40 compounds.  
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The most comprehensive study so far to discriminate between toxic and non-

toxic compounds included 223 marketed drugs, 51% associated with clinical 

hepatotoxicity and 49% non-hepatotoxic ones. The study investigated daily 

clinical dose, time-dependent inhibition of CYP enzymes, GSH trapping 

(microsomes) and covalent binding (microsomes), and came out with rationally 

justified decision-making parameters (Reese et al. 2011, Sakatis et al. 2012): 

– If the clinical daily dose is less than 100 mg, proceed with development 

as 76% of compounds are non-hepatotoxic (p < 0.0001) 

– If the clinical daily dose is at least 100 mg and cofactor-dependent TDI of 

any CYP enzyme decreases over 5-fold in IC50, terminate development 

as 94% of the compounds are hepatotoxic (p < 0.0001) 

– If the clinical daily dose is at least 100 mg and any intensity of cofactor-

dependent or independent GSH adduct is observed, terminate 

development, as 80% of the compounds are hepatotoxic (p < 0.0001) 

– If the clinical daily dose is at least 100 mg and covalent binding is over 

200 pmol eq/mg protein, terminate development, as 100% of the 

compounds are hepatotoxic (p < 0.0001). 

TDI and GSH trapping are first line studies conducted in the early discovery, and 

covalent binding a second line study for advanced compounds. The intrinsic 

limitations include lack of hard electrophiles and acyl glucuronides in the GSH 

trapping and potentially investing company resources in a false negative 

compound to be terminated later and early termination of 10% of the non-

hepatotoxic compounds (false positives) due to strict cut-off. This early 

termination strategy formulated as a comprehensive decision tree is routinely 

applied at GlaxoSmithKline to provide guidance to drug discovery project teams 

aimed to avoid potentially hepatotoxic compound (Sakatis et al. 2012).  

The AstraZeneca approach combines covalent binding and daily dose as 

covalent binging daily burden (CVB burden) to a panel of five in vitro toxicity 

assays (In vitro Panel) to get their Integrated In vitro Hazard Matrix to predict 

idiosyncratic drug reactions (Thompson et al. 2011, Thompson et al. 2012). In the 

study set of 36 marketed or withdrawn oral drugs the Hazard Matrix correctly 

predicts 93% of IDR positive compounds and 100% of IDR negative ones. The In 
vitro Panel contains inhibition of BSEP and Mrp2 transport activity, cytotoxicity 

in HepG2 cells and cytotoxicity in THLE-Null and THLE-3A4 cells. The use of 

THLE-3A4 cells expressing CYP 3A4 and THLE-Null cells not expressing CYPs 
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for DILI was further validated in a study with 103 compounds (Gustafsson et al. 
2013). The usefulness of cytotoxicity assays for the identification of bioactivation 

liabilities have also been highlighted in a large database study of Pfizer 

compounds (Shah & Greene 2014) and for THLE (Greene et al. 2010) and 

HepG2 (Choi et al. 2015) in particular. The CVB Burden is calculated by 

determining the fraction of metabolism leading to covalent binding in human 

hepatocytes multiplied by maximum prescribed daily dose. Intestinal absorption 

and fraction metabolized of the dose were set at unity to reflect worst-case 

scenario. It was concluded that compound failing in two or more in vitro toxicity 

assays and compounds having a covalent binding daily burden of more than 0.9 

mg/day possessed hazard for IDRs (Thompson et al. 2012). This approach brings 

cellular activities mechanistically linked to risk of IDRs into the bioactivation 

experiments. It potentially fixes the limitation of previous approaches that some 

drugs cause IRDs through mechanisms not involving metabolic activation. The 

Integrated In vitro Hazard Matrix is currently an integrated part of AstraZeneca’s 

drug discovery and development process (Thompson et al. 2012).  

Pfizer has also recognized that complete avoiding of reactive metabolites may 

be a useful and pragmatic approach to migitatethe risk of idiosyncratic toxicity, 

but only as a starting point. In addition to reactive metabolite screening, more 

integrated paradigm for the identification of chemical hazards is needed. The 

detailed assessment of reactive metabolite formation should be combined with 

information of cellular death (e.g. cytotoxicity), BSEP inhibition and 

mitochondrial toxicity according to Pfizer (Stepan et al. 2011). 

Reactive metabolite formation should be regarded as marker of bioactivation 

and not as marker of definitive toxicity. The above-described in vitro studies can 

only identify potential hazards even if intended daily dose is taken into 

consideration (Park et al. 2011a). All the compiled bioactivation data should be 

placed in a broader risk-benefit assessment context (patient population, indication 

area, duration of treatment, mechanism of action, route of administration etc.) 

before actual decision-making concerning the continuation or termination of a 

certain molecule (Kalgutkar & Didiuk 2009, Sakatis et al. 2012). Until there is a 

better understanding of mechanisms behind idiosyncratic toxicities, decreasing 

the dose size and associated reactive metabolite body burden by improving 

potency and pharmacokinetics of the parent drug will remain as important goals 

in drug discovery and development (Stepan et al. 2011). 
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3 Aims of the present study 

Ospemifene is a novel nonsteroidal selective estrogen receptor modulator 

(SERM) having both agonist and antagonist activity at estrogen receptors (Wurz 
et al. 2013, Pinkerton & Thomas 2014). It was recently approved by the US Food 

and Drug Administration (Feb 2013, trade name Osphena) and the European 

Medicines Agency (Nov 2014, trade name Senshio) for the treatment of vulvar 

and vaginal atrophy in postmenopausal women with moderate to severe 

dyspareunia. The approved dose in both authorizations was once daily oral tablet 

with 60 mg ospemifene of which efficacy and safety have been thoroughly 

investigated (most recent articles: Simon et al. 2014, Portman et al. 2014, Wurz et 
al. 2014, Nappi et al. 2015). A summary of the development milestones of 

ospemifene (Elkinson & Yang 2013) and a review and meta-analysis of the 

published clinical trials (Cui et al. 2014) have also been reported. 

The objectives of the study were to characterize the metabolic properties and 

drug interaction potential of ospemifene. Additionally, the aim was to provide 

metabolism information for the drug development of ospemifene, including 

assessment of metabolism-related clinical safety. The specific aims were: 

– To identify the human in vitro and in vivo metabolites of ospemifene for 

biotransformation pathways. 

– To determine the main human metabolites of ospemifene in vitro and in 
vivo. 

– To explore the metabolism of ospemifene in different laboratory animals 

in vitro and in vivo. 

– To find out if the nonclinical animal exposure of main ospemifene 

metabolites has been enough to cover the human dose. 

– To find out the most important metabolic enzymes catalyzing ospemifene 

metabolism. 

– To investigate the effects of ospemifene and its metabolites as perpetrator 

drugs on drug metabolism mediated by CYP enzymes in human. 

– To investigate the effects of CYP enzyme inhibitors and inducers on the 

metabolism of ospemifene and its metabolites as victim drugs. 

