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ABSTRACT 

 

Drug metabolism plays an important role in drug absorption and drug elimination. 

Therefore, it is crucial to understand the mechanism and kinetics of drug metabolism by 

various drug-metabolizing enzymes (DMEs). Cytochrome P450 enzymes (CYPs) are 

responsible for the metabolism of more than 60% of the top 200 prescribed drugs. X-ray 

and NMR data of CYP enzyme suggest that relatively large and flexible active sites are 

capable of multi-substrate binding. Due to the multiple substrate-binding, CYP reactions 

tend to show non-Michaelis Menten kinetics (atypical kinetics), multiple metabolite 

formation and sequential metabolism.  

To investigate the complexity of cytochrome P450 kinetics, saturation curves and 

intrinsic clearances (CLint) were simulated for single substrate and multi-substrate models 

using rate equations and numerical analysis. These models were combined with multiple 

product formation and sequential metabolism and simulations were performed with 

random error. All simulation and model fitting was performed using Mathematica. A 

concentration-dependent metabolite ratio plot can be observed from multi-substrate 

binding kinetics. Use of single substrate models to characterize multi-substrate data can 

result in inaccurate kinetic parameters and poor clearance predictions. It has been shown 

that use of different substrate concentrations may lead to highly variable in vitro CLint 

estimations when sigmoidal kinetics are observed. Comparing results for use of standard 

velocity equations with ordinary differential equations (ODEs) clearly shows that ODEs 

are more versatile and provide better parameter estimates. It would be difficult to derive 

concentration-velocity relationships for complex models, but these relationships can be 

easily modeled using numerical methods and ODEs. 
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The model drug diazepam (DZP) was chosen as the probe substrate to demonstrate 

complex CYP kinetics with specific CYP enzyme sources, including rat liver microsome 

(RLM), human liver microsome (HLM), purified CYP enzyme isoforms and rat 

hepatocytes. All saturation curves display non-Michaelis-Menten kinetics, form multiple 

primary metabolites, and are sequentially metabolized to secondary metabolites. In 

addition, the sequential metabolism and disposition would be characterized in 

hepatocytes incubation under flow conditions. To provide in vivo evidence of the atypical 

kinetics and investigate CYP-mediated sequential metabolism, preliminary intravascular 

(IV) dosing PK studies with male rats was performed for DZP. In general, DZP and its 

metabolites were quantitated by LC/MS/MS. Numerical methods were used to solve 

ODEs and parameterize micro and macro rate constants for the models. It has been 

shown that more complex models that include explicit enzyme-product complexes can 

well characterize the datasets for diazepam sequential metabolism with CYP3A4. 

Uncommon DZP metabolite PK profiles are observed in rat PK studies. 

In summary, methods of in vitro data analysis are compared, new assays are developed, 

and new modeling approaches for complex drug and metabolite pharmacokinetics are 

being investigated.        
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 INTRODUCTION 

1.1 Background and Significance 

1.1.1 Metabolism 

The disposition profile of medication is influenced by both drug distribution and 

elimination, which can occur via drug metabolism or excretion from the body. Drug 

metabolism can occur throughout the whole body, including in the liver (Almazroo, 

Miah, & Venkataramanan, 2017), kidney (Lohr, Willsky, & Acara, 1998), lungs (Olsson 

et al., 2011), intestine (Iswandana et al., 2018), brain (McMillan & Tyndale, 2018), and 

eyes (Argikar et al., 2017). Although it is frequently the parent drugs that act as the 

agonist or antagonist for the specific target, some metabolites have comparable (Zanos et 

al., 2018) or even higher potency/efficacy (R. S. Obach, 2013). Therefore, metabolite 

concentrations and activity must be considered when characterizing the safety and 

toxicity of a drug. According to the newest FDA guidance (FDA, 2016; Schadt et al., 

2018), human metabolites from highly-metabolized drugs with greater than 10 percent of 

total drug-related exposure at steady-state need safety testing to minimize the 

organ/tissue toxicity induced by metabolites (Yuan & Kaplowitz, 2013). Furthermore, 

recent studies (Bisanz, Spanogiannopoulos, Pieper, Bustion, & Turnbaugh, 2018; Zhang, 

Zhang, & Wang, 2018) suggest that gut microbiota can contribute to metabolism in the 

pre-disposition and disposition phase. The involvement of gut microbiota metabolism 

could also greatly affect drug disposition in the host and even pose a potential risk to 

toxicity (Okuda, Ogura, Kato, Takubo, & Watabe, 1998).  

The reaction mechanisms of most drug metabolism can be categorized as oxidative or 

conjugative reactions. The terms Phase 1 and Phase 2 metabolism have traditionally been 
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used. However, it is recognized that these two terms do not exclusively map to oxidative 

and conjugative reactions. For example, an increasing amount of evidence suggests that 

glucuronide metabolites could be substrates of the CYP2C8 isoform. Therefore, although 

cytochrome P450 (CYP) isoforms have long been categorized into phase 1 enzymes, they 

can metabolize substrates after Phase 2. The prominent enzyme families responsible for 

xenobiotic oxidation include CYP enzymes, flavin-containing monooxygenase (FMO), 

monoamine oxidase (MAO), and peroxidases. The dominant enzyme families responsible 

for conjugation are the uridine 5'-diphospho-glucuronosyltransferases (UGTs), 

sulfotransferases (SULTs) and glutathione S-transferases (GSTs). Although there is an 

increasing amount of newly marketed drugs predominantly metabolized by non-CYP 

enzymes to minimize the CYP liability, more than half of marketed drugs are still 

considered to be primarily cleared by CYP metabolism (Cerny, 2016). 

Drug metabolism kinetics is a crucial consideration when designing a new chemical 

entity for therapeutics. The appropriate Clearance and half-life (T1/2) are usually 

necessary for a compound to become a drug candidate. 

 

1.1.2 Cytochrome P450 Enzymes 

The CYP enzymes have been widely studied since the late 1940s (Estabrook, 2003). 

CYPs are a family of heme-containing enzymes that function as monooxygenases, which 

are capable of oxidizing steroids, fatty acids, and xenobiotics, playing a crucial role in 

hemostasis and detoxication. There are 57 human CYPs genes and more than 59 

pseudogenes, divided among 18 families of cytochrome P450 genes and 43 subfamilies 
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(Martignoni, Groothuis, & de Kanter, 2006). The branched family tree of CYP isoforms 

complicates the rapid and accurate characterization of drug metabolism. 

Compared to other enzymes, CYPs express their catalytic efficiency to substrates with 

low specificity, also denoted as substrate promiscuity (William M. Atkins, 2015). They 

have less rigid binding pockets compared to the lock-and-key binding pattern of most 

other enzymes. The other features include the formation of a coordination complex 

(Denisov, Makris, Sligar, & Schlichting, 2005), the absence of substrate orientation, and 

low coupling efficiency. CYP enzymes are responsible for the metabolism of 60% of the 

top 200 prescribed drugs in the USA (Cerny, 2016). Approximately half of the 

medications including steroids, anti-depressants, immunosuppressive agents, and 

antibiotics that are oxidatively metabolized by CYPs are CYP3A substrates. CYP3A4 is 

the most abundant CYP in the human liver, accounting for 30-40% of hepatic cytochrome 

P450. The other important CYPs includes CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6 and 

2E1. It is noteworthy that all human CYP isoforms can be found in both genders (Reid et 

al., 2002). 

The proportion distribution of rat CYP isoforms is vastly different from human CYPs. In 

rats, CYP2C11, a male-specific CYP also the dominant isoform in the male rat liver, 

comprises up to 50% of the total liver CYP content (Morgan, MacGeoch, & Gustafsson, 

1985). CYP2C13 is also male-specific and expressed not only in the liver but also in 

other organs like the brain (Riedl et al., 2000). The CYP2C12 is more highly expressed in 

the livers of young female adult rats than in young males (Mugford & Kedderis, 1998). 

Also, the CYP2C7 isoform is uniquely expressed in female rats (Agrawal & Shapiro, 

1997). Generally, CYP2C isoforms show gender-dependent expression via 
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developmental regulation. Furthermore, CYP2C6, 2C22, 2C23 show gender-independent 

expression. 

With respect to the rat CYP3A subfamily, the gender-dependent expression is also 

observed developmentally. CYP3A2 and CYP3A18 are regarded as male-specific 

isoforms only after 8 weeks in male Sprague Dawley rats (Asaoka et al., 2010), while 

CYP3A9 is a female dominant form (Robertson et al., 1998). Generally, the overall CYP 

levels in male rat liver are only 20% higher compared to those in females while certain 

isoforms may show a higher difference. Other than the gender differences in CYPs 

expression in rats, common laboratory rat strains (e.g. Wistar, Sprague Dawley (SD), 

Dark Agouti, and Brown Norway) show differential expression of CYP1A1, CYP2B1, 

CYP3A2 (Nishiyama et al., 2016). However, a more systematic evaluation of protein 

levels of all isoforms in the rat liver and intestine is needed to guide the selection of 

optimal rat models for drug efficacy and toxicity testing. 

In addition to the different CYP isoforms expression in humans and rats, rats tend to 

show higher drug clearance. This specificity may lead to a poor correlation between 

humans and rats compared to other animal species. Different PK performances may be 

observed between rats and humans. 

The expression of CYPs can be induced by many exogenous or endogenous compounds 

(Brigelius-Flohe, 2005; Handschin et al., 2002; Savouret et al., 2001). The expression 

levels of DMEs and transporters are regulated by several nuclear receptors (NR), 

including the xenosensors Pregnane X receptor (PXR) and Constitutive androstane 

receptor (CAR). These receptors bind to structurally diverse drug ligands, including 

barbiturates, rifampicin, statins, and many other drugs. For example, the ligand-binding 
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was considered to strengthen the heterodimer interface and enhance transcription several-

fold (Timsit & Negishi, 2007). It was shown that the induction of CYP expression affects 

the disposition kinetics of drugs and metabolites. The CYP induction mediated DDI of 

human CYP3A has been observed and predicted via PBPK modeling (Almond et al., 

2016; Yamashita et al., 2013). More mechanistic modeling studies of CYP induction are 

needed for human and animal species. In this project, CYP3A subfamily induction will 

be performed to investigate the atypical kinetics of this isoform in vivo.  

 

1.1.3 Uridine Diphosphate Glucuronosyltransferases 

The UGTs are responsible for glucuronidation and are a primary detoxification 

mechanism for both endobiotics and xenobiotics. In 1991, Ritter et al. (Ritter, Crawford, 

& Owens, 1991) reported the cloning of a cDNA encoding a human UGT (HUGBr1, 

UGT1.1). Human UGTs exist as a superfamily of 22 proteins, divided into 5 families and 

6 subfamilies based on their sequence identity (Mackenzie et al., 2005; A. Rowland, 

Miners, & Mackenzie, 2013). It was reported that more than 20 % of marketed drugs are 

metabolized by UGTs (Fujiwara, Yoda, & Tukey, 2018), especially UGT1A and UGT2B 

subfamilies. The other two UGT families UGT3 (Mackenzie et al., 2008) and UGT8 

seldom participate in drug metabolism and they are responsible for the glucuronidation 

and glycosylation of endogenous substances such as bile acids. Glucuronidation is mostly 

observed in the liver, GI tracts, and kidney. Although the liver has long been believed as 

the dominant detoxification organ, Koster et al. (Koster, Frankhuijzen-Sierevogel, & 

Noordhoek, 1985) showed that glucuronidation capacity for 1-naphthol is higher in the 
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intestine than in the liver via the assays of isolated mucosal cells and intestinal 

microsomes. 

Mechanistically, the glucuronosyl group is transferred from the cofactor uridine 5’-

diphosphoglucuronic acid (UDPGA) to the substrates (aglycone) with nucleophilic 

functional groups including −OH, −NH2, −SH, −COOH, among others. This kind of 

conjugation reaction can increase the hydrophilicity of drugs or drug metabolites to 

promote renal or biliary excretion.  

The active site of UGT is localized in the inner side of the endoplasmic reticulum 

membrane (ERM) while that of CYP is on the outer side. Theoretically, the substrates 

have to cross the ER membrane to be metabolized. UDPGA is a hydrophilic compound. 

Therefore, the ERM impedes the binding of UDPGA to the UGT active sites. Recently, 

the existence of multiple glucuronide transporters was observed in RLM (Csala et al., 

2004) and HLM (A. Rowland, Mackenzie, & Miners, 2015). Concerning aglycone, 

OATP1B3-1B7 (LST-3TM12), located in the ER membrane, is responsible for the 

transport of several drugs (Malagnino, Duthaler, Seibert, Krahenbuhl, & Meyer, 2019). 

Based on this in vitro data, other transporter systems were speculated to be involved in 

this transport activity. Since the transport of substrates across the ERM is a potential rate-

limiting step, the mechanistic characterization of this step would potentially improve the 

prediction of in vivo drug disposition for UGT substrates. 

The recovery of glucuronide drugs from urine and feces has been extensively observed in 

various PK studies. However, a light-scattering study indicated that the membranes are 

relatively impermeable to glucuronides (Csala et al., 2000). Recently, an increasing 

number of research articles have reported the involvement of influx and efflux 



 

7 

 

transporters in the disposition of glucuronide drug or glucuronide metabolites in 

hepatocytes (Jarvinen, Troberg, Kidron, & Finel, 2017; Qin et al., 2019; Zhi et al., 2020). 