– To find out the in vivo drug interaction potential of ospemifene. 
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4 Materials and methods 

Detailed descriptions of the materials and methods used in this study are found in 

the original articles I, II, III, IV and V as referenced in Table 5. 

Table 5. The original sources of the materials and methods used in this study. 

Materials and methods Original article 

Materials Chemicals, MS-TOF and MS/MS experiments I, II 

 Chemicals, in vitro incubations II, III, IV, V 

 Chemicals, LC/MS measurements II, V 

 Human liver samples II, III, IV, V 

 Animal (rat, dog, monkey) liver samples V 

 cDNA expressed human CYPs II 

 Human plasma samples II 

 Animal (mouse, rat, dog, monkey) plasma samples V 

 Human hepatocytes III 

Methods MS-TOF and MS/MS experiments I, II 

 Human liver homogenate preparations and incubations II, V 

 Human liver microsome preparations and incubations II, III, IV 

 Animal liver homogenate preparations and incubations V 

 Incubations with cDNA expressed human CYPs II 

 N-in-one CYP inhibition assay III, IV 

 Kinetic CYP inhibition assays III, IV 

 CYP induction study with isolated human hepatocytes II 

 Sample preparation for in vitro and in vivo metabolite analysis II, V 

 LC/MS methods for ospemifene and metabolites II, IV, V 

 LC/RAD analysis of ospemifene and metabolites II 

 In vivo drug interaction studies III, IV 

 Pharmacokinetic parameter calculations III, IV 

4.1 Chemicals (I–V) 

Ospemifene and synthetic metabolites of ospemifene (3-, 4, and 4’-

hydroxyospemifene and ospemifene carboxylic acid, M4, M1, M2 and M3, 

respectively) were provided by Hormos Medical Corp. The analytical solvents 

and mobile phase additives used for the metabolism and drug interaction analyses 

were HPLC or LC/MS grade and were obtained from commercial suppliers. 

Ultra-pure grade laboratory water was purified with commercial purification 

systems. All other reagents used in the drug interaction studies were obtained 

from commercial providers at the highest purity reasonably available.  
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4.2 Human and animal liver preparations (II–V) 

Human liver preparations were pooled from 7–10 human livers (HL20–24, 

HL28–32), depending on original article II–V, obtained from Caucasian kidney 

transplantation donors (age 21–62 years, four females and six males). The Ethics 

Committee of the Medical Faculty, University of Oulu, has approved the 

collection of surplus human tissues for investigational purposes. Detailed donor 

information and preparation of homogenates and microsomes were published in 

Turpeinen et al. (2007). Briefly, normal-looking liver tissue was homogenized in 

phosphate buffer (homogenate used as such), microsomes were separated by 

differential centrifugation (Pelkonen et al. 1974) and the final microsomal pellet 

was suspended in phosphate buffer. The accurate protein content was measured 

by the method of Bradford (1976). 

Animal liver homogenates (V) were prepared similarly to human liver 

homogenates and the liver samples were left-over tissue from untreated animals 

used as controls. The respective homogenates were pooled from livers of two 

beagle dogs, four Sprague-Dawley rats and four Cynomolgus monkeys. The 

monkey homogenate was actually reconstructed from 10,000 g supernatant and 

microsomal suspension. 

4.2.1 Metabolism in liver homogenates or microsomes (II, V) 

Ospemifene, 4- or 4’-hydroxyospemifene was incubated with human or animal 

liver homogenates or microsomes in the presence of appropriate cofactors: 

NADPH and UDPGA were used for both microsomes and homogenates (II, V), 

and additionally, PAPS and GSH were used for homogenates in II. Typical 

incubation time was 60 min and the nonmetabolized 0 min samples were stopped 

before the metabolism reactions were started by adding the cofactors. A parallel 

incubation without cofactors was used to investigate spontaneous metabolism. 

Variable concentrations of the study compound were employed depending on the 

specific purpose of the incubation. 

4.2.2 CYPs involved in ospemifene metabolism (IV) 

Human liver microsome incubations with one concentration of ospemifene as 

substrate were conducted using 12 different CYP selective inhibitors (Pelkonen et 
al. 2008a) at five logarithmic concentrations and compared to control reactions 
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(Turpeinen et al. 2005). The formations of 4- and 4’-hydroxyospemifene were 

measured as activities. IC50 values were determined for each inhibitor and both 

activities graphically from concentration-activity curves. The selection of 

ospemifene concentration was based on the results with ospemifene and 

recombinant CYP enzymes (II). CYP enzyme contributions for 4- and 4’-

hydroxyospemifene (as substrates) were obtained similarly. 

Based on the results with 12 CYP selective inhibitors additional incubations 

were designed with selected CYP-specific inhibitors and ospemifene in human 

liver microsomes. Three low concentrations of ospemifene were used together 

with two different concentrations of inhibitors thioTEPA (CYP2B6), 

sulfaphenazole (CYP2C9), fluconazole (CYP2C19) and itraconazole (CYP3A4). 

4.2.3 CYP inhibition assays (III) 

The in vitro inhibition potential of ospemifene and its main metabolites 4- and 4’-

hydroxyospemifene towards CYP enzymes was assessed using an N-in-one 

(cocktail) approach described and validated elsewhere (Turpeinen et al. 2005, 

Turpeinen et al. 2006, Tolonen et al. 2007). Five logarithmic concentrations of 

ospemifene substrates were used to obtain approximate IC50 values. The 

concentrations of CYP-selective substrates were at or under the respective 

Michaelis-Menten coefficients. The enzyme activities of cocktail incubations 

were compared to control activities.  

Based on the cocktail inhibition results, additional kinetic inhibition studies 

of ospemifene (four concentrations) toward CYPs 2B6, 2C8, 2C9, 2C19 and 2D6 

were conducted using appropriate substrates separately in three concentrations 

(Km/2, Km and 4*Km). Dixon, Lineweaver-Burke, Hanes and Hofstee plots were 

used to determine the type of inhibition for each CYP enzyme. 

4.3 Human hepatocytes and recombinant CYP enzymes (II, III) 

Supersomes (cDNA expressed human CYP enzymes) were obtained from BD 

Biosciences (Bedford, MA, USA). The metabolism incubations of ospemifene 

with Supersomes for CYPs 1A1, 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 

3A4 and 3A5 were conducted under linear velocity conditions according to the 

manufacturer’s instructions (II). 

Freshly isolated human hepatocytes were obtained from UK Human Tissue 

Bank (Leicester, UK). The detailed CYP induction assay for the potential of 
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ospemifene to act as CYP inducer is described in III. Briefly, hepatocytes were 

preincubated and then applied with three separate concentrations of ospemifene 

for 48 h in cell culture before adding separately CYP-specific model substrates 

for inducible CYPs: 7-ethoxyresorufin for 1A2, bupropion for 2B6, diclofenac for 

2C9, S-mephenytoin for 2C19 and testosterone for 3A4. All model activities were 

measured after 1 h incubation using standard operating procedures established 

earlier. No RNA measurements were conducted. Parallel cell cultures with model 

inducers for CYPs 1A2 (omeprazole), 2B6 (phenobarbital), and 2C9, 2C19 and 

3A4 (rifampicin) served as references.  

4.4 Plasma and serum samples for metabolite analysis (II, V) 

The human plasma samples analyzed (II) were from an open-label, single dose 

human ADME study with 60 mg ospemifene with and without 20.2 MBq tritium 

label on six postmenopausal volunteers (Bryson et al. 2005). The analyses of 

human and animal samples after a dose of tritium-labeled ospemifene were 

performed by commercial laboratories with liquid scintillator counting (LSC) and 

their metabolite identification was based on retention time comparison to co-

injected metabolite standards.  

Human steady state serum and the mouse, rat, dog and cynomolgus monkey 

steady state serum and plasma samples analyzed (V) were taken from ospemifene 

preclinical and clinical studies conducted during the development in different 

commercial laboratories. The initial sample analysis was also performed by 

different commercial parties with varying analytical methodologies and the 

pharmacokinetic parameters used are taken from their reports. 

4.5 Analytical conditions 

4.5.1 Sample preparation (II–V) 

The in vitro samples (II–V) were generally treated the same way regardless of the 

incubation type. The in vitro incubation samples (stopped by precipitation before 

freezing) were thawed, shaken and centrifuged before collecting the supernatant 

for analysis. Human (II) and animal (V) plasma samples were thawed and 

precipitated, and the supernatants were evaporated before reconstitution for 
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analysis. Human and animal serum samples (V) were thawed and solid phase 

extracted, and the supernatants evaporated before reconstitution for analysis.  

4.5.2 MS and LC/MS methods (I–V) 

The high-resolution MS fragmentation experiments (I, II) and LC/MS analyses 

(II, III, V) were conducted with two separate Micromass LCT time-of-flight 

(TOF) mass spectrometers and a Micromass LCT Premier XE TOF mass 

spectrometer. The unit resolution MS/MS experiments (I, II) and LC/MS/MS 

analyses (II–V) were conducted with Micromass Quattro II triple quadrupole 

mass spectrometer, Waters Quattro Premier triple quadrupole mass spectrometer 

and Thermo Finnigan LCQ Deca ion trap mass spectrometer. All experiments 

were performed in positive ion electrospray ionization mode. The MS and 

MS/MS experiments were performed with diluted reference compounds by direct 

infusion to the mass spectrometer.  

The chromatography in LC/MS and LC/MS/MS analyses (II–V) were 

performed with Waters Acquity UPLC, Waters Alliance 2690 or Waters Alliance 

2694 liquid chromatography systems equipped with autosampler, vacuum 

degasser and column oven, and Waters 996 PDA or Waters Acquity PDA detector. 

The analytical columns varied, but mainly 2.1*50 mm small particle size Waters 

SymmetryShield RP 18, Waters XBridge Shield RP18 and Waters BEH C18 were 

used for final analysis, with acidified water and methanol as eluents. 

The analytical equipment (MS and HPLC instruments and HPLC columns) 

evolved tremendously during the long time period over which ospemifene 

analyses were performed. Thus, the instrumentation setup changed from analysis 

to analysis, but simultaneously, the mass spectrometric and chromatographic 

performance was better and better. When developing new methods for 

ospemifene analysis, old samples and reference standards were used to assure 

similar chromatography (order of eluted peaks) and the identification of 

metabolites not having reference standards. 
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4.6 Clinical interaction studies 

4.6.1 Ospemifene as perpetrator drug (III) 

Three clinical interaction studies were conducted to investigate the potential in 
vivo effect of ospemifene to CYP enzyme mediated drug metabolism of 

concomitantly administered drugs. All studies were open-label, two-period, single 

center, balanced, crossover, Phase I pharmacokinetic studies in healthy white 

Finnish postmenopausal women. N was 12–16 depending on the study and the 

age range of the study volunteers was 50–71 years. In each study, one of the study 

periods was the pretreatment of subjects with once-daily oral 60 mg ospemifene 

for 7–12 days depending on the study before administering the single dose of 

concomitant medication. Equally in each study, the second study period consisted 

of a single dose of the concomitant medication without ospemifene pretreatment.  

In study 1, the concomitant medication was 10 mg rasemic warfarin. Blood 

samples were collected in both study periods 120 h after warfarin administration 

and plasma S- and R-warfarin (S-warfarin metabolized by CYP2C9) 

concentrations were determined. In study 2, the concomitant medication was 150 

mg bupropion. Blood samples were collected in both study periods 96 h after 

bupropion administration and plasma bupropion and hydroxybupropion 

(metabolism mediated by CYP2B6) concentrations were determined. In study 3, 

the concomitant medication was 20 mg omeprazole. Blood samples were 

collected in both study periods 8 h after omeprazole administration and plasma 

omeprazole, 5-hydroxy-omeprazole (metabolism mediated by CYP2C19) and 

omeprazole sulfone (metabolism mediated by CYP3A4) concentrations were 

determined. All analyses were performed using validated LC/MS/MS methods. 

4.6.2 Ospemifene as victim drug (IV) 

Two clinical studies were conducted to investigate the potential in vivo effect of 

concomitantly administered drugs on the CYP enzyme mediated drug metabolism 

of ospemifene. Both studies were open-label, randomized, three-period, 

crossover, pharmacokinetic studies in healthy white Finnish postmenopausal 

women. N was 12 or 19, depending on the study, and the age range of the study 

volunteers was 48–80 years. In both studies, two study periods were the 

pretreatment of subjects with once-daily oral concomitant medication for 5–6 

days depending on the concomitant medication before administering the single 
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oral dose of 60 mg ospemifene. The concomitant medication continued for a total 

of 8 days. The third study period in both studies consisted of a single 60 mg dose 

of ospemifene without pretreatment.  

In the first study, the concomitant medication was either 600 mg rifampicin 

(strong CYP3A and CYP2C9 inducer) or 200 mg ketoconazole (CYP3A4 

inducer), and in the second study, 200 mg fluconazole (1st day 400 mg, CYP3A, 

CYP 2C9 and CYP 2C19 inhibitor) or 40 mg omeprazole (CYP2C19 inhibitor). 

In the second study, the study subjects were genotyped as extensive CYP2C9 and 

CYP2C19 metabolizers. In all study periods, the blood samples were collected 96 

h after ospemifene administration. Plasma concentrations of ospemifene, 4-

hydroxyospemifene and 4’-hydroxyospemifene were determined by Hormos 

Medical Ltd (Turku, Finland) with a validated LC/MS/MS method using AB 

Sciex API4000 Q-trap instrument. 
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5 Results and discussion 

Detailed descriptions of the results achieved in this study are found in the original 

articles I, II, III, IV and V. Major results are presented in Table 6. 

Table 6. The summary of major results of the study and their respective original 

articles. 