For example, multispecific organic anion transporter (OAT) was found to mediate 

cellular uptake of various amphipathic compounds, including bilirubin-, estrogen- and 

xenobiotic-glucuronides. As a mechanistic approach, practical PBPK models were 

proposed to address the transporters' role in the disposition of glucuronide drugs (Ge et 

al., 2017). 

UGT is expressed in animal species and humans via developmental regulation. For 

example, the ugt1a1 and ugt1a2 mRNA levels of male SD rat livers reach peak level in 

the fourth week, then start to gradually decline (S. F. Xu et al., 2019). Several studies also 

demonstrated the induction of rat UGT enzyme by natural products (van der Logt, 

Roelofs, Nagengast, & Peters, 2003) and administrated drugs (Donato, Montero, Castell, 

Gomez-Lechon, & Lahoz, 2010). An additional consideration for the UGT induction in 

drug discovery and development may be needed. 

A significant difference was shown in the expression levels of UGT across species 

(Furukawa et al., 2014). Mice exhibited faster rates of glucuronidation than rats or 

humans (von Moltke, Manis, Harmatz, Poorman, & Greenblatt, 1993). Furukawa et al. 

summarized that in vitro intrinsic clearance (CLint,u, UGT) in intestinal microsomes tended 

to be lower in humans than in rats, dogs, and monkeys. In vivo, the fraction of drug 

absorbed (Fa*Fg) in humans correlated with that in dogs and monkeys, but not in rats 

(Furukawa et al., 2014). This result suggests the extrapolating rat data to humans may be 

difficult. 
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1.1.4 Sequential Metabolism 

Sequential metabolism has been widely observed when considering consecutive oxidative 

and conjugative reactions. The functional groups introduced by the oxidative enzymes via 

aromatic/ aliphatic hydroxylation and O-, S-, N-dealkylation are vulnerable to attack by 

conjugative enzymes, such as UGTs, SULTs. Unexpectedly, some glucuronide 

metabolites, such as acyl glucuronides, ether glucuronides, N-glucuronides, and 

carbamoyl glucuronides, have been verified as substrates or time-dependent inhibitors 

(TDIs) for CYP2C8 (Ma, Fu, Khojasteh, Dalvie, & Zhang, 2017).  Sequential metabolism 

by CYP isoforms is frequent because of the promiscuity of the CYP enzymes. Therefore, 

a further understanding of the sequential metabolism will advance the mechanism of CYP 

enzymology and kinetics. 

Several landmark works have been published by Pang et al. (St-Pierre & Pang, 1993a). 

They hypothesized that the sequential metabolism of a primary metabolite is always less 

than that of the preformed metabolite, theoretically. For example, the extraction ratio 

(ER) of OXP from TZP metabolism (ER(OXP, TZP)) and the ER of OXP from NDP 

metabolism (ER(OXP, NDP)) was 0.056, smaller than ER of preformed OXP (ER(OXP)) 

which was 0.125. This discrepancy cannot be explained by the well-stirred model which 

assumes ER(OXP, TZP), ER(OXP, NDP) and ER(OXP) are the same. Meanwhile, the 

prediction of ER for formed metabolite via dispersion model and parallel tube model 

gave sound results. Based on the current understanding, the characterization of sequential 

metabolism need to be optimized from the following perspectives: 
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1. The mechanistic atypical enzyme kinetics and transporter models to describe the 

nonconstant intrinsic metabolism clearance (CLmeta, int) and nonconstant 

permeability clearance (CLperm) value. 

2. The accurate measurement of unbound fraction of precursor and formed 

metabolite in microsomes, hepatocytes, and plasma. 

3. The zonation-specific expression of oxidative, conjugative enzymes and 

responsible influx and efflux transporters in livers. 

4. The dissection of enzyme coupling due to the co-localization of different 

enzymes, such as CYPs and UGTs. 

The first 3 factors will be investigated in this project. In terms of enzyme coupling 

theory, unexpected data from a liver perfusion study (X. Xu, Tang, & Pang, 1990) might 

be explained by this. When the drug salicylamide was given through liver perfusion 

studies, primary metabolite gentisamide and its glucuronide metabolite, gentisamide 

glucuronide, was detected. However, the preformed gentisamide is metabolized largely 

through sulfation. This suggested that sequential metabolism may change the metabolite 

profile. Extra caution is needed when the specific metabolites are formed from the 

sequential metabolism. 

The design of prodrugs is a  common strategy in drug discovery and development. Since 

the prodrug must be metabolized to the drug, sequential metabolism is frequently 

observed for prodrugs. For example, avizafone (Rautiola et al., 2019), a DZP prodrug 

linked with lysine, is deconjugated by aminopeptidase B (APB). The free DZP molecules 

are then further metabolized. Additional models of sequential metabolism will be useful 

for the prodrug strategy. 
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1.1.5 Atypical Kinetics  

Saturation enzyme kinetics were first described by Maud Leonora Menten and Leonor 

Michaelis when studying the invertase, which transforms sucrose to fructose and glucose 

(Michaelis, Menten, Johnson, & Goody, 2011). Since then, an increasing amount of 

enzyme kinetics models have been proposed to describe substrate saturation, enzyme 

inhibition, enzyme activation. The hyperbolic substrate saturation curve described by 

MM kinetics can be parameterized with a Km (Michaelis constant) and a Vmax (Maximum 

metabolism rate). A very popular example of non-hyperbolic kinetics of substrate binding 

was O2 binding to hemoglobin (Aberman et al., 1973) which was represented as a 

sigmoidal curve. The in vitro evidence for atypical kinetics of drug metabolism was first 

reported in the late 20th century. Pioneering studies (Johnson, Schwab, & Vickery, 1988; 

Schwab, Raucy, & Johnson, 1988) showed that rabbit CYP3A6 substrates could act as 

activators of their metabolism through the diagnosis of the Lineweaver-Burk plot. In 

addition, α-naphoflavone was capable of altering both Km and Vmax of 17 β-estradiol and 

partially inhibiting the N-demethylation of erythromycin. The existence of multiple 

binding sites was then proposed based on this data. A later study (M. Shou et al., 1994) 

provided the earliest evidence that two different substrates (phenanthrene and 7,8-

benzoflavone) could bind to the same P450 active site simultaneously, with both access 

to O2. Further evidence showed two respective metabolites were formed when co-

incubating phenanthrene and 7,8-benzoflavone with CYP3A4. Several publications about 

the mechanistic models for atypical kinetics were proposed thereafter. With the 

observation that α-naphoflavone could stimulate aflatoxin 8,9-epoxidation and inhibit 3α-
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hydroxylation simultaneously, Ueng et al. (Ueng, Kuwabara, Chun, & Guengerich, 1997) 

thought two binding site model would be more accurate. Later, the possibility of one 

large active site was supported by Korzekwa et al. (K. R. Korzekwa et al., 1998) with 

more evidence. The allosteric model explained most of the data well (Ueng et al., 1997) 

except for the lack of aflatoxin inhibition to α-naphoflavone. Therefore, a more 

integrative model involving two substrate-binding sites and one effector binding site 

might be possible according to Ueng et al (Ueng et al., 1997).  

The one active site - two binding sites model and allosteric binding model can be 

differentiated based on the crystal structure of the CYPs and the simultaneous 

metabolism of two different substrates (K. R. Korzekwa et al., 1998). Atypical kinetics 

could be subcategorized into 5 categories: hetero-activation, autoactivation, biphasic, 

partial inhibition, and substrate inhibition (K. R. Korzekwa et al., 1998) for CYPs.  

Generally, the enzymes involved in the regulation of physiological processes often 

demonstrate substrate autoactivation. Theoretically, once the endobiotic level is above the 

upper tolerance in the human body, the autoactivation led by the two substrate-binding 

will result in a more rapid decomposition of endobiotics. A similar pattern is observed in 

most intracellular signaling pathways where various kinases and phosphatase play a 

dominant role. These signaling kinetics, also termed the intracellular pharmacodynamics 

(PD), are usually described by Hill equation with Hill coefficient > 1. Therefore, atypical 

kinetics are not special cases to DMEs. 

The term substrate inhibition was reported in the 1960s (Bremer & Norum, 1967). 

However, it was used to describe the inhibition of palmityl-CoA to the palmityl 

coenzyme A: carnitine O-palmitoyltransferase (EC 2.3.1.-) metabolism of the second 
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substrate carnitine. Palmityl-CoA is also a substrate for this enzyme. Later, substrate 

inhibition was redefined as the reaction velocity of the same substrate is reduced at its 

high concentrations. The model (Equation 1-1) was regarded as the default formula for 

describing this observation.  

 
𝑣 =

𝑉𝑚𝑎𝑥

1 +
𝐾𝑚

[𝑆]
+

𝑆
𝐾𝑖

 
Equation 1-1 

 

Substrate inhibition could also be found from non-DME. For example, E. coli aspartate 

transcarbamylase (LiCata & Allewell, 1997; Pastra-Landis, Evans, & Lipscomb, 1978) 

and Mycobacterium tuberculosis D-3-phosphoglycerate dehydrogenase show substrate 

inhibition profiles. 

These substrate saturation kinetics are summarized in Table 1.1 with a qualitative 

comparison of micro rate constants.  

The general ESS model is shown in Figure 1.1.  

 

Figure 1.1 The general ESS binding model (credit to (K. R. Korzekwa et al., 1998)) 
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Table 1.1 Classification of multisubstrate saturation kinetics  

Categories Properties Saturation curves 
Micro rate 

constants 

Hyperbolic saturation 

The two substrates 

have similar Km 

and kcat values 

Hyperbolic 

k21=k32 and 

k24=k35 

Autoactivation 

The first substrate-

binding either 

increase substrate-

binding affinity for 

second substrate 

binding or increase 

the turnover rate of 

the ESS complex 

Sigmoidal 

k21> k32 or k35> 

k24 

Substrate inhibition 

The substrate at 

high conc. inhibit 

its metabolism 

The maximum 

velocity decrease 

after the highest 

velocity until 

reaching a plateau 

k32>k21 and k35< 

k24 

Biphasic (K. R. 

Korzekwa et al., 

1998) 

The second 

substrate-binding 

lead to a lower 

affinity for 

substrate binding 

and a higher 

turnover rate for the 

ESS complex 

low Km-low Vmax 

component and a 

high Km-high Vmax 

component 

k32>k21 and 

k35>k24 

 

There are several possible mechanisms of CYP3A4 activation. For example, the binding 

of a second molecule within the active site increases the turnover rate by increasing the 

fraction of the first substrate molecule bound in a productive orientation. It has been 

proposed that activation might result from the more rapid reduction of CYP by CYP 

reductase (M. S. Miller, Huang, Jeffrey, & Conney, 1983). Other evidence suggested that 

the binding of the second substrate molecule produces a greater change in the spin state 

of the iron (Baas, Denisov, & Sligar, 2004; Fernando, Halpert, & Davydov, 2006; 

Roberts, Campbell, & Atkins, 2005). It was also suggested that the second substrate 

molecule binding replaces the water molecules from the single large active site, prevents 
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hydrogen peroxide releases, and decreases the uncoupling reactions (Hanioka et al., 1992; 

Johnson et al., 1988; Schwab et al., 1988). One other explanation relies on that the second 

molecule (effector) binding to the allosteric site leads to a conformational change in the 

protein and more rapid oxygen activation. Increasing numbers of studies (Guengerich, 

Wilkey, & Phan, 2019) have supported the theory that the presence of the substrate shifts 

the conformation states. For example, Koley et al. (Koley, Buters, Robinson, Markowitz, 

& Friedman, 1995) proposed that different conformers exist and have different substrate 

specificities using multiphasic flash photolysis. 

There are several strategies to determine the numbers of molecules bound to CYP3A4 

simultaneously, including steady-state kinetics stoichiometry, site-directed mutagenesis 

(Harlow & Halpert, 1998), evidence of cooperativity in substrate binding and catalytic 

turnover (Baas et al., 2004; Fernando et al., 2006; Roberts et al., 2005), spectroscopic 

studies (Cameron et al., 2005; Dabrowski, Schrag, Wienkers, & Atkins, 2002; Fernando 

et al., 2006; Roberts et al., 2005), equilibrium dialysis, calorimetry (Isin & Guengerich, 

2006) and use of the Hill equation. However, the Hill coefficient only suggests the lower 

limit to the number of substrates binding to the enzyme for autoactivation. The hill 

coefficient is <1 for biphasic reactions that have 2-substrate binding.  Meanwhile, we 

have to admit that kinetic experiments may not provide conclusive information on 

substrate stoichiometry. There are several scenarios where the sigmoidicity doesn’t come 

from substrate autoactivation.  For example, Fisher et al. (H. F. Fisher, Gates, & Cross, 

1970) pointed that when there is no interaction between the two substrates (α= β=1), the 

introduction of an inhibitor that competes simultaneously with both substrate molecules 
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could lead to sigmoidicity. In addition, other examples of the artificial sources for 

sigmoidicity were summarized in (J. B. Houston & Kenworthy, 2000). 

For models based on one substrate binding in the active site, competitive inhibition 

results from mutually exclusive binding of either the substrate or the inhibitor at a single 

active binding site. For the allosteric binding model, noncompetitive inhibition results 

from inhibitor binding to the allosteric site with the same affinity to enzyme and ES 

complex, but the ESI complex cannot form metabolites. With the same assumptions, 

uncompetitive inhibition results from the inhibitor binding to the allosteric site of the ES 

complex only, explained by that substrate-binding may promote the allosteric site open 

for inhibitor binding. Mixed-type inhibition results from inhibitor binding to the allosteric 

site with a different affinity to the allosteric site of enzyme and ES complex, but ESI 

complex cannot form metabolites. 

Although most inhibition studies could be described by competitive inhibition, 

noncompetitive, uncompetitive inhibition, and mixed-type inhibition, a more general 

enzyme kinetics scheme that can explain partial inhibition was proposed by Korzekwa et 

al. (K. R. Korzekwa et al., 1998) as shown in Figure 1.2.  Generally, most CYP enzyme 

inhibition profiles can be captured as mixed inhibition. 



 

16 

 

 

Figure 1.2 Substrate and effector binding model assuming two molecules bind 

simultaneously.  

S: substrate molecule, E: Enzyme, B: effector molecule.  (k42/k24)/(k31/k13) = 

(k21/k12)/(k43/k34) (credit to (K. R. Korzekwa et al., 1998)) 

 

In terms of inhibition kinetics of non-DMEs, the existence of only one large inhibitor 

binding pocket in the hydrophobic part of the mitochondria complex I (NADH: 

ubiquinone oxidoreductase) was proposed (Friedrich et al., 1994; Ohshima et al., 1998; 

Okun, Lummen, & Brandt, 1999). It was indicated that the rotenone site overlaps with 

both the piericidin A and the capsaicin sties, and the latter two sites do not overlap. 

The atypical saturation kinetics are not limited to oxidative enzymes. Fisher et al. (M. B. 

Fisher, Campanale, Ackermann, VandenBranden, & Wrighton, 2000) first described 

autoactivation kinetics associated with glucuronidation when investigating estradiol-3-

glucuronidation with HLM. Additionally, Bruni and Chang (Bruni & Chang, 1999) 

showed that the glucuronidation kinetics of bilirubin (an endobiotic known to be 

specifically metabolized by UGT1A1) were consistent with autoactivation. Much more in 

vitro evidence was observed in CYPs as summarised in Table 1.2. 
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Table 1.2  In vitro evidence of atypical saturation kinetics  

Categories 

Enzyme 

sources & 

Species 

Enzyme Compounds 

Autoactivation 

H, BD, SDR; 
CYP3A4, 3A5, 

3A12,3A1; 

Testosterone (Carr et al., 

2006; Ueng et al., 1997); 

HLM CYP3A, CYP2C 

Diazepam (Andersson, 

Miners, Veronese, & Birkett, 

1994) 

RabbitLM CYP3A4 

Pregrestone (Schwab et al., 

1988) 

H, Rh; CYP3A4, 3A64; Nifedipine (Carr et al., 2006) 

H, Rh, BD, 

SR, NZR; 

CYP3A4/5, 3A64, 

3A12/26,3A1/2, 

3A6; 

BFC (Carr et al., 2006) 

RLM; CYPs; 
Deltamethrin (Anand et al., 

2006) 

MWR CYP2E1 

Bupropion (Pekthong, 

Desbans, Martin, & Richert, 

2012) 

MLM, DLM, 

RLM, 

MiceLM, 

HLM 

UGT1A9(human) GL-V9 (Xing et al., 2019) 

Recombinant 

(human) 
UGT1A1 

Obeticholic acid (Zhou et al., 

2019) 

RLM; Carboxylesterases 
Deltamethrin (Anand et al., 

2006) 

MWR CYP2E1 

Bupropion (Pekthong et al., 

2012) 

Substrate 

inhibition 

H, Rh, BD, 

SR, NZR; 

CYP3A4, 3A64, 

3A12,3A1/2, 3A6; 

Midazolam (Carr et al., 

2006) 

BD; CYP3A12; Nifedipine (Carr et al., 2006) 

MWR 

CYP2C6, 2C11, 

3A1; 

Bupropion (Pekthong et al., 

2012) 

Recombinant 

(human) 
UGT1A3 

Ursodeoxycholic acid (Zhou 

et al., 2019) 

Recombinant 

(human) 
UGT1A3 

Obeticholic acid (Zhou et al., 

2019) 

Biphasic 

RLM, 

Mitochondrion 
N/A 

Metformin (Semak, Korik, 

Antonova, Wortsman, & 

Slominski, 2008) 

HK293-

UGT2B7 

(human) 

UGT2B7 

Morphine (Stone, 

Mackenzie, Galetin, 

Houston, & Miners, 2003) 
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H: Human, BD: Beagle dog, SDR: Sprague-Dawley rat, Rh: Rhesus, NZR: New Zealand 

White Rabbit, MWR: Male Wistar rat 

MLM, DLM, RLM, MiceLM, RabbitLM, HLM: Monkey liver microsome, Beagle dog 

microsome, Rat liver microsome, Mice liver microsome, Rabbit liver microsome, Human 

liver microsome. 

BFC: 7-benzoxy-4-trifluoromethylcoumarin 

 

Atypical kinetics of CYP and UGT enzymes tend to complicate the in vivo clearance and 

PK profile prediction. Therefore, it is crucial to understand the mechanism and kinetics of 

drug metabolism in vitro and in vivo, especially when scaling in vitro data to in vivo 

kinetics profiles. As a strategy to minimize the liability of potential adverse CYP DDIs, 

drug candidates which are dominantly metabolized by non-CYP enzymes are attracting 

more attention. For example, designing electron-poor drug molecules that are substrates 

for aldehyde oxidase. Systematically, the general principle of atypical kinetics for CYP 

and UGT reactions may be applied to other DME kinetics.  

 

1.1.6 Enterohepatic Cycling 

Enterohepatic cycling (EHC) was first recognized as a vital process when studying bile 

acid metabolism and disposition in the human body (Greene, Aldrich, & Rowntree, 

1928). It was found that only 5% of bile acids went to the colon and the remainder 

underwent the EHC. The energy spent on the xenobiotics conjugation, the subsequent 

efflux transport, potential deconjugation metabolized by the gut microbiota, reabsorption 

from the intestine via passive diffusion, or active influx transport mechanistically may 

define the EHC as a futile cycle. It is recognized that EHC functions as a crucial 

recycling process of endogenous bile salts and as an essential regulator for cholesterol 

homeostasis (Redinger, 2003). 
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Although other cycling processes, such as entero-gastric cycling (Lesne, Devos, & 

Reynaert, 1981), entero-salivary circulation (Schaiquevich, Niselman, & Rubio, 2002) 

have also been involved in the drug disposition, the importance of these processes is not 

comparable to the effect of EHC on drug C-t profiles. 

Disposition studies of several drugs with their metabolites, including NSAID (Watari, 

Hanawa, Iwai, & Kaneniwa, 1984; Zhong et al., 2016), benzodiazepines (P. Bertagni, 

Bianchi, Marcucci, Mussini, & Garattini, 1978; Paolo Bertagni, Marcucci, Mussini, & 

Garattini, 1972) have attributed erratic C-t profiles to EHC. 

The extensive involvement of EHC in drug disposition can prolong the elimination T1/2, 

expand the volume of distribution (Vd), and form shoulder peak(s). Other PK parameters 

may also change. The involvement of EHC can be considered as an additional tissue 

depot for drug and metabolites distribution. The intermittent gastric emptying may 

suggest a need for time-delay models for accurate modeling of this process. The bile 

drainage through the common bile duct is intermittent in humans and most animal 

species. The rat is an exception due to the lack of gall bladder. 

Several other factors are equally or more important when studying the EHC. First, the 

accurate characterization of the passive permeability and active transporters kinetics 

responsible for drug and metabolite transport is required. This includes transport 

processes across the basolateral side and apical membranes. For example, glucuronide 

drugs (metabolites) undergo biliary excretion. With the identification and quantitation of 

DRMs in the bile fluid, it was found that a significant proportion of dose was present as 

glucuronide metabolites. Considering the low LogP of a glucuronide, the involvement of 

active efflux transporters is expected. 
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Second, the collection of bile is needed. Several strategies have been investigated in 

human studies such as the bile duct cannulation with T tube, the bile duct connected pair 

animal study (Francis L. S. Tse, Ballard, & Jaffe, 1983), and the Entero-Test with the 

application of string to absorb bile from the human mouth (Guiney et al., 2011). In rats, 

regular bile cannulation is still a common strategy to collect bile fluid. 

Third, the effect of gut microbiota on the metabolism of drugs with its metabolites needs 

to be investigated. Increasing evidence has suggested a role of gut microbiota in drug 

metabolism. This factor will be discussed later. 

Last but not least, the physiology of the GI tracts needs to be fully understood. For 

example, complications include intestinal regional DME abundance, regional transporter 

abundance, unstirred water layer, segregated intestinal flow (Pang, Peng, & Noh, 2020), 

gastric emptying time, and regional permeability. Although several models including the 

compartmental absorption and transit (CAT) model (Yu & Amidon, 1999), the advanced 

compartmental absorption and transit (ACAT) model and ADAM model (Huang, Lee, & 

Yu, 2009) have been applied in the oral absorption prediction, more mechanistic models 

such as continuous intestinal absorption model (Nagar, Korzekwa, & Korzekwa, 2017) 

are needed. Therefore, the incorporation of the mechanistic absorption model into the 

compartmental model or PBPK models is needed to better characterize the EHC. 

 

1.1.7 Gut Microbiota 

The human body is becoming recognized as not only a single organism but as an 

ecosystem, in which gut microbiota plays a critical role in keeping this ecosystem stable. 

There are more than 1000 different microbiota species in the human gut. The number of 
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unique genes in the adult gut microbiome is 150-fold greater than the number of genes in 

our Homo sapiens genome (Hecht et al., 2014). The numbers of gut microorganisms are 

tenfold the number of human cells (Lloyd-Price, Abu-Ali, & Huttenhower, 2016), which 

suggests that the gut microbiota can significantly affect the host physiology and health. 

The gut microbiota can be highly involved in many diseases, including inflammatory 

bowel diseases (IBD), irritable bowel syndrome (IBS), metabolic diseases, allergic 

disease and neurodevelopmental illnesses (Sekirov, Russell, Antunes, & Finlay, 2010).  

Nine out of the ten top causes of death have been reported to have microbial links 

(Doolittle et al., 2018). Inter-individual variability of gut microbiota is influenced by diet 

(De Filippo et al., 2010), living condition (Tasnim, Abulizi, Pither, Hart, & Gibson, 

2017), geography (Suzuki & Worobey, 2014), and medication history (Maier et al., 

2018), especially the use of antibiotics and antibiotic-like molecules (Yoon & Yoon, 

2018). As a result, this inter-individual variability of gut microbiota composition may 

influence the drug’s bioavailability and disposition profiles.  

A majority of the gut microbiota symbiotically coinhabit the gut lumen with the 

enterocytes. They assist in maintaining the structural integrity of the gut mucosal barrier, 

supply nutrients, and are responsible for immunomodulation, protection against 

pathogens, and xenobiotic metabolism (Jandhyala et al., 2015). Since these bacteria are in 

close contact with the GI tract, the material exchange happens quickly between the gut 

microbiota and the enterocytes. Microbial imbalance in the gut lumen can affect distant 

sites of the body, such as the cardiovascular, liver (Minemura & Shimizu, 2015), brain 

and skin diseases. 
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The effect of the gut microbiota on drug metabolism can be categorized as either direct or 

indirect. For the direct effect, it has been reported that increasing numbers of marketed 

drugs are metabolized by the gut microbiota or co-metabolized with the host (H. Li & Jia, 

2013). The gut microbiota can metabolize drugs to the metabolites similar to those from 

host metabolism, or it can sequentially metabolize drugs together with host metabolism. 

Although Scheline et al. (Scheline, 1973) proposed that the gut microbiota has a 

metabolic potential at least equivalent to that of the liver, it is likely that the host still 

provides the dominant capacity to metabolize drugs since the drug exposure in the 

intestine lumen is not as high as that in livers.  

Gut microbiota not only deactivates the drug or active metabolites but also activates 

prodrugs such as sulfasalazine (Peppercorn & Goldman, 1972). Not only does oral 

administration of BCS class 2, 3 drugs result in high drug concentrations in the intestine, 

but intravenously administrated drugs can also reach the intestines via biliary excretion. 

Among all the enzymes secreted by gut microbiota, β-D-glucuronidases (BGs; E.C. 

3.2.1.31) play an active role in the interplay between the human body and gut microbiota. 