Results Original article 

Metabolism   

 MS/MS fragmentation of ospemifene and its main metabolites I, II 

 Identification of human in vitro metabolites of ospemifene II 

 Determination of major human ospemifene metabolites as 4- and 4’-

hydroxyospemifene  

II, V 

 Identification of further metabolites of 4- and 4’-hydroxyospemifene  II 

 Identification of human in vivo metabolites of ospemifene II, V 

 Determination of 4- and 4’-hydroxyospemifene as major human in vivo 

ospemifene metabolites, 4-hydroxyospemifene being clearly the most 

important one 

II, V 

 Identification of animal metabolites of ospemifene in vivo and in vitro V 

 Determination of in vivo animal exposure of 4- and 4’-hydroxy-

ospemifene as adequate 

V 

Interactions   

 Production of 4- and 4’-hydroxyospemifene by cDNA expressed human 

CYP enzymes: major isoforms 2B6, 2C9, 2C19 and 3A4 

II 

 Determination of ospemifene and its major metabolites as weak in vitro 

inhibitors of CYP isoforms 2B6, 2C8, 2C9 and 2C19 at clinically relevant 

concentrations 

III 

 Determination of in vitro CYP enzyme induction potential of ospemifene 

as negligible 

III 

 Clinical study to find the insignificant effect of ospemifene to 

pharmacokinetics of selected CYP enzyme substrates  

III 

 Determination of CYP isoforms 2C9, 2C19, 2B6 and 3A4 as the main in 

vitro catalysts for the production of 4-hydroxyospemifene and 3A4 for 4’-

hydroxyospemifene by using specific CYP enzyme inhibitors 

IV 

 Determination of CYP3A4 enzyme responsible for the further 

metabolism of 4- and 4’-hydroxyospemifene in vitro 

IV 

 Clinical study on the effect of selected CYP enzyme inhibitors and 

inducers on pharmacokinetics of ospemifene and 4-hydroxyospemifene 

confirmed the importance of CYP3A4 to ospemifene metabolism 

IV 
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5.1 Metabolism of ospemifene 

Ospemifene (Figure 7) was initially discovered as one of the main metabolites of 

the antiestrogen drug toremifene (Sipilä et al. 1990, Berthou & Dreano 1993). As 

toremifene and its paragons clomiphene and tamoxifen have extensive oxidative 

metabolism to O-linked side chain and 3-, 4-and 4’-positions of the 

triphenylethylene system (Mazzarino et al. 2013), similar metabolites for 

ospemifene were presumed as well. In fact, ospemifene carboxylic acid (M3) was 

already found as a toremifene metabolite (Sipilä et al. 1990). When development 

of ospemifene was initially started for the treatment and prevention of 

osteoporosis (DeGregorio et al. 2000, Qu et al. 2000), several presumed 

metabolites were already available as synthetic standard, including the actual 

main metabolite. However, the reported Phase I studies of ospemifene in male 

volunteers (single high dose up to 800 mg) and postmenopausal women (repeated 

daily dose up to 200 mg) only contain pharmacokinetics for ospemifene and no 

information about the metabolites (DeGregorio et al. 2000). 

Fig. 7.  The structure of ospemifene. 

The in vitro and in vivo metabolism investigations reported in this study have 

been conducted over a period of about 10 years since 2000. As described in 

Materials and methods (4.5 Analytical conditions), the methodology has evolved 

over time, and additionally, some of the substudies have been analyzed by 

commercial third parties. Taking all the samples generated and analyzed for 

regeneration and reanalysis in a single batch would not change the main 

messages. Nevertheless, we would certainly gain new information and insight 

about the minor metabolites of ospemifene, but the clinical relevance of such 

information would remain scarce. 

The study of ospemifene metabolism concentrated on human metabolism. 

First, human in vitro and in vivo metabolites were identified and 
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biotransformation pathways proposed based on the identifications. Secondly, 

circulating metabolites were quantitatively determined, main metabolites were 

confirmed and their relative abundances in comparison to ospemifene and all 

ospemifene-related material were solved. Thirdly, the production of main 

metabolites in different animals species was studied in vitro and in vivo, and 

finally, the animal exposures of active metabolites were determined. 

5.1.1 Identification of ospemifene metabolites in human (I, II) 

Altogether nine significant metabolites listed in II, Table 1, were identified from 

human liver homogenate and microsome incubations and from plasma samples 

after 60 mg oral dose. The identifications were based on accurate mass data 

obtained with TOF-MS instruments and fragmentation with MS/MS instruments. 

The authentic standards were available for 4- and 4’-hydroxy-ospemifene (M1 

and M2, respectively) and for ospemifene carboxylic acid (M3). The MS/MS 

fragmentation pathways are presented for ospemifene and metabolites M1 and 

M3 in I, Figures 3 and 6, and II, Figure 1. Most of the metabolites formed both 

sodium adducts and protonated molecules in the electrospray ionization source 

decreasing ionization efficiency, and thus sensitivity of the analysis when single 

ion or single reaction was monitored. Additionally, the ionization as sodium 

adduct might be non-reproducible based on the varying sodium content of the 

laboratory conditions. The sodium adduct of ospemifene carboxylic acid (M3) 

showed remarkable stability in MS/MS experiments compared to sodium adduct 

of ospemifene (I, Figures 1 and 5), probably due to side chain modification in 

M3. A side chain hydroxylated metabolite, M11, was discovered at high 

abundances in certain incubations, but the results were very difficult to reproduce. 

It might be that the M11 metabolite was unusually sensitive to the sodium content 

of the experimental setup and once the conditions were favorable the MS 

response was abnormally high. As the M11 was not found from in vivo samples, it 

was not relevant to pursue the unequivocal explanation. 

In addition to parahydroxylated metabolites M1 and M2 (4- and 4’-

hydroxylation, respectively), and side chain oxidated metabolites M3 and M11 

(carboxylic acid and side chain dihydroxyl), three other significant oxidative 

metabolites and two glucuronidations were discovered. The oxidations were 3,4-

dihydroxyospemifene (M6), a 4-hydroxyl-hydro-ospemifene (M9) and 4-

hydroxyospemifene carboxylic acid (M10), and the glucuronidations were direct 

ospemifene O-glucuronide and a glucuronide of 4-hydroxyospemifene (site of 
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glucuronidation not known). Additionally, four metabolites were found from 

human and animal plasma samples after radioactive dose, namely M4 (3-

hydroxyospemifene), M5 (3-hydroxyospemifene carboxylic acid, animal only), 

M7 (O-desalkylospemifene, human urine only) and M8 (4-hydroxy-O-

desalkylospemifene). These metabolites were identified only based on retention 

time comparison to synthetic compounds (i.e., no TOF-MS or MS/MS data 

available). The hydro metabolite (M9) is interesting, as it likely originates 

through hydration of the central double bond. Such metabolites are actually 

known for closely related structures of clomiphene and toremifene (Mazzarino et 
al. 2013). M9 is also the only metabolite fragmenting a phenyl ring without 

oxygen (m/z 297), which supports the theory of modification in the central double 

bond. 