In the human GI tract, bacterial BGs are known to be secreted by the Enterobacteriaceae 

family, such as some Firmicutes genera (Lactobacillus, Streptococcus, Clostridium, 

Ruminococcus, Roseburia, and Faecalibacterium) (Beaud, Tailliez, & Anba-Mondoloni, 

2005; Dabek, McCrae, Stevens, Duncan, & Louis, 2008) and in a specific species of 

Actinobacteria (Bifidobacterium dentium) (Roy & Ward, 1992). It has been reported that 

Escherichia coli, Lactobacillus gasseri, and Ruminococcus gnavus carry genes uidA 

homologs (also named gusA) encoding the most important prokaryotic BGs (Blanco, 

1987; Jefferson, Burgess, & Hirsh, 1986; Russell & Klaenhammer, 2001). Previously, it 
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was indicated that around 50 bacteria species carry the gene coding the enzyme 

(McIntosh et al., 2012). Later, a systemic data-mining study identified the 3,013 total and 

279 unique microbiome-encoded BGs in the Human Microbiome Project database (Pollet 

et al., 2017). Several BGs from different species were successfully cloned and expressed 

in this study. Usually, BGs are co-expressed with a glucuronide transporter, transferring 

glucuronide into the bacteria as carbon sources (Pellock & Redinbo, 2017). Although 

highly homologous in the protein structure, the catalytic function and inhibition 

characteristics are vastly different.  

The bacterial BGs are involved in several pathologies. For example, higher BG activity 

was detected in the feces of healthy subjects compared to Crohn’s disease patients 

(Carrette et al., 1995), and high BG activity may be a sign of a prognosis marker for 

colon cancer (Geier, Butler, & Howarth, 2006). 

BGs have been suggested to have an active role in both the processing of dietary 

compounds and xenobiotic metabolism. Alexander et al. (Alexander et al., 1991) 

incubated primary rat hepatocytes with 2-amino-1-methyl-6-phenylimidazo [4,5-

b]pyridine (PhIP) and found that one of the major metabolites is 2-N-ß-d-

glucuronopyranosyl-(hydroxamino)-1-methyl-6-phenyl-imidazo[4,5-b]pyridine[N(OH)-

gluc-PhIP]. It was shown that this compound was hydrolyzed by ß-glucuronidase 

secreted by human and rat intestinal bacteria. Based on the urine metabolite data, the free 

aglycone then might undergo the EHC, decreasing clearance. Another rat study was 

conducted by comparing the BG rich and BG null gnotobiotic rat PK profiles of the food-

borne carcinogen 2-amino-3-methylimidazo[4,5-f]quinolone (IQ) (Humblot et al., 2007). 

It was shown that IQ-N-glucuronide and IQ-5-O-glucuronide bear significantly different 
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excretion profiles in urine and feces between two rat models, suggesting differential 

activity of BG to O-glucuronide, and N-glucuronide.  

With the bacterial BG inhibitor Inh-1(Wallace et al., 2010), the enteropathy induced by 

the regionally high concentrations of NSAID aglycones was protected (Saitta et al., 

2014). The results suggest the active involvement of EHC in the disposition of NSAIDs. 

Similarly, the disposition of irinotecan (also known as CPT-11), a non-NSAID was also 

modulated by the activity of BGs (Higuchi et al., 2009). A similar study suggested the 

blockage of EHC by ciprofloxacin led to a considerable decrease in the exposure of 

diclofenac and alleviation of NSAID-induced enteropathy in rats by decreasing the 

population of specific gut microbiota (Zhong et al., 2016).  

The abundance of BGs is highly correlated with the microbiota population of gut 

microbiota along the different regions of the GI tract. In control rats, BGs activity in 

small intestinal content was region-dependent: proximal intestine < distal intestine < ileal 

valve. Administration of ciprofloxac caused a significant reduction of BG activity in the 

distal small intestine, and particularly in the ileal valve (Zhong et al., 2016). The regional 

abundance of various enzymes secreted by gut microbiota needs to be incorporated when 

a more mechanistic model is expected. 

In terms of the indirect effect of BGs on drug metabolism, it has been found that 

quercetin formed from rutin by gut bacterial glucuronidase could account for the 

observed liver CYP induction (I. R. Rowland, 1988). This study also provides evidence 

that food supplements increase the expression of BGs in the rat intestine. Using germ-free 

(GF) animals, Lundin A et al. (Lundin et al., 2008) discovered that several nuclear 

receptors (including CAR) in the colonic epithelium are subjected to regulation by gut 
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microbiota. Further investigation demonstrates that metabolites from gut microbiota 

metabolism could bind to these xenosensors to regulate enzyme and transporter protein 

expression of the host. For example, in adult male mice, Cyp1a2 mRNA increases in 

livers of GF mice, whereas Cyp3a11 mRNA decreases (Selwyn, Cui, & Klaassen, 2015). 

It was suggested that cyp3a11 is a prototypical target gene of the major xenobiotic-

sensing nuclear receptor PXR (Kliewer et al., 1998). These findings indicate that specific 

microbial metabolites may be responsible for the altered expression of drug-processing 

genes in the liver.  

In terms of the BGs regulation, a rat study suggested this enzyme activity increases in this 

order: high fats > high fibers > beef diet (Rumney et al., 1993). In a similar study 

(Hambly, Rumney, Fletcher, Rijken, & Rowland, 1997), a human flora-associated (HFA) 

rat model was used. It was shown that a low-risk diet for colon cancer (low in fat and 

high in starch, calcium, and fiber) reduced the BGs activity by 60% compared to the 

high-risk diet (high in fat and sucrose and low in calcium and fiber). Another study 

(Humblot et al., 2004) mentioned that diet with fructose polymer inulin lowers the BGs 

activity in intestinal microbiota. Interestingly, the diet containing L. acidophilus for rats 

resulted in a decrease in the enzyme activity and the same was observed in a human. The 

above information could be applied to leverage the BGs activity in the animal models to 

study EHC. 

The oral intake of some fibers is understood to result in a substantial reduction in 

bacterial β-glucuronidase activity in the lumen (Reddy, Engle, Simi, & Goldman, 1992; 

Suaeyun, Kinouchi, Arimochi, Vinitketkumnuen, & Ohnishi, 1997), consequently 

curtailing the risk of colon cancer. 
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In this project, the effect of BGs on the EHC of glucuronide metabolites will be 

investigated. The measurement of regional BGs activity in the intestine lumen and the PK 

studies of probe drugs with antibiotic-treated rats will be performed. The in vitro BGs 

activity will be scaled to predict the plasma and bile C-t profile of the model drug and its 

glucuronide metabolite. 

 

1.2 Hypothesis 

The following is the hypothesis of this project. 

Hypothesis: In vitro assays and numerical modeling methods can be used to characterize 

pharmacokinetics complexities, including atypical enzyme kinetics, sequential 

metabolism, and EHC, resulting in better predictions of human pharmacokinetics. 

 

1.3 Specific Aims 

To evaluate the above hypotheses, the following specific aims are proposed: 

 Aim 1: To develop and validate bioanalytical methods for the model drug and 

metabolites. 

 Aim 2: To explore atypical kinetic models and compare the use of numerical 

approaches to the use of standard rate equations. 

 Aim 3: To perform in vitro (RLM and rat hepatocytes) experiment to study CYP 

and UGT atypical kinetics of DZP and its sequential metabolism. 

 Aim 4: To develop an assay to study DZP metabolism under microfluidic flow 

conditions. 
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 Aim 5: To perform in vivo (Sprague-Dawley rats with/without  DEX treatment) 

studies of DZP, NDP, and TZP to evaluate the DZP atypical kinetics and its 

sequential metabolism in vivo. 

 Aim 6: Predict PK profiles of DZP and its metabolite with the PBPK model 

incorporating atypical kinetics, sequential metabolism, and EHC. 
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 DEVELOPMENT AND VALIDATION OF BIO-ANALYTICAL  

METHODS FOR QUANTIFICATION OF VARIOUS COMPOUNDS USED IN 

ATYPICAL KINETICS AND SEQUENTIAL METABOLISM STUDIES 

2.1 Rationale 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was chosen as the 

primary quantitation method due to its high sensitivity, specificity, and throughput in the 

multiple reaction monitoring (MRM) modes. The method is also capable of relatively 

high reproducibility. However, optimization of methods is required since LC-MS/MS 

methods for specific compounds are affected by factors, including flow rate, pH, mobile 

phase composition, and matrix effects. It is well recognized that matrix effects may cause 

ion suppression or enhancement of analytes. To ensure precision and accuracy, LC-

MS/MS assays for DZP, NDP, TZP, OXP, PHD, TZP-G, OXP-G in rat plasma and other 

matrices (HLM, RLM, and recombinant CYPs) were developed and validated 

(APPENDIX B). 

Since a good-quality chromatogram is crucial for the precise LC-MS/MS quantitation, 

noise levels are optimized to be as low as possible. The signal-to-noise ratio is partially a 

function of the equipment itself, including its usage history and the condition of the 

detector. Noise can also be a function of dwell time. Since multiple MRMs were 

monitored for the metabolism studies and PK studies in this study, the relationship 

between dwell time per MRM, total dwell time per cycle, cycle time, switch time 

between different transitions in MRM mode needs to be optimized.  

The Scheduled MRM™ Algorithm uses the predetermined information of the elution time 

of each analyte to monitor MRM transitions only during a short retention time window.  
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It is considered to maintain maximized dwell times and optimized cycle time. However, 

this algorithm may not apply to this study due to the similar retention times and peak 

width of tested compounds.  

 

2.2 Materials 

All the solvents used for LC-MS/MS mobile phase were obtained from Fisher Scientific 

and were of the highest commercially available quality. The washing solution used for 

syringe and injection valve washes was HPLC grade. Diazepam (DZP), Temazepam 

(TZP), Nordiazepam (NDP), Oxazepam (OXP), Temazepam glucuronide (T-G), 

Oxazepam glucuronide (O-G), Temazepam-d5 (TZP-d5) and Diazepam-d5 (DZP-d5) in 

methanol were obtained from Sigma Aldrich. P-hydroxy-diazepam (PHD) was purchased 

from Toronto Research Chemicals, Canada. Quinidine gluconate salt was purchased from 

Sigma-Aldrich. Formic acid (FA) was purchased from EMD. Male/Female rat liver 

microsomes and recombinant CYP enzyme isoforms were purchased from Corning Life 

Sciences. Sprague Dawley (SD) rat plasma was obtained from Equitech Biotech Inc. 

Female and male SD rats for PK studies were acquired from Charles River Laboratories. 

 

2.3 Assay Development 

2.3.1 Preparation of Stock Solutions, Calibration Standard Samples and Quality Control 

For all probe substrates and internal standards, stock solutions were only commercially 

available as 1mg/ml solution or 100μg/mL in methanol because they are all restricted 

products (Schedule IV). Drug solutions in 1 mL Wheaton ™ screw-top V-vials were 

dried down by a Caliper TurboVap LV Evaporator with cold nitrogen flow and re-

https://www.fishersci.com/shop/products/wheaton-v-vial-solid-top-screw-cap-clear-13/p-205889
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dissolved with methanol the day before the assays. The powder color was different after 

drying down different batches. This difference might result from impurity. It was 

speculated that the impurities composition differs from batch to batch. Stock solutions 

were stored at - 20 ℃. Standard solutions were prepared by serial dilutions in different 

matrices (human plasma, rat liver microsomes, human liver microsomes, and phosphate 

buffer) from the same stock solution. Five concentrations of quality control (QC) samples 

were prepared separately from the same stock solution and were used for assay 

validation. 

 

2.3.2 LC-MS/MS 

The CTC Analytics HTS PAL Autosampler integrates four Agilent 1100 series high-

performance liquid chromatography (HPLC) systems, robotic probes, and an ABSciex 

hybrid triple quadrupole linear ion trap (QTRAP®) 4000 MS systems with electrospray 

ionization (ESI) source. For all the compounds, positive ionization mode was used for 

higher sensitivity. The Aria 1.6.3 software was used for the autosampler method and LC 

method development. LC-MS/MS data were analyzed using the Analyst® software 

version 1.6. MS parameters for all compounds were obtained by flow injection analysis. 

All MS parameters were further optimized with precursor ion scan and product ion scan 

mode. 

The IntelliQuan algorithm was used for quantitative integration, since it can provide 

more consistent peak-finding and integrated functionally, with fewer parameters that 

require adjustment. Manual integration was needed when the analyte concentration was 

low since the peak area tended to be over integrated at low concentration.  
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The analytical HPLC column for all the tested compounds was a Luna, 3µm C18 (2), 50 

× 2mm column (Phenomenex ®) protected by a C18 guard column (4 × 2.0 mm). The 

cartridge of the guard column was refilled if the backpressure approached the upper limit. 

The sum of the backpressure of the guard column and analytical column is more than 

additive.  For all compounds, the mobile phase and organic phase were the same. The 

aqueous phase contained water with 0.1% formic acid (FA) and the organic phase 

contained ACN with 0.1% FA. Gradient elution was used for all the compounds as Table 

2.1 shows. The LC peak of TZP and TZP-d5 were not separable in this column and 

gradient. The LC peak of TZP (RT=7.33 min), NDP (RT=7.09 min), and OXP (RT=6.65 

min) were separable at a total run time of 9 min with TZP-d5 (RT=7.30 min) as Figure 

2.1 shown. 

Table 2.1 HPLC gradients for all the compounds. A is the aqueous phase and B is the 

organic phase (ACN) 

Compound Time (min) A% B% Flow rate (µl/min) 

All compounds 

0.0 90 10 400 

0.5 5 95 400 

1.5 5 95 400 

3.5 90 10 400 

4.0 90 10 400 

7.5 90 10 400 
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Figure 2.1 Representative LC-MS/MS chromatogram for TZP, NDP, and OXP 

 

Table 2.1 represents the elution gradient used for all the tested compounds since the 

metabolites from CYP and UGT reactions were monitored simultaneously for in vivo 

studies. The LC column was kept at room temperature during the analysis of all the 

compounds. Purified air was used as ion source nebulizer gas (GS1) and turbo gas (GS2), 

with high-purity nitrogen for collision, curtain, and exhaust gas. All the MS parameters 

including declustering potential (DP), collision energy (CE), collision exit potential 

(CXP) and ion source parameters including Curtain gas (CUR), Collision Gas (CAD), 

IonSpray Voltage (ISV), Temperature (TEM), Ion source nebulizer gas (GS1) and ion 

turbo gas (GS2) were optimized for all compounds. TZP-d5 was used for in vitro studies 

and DZP-d5 was used as the IS for rat PK studies. 

 



 

33 

 

2.4 Assay Validation 

Method validation is the process used to confirm that the analytical procedure employed 

for a specific test is suitable for its intended and repeated use. In terms of LC-MS/MS 

method validation, the peak area ratios of analyte peaks to a specific IS peak is fit a 

calibration curve with the least square regression method. 1/x and 1/x2 were compared as 

the weighting factor to perform the linear regression. The weighting factor was set as 1/x2 

(where x = analyte concentration) due to a higher r2 value, suggesting the propagation of 

experimental assay error and MS signal amplification error. The QC samples were 

prepared separately from standard curve solutions and compound concentrations were 

calculated with the least square regression line. The factors used for method validation 

include accuracy, precision, bias, selectivity, LLOD, LLOQ, linear range, and 

ruggedness. In terms of ruggedness, intraday and interday validation were performed for 

all the compounds. Three to five concentration QC samples were chosen to evaluate 

precision and accuracy. The value was determined by the formula as Equation 2-1 and 

Equation 2-2 shown. 

 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
√∑ (𝑥𝑖 − 𝑥𝑚𝑒𝑎𝑛)2𝑛

𝑖=1
𝑛 − 1

𝑥𝑚𝑒𝑎𝑛
× 100 

Equation 2-1 

 
𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =

𝑀𝑒𝑎𝑛 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 
× 100 

Equation 2-2 

 

Compound stability in the buffer and the matrix is a critical issue according to ICH 

guideline M10 on bioanalytical method validation (EMA, 2019). This guideline indicates 

that frozen calibration standards should be used within their defined periods of stability. 
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It has been demonstrated that storage and analytical conditions during the stability tests, 

such as the storage time, sample matrix, and temperature could affect the validated 

storage periods. Several compound stability tests were performed in this study. 

 

2.5 Results 

Table 2.2 summarizes the optimized MS parameters and Table 2.3 provides the source 

and gas parameters including collision gas (CAD), curtain gas (CUR), ion source gas 

(GS1), ion source gas 2 (GS2), ionspray voltage (ISV), and temperature (TEM), which 

were optimized for all compounds. The entrance potential (EP) was set at 10 volts as a 

typical value for all compounds. Table 2.4 summarizes the HPLC parameters which were 

optimized for sensitivity. Notably, the MS parameters and ion source parameters were 

comparable across compounds due to the similarity in chemical structure.  

Table 2.2  MS/MS parameters for all the compounds 

Compound 

Dwell 

time 

(msec) 

Parent 

ion (Q1) 

Product 

ion (Q3) 

DP 

(volts) 
CE 

(volts) 

CXP 

(volts) 

DZP 200 285.1 192.8 55 38 10 

NDP 200 271.1 139.8 50 30 15 

TZP 200 301.1 254.8 50 30 15 

PHD 200 301.1 273.1 50 30 14 

Unknown 1* 200 301.1 240.3 50 30 14 

OXP 200 287.1 240.9 50 30 15 

TZP-G 200 477.13 300.7 50 30 15 

OXP-G 200 463.2 240.9 6 52 15 

PHN 200 287.1 165.1 45 50 15 

Quinidine 200 325 307 30 32 10 

DTZ 200 415.2 178.0 50 30 15 

TZP-d5 200 306.1 259.8 54 31.5 18.5 

DZP-d5 200 290.1 154.1 73 38 10 

DP: declustering potential, CE: collision energy, CXP: collision cell exit potential 

*Unknown 1 was detected in RLM incubation with DZP. 
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Table 2.3 Source and gas parameters for all the compounds 

Compound 
ISV 

(V) 

TEM 

(℃) 

GS1 

(psi) 

GS2 

(psi) 

CUR 

(psi) 

CAD 

(psi) 

Interface 

heater 

DZP 5000 550 27 75 30 High On 

NDP 5000 400 25 80 25 High On 

TZP 5000 600 30 60 30 High On 

PHD 5000 500 60 40 25 High On 

OXP 5000 450 25 80 30 High On 

OXP 

Similar 
5000 450 25 80 30 High On 

TZP-G 5000 500 30 80 18 High On 

OXP-G 5000 550 25 70 28 High On 

p-Ndp 5000 500 30 70 25 High On 

Quinidine 5000 500 80 80 50 High On 

DTZ 5000 500 80 80 50 High On 

TZP-d5 5000 550 27 75 20 High On 

DZP-d5 5000 550 25 7 25 High On 

 

The peak width was approximately 6-7 seconds for all compounds and they all elute out 

around 3.6 min. Based on the retention time and peak width, the dwell time was set as 

150 msec for the quantitation methods containing 3 MRMs. This ensures sufficient data 

points (8-15 points) across the peak.  

To acquire better linearity, the goodness of fit was compared before and after manual 

integration. The general accuracy (r2) was improved after the manual adjustment. 

Improvement was observed in the standard curves of all compounds as shown in Table 

2.5. 

The injection volume was 10 µL for all the compounds based on the balance of 

sensitivity and column loading capacity. The representative chromatograms were shown 

in 0. 
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Table 2.4 HPLC parameters for all the compounds.  

Cpd 

Flow 

rate 

(µl/min) 

Analyte 

RT 

(min) 

Peak 

width 

(min) 

IS 

IS 

RT 

(min) 

Peak 

width 

(min) 

Injection 

Volume 

(µl) 

Total 

run 

time 

(min) 

DZP 400 3.66 
0.12-

0.14 

TZP

-d5 
3.56 0.1 10 7.5 

NDP 400 3.51 0.12 
TZP

-d5 
3.57 0.1 10 7.5 

TZP 400 3.60 
0.09-

0.12 

TZP

-d5 
3.57 0.1 10 7.5 

PHD 400 3.23 
0.09-

0.12 

TZP

-d5 
3.57 0.1 10 7.5 

OXP 400 3.48 0.1 
TZP

-d5 
3.57 0.1 10 7.5 

OXP 

similar* 
400 3.67 0.09 

TZP

-d5 
3.57 0.1 10 7.5 

TZP-G 400 3.44 0.12 
TZP

-d5 
3.56 0.1 10 7.5 

OXP-G 400 3.39 
0.09-

0.12 

TZP

-d5 
3.58 0.1 10 7.5 

p-Ndp 400 3.08 0.1 
TZP

-d5 
3.56 0.1 10 7.5 

QND 400 N/A N/A 
TZP

-d5 
3.56 0.1 10 7.5 

DTZ 400 3.29 0.09 
TZP

-d5 
3.56 0.1 10 7.5 

TZP-d5 400 3.56 0.1 
TZP

-d5 
3.56 0.1 10 7.5 

DZP-d5 400 3.62 0.1 
TZP

-d5 
3.56 0.1 10 7.5 

*This OXP similar peak shows in DZP RLM incubation assay, not in OXP calibration 

standard samples. The OXP/OXP similar peak height ratio shift from more than one to 

lower than one within the DZP concentration increase. It was speculated that OXP 

similar came from DZP. This is shown in APPENDIX B. 

Cpd: compound, IS: internal standard, RT: retention time 

N/A: Not available. 

 

Table 2.5 The comparison pre- and post- manual integration 

Compound standard curve r2 DZP NDP TZP OXP T-G O-G 

Pre manual integration 0.9965 0.9979 0.9979 0.9935 0.9942 0.9952 

Post manual integration 0.9974 0.9987 0.9998 0.9989 0.9954 0.9982 
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The concentration ranges (expressed in nM) for different assays were determined based 

on sensitivity and linearity. The within-run and between-run (three days) accuracy and 

precision for assays with different matrices were determined by analyzing the quality 

control (QC) samples for all the compounds as shown in Table B1 - Table B6, 

respectively. The QC samples were prepared from the same stock solution as the 

calibration standard sample. Three to five concentrations of QCs were prepared according 

to the requirement of ICH M10 on bioanalytical method validation (EMA, 2019). The 

LC-MS/MS peak integration of low concentration calibration standard and QC samples 

were manually adjusted when necessary.  

 

2.6 Discussion and Conclusions 

To detect and quantify very low drug concentrations for this project, highly sensitive and 

selective LC-MS/MS methods were developed.  In terms of sensitivity (LLOQ), several 

factors have been considered to optimize the S/N ratio. These factors include selecting 

the most sensitive MRM of analytes, optimizing compound parameters, optimizing the 

ion source and gas parameters, optimizing dwell time, choosing optimal mobile phase 

composition, higher flow rates, higher injection volume, etc. 

High-sensitivity and high-specificity LC-MS/MS methods were developed and 

thoroughly validated in the buffer, RLM, and rat plasma, respectively. The carry-over of 

the total line consisting of the analytical column, tubing, and autosampler did not reach 

the required values, even though the syringe sampler and injection valve were washed 

three times (water twice and ACN once) between two samples. ICH guidance stated as 

“carry-over in the blank samples following the highest calibration standard should be 
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smaller than 20% of the analyses’ response at the LLOQ”. Therefore, two blank samples 

were added after the expected high concentration samples to minimize carry-over. The 

validated method ensures the robustness and reproducibility of the in vitro enzyme 

incubation data and in vivo rat PK data. The other validation steps including dilution 

integrity, stability, reinjection reproducibility were not evaluated in this study.  

In summary, robust and reproducible LC-MS/MS methods were established for the next 

step of the projects. To achieve a balance between saving organic solvent and complete 

compounds wash-out from an analytical column, an appropriate gradient need to be 

developed. Considered that the actual HPLC gradient may be slightly delayed compared 

to the preset gradient (Magee et al., 2014), enough flushing time is needed.  
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 COMPLEX CYTOCHROME P450 KINETICS DUE TO 

MULTISUBSTRATE BINDING AND SEQUENTIAL METABOLISM – 

THEORETICAL CONSIDERATIONS 

3.1 Rationale and Background 

A great number of challenges need to be overcome for successful drug discovery and 

development pipelines. Very few drug candidates can finally become a commercially 

viable product. Thousands of million dollars are required to be invested for a marketed 

drug. Many strategies have been used to increase the success rate and save the expenses, 

such as model-based drug development (MBDD) (Milligan et al., 2013). For example, 

MBDD is playing an important role in the determination of appropriate clinical doses. 

Especially, the modeling and simulation of enzyme kinetics, a priori, enable us a better 

understanding of drug elimination.  

CYP-mediated clearance and related drug interactions can be a major issue during drug 

development. CYPs demonstrate unusual kinetics due to ligand selectivity (Ekroos & 

Sjogren, 2006) and multiple-substrate binding. In many cases, CYPs may display atypical 

saturation kinetics, including sigmoidal saturation (auto-activation), substrate inhibition, 

and biphasic saturation curves (K. R. Korzekwa et al., 1998). Spectral binding and x-ray 

crystallography studies support the theory that the active sites of some CYPs are large and 

flexible (Domanski et al., 2001; Ekins, Stresser, & Williams, 2003; Hosea, Miller, & 

Guengerich, 2000; K. R. Korzekwa et al., 1998; M. Shou et al., 1994; Ueng et al., 1997; 

Yoon, Campbell, & Atkins, 2004) and can accommodate the binding of multiple substrates 

(Huiying Li & Poulos, 2004; Hoa Q. Nguyen, Kimoto, Callegari, & Obach, 2016; Roberts 

et al., 2011; Sevrioukova & Poulos, 2017). Due to the ability of heme iron to exist in 
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multiple oxidation states with different reactivities (Guengerich, 2018), and the fast 

rotation speed of substrate molecules in the active site, multiple metabolite formation in a 

parallel or sequential manner is not uncommon (Galetin, Brown, Hallifax, Ito, & Houston, 

2004; Masubuchi et al., 1996; R. S. Obach, 2013). Thus, the estimation of in vitro kinetic 

parameters (Vmax, Km, and CLint (Vmax/Km)) using the Michaelis-Menten (MM) rate 

equation for compounds that display atypical kinetics (e.g. diazepam, midazolam, 

ticlopidine, etc.) may lead to inaccurate estimation of kinetic parameters. The production 

of multiple metabolites further adds to complexities in the estimation of these in vitro 

parameters.  