The most abundant human metabolites in the in vitro incubations were 4- and 

4’-hydroxyospemifene (M1 and M2), representing up to 75% and 16% of all 

metabolite peak areas, respectively. The ratio of M1:M2 was about 5:1 in all 

incubations. The same ratio was detected in human in vivo samples after 

quantification as well. All other discovered metabolites including the 

glucuronides were minor ones, representing up to a few percentages of all 

metabolites, except for the 4-hydroxy-hydro metabolite (M9) having up to 10% 

abundance at the highest incubation concentrations. The human in vitro main 

metabolite abundances are presented in II, Figure 3. The metabolism of the 

hydroxylated main metabolites was further studied by incubating those (synthetic 

metabolites) with human liver homogenates. M1 (4-hydroxyl) was found to 

metabolize to a glucuronide conjugate and to 3,4-dihydroxyospemifene (M6), and 

M2 (4’-hydroxyl) to a hydroxylated metabolite, but the abundance was too low to 

enable further structural elucidation. 

5.1.2 Biotransformation pathways of ospemifene (II) 

The principal human circulating metabolites of ospemifene were proposed based 

on these results and presented in II, Figure 2. The primary pathway is 4-

hydroxylation of ospemifene (M1), which can undergo further oxidative 

biotransformations at 3-position (dihydroxyl M6), side chain (carboxylic acid 

M10) and presumably to central double bond (hydration M9), and 

glucuronidation to one of the hydroxyl groups. The secondary metabolic pathway 

is 4’-hydroxylation (M2), which is unlikely to undergo extensive further 

metabolism even if a few further metabolites were sporadically found. Additional 



107 

minor biotransformation pathways include 3-hydroxylation (M4), side chain 

carboxylation (M3) and glucuronidation of ospemifene.  

It is noteworthy that glutathione metabolites or significant levels of other 

worrying metabolites were not detected in human in vitro or in human plasma and 

urine. Minute amounts of reduced hydroxylated metabolites were, however, 

observed in some experiments, but the levels were too low to ascertain they were 

quinone methides. On the other hand, especially rat and mouse produced high 

amounts of hydroxyquinone metabolites (V, Table 1). However, the doses were 

extremely high compared to humans (300–2000 mg/kg in animals vs. ≤1 mg/kg 

in human). It is likely that intrinsic glutathione would easily detoxify quinones in 

humans, if they emerged. Moreover, it has been shown that closely related 

tamoxifen and toremifene both form unusually stable (non-reactive) quinone 

methides after 4-hydroxylation (Fan et al. 2000), which might be the case with 

possible ospemifene quinone metabolites as well. The formation of toremifene 

and tamoxifen quinone methides are considered not to have significant 

contribution to their cytotoxic or genotoxic effects (Fan et al. 2000), and the same 

is likely to hold true with ospemifene, if such metabolites were generated and 

GSH was depleted from the liver for some reason.  

5.1.3 Circulating human metabolites (II) 

The quantitative plasma AUC values for ospemifene and eight most abundant 

metabolites measured after a single oral dose of 60 mg tritium-labeled ospemifene 

are presented in II, Table 2. The liquid scintillator counted AUC values for the 

metabolites were calculated as ospemifene equivalents by Covance Clinical 

Research Unit (Leeds, UK). Altogether ten circulating metabolites were found 

from human plasma. The main ospemifene metabolite was found to be 4-

hydroxyospemifene (M1) representing about 15% of circulating ospemifene-

related material (parent was 65%) and over 40% of all circulating metabolites. 

The AUC ratio of M1 and parent was about 22%. For all other metabolites, the 

metabolite-parent ratio remained below 8% and the share of all ospemifene-

related material below 5%. The other identified metabolites included M2 (4’-

hydroxyospemifene), M3 (ospemifene carboxylic acid), M4 (3-hydroxy-

ospemifene), M8 (4-hydroxy-O-desalkylospemifene) and M10 (4-

hydroxyospemifene carboxylic acid). M4 and M8 were so minor that they were 

not listed in II, Table 2.  
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In addition to identified metabolites there were four relatively significant 

metabolites detected in the radiochromatogram, but they were not identified due 

to lack of coeluting reference standards. Their AUC was at the same level or 

higher than 4’-hydroxyospemifene (M2) and they were quite polar metabolites, as 

they eluted before all the available reference metabolites. As no MS data was 

available for these metabolites and the chromatographic data is noncomparable, 

their identity remains speculative. Nonetheless, six previously detected human 

metabolites not having synthetic standards, namely ospemifene glucuronide and 

glucuronides of M1 and M2 as well as oxidative metabolites M6 (3,4-dihydroxy-

ospemifene), M9 (4-hydroxy-hydro-ospemifene), M11 (side chain hydroxylation), 

are all very polar in nature, and it is quite probable that at least some of these 

were responsible for the unknown metabolite peaks in the radiochromatograms. 

Even if some of these unknowns were disproportionate or human-only 

metabolites, their relative AUC remains below the critical 10% level set by the 

regulators (should be measured at steady-state though) and they are not 

considered to raise safety concerns. Furthermore, regarding the worst case 

scenario, if all were downstream products of reactive metabolites, they represent 

about 15% of ospemifene-related material and thus comprise together less than 10 

mg of the daily dose of 60 mg. Considering type B and C toxicity, less than 10 mg 

daily excretion of any metabolite is generally judged safe regardless of whether 

there are reactive metabolites in the pathway. 

Overall, the postulated biotransformation pathways for ospemifene (II, Figure 

2) hold quite nicely true after quantitative determination of circulating 

metabolites. Taking into account the nature of the identified metabolites and the 

relative abundances of all circulating metabolites compared to ospemifene, 

additional studies would be warranted only for the main metabolite M1. However, 

as both M1 and M2 are active metabolites possessing parent-like SERM activities 

(Unkila et al. 2013), additional studies were considered for both metabolites. 

5.1.4 Interspecies comparison of ospemifene main metabolites (V) 

The interspecies comparison of ospemifene metabolism between human and 

animal species used in toxicological studies concentrated on the most important 

metabolites M1 and M2, 4- and 4’-hydroxyospemifene.  

Incubations of ospemifene with liver homogenates of human, rat, dog and 

monkey produced significant interspecies differences considering M1 and M2 as 

described in V, Figure 1. Most notably, rat produced no 4’-hydroxyospemifene 
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(M2) and dog produced no 4-hydroxyospemifene (M1) in vitro, indicating that 

both animals might be insufficient alone to study the pharmacology and 

toxicology of ospemifene. Especially dog would be a poor choice due to complete 

lack of the main human in vivo metabolite M1 and very low abundance of the 

other pharmacologically active metabolite M2. In contrast to rat and dog, monkey 

might prove to be excellent choice as both active metabolites were produced in 
vitro in high abundances. All the species produced also additional major and 

minor metabolites, especially glucuronides and dihydroxylations, or other 

oxidations, but they were not further investigated. 

The semiquantitave in vivo abundances of ospemifene M1 and M2 

metabolites and preliminary LC/MS identification of other metabolites are 

presented in V, Table 1. The studied samples were taken at steady-state from 

human, mouse, rat, dog and monkey administered variable dose levels. Most 

abundant in vivo metabolites in animals were 4- and 4’-hydroxylation (M1 and 

M2), carboxylic acid (M3) and side chain hydroxylation (M11). Additionally, 

glucuronides (especially hydroxyl-glucuronides) and quinones were detected at 

high levels. The studied human samples (after 60 mg daily dosing) contained only 

M1 and M2. Interspecies differences were again significant concerning the 

production of active metabolites M1 and M2, but due to semiquantitave analytical 

method and tremendous difference in the administered dose comparison between 

the species was not meaningful. Nevertheless, the main biotransformation 

pathways seem to be the same in all studied species, but the major route might 

differ from species to species. There is also a good correlation to in vitro 

comparison regarding the formation of M1 and M2 (V, Figure 1 vs. Table 1). 

Even though mouse was not included in the in vitro part of this study, it should be 

noted that in another (unpublished) study with ospemifene and isolated mouse 

hepatocytes both M1 and M2 were detected in high amounts. Based on these 

results, the most human-like species are mouse and monkey considering the in 
vivo (and in vitro) production of active metabolites M1 and M2.  

5.1.5 Evaluation of human vs. animal exposure (V) 

The evaluation of animal exposure of human metabolites covers only the most 

important metabolites M1 and M2, 4- and 4’-hydroxyospemifene. 

Regulatory agencies demand proof that active metabolites have had equal or 

greater than human exposure in at least one animal species used in toxicological 

testing. Such exposure data for ospemifene and active metabolites M1 and M2 is 
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available as steady state AUC from human (therapeutic dose) and four animal 

species (highest dose level in mouse, rat, dog and monkey) in V, Table 2. In all 

species, the AUC of M1 is significantly greater than the AUC of M2, but the 

interspecies variation is significant. All species produce quite similar levels of M2 

compared to ospemifene, but very different levels of M1. The human exposure of 

M2 was clearly exceeded by all other species except rat (close to equal) and dog, 

which did not produce that metabolite at all. The human exposure of the most 

important metabolite M1 was by far exceeded by all other species except dog. 

Concerning the results being the poorest in dog, it is very much in line with in 
vitro results, even in vitro M1 was missing and M2 was minute. The exposures of 

both active metabolites were simultaneously exceeded in mouse and monkey. The 

exposure was especially sufficient in monkey, which produced the highest levels 

of both metabolites at a relatively low dose level as predicted by the in vitro 

results. 

Considering the observed interspecies exposure, especially in monkey and 

mouse, it may be presumed that the contribution of active metabolites to the 

overall toxicity of ospemifene has been well taken into account during the 

toxicological program. 

5.2 CYP-related drug interactions of ospemifene 

The interaction potential of ospemifene was studied in vitro and confirmed in 
vivo. First, it was identified which CYP enzymes were responsible for the 

production of the main oxidative metabolites 4- and 4’-hydrosxyospemifene, M1 

and M2. There were two approaches: utilization of recombinant CYP enzymes 

one by one to produce these metabolites, and inhibition of CYP enzymes one by 

one to reduce the production of the metabolites in human liver microsomes. 

Secondly, the roles of suspected CYP enzymes were confirmed in clinical studies 

with ospemifene and selected inhibitors. Thirdly, the inhibition potential of 

ospemifene towards CYP enzymes was studied in human liver microsomes and 

the induction potential was studied in isolated human hepatocytes. Finally, the 

CYP inhibition and induction potential (or rather lack of them) was confirmed in 

clinical studies with ospemifene and selected concomitant drugs. Some of the in 
vitro studies were also performed with ospemifene metabolites M1 and M2. 
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5.2.1 Recombinant CYP enzymes and formation of M1 and M2 (II) 

The participation of different human CYP enzymes in the formation of 4- and 4’-

hydroxyospemifene (M1 and M2) was first studied using commercially available 

insect cell microsomes containing cDNA-expressed enzymes. The results are 

presented in II, Figure 4. The extrapolation of the production of ospemifene 

hydroxylations from recombinant enzymes to microsomes takes into account the 

average content of each CYP enzyme in microsomes according to Rostami-

Hodjegan & Tucker (2007). The results are surprisingly different for the 

metabolites. For M2 (4’-hydroxyospemifene) CYP3A4 seems to be practically the 

only enzyme involved in the reaction, whereas for M1 (4-hydroxyospemifene), 

CYP2C19 was the most active enzyme, followed by CYP2B6, CYP2C9 and CYP 

3A4 (in descending order).  

Putting together the CYP assignment experiments with recombinant enzymes 

and taking into account the relative abundances of the main metabolites, it can be 

anticipated that no CYP enzyme will be in bottleneck position. In fact, several 

CYP enzymes, namely CYP2C9, CYP2C19, CYP2B6, and CYP3A4, are likely to 

take part in the formation the metabolites M1 and M2. It should be stressed, 

however, that the use of a highly isolated system (recombinant enzymes) with a 

single ospemifene concentration does not take into account the in vivo interplay of 

other metabolizing enzymes and transporters, and can only give semiquantitative 

information at best. Tentatively, the participation of the indicated enzymes in 

ospemifene metabolism was suggested. 

5.2.2 CYP-specific inhibitors and in vitro formation of M1 and M2 (IV) 

The in vitro study about the participation of different human CYP enzymes in the 

formation of 4- and 4’-hydroxyospemifene (M1 and M2) continued with 

microsomal incubations using CYP-selective inhibitors to disable CYP enzymes 

one by one and measuring the effect in the production of the metabolites. The 

results are presented in IV, Table 1. The principal catalyst for 4’-

hydroxyospemifene (M2) formation was found to be CYP3A4, as predicted by 

the use of recombinant CYP enzymes, with CYP2C19 and CYP2B6 possessing 

minor catalytic potential. Concerning the formation of 4-hydroxyospemifene 

(M1), it appears to be catalyzed by many CYP enzymes. CYP2C9 was found to 

be the principal catalyst, with CYP2C19, CYP2B6 and CYP3A4 having also 

important catalytic activity, also as predicted by the use of recombinant enzymes. 
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The fact that both approaches point out the same CYP enzymes in the same 

relative order is quite convincing evidence about their involvement in the 

production of the main metabolites (M1 and M2) of ospemifene.  

The contributions of these CYP enzymes to ospemifene hydroxylations were 

further examined in human microsome incubations with ospemifene and the 

pinpointed CYP-selective inhibitors itraconazole (CYP3A4), sulfaphenazole 

(CYP2C9), fluconazole (CYP2C19) and thioTEPA (CYP2B6). At the lowest 

ospemifene concentration of 0.5 μM, which is close to a therapeutic in vivo 

concentration, inhibition of ospemifene 4-hydroxylation was 49%, 22%, 23% and 

0% with itraconazole, fluconazole, sulfaphenazole and thio-TEPA, respectively. 

The respective inhibition of ospemifene 4’-hydroxylation was 56%, 31%, 7% and 

4%. None of the investigated CYP inhibitors caused complete inhibition of 

ospemifene metabolism in vitro. At clinically relevant concentration, the 

inhibition of CYP2B6 was practically negligible by thioTEPA. Based on this 

comparison and the IC50 values for CYP-selective inhibitors (IV, Figure 1), no 

individual CYP predominates in the formation of the main metabolites M1 and 

M2, and the most important enzymes are likely to be CYP3A4, CYP2C9 and 

CYP2C19, in this order of importance. 