The numerical analysis works without any assumptions of initial-rate or steady-state 

kinetics. The complex kinetics encountered in time-dependent inactivation including 

inactivator binding, inhibitor depletion, and sequential metabolism has been previously 

described with numerical analysis (K. Korzekwa et al., 2014; Nagar, Jones, & Korzekwa, 

2014; Yadav, Korzekwa, & Nagar, 2018; Yadav, Paragas, Korzekwa, & Nagar, 2020). 

Additionally, multiple primary metabolites formation from the enzyme-substrate (ES) and 

enzyme-substrate-substrate (ESS) complex (J. P. Jones & Korzekwa, 1996) and secondary 

metabolite formation (Pang, 1995) add more complexity to CYP kinetics. For example, it 

has been demonstrated that the use of a different concentration range may lead to variable 

in vitro CLint estimations when sigmoidal kinetics are observed (Iwaki, Niwa, Tanaka, 

Kawase, & Komura, 2019; Komura, Kawase, & Iwaki, 2005). The deviation from linear 

kinetics in the presence of substrate depletion has also been discussed (Nagar, Argikar, & 

Tweedie, 2014). It was concluded that as much as a 10-fold difference in predicted Vmax/Km 

may be observed when the turnover rate from the ES complex is zero. No rate equations 
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have been reported to characterize multiple metabolites either formed in parallel or 

sequentially, possibly due to the complex branch pathways that must be considered. The 

numerical analysis is facile for modeling multiple metabolite formation. Modeling 

metabolite exposure is a crucial issue in drug discovery and development especially for 

active (R. S. Obach, 2013) and toxic circulating metabolites (Schadt et al., 2018). The 

numerical analysis is expected to easily provide accurate parameters for multiple 

metabolites, leading to more accurate in vivo predictions of drug metabolism and 

metabolite disposition. 

In this chapter, we demonstrate the usefulness of the numerical analysis in characterizing 

Km, Vmax, and concentration-dependent CLint upon multi-substrate binding, describing 

concentration-dependent metabolite ratios, and investigating sequential metabolism. Also, 

the methodology of in vitro enzyme kinetics experiment and the effect of the experimental 

error on fitting results were discussed. 

Currently, two primary theories can explain the mechanism of multiple metabolites 

formation from a single CYP isoform (Guengerich, 2018). One is the common 

intermediate theory (Guengerich, 2001; R. E. Miller & Guengerich, 1982), and another 

one is the “two-state” (actually multistate) theory (Porter, Branchflower, & Trager, 1977; 

Shaik et al., 2010). In this chapter, our work is based on the common intermediate theory. 

Within the chapter, the words products and metabolites are interchangeable. 
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3.2 Methods 

3.2.1 Theoretical Consideration 

A single-substrate binding and a two-substrate binding model with one metabolite 

formation have been widely used in characterizing CYP kinetics. 

 

Figure 3.1 Schemes for single product formation. 

 (A) A single-substrate binding (ES complex), one metabolite formation (ESP) scheme is 

depicted, EP complex is not shown since fast product release is assumed. (B) A two-

substrate binding (ESS complex), one metabolite formation (ESSP) scheme is depicted. 

EP, ESP, and EPP are not shown since the fast product release. (C) Expressions for Km 

and kcat for schemes A (dashed purple box) and B (dashed blue box) are listed. Rate 

constants for all reactions are denoted by k1–k6. The species depicted in the schemes are 

defined as follows: E, unbound enzyme; P1, product 1; ES, enzyme-substrate complex; 

and ESS, enzyme-substrate-substrate complex. 

 

Figure 3.1 represents a single-substrate binding and a two-substrate binding model, 

respectively. The equations in Figure 3.1C are the mechanistic explanation of the general 

kinetic parameters in the MM equation (Equation 3-1) and ESS rate equation (Equation 

3-2).  

 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑣)

𝐸𝑡
=   

𝑘𝑐𝑎𝑡 𝑆

𝐾𝑚 + 𝑆
 Equation 3-1 
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𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑣)

𝐸𝑡
=   

𝑘𝑐𝑎𝑡1 𝑆 +  
𝑘𝑐𝑎𝑡2

𝐾𝑚2
 𝑆2

𝐾𝑚1 + 𝑆 +
𝑆2

𝐾𝑚2

 Equation 3-2 

The micro rate constants k1 and k4 are association rate constants, k2 and k5 are dissociation 

rate constants, and k3 and k6 are turnover rate constants. The ratio of metabolite formation 

rate to dissociation rate (k3/k2 in Figure 3.1A) can be used to classify enzyme kinetics. This 

ratio is usually much less than one for the CYP reaction. Conversely, Slyke-Cullen 

behavior (Van Slyke & Cullen, 1914) can be observed when the ratio is much larger than 

one. CYP kinetics and Slyke-Cullen kinetic behavior both can be described by Briggs-

Haldane kinetics since it does not assume rapid equilibrium (Briggs & Haldane, 1925). 

Intrinsic clearance (CLint) is used in pharmacokinetics to describe the first-order transfer or 

removal of a drug from a compartment. To scale in vitro enzyme kinetics to in vivo drug 

metabolism, the term CLint is usually expressed as constant as kcat/Km when [S] << Km. 

This condition holds for physiological free drug concentration for most DMEs. 

As introduced in section 1.1.5, evidence of non-MM (Atypical) kinetics has been reported 

widely for many P450 isoforms reactions and compounds with different structures 

(William M. Atkins, 2005; W. M. Atkins, 2006; Tracy, 2006). Multisubstrate binding in 

the enzyme active site results in CYP atypical kinetics (K. R. Korzekwa et al., 1998). 

Mechanistically, the interaction between multiple substrates and the enzyme active site 

results in the appearance of atypical saturation curves, including sigmoidal kinetics, 

biphasic kinetics, and substrate inhibition. Generally, all the categories can be represented 

by the kinetic scheme in Figure 3.1B where the random orientation of substrates in the 

active site is assumed. In this scheme, the first substrate binds to the enzyme active site 

with an affinity Km1 = (k2+k3)/k1 and turnover rate kcat1 = k3. A second substrate binds to 
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the enzyme active site with an affinity Km2 = (k5+k6)/k4 and turnover rate kcat2 = k6. The 

categories of atypical kinetics have been provided in section 1.1.5. In addition, two special 

cases are proposed here when k3 = 0 and k6 = 0, respectively. Significantly sigmoidal 

saturation curves can be observed in the case where k3 = 0. Substrate inhibition kinetics 

can be observed in the case of k6 = 0 and metabolism of the substrate can be entirely 

inhibited when substrate concentration is sufficiently high. However, observation of 100% 

inhibition is often limited by the solubility of compounds and the sensitivity of the 

detection method.  

It is noteworthy that an underestimation or overestimation of CLint can be observed if a 

MM equation was used to fit the biphasic and sigmoidal kinetic datasets, respectively. 

Much effort has been put into the characterization of in vitro CLint for reactions with 

atypical kinetics, especially sigmoidal kinetics. CLmax can be used to describe the maximum 

clearance when a reflection point concentration is reached in the sigmoidal curve (J. Brian 

Houston & Galetin, 2003). However, the concentration to reach CLmax is usually beyond 

the physiological free drug level. This suggests that more effort is needed to characterize 

the concentration range below the reflection point.   The equation for Clmax is given as: 

 
CLmax =  

Vmax 

KS

√1/𝛼 − 1 

2(1 − α)
 

Equation 3-3 

 

where α defines changes in binding affinity (homotropic cooperativity) and Ks is the 

substrate dissociation constant. It should be noted that for CYP oxidations, sigmoidal 

saturation curves can be obtained by changes in both binding affinity and velocity.  
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Although the dominant metabolite usually accounts for the loss of pharmacological effect 

and any liability due to metabolite toxicity (FDA, 2016; R. S. Obach, 2013; Schadt et al., 

2018), some CYP oxidations can result in significant concentrations of more than one 

metabolite. The FDA defines a significant metabolite as one that has an AUC > 20% of the 

parent AUC. Therefore, multiple metabolites may need to be considered when 

characterizing atypical kinetics. This is particularly difficult within the case of sigmoidal 

kinetics. The formation of multiple metabolites will be thoroughly discussed in this 

chapter.  

 

Figure 3.2 Schemes for multiple product formation. 

(A) A one-substrate binding, two-metabolite formation (ESP1P2) scheme. (B) A two-

substrate binding, two-metabolite formation (ESSP1P2) scheme. (C) Single-substrate 

binding with rate-limiting oxygen activation. (D) Multiple-substrate binding with rate-

limiting oxygen activation (E) Expressions for K
m
 and k

cat
 for schemes A (dashed purple 

box) and B (dashed blue box) are listed. Rate constants for all reactions are denoted by 

k
1
–k

8
. Rate constants k

a1
 and k

a2
 denote oxygen activation steps for ES* and ESS*, 

respectively. The species depicted in the schemes are defined as follows: E, unbound 

enzyme; P1, product 1; P2, product 2; ES, enzyme-substrate complex; and ESS, enzyme-

substrate-substrate complex; ES* and ESS*, active oxygen species. 
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Kinetic schemes that include the formation of two products are shown in Figure 3.2A-D. 

The schemes in Figure 3.2A-B can correctly model the formation of two products when 

the branch to product formation consists of rate-limiting steps. The substrate affinity to E 

and ES species and turnover rates from ES and ESS complexes, derived from micro rate 

constants, are shown in Figure 3.2E. However, for CYPs, oxygen activation is rate-limiting 

and substrate oxidation is fast. The branch between the formation of the two products 

occurs from the activated oxygen species and is not rate limiting within the catalytic cycle 

(i.e., the branch is product determining but not rate-limiting). As described below, it is 

necessary in some cases to use the kinetic schemes in Figure 3.2C-D to describe multi-

product CYP kinetics. In these schemes, ES* and ESS* represent the activated oxygen 

species.  

It should be noted that Km1, P1 = Km1, P2 and Km2, P1 = Km2, P2 is assumed since both products 

are formed from the same enzyme-substrate complex. Namely, kcat1, ES complex = kcat1, P1 + 

kcat1, P2 and kcat2, ESS complex = kcat2, P1 + kcat2, P2. Km2 and kcat2 do not correspond to the ‘second’ 

molecule since random orientations are assumed for two molecules. The two molecules in 

the ESS complex are kinetic indistinguishably from each other in the ESS complex. In 

addition, Km1 and Km2 are not technically Michaelis constants but the values obtained if 

there were no ESS formation (Km1) and if all enzymes existed as ES (Km2).  

Two common experiments were simulated and model fitted in this chapter, including 

substrate depletion assays and substrate saturation assays. Since sigmoidal kinetics makes 

the prediction of clearance difficult, it is a primary focus of this chapter. 
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3.2.2 Simulation of Atypical Kinetics 

Representative simulations of atypical saturation kinetics were performed by varying 

influential micro rate constants. Similar simulations were performed for substrate depletion 

assay. The method consists of the following:  

1) Deriving ordinary differential equations (ODEs) for the kinetic schemes in Figure 3.1 

and Figure 3.2; 2) Varying only one micro rate constant, either dissociation or turnover rate 

constants;  

3) Simulating substrate depletion kinetic profiles and substrate saturation kinetic profiles;  

4) Generating related plots, including E-H plots, CLint plots, and metabolite ratio plots. 

For the simulation of saturation curves, initial concentrations were varied between 0 and 

300 µM, enzyme concentration was 5 nM and the incubation time was 10 min. Therefore, 

enzyme loss is assumed minimal within this period.  Substrate consumption in all saturation 

curve simulations is <10% unless extra indication. For the simulation of substrate depletion 

and CLint, three different initial substrate concentrations (0.01, 0.1, and 1µM) were 

selected, enzyme concentration was 100 nM and the incubation time range was 0-60 min 

unless extra indication.  

 

3.2.3 Model Fitting of Simulated Saturation Datasets and Depletion Datasets 

All association rate constants (e.g., k1 and k5 in Figure 3.1B) were set to 270 μM-1minute-1 

(Barnaba, Yadav, Nagar, Korzekwa, & Jones, 2016). Dissociation rate constants were 

selected within the appropriate range to ensure the Km1 and Km2 are located in the range of 

1-1000 μM (Walsky & Obach, 2004). The turnover rate constants (kcat1 and kcat2) were set 
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within the range of 0-60 minutes-1. Specific dissociation constant and turnover rates were 

used in the dataset simulation. 

To provide analyses with minimal bias, 500 simulation runs with the random error were 

performed and analyzed statistically. For example, to demonstrate the advantages of the 

ESSP1P2 model, different modeling strategies were compared. The method is described as 

the following:  

1) Deriving ordinary differential equations (ODEs) for the kinetic schemes in Fig 3.1 and 

Fig 3.2; 2) Simulating a saturation dataset consisting of substrate concentration and 

multiple products formation with assigned micro rate constants;  

3) Adding random error to the substrate depletion or products formation datasets;  

4) Fitting the MM equations, ESSP rate equation, and several ODE models to the simulated 

dataset, comparing the fitted parameters with the underlying parameters used for 

simulating the dataset.  

5) Repeating Steps 2-4 for 500 times and collecting the model fitting results from each 

fitting. 