Additionally, as the main metabolites of ospemifene (M1 and M2) are 

suspected to undergo further CYP-mediated metabolism, the CYP-specific 

inhibitors were used to study their impact on the formation of metabolism of M1 

and M2. The results suggest that CYP3A4 was the only significant in vitro 

contributor to the further metabolism of 4-hydroxyospemifene and 4’-

hydroxyospemifene in human liver microsomes. This further enhances the 

suspicion about the most important role of CYP3A4 in the oxidative metabolism 

of ospemifene. 

In all cases, the inhibition of ospemifene metabolism was incomplete, even at 

the highest concentrations of the inhibitors examined in these studies. The in vitro 

studies suggest that no single CYP isoform is critical for ospemifene metabolism 

and several CYP enzymes contribute to the metabolic clearance of ospemifene. 

5.2.3 Clinical studies with ospemifene as a victim (IV) 

Two Phase I clinical trials in postmenopausal women were conducted to confirm 

the role of CYP3A4, CYP2C9 and CYP2C19 on the metabolism and 

pharmacokinetics of ospemifene, as the in vitro interaction studies pointed out their potential importance in the clearance of ospemifene. 
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In the first trial the pharmacokinetics of ospemifene was examined in the 

presence of rifampicin (strong CYP3A and CYP2C9 inducer) or ketoconazole 

(modest CYP3A4 inhibitor) and compared with the PK of ospemifene alone. The 

pharmacokinetic parameters of ospemifene and 4-hydroxyospemifene were 

determined and are given in IV, Table 2 and Figure 1. The mean exposure to 

ospemifene was approximately 60% lower after rifampicin and 40% higher after 

ketoconazole compared to ospemifene alone. Similarly, maximum serum 

concentrations (Cmax) decreased significantly with rifampicin and increased with 

ketoconazole. The pharmacokinetic results for ospemifene were as expected 

based on in vitro investigations. 

The serum concentrations and pharmacokinetics of 4-hydroxyospemifene 

(M1) were affected by rifampicin and ketoconazole pretreatment in a manner 

similar to those of ospemifene (IV, Table 2 and Figure 1). This is somewhat 

unexpected at first sight, as one would expect the concentrations of a metabolite 

to increase after induction and decrease after inhibition of metabolizing CYP 

enzymes. Based on in vitro results, CYP3A4 is practically the only CYP enzyme 

catalyzing the further metabolism of 4-hydroxyospemifene. Thus, after strong 

induction of CYP3A4 by rifampicin, not only does the formation of M1 from 

ospemifene increase, but also the elimination of M1 increases. As the formation 

of M1 is dependent on several CYPs, it is likely that the rate of elimination of M1 

is affected much more than the formation. Likewise, the inhibition of CYP3A4 by 

ketoconazole probably decreased the formation of M1 from ospemifene less than 

the elimination of M1 causing the overall increase in the concentrations of M1. 

The second trial examined the effects of fluconazole (potent CYP3A, 

CYP2C9 and CYP2C19 inhibitor) and omeprazole (potent CYP2C19 inhibitor) 

on ospemifene pharmacokinetics. The PK parameters of ospemifene, 4-

hydroxyospemifene and also 4’-hydroxyospemifene were determined and are 

given in IV, Table 3 and Figure 2. The concentrations of ospemifene increased 

after fluconazole pretreatment and were essentially unaffected by concomitant 

omeprazole treatment. The coadministration of fluconazole increased the mean 

exposure to ospemifene by approximately 170%, whereas the coadministration of 

omeprazole increased the mean exposure to ospemifene only by approximately 

15%. Cmax was 70% higher after fluconazole administration and 20% higher 

after omeprazole administration than after ospemifene alone. Fluconazole 

extended the half-life of ospemifene by about 70% while omeprazole had no 

influence. Fluconazole increased the AUC of ospemifene, as would be expected 

due to the inhibition of CYP3A, CYP2C9 and CYP2C19. The relatively small 
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impact of omeprazole to the AUC of ospemifene is expected based on the in vitro 

finding that CYP2C19 is a less important enzyme for the metabolism of 

ospemifene than CYP3A4 and CYP2C9 are. 

The concentrations and pharmacokinetic parameters of the metabolites were 

affected to a lesser degree by fluconazole than those of the parent compound. One 

would have expected a fall in the concentrations and AUC of M1 (4-

hydroxyospemifene), as all the important CYP enzymes involved in the formation 

from ospemifene were inhibited by fluconazole. It is probable that the inhibition 

of also the only important CYP enzyme in elimination of M1 balanced the 

situation, together with the fact that the inhibition of formation must have been 

incomplete. Similarly, the elimination of M2 (4’-hydroxyospemifene) was 

inhibited more by fluconazole than its formation, hence the increased AUC. 

Omeprazole treatment had no significant effects on the concentrations or 

pharmacokinetics of ospemifene metabolites. 

These in vivo PK results are consistent with the in vitro findings that 

CYP3A4 is the most important CYP isoform for the metabolism of ospemifene, 

followed by CYP2C9 and CYP2C19. Additionally, it is likely that other isoforms 

contribute to ospemifene metabolism, but to a lesser extent. Furthermore, the 

clinical use of ospemifene with potent CYP3A and CYP2C9 inducers (especially 

rifampicin) may significantly decrease the exposure to ospemifene. Ospemifene 

should be used cautiously in the presence of CYP3A4 inhibitors (like 

ketoconazole) and, especially, its use with the potent CYP3A, CYP2C9 and 

CYP2C19 inhibitor fluconazole should be avoided. 

5.2.4 CYP inhibition potency of ospemifene (III) 

Comparison of the inhibitory potencies of ospemifene, 4-hydroxyospemifene, and 

4’-hydroxyospemifene as measured using the current N-in-one assay in human 

liver microsomes in vitro is presented in III, Table 1. Ospemifene was a weak 

inhibitor of CYP2B6 (IC50, 7.8 μM) and CYP2C9 (IC50, 10 μM) and showed 

also some inhibiting potency towards CYP2C19, CYP2C8, CYP2D6 and 

CYP3A4 (IC50 23–49 µM. At steady state, the mean Cmax for ospemifene was 

found to be 785 ng/mL, corresponding to roughly 2 μM (Koskimies et al. 2013). 

Further studies indicated that ospemifene inhibition was competitive for CYP2B6 

and CYP2D6 and likely to be competitive for CYP2C8. Ospemifene inhibition of 

CYP2C9 was competitive up to 10 μM, but a noncompetitive component 
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emerged at higher concentrations. The inhibition of CYP2C19 was 

noncompetitive.  

Metabolite M1, 4-hydroxyospemifene, potently inhibited CYP2C9 activity, 

IC50 being 1.1 μM. Inhibition of CYP2C19 activity was approximately an order 

of magnitude less potent. IC50 values for all other CYP-mediated enzyme 

activities were >25 μM, well above the clinical Cmax of 4-hydroxyospemifene, 

approximately 0.3 μM, after repeated oral 60-mg dosing. Metabolite M2, 4’-

hydroxyospemifene, inhibited CYP2C8 activity with the highest potency (IC50, 7 

μM). CYP2C9 and CYP2B6 were also inhibited by 4'-hydroxyospemifene. IC50 

values for all other CYP-mediated reactions were >50 μM. The clinical Cmax of 

4’-hydroxyospemifene is approximately 0.1 μM for repeated oral 60-mg dosing.  

Taken together, ospemifene and its main metabolites M1 and M2 (4-

hydroxyospemifene and 4’-hydroxyospemifene) weakly inhibited a number of 

CYPs (CYP2B6, CYP2C9, CYP2C19, CYP2C8, and CYP2D6) in human liver 

microsomal preparations. However, at clinically relevant concentrations only 

CYP2C9 activity was inhibited by the main metabolite 4-hydroxyospemifene 

(IC50 1.1 µM). Taking into account the clinical concentrations of M1 (Cmax 0.3 

µM), the clinical interactions due to inhibition of CYP2C9 are likely to be minor. 

Additionally, time-dependent inhibition was not observed at clinically relevant 

concentrations. 

5.2.5 CYP induction potency of ospemifene (III) 

In isolated human hepatocytes, incubation with ospemifene (0.2, 2, and 20 µM) 

for 48 h did not cause relevant changes in CYP1A2, CYP2C9, or CYP2C19 

activity. The highest concentration (20 µM) of ospemifene was associated with 

approximately two-fold induction of CYP2B6 and CYP3A4 model activities. 

Three reference CYP inducers (omeprazole, phenobarbital, or rifampicin) induced 

approximately 1.3- to 41.6-fold increases in the respective CYP enzyme model 

activities, as expected. Thus, the induction potency of ospemifene towards CYP 

enzymes was negligible and further studies were not relevant. 

5.2.6 Clinical studies with ospemifene as a perpetrator (III) 

To confirm the in vivo effects of ospemifene on CYP-mediated metabolism, three 

Phase I pharmacokinetic studies with postmenopausal women were conducted 
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using recommended probe drugs for CYP2C9 (warfarin), CYP2B6 (bupropion) 

and CYP2C19 and CYP3A4 (omeprazole) (Pelkonen et al. 2008a, EMA 2012).  

In the first study, the effect of ospemifene on warfarin pharmacokinetics was 

studied. The mean plasma concentration curves for S-warfarin (formation 

catalyzed by CYP2C9) and other PK parameters are presented III, Figure 1 and 

Table 2, respectively. All results were similar with and without ospemifene, 

indicating that ospemifene did not interfere with warfarin metabolism. Despite the 

potency of ospemifene and the relatively high potency of the major metabolite 4-

hydroxyospemifene to inhibit CYP2C9 in human liver microsomes in vitro, the 

data did not provide clinical evidence of inhibiting CYP2C9-mediated 

metabolism. 

In the second study, the effect of ospemifene on bupropion pharmacokinetics 

was studied. The mean plasma concentration curves for bupropion and 

hydroxybupropion (formation catalyzed by CYP2B6), and other PK parameters 

are presented III, Figure 2 and Table 2, respectively. All results were similar with 

and without ospemifene, indicating that ospemifene did not interfere with 

bupropion metabolism. Despite the potency of ospemifene to inhibit CYP2B6 in 

human liver microsomes in vitro, there was no evidence that ospemifene would 

affect CYP2B6-mediated drug metabolism in clinical use. 

In the third study, the effect of ospemifene on omeprazole pharmacokinetics 

was studied. The mean plasma concentration curves for omeprazole, 5-

hydroxyomeprazole (formation catalyzed by CYP2C19) and omeprazole sulfone 

(formation catalyzed by CYP3A4) are presented III, Figure 3, and bioequivalence 

statistics in III, Table 3. Due to high inter-individual variability, bioequivalence 

could not be concluded at 3 h plasma concentrations. However, bioequivalence 

could clearly be concluded for the full AUC. These results indicated absence of a 

pharmacokinetic interaction with and without ospemifene pretreatment. Despite 

the weak in vitro potency of ospemifene and its hydroxylated metabolites with 

CYP2C19- and CYP3A4-mediated drug metabolism, the clinical study results 

indicated no effect of ospemifene on most pharmacokinetic parameters related to 

CYP2C19 and CYP3A4. 

Results from these studies indicate low potential for ospemifene to alter the 

metabolism or pharmacokinetics of drugs that are CYP substrates. There were no 

clinically relevant changes in pharmacokinetic parameters for warfarin, 

bupropion, or omeprazole. The results obtained in the preclinical in vitro assays 

were judged to demonstrate a relatively weak inhibitory potency of ospemifene, 

and indeed, this expectation was confirmed by targeted clinical studies. 
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6 Conclusions 

The metabolic properties and drug interaction potential of ospemifene were 

examined in the present study as an integral part of its drug development 

program. Practically all of the in vitro study data were included in the marketing 

authorization application of ospemifene as part of the required scientific package. 

The main findings were: 

– Human in vitro and in vivo metabolites of ospemifene were identified and 

principal metabolic pathways were proposed. The main metabolic 

pathway involved initial 4-hydroxylation and the minor pathways began 

with other aromatic or aliphatic oxidations or with glucuronidation of the 

parent.  

– The important human circulating metabolites were 4-hydroxyospemifene 

(M1) and 4’-hydroxyospemifene (M2), M1 being the principal 

metabolite. 

– The most human-like animal species were mouse and monkey in the 

production of the main metabolites M1 and M2. 

– The nonclinical animal exposure of the main ospemifene metabolites has 

been very sufficient to cover the human dose. 

– CYP3A4, CYP2C9 and CYP2C19 were found to be the major enzymes 

to catalyze the oxidative metabolism of ospemifene. CYP3A4 was the 

most important, but not critical for the ospemifene elimination. 

– Clinical ospemifene exposure is likely to notably be affected by strong 

3A4 inhibitors or inducers when taken concomitantly. 

– The CYP inhibition potency of ospemifene was found to be low at 

clinically relevant concentrations. 

– The CYP induction potency of ospemifene was found to be negligible. 

– Ospemifene can be expected to be a metabolically safe drug based on the 

following factors: no human metabolic liabilities including downstream 

products of reactive metabolites, no time-dependent CYP inhibition, no 

CYP interaction potential as perpetrator and quite low daily dose of 60 

mg. Being victim to CYP3A4 interactions is the only safety risk related 

to metabolism, which can lead to elevated or decreased ospemifene 

exposures, and thus to adverse events (elevated exposure) or therapeutic 

failure (decreased exposure) of a postmenopausal condition, which is not 

life-threatening. 
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– In vitro – in vivo extrapolation was highly valid in the ospemifene case. 

Generally, in vitro metabolic profiles were predictive of in vivo profiles 

in humans and the animal species studied, and human in vitro CYP 

interaction potential was very predictive of in vivo pharmacokinetic 

situation. 
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