 

Dataset simulation. Simulated datasets were generated via the built-in function NDSolve 

in Mathematica12.0 (Wolfram Research, Champaign, IL). Simulated multiple product 

concentrations and substrate depletion profiles were multiplied by a random error to mimic 

real-world data. The random numbers were generated from RandomVariate and 

NormalDistribution function, with the mean of one and R.S.D. as 1%, 5%, 10%, and 20%. 

The log-normally distributed error was multiplied by the simulated measurement values to 

provide the simulation dataset. At each error level, 500 triplicate datasets were generated. 
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The results were checked to determine convergence and processed to determine the 

distribution of parameter estimates. 

Model fitting. For the rate equation method, each metabolite concentration dataset 

(triplicate) was normalized to time to be in the form of velocity data. The velocity dataset 

was fitted to the MM equation (Equation 3-1) and ESSP rate equation (Equation 3-2), 

respectively. The NonlinearModelFit function was used to fit the models to the datasets 

with a 1/Y weighting factor. 

For numerical analysis, each metabolite concentration dataset (triplicate) was used directly 

to parameterize the micro rate constants of the ESP and ESSP ODEs. The NDSolve 

function was used to solve the set of ODEs with MaxSteps → 100,000 and PrecisionGoal 

→ ∞. The initial parameter estimates for these ODEs were approximate to the underlying 

micro rate constants used to generate the simulated dataset. 

In addition, multiple-metabolite concentration datasets (triplicate) were used to 

simultaneously parameterize the micro rate constants for the ESP1P2 and ESSP1P2 ODEs. 

Other properties are the same as the above numerical method. 

 

Evaluation of dataset and initial parameter estimates. To fit a real-world experimental 

dataset, initial estimates of model parameters need to be specified. The shape of the EH 

plots of the saturation dataset not only can be used to determine the category of the 

atypical kinetics but also provide information about initial estimates. 
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3.2.4 Simulation of Sequential Metabolism 

Sequential metabolism plays an important role in drug disposition, especially CYP-

mediated metabolism and DDIs. In many cases, the inactivation of CYP enzymes is 

caused by the sequential metabolism of the parent drug (Nagar, Argikar, et al., 2014). In 

this section, the micro rate constants were varied to simulate their impact on sequential 

metabolism using (1) single-substrate and (2) two-substrate binding kinetic models. The 

formation of secondary metabolites versus substrate concentration and formation of 

secondary metabolites versus time (progress curves) were plotted. 

 

3.3 Results 

3.3.1 Simulation of Atypical Kinetics 

Two-substrate binding and single product formation. Two substrate binding can lead 

to the atypical saturation kinetic behavior (biphasic, substrate inhibition and sigmoidal). 

Sigmoidal kinetics can be observed for two general scenarios: Km2 < Km1 and/or kcat2 > kcat1. 

These general cases and the specific cases when kcat1 = 0 are listed in  

Table 3.1 and simulations are shown in Figure 3.3. 

Table 3.1 The different cases for sigmoidal kinetics 

Categories Case A Case B Case C Case D 

k2, k5 

(Km1, Km2) 

k2  > k5 

(Km1 >  Km2) 
k2  = k5 

(Km1 =  Km2) 
k2  > k5 

(Km1 >  Km2) 
k2  = k5 

(Km1 =  Km2) 

k3, k6 

(kcat1, kcat2) 

k6  = k3 

(kcat1  = kcat2 

>0) 

k6  > k3 

(kcat2  > kcat1 > 

0) 

k6  > k3 = 0 

(kcat2  > kcat1 = 

0) 

k6  > k3 = 0 

(kcat2 > kcat1 = 

0) 

The case of k2  > k5 (Km1 >  Km2) and k6  > k3 = 0 (kcat2 > kcat1 > 0) was not discussed here. 
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Figure 3.3 Sigmoidal saturation curves for multiple-substrate binding and single product 

formation.  

(A): enzyme kinetic scheme. (B-E) Top: saturation curves (0-300 µM) with inset EH plot; 

Bottom: saturation curves (0-0.1 µM). Common micro rate constants: k1 = k4 = 270 µM-1 

min-1, k2 = 22000 min-1. Other fixed rate constants and varying rate constants are shown 

at the top of each column. Units for k3, k5, and k6 are min-1. 

 

Figure 3.3 shows simulations for four possible scenarios of sigmoidal kinetics. The impact 

of relative differences in kinetic parameters on the degree of sigmoidicity is also shown. 

When k3 > 0, a linear range is observed at low concentrations. When k3 = 0, no linear range 

is observed. The implication of not having a linear range is significant. In the field of drug 

metabolism, a linear Vmax/Km describes a constant in vitro intrinsic clearance. Since this 

clearance is used to predict in vivo clearance, the lack of a linear range in vitro may suggest 

nonlinear pharmacokinetics in vivo. 

The simulation of biphasic and substrate inhibition kinetics is shown in Figure C1. At all 

the varying micro rates tested, a linear range in low concentration is always observed. 
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Figure 3.4 Concentration dependence of CLint for the ESS model.  

(A-D): CLint as a function of [S] for scenarios in Table 1 and Figure 3.1. The arrows 

indicate the fold changes in CLint at 0.01, 0.1 and 1 µM. Common micro rate constants: 

k1 = k4 = 270 µM-1 min-1, k2 = 22000 min-1. Units for k3, k5, and k6 are min-1. Note the 

different scales of the Y-axes. 

 

Figure 3.4 shows the concentration-dependence of CLint for the sigmoidal kinetic curves in 

Figure 3.3. In Figure 3.4A and B, at most a 2-fold difference in CLint would be observed at 

concentrations < 1 µM. It is noteworthy that up to a 100-fold difference in CLint may be 

observed in scenarios C and D. Different from sigmoidal kinetics, it is observed that CLint 

decrease with [S] close to Km(Km1) for MM kinetics, biphasic kinetics, substrate inhibition 

kinetics (see Figure C2). Less than a 2-fold decrease in CLint would be observed when 

increasing concentration up to 1 µM. 

It is noteworthy that sigmoidal kinetics and substrate inhibition are not mutually exclusive. 

Under the simulated conditions in Figure 3.5, substrate inhibition is observed within the 

concentration range of 20-300 μM and the sigmoidal kinetics is observed in the 

concentration range of 0-20 μM. This simulation results in an additional category of 

sigmoidicity to those described in Table 3.1, Km2 << Km1 and kcat2 < kcat1. 
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Figure 3.5 The combinative case of atypical saturation kinetics.  

(A) ESSP model scheme. (B) Saturation curves within 300 μM. (C) Saturation curves 

within 30 μM. Inset plots show the EH plots. Micro rate constants: k
1 

= 270, k
2 

= 27000, 

k
3
 = 10, k

4
 = 270, k

5
 = 270, k

6
 = 1.  

 

Two-substrate binding and two-product formation.  

Although CYPs can usually form multiple metabolites, most of the kinetic models for CYP 

metabolism consider the dominant metabolite.  

 

Figure 3.6 Saturation curves for multiple-substrate binding and multiple product 

formation with varying k7. 

 The scheme assumes that oxygen activation is not rate limiting. (A): enzyme kinetic 

scheme. (B-C) Top: saturation curves for P1 and P2 respectively (0-300 µM) with inset 

EH plots; Bottom: saturation curves for P1 and P2 respectively (0-0.1 µM) with inset 

CLint plots. (D): [P1]/[P2] product ratio versus [S], with inset at low [S]. The dashed 

lines represent the k
3
/k

4
 and k

7
/k

8
 ratios. Fixed micro rate constants: k

1 
= k

5
 = 270 µM

-1 

min
-1

, k
2
 = k

6 
= 10000 min

-1
, k

3
 = k

4
 = k

8 
= 1 min

-1
. 
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The scheme in Figure 3.6 assumes that the formation steps for both products are rate-

limiting and P1 shows sigmoidal kinetics (Figure 3.6B) since the ESS complex has a higher 

velocity for P1 formation. Although P2 appears to have an almost hyperbolic saturation 

curve (Fig. 5C), the EH plot shows the kinetics are atypical. This is because there is some 

minimal sigmoidicity due to ESS formation, even when the apparent Km and kcat for ES 

and ESS values are identical.  Similar to Figure 3.4, the higher the k7/k3 ratio, the greater 

the change in P1 formation CLint with increasing [S]. P2 formation CLint is constant when 

varying k7, since substrate oxidation is not rate-limiting. This is not an accurate portrayal 

of multiproduct CYP kinetics since oxygen activation and not substrate oxidation is rate-

limiting.  

 

Two-substrate binding and two-product formation with oxygen activation step. 

 

Figure 3.7 Saturation curves for multiple-substrate binding and multiple product 

formation with varying k7 (activation step). 

The scheme assumes that oxygen activation is rate-limiting. (A): enzyme kinetic scheme. 

(B-C) Top: saturation curves for P1 and P2 respectively (0-300 µM) with inset EH plots; 

Bottom: saturation curves for P1 and P2 respectively (0-0.1 µM) with inset CLint plots. 

(D): [P1]/[P2] product ratio versus [S], with inset at low [S]. The dashed lines represent 

the k3/k4 and k7/k8 ratios. Fixed micro rate constants: k1 = k5 = 270 µM-1min-1, k2 = k6 = 

10000 min-1, k3 = k4 = k8 = 1000000 min-1, ka1 = ka2 = 30 min-1. 
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The scheme in Figure 3.7 assumes that the formation of active oxygenating species is rate 

limiting. This activation step can be parameterized as ka1, ka2. Again, P1 is shown sigmoidal 

kinetics (Figure 3.7B), but P2 now shows substrate inhibition (Figure 3.7C). Substrate 

inhibition increases for P2 with an increasing k7/k3 ratio. It should be noted that using the 

scheme in Figure 3.6 can also give substrate inhibition for P2 formation if k8 < k4. Therefore, 

either model (Figure 3.6A or Figure 3.7A) can be fit to an experimental dataset. 

 

3.3.2 Model Fitting of Simulated Datasets 

To demonstrate the advantage of the ESSP1P2 model strategy, the ESSP1P2 ODEs and 

substrate concentrations 1, 2, 5, 10, 20, 40, 80, 100, 150, 200, 300 were used to generate 

the product concentration at 10 min incubation time and 5 nM enzyme concentration. The 

probability distribution of parameters to compare the use of single versus multiple substrate 

models, rate equations versus ODEs, and single versus multiple product formation is shown 

in Figure 3.8. 
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Figure 3.8 The probability distribution of Km1, Km2, kcat1(P1), and kcat2(P1) estimates. 

(A) Km1 at 1%, 5% and 10% error. (B): kcat1 at 1%, 5% and 10% error. (C): Km2 at 1%, 

5% and 10% error. (D): kcat2 at 1%, 5% and 10% error. The probability distribution for 

all parameters is depicted for the MM equation (red), ESS rate equation (blue), ES ODE 

(green), ESS ODE (purple), ESP1P2 ODE (orange), and ESSP1P2 ODE (magenta). 

Distribution is shown for 500 runs at each condition. Data were simulated with the 

following parameters:  k1 = k5 = 270  µM-1 min-1, k2 = 13500  min-1, k3 = 1 min-1,  k4 = 1 

min-1, k6 = 2700 min-1, k7 = 5 min-1, k8 =1 min-1. 

 

These simulations (n = 500) were performed using a multiple substrate, multiple product 

scheme (ESSP1P2) at error levels of 1%, 5% and 10%. In all cases, ESS models were 

necessary to accurately parameterize Km1 and kcat1. Although the means were 

approximately the same for all ESS models, the distribution was narrowest for the ESS 
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models when both products were modeled simultaneously. Parameters for all models tested 

are listed in Table 3.2. 

Table 3.2 Average P1 parameter estimates for two-substrate binding while measuring 

two metabolites 

Random 

error  
Kinetic 

parameters 
MM 

equation 
ESS rate 

equation 
ESP 

ODE 
ESSP 

ODE 
ESP1P2 

ODE 
ESSP1P2 

ODE 
Ori 

0.01 

Km1 (μM) 65.3 

(0.386) 

50.6 (4.59) 65.4 

(2.50) 

50.4 

(4.56) 

58.9 

(0.342) 

50.2 

(2.88) 

50 

kcat1(min
-1

) 6.66 

(0.0263) 

1.02 

(0.120)* 

6.67 

(0.106) 

1.01 

(0.119) 

6.40 

(0.0244) 

1.00 

(0.0760) 

1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

102. 

(0.307) 

20.1 

(0.633) 

102. 

(2.32) 

20.0 

(0.633) 

109. 

(0.341) 

20.0 

(0.483) 

20 

Km2 (μM) N/A 10.1 

(0.689) 

N/A 10.0 

(0.686) 

N/A 10.0 

(0.449) 

10 

kcat2(min
-1

) N/A 5.00 

(0.0294) 

N/A 5.00 

(0.0294) 

N/A 5.00 

(0.0221) 

5 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 

N/A 499. (31.6) N/A 501. 

(31.6) 

N/A 500. 

(20.6) 

499 

Convergence 

(%) 

100 100 100 100 100 100 N/A  

AICc -323. 

(0.560) 

-515. 

(10.8) 

-171. 

(0.771) 

-363. 

(10.8) 

-418. 

(0.868) 

-804. 

(17.7) 

N/A   

0.05 

Km1 (μM) 65.4 

(1.83) 

59.2 

(27.5)** 

65.8 

(3.81) 

54.1 

(19.7)** 

58.9 

(1.43) 

51.1 

(12.5) 

50 

kcat1(min
-1

) 6.65 

(0.125) 

1.25 

(0.776)** 

6.67 

(0.186) 

1.11 

(0.553)*

* 

6.39 

(0.111) 

1.03 

(0.347) 

1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

102. 

(1.44) 

20.1 

(3.13)* 

102. 

(3.38) 

19.7 

(2.91) 

108. 

(1.35) 

19.7 

(2.35) 

20 

Km2 (μM) N/A 10.0 (3.55) N/A 10.2 

(2.78) 

N/A 10.2 

(1.94) 

10 

kcat2(min
-1

) N/A 4.99 

(0.132) 

N/A 5.00 

(0.122) 

N/A 5.00 

(0.0989) 

5 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 

N/A 555. 

(183.)** 

N/A 525. 

(132.)** 

N/A 506. 

(88.2) 

499 

Convergence 

(%) 

100 99.6 100 100 100 100 N/A   

AICc -321. 

(2.50) 

-407. 

(10.9) 

-169. 

(2.51) 

-255. 

(10.9) 

-414. 

(3.82) 

-589. 

(17.4) 

 N/A  
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Table 3.2 (Continued) 

Random 

error  
Kinetic 

parameters 
MM 

equation 
ESS rate 

equation 
ESP 

ODE 
ESSP 

ODE 
ESP1P2 

ODE 
ESSP1P2 

ODE 
Ori 

0.1 

Km1 (μM) 65.6 

(3.98) 

66.3 

(57.1)** 

66.2 

(5.73) 

57.1 

(36.3)** 

59.1 

(3.13) 

51.3 

(23.0) 

50 

kcat1(min
-1

) 6.61 

(0.274) 

1.56 

(2.20)** 

6.64 

(0.334) 

1.22 

(1.24)** 

6.35 

(0.243) 

1.04 

(0.710) 

1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

101. 

(3.04) 

19.3 (7.61) 101. 

(4.48) 

18.8 

(6.24)* 

108. 

(2.86) 

18.9 

(5.05) 

20 

Km2 (μM) N/A 11.4 (7.02) N/A 11.0 

(5.07) 

N/A 10.9 

(3.75) 

10 

kcat2(min
-1

) N/A 5.00 

(0.257)** 

N/A 4.99 

(0.239)*

* 

N/A 4.98 

(0.208) 

5 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 

N/A 590. 

(333.)** 

N/A 540. 

(225.) 

N/A 505. 

(156.) 

499 

Convergence 

(%) 

100 90 100 99.8 100 100 N/A   

AICc -315. 

(4.78) 

-361. 

(11.0) 

-163. 

(4.76) 

-209. 

(11.0) 

-403. 

(7.67) 

-497. 

(17.9) 

N/A   

0.2 

Km1 (μM) 66.2 

(8.70) 

49.8 (52.0) 67.3 

(10.5) 

63.6 

(53.7)** 

59.6 

(6.83) 

56.8 

(39.8) 

50 

kcat1(min
-1

) 6.41 

(0.580) 

1.10 (2.63) 6.46 

(0.642) 

1.40 

(2.32)* 

6.16 

(0.518) 

1.21 

(1.65) 

1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

97.6 

(6.68) 

15.5 

(11.9)** 

96.9 

(7.70) 

17.9 

(12.2) 

104. 

(6.30) 

18.4 

(12.0) 

20 

Km2 (μM) N/A 15.2 

(10.9)** 

N/A 11.6 

(7.71) 

N/A 11.8 

(6.84) 

10 

kcat2(min
-1

) N/A 4.97 

(0.441)** 

N/A 4.84 

(0.409) 

N/A 4.85 

(0.397) 

5 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 

N/A 476. 

(302.)* 

N/A 579. 

(342.)* 

N/A 533. 

(274.) 

499 

Convergence 

(%) 

100 56.2 100 96.2 100 97.4 N/A   

AICc -299. 

(8.15) 

-315. 

(12.2) 

-147. 

(8.13) 

-162. 

(12.2) 

-369. 

(13.0) 

-403. 

(20.1) 

N/A   

Data were simulated with the following parameters:  k1 = k5 = 270  µM-1 min-1, k2 = 

13500  min-1, k3 = 1 min-1,  k4 = 1 min-1, k6=2700 min-1, k7 = 5 min-1, k8 =1 min-1. 

MM: Michaelis-Menten, Ori: original value, N/A: not available. 

Data are represented as mean (S.D) determined from the log-normal distribution of 500 

runs. 

T-test was performed between the ESS rate equation and ESSP1P2 ODE, the ESSP ODE 

and ESSP1P2 ODE. *: p<0.05, **：p<0.01. 
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Table 3.2 summarizes the distribution of parameter estimates for the P1 (sigmoidal kinetics) 

while P2 shows slight sigmoidicity. The datasets were fitted with rate equations, ODE 

models. Original kinetic values were listed in the last column. Generally, the two-substrate 

binding models (the ESS rate equation, ESSP ODE, ESSP1P2 ODE) fit the P1 dataset 

better with a lower AICc value compared to the one-substrate binding models (MM 

equation, ESP ODE, and ESP1P2 ODE). Since rate equations and ODE models were fit to 

one-concentration data and two-concentration data, respectively, the AICc value cannot be 

compared. In addition, the higher the random error introduced, the lower the difference of 

AICc value between the ES models and the ESS models is observed. Therefore, low-quality 

data might not be able to differentiate ES and ESS models. 

Within 10% random error, a 100% convergence is observed for all the models except the 

ESS rate equation. Although the ES models always converge within the 20% random error 

and maintain a more centralized distribution of parameter estimates, highly significant 

differences of Km1, kcat1 between the ES models and original values are observed. It 

suggests the ES models might not be able to characterize the CLint accurately. The highest 

convergence percentage is observed from ESSP1P2 ODE among all ESS models. In 

addition, more accurate parameter estimates can be shown from ESSP1P2 ODE compared 

to ESSP ODE. Therefore, the advantages of this modeling strategy are highlighted.  

Similar results could be observed for P2 showing lower sigmoidicity. The corresponding 

probability density plots (Figure C3) and parameter estimates table (Table C1) are shown 

in APPENDIX C. 
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As a quick diagnostic step, plotting E-H plot can be used to determine the category of the 

atypical kinetics. The sigmoidal, biphasic and substrate inhibition refers to curve concave 

to the right side, concave downwards and concave upwards, respectively. In addition, 

kinetic parameters including Km, kcat can be estimated from E-H plots. For numerical 

analysis, all the estimated kinetics parameters need to be transformed to micro rate 

constants. The relationship between the macro rate kinetic parameters and micro rate 

constants are shown in Figure 3.1 and Figure 3.2.  

 

Figure 3.9 The simulated Eadie-Hofstee plot of different atypical kinetics and the 

determination of kinetic parameters initial estimate.  

(A) ESSP model scheme; (B) Biphasic kinetics; (C) Substrate inhibition; (D) Sigmoidal 

kinetics. Dots with error bars represent the simulated triplicate dataset. Two dashed lines 

L1, L2 were plotted, the slope and y-intercept (marked as red circle) are both the initial 

estimate of kinetic parameters. Model parameters for simulation: k1 = k4 = 270 µM-1 

min-1, incubation time = 10 min, enzyme concentration = 0.005 μM, random error 

=2.5%. Other parameters are shown inside plots. 
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For biphasic kinetics, an initial estimate of Km1, Km2, kcat1 and kcat2 can be obtained from 

the E-H plot (Figure 3.9A). Km1 and Km2 can be estimated from the slope of the line through 

the two highest velocity/[substrate] data points: L1 and the two lowest velocity/[substrate] 

data points: L2, respectively. Parameters kcat1 and kcat2 can be estimated from the 

intersection points between the L1 and y-axis, L2 and y-axis, respectively. For substrate 

inhibition (Figure 3.9B), all parameters can be estimated except the Km2. It is difficult to 

estimate the kinetic parameters for sigmoidal kinetics. As mentioned in Table 3.1, 

sigmoidal kinetics can be accounted for by several different cases. The kcat1 is difficult to 

be estimated. The kcat2 can be estimated either directly from the saturation curves if a high 

enough concentration of substrate were used. 

 

3.3.3 Simulation of Sequential Metabolism 

First, the sequential metabolism was simulated with a single-substrate binding kinetic 

model. 

 

Figure 3.10 Sequential metabolism following a single substrate binding kinetics.  

(A) Case with ES forms EP1 and EP1 can either dissociates and release P1 or undergo 

sequential metabolism. (B) ES, EP1 concentrations over time for [S] = 10 μM and [Et] = 



 

62 

 

5 nM. (C) P2 concentration over time at k
5
/k

6
 = 100 versus 1, exhibiting a lag time in P2 

formation at k
5
/k

6
=100. (D) Saturation curve plots for P1 and P2 simulated at different 

incubation time (t) at the following rate constants: k
1
 = 270 µM

-1
 min

-1
; k

2
 = 2700 min

-1
; 

k
3
 = 20 min

-1
; k

4
 = 270 µM

-1 
min

-1
; k

5
 = 2700 min

-1
; and k

6
 = 27 min

-1
. (E) Saturation 

curve plots for P1 and P2 simulated at different rates of product release (k
5
) and 

sequential metabolism turnover (k
6
). Insets: E-H plots. 

The kinetic scheme in Figure 3.10 includes the EP1 intermediate. If P2 formation from 

P1 is slower than the P1 dissociation rate, P2 will show a lag time since accumulation and 

rebinding of P1 to the CYP active site is necessary for P2 formation (Figure 3.10C).  If 

P2 formation from P1 is much faster than the P1 dissociation rate, P2 will not show a lag 

time.  Assuming linear product formation for P1, the velocities measured at different 

incubation time yields the same saturation curves for P1 but not for P2 (Figure 3.10). 

This phenomenon could be explained by Figure 3.10B, where the percentage change of 

[ES] is lower than that of [EP1]. Therefore, the steady-state approximation holds for 

[ES], but not for [EP1] within 20 min. 

Figure 3.10E shows the relationship between the P1 dissociation rate (k5) and the sequential 

metabolism turnover rate (k6). At k6 = 27, varying the ratio of k5/k6 from 100 to 1 results 

in P1 dissociation constants (Kd,P1) from 10 to 0.1 M. Increasing the rate of P2 formation 

leads to a decrease in P1 formation and an increase in P2. Substrate inhibition for P2 

formation becomes less apparent in the E-H plot since it is hard for substrate competes for 

a free enzyme with the rebinding of P1. 

Sequential metabolism was also simulated with a two-substrate binding kinetic model 

(Figure 3.11).   
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Figure 3.11 Multiple-substrate binding and sequential metabolism. 

(A) Enzyme kinetic scheme. Saturation curve plots for P1 and P2 simulated at different 

rates of product dissociation (k
8
) and sequential metabolism turnover (k

9
), when (B) 

k
3
=k

6
=27 min

-1
. (C) k

3
>k

6
; k

3
=100 min

-1
 and k

6
=27 min

-1
, and (D) k

3
<k

6
; k

3
=27 min

-1
 

and k
6
=100 min

-1
. Fixed values used were: k

1
, k

4
, and k

7
 = 270 µM

-1 
min

-1
, k

2
 = 22000 

min
-1

, k
5
 = 11000 min

-1
, k

9
 = 27 min

-1
. All insets depict EH plots. 

 

A complete model would additionally include ESP1, ESP2, EP1P1, EP1P2 and EP2P2. 

However, this model (Figure 3.11A) assumes P1 release is fast and must compete with 

substrate binding for the free enzyme. Provided that substrate concentrations are greater 

than product concentrations and product release is faster than P2 formation, these 

simulations would be relevant. Three types of ESS formation were simulated: when k3 = 

k6, k3 > k6 and at k3 < k6 (Figure 3.11B-D, respectively). The decrease in Kd,P1 led to a 

decrease in the velocity of P1 and an increase in the formation of P2 in all cases. As 

expected, P1 formation shows slight sigmoidal, substrate inhibition, and sigmoidal kinetics 

for k3 = k6, k 3> k6 and at k3 < k6, respectively. P2 formation shows substrate inhibition for 

all cases since increasing substrate concentrations competes with P1 rebinding. 

 



 

64 

 

Using numerical methods, any of the above approaches to model multi products and 

sequential metabolism can be combined.  

 

Figure 3.12 Models for multiple-substrate binding and multiple product formation  

 (A) One product undergoes sequential metabolism. (B) Two products undergo sequential 

metabolism. (C) [P1]/[P2] product ratio versus [S] for model A simulated at increasing 

sequential turnover rate (k
11

) with k
10

 fixed at 2700 and 27 min
-1

. (D) [P1]/[P2] product 

ratio versus [S] for model B simulated at increasing sequential turnover rate of P2 

forming P3 (k
14

) with k
10

 fixed at 2700 and 27 min
-1

. Common micro rate constants: k
1
, 

k
5
, and k

9
 = 270 min

-1

, k
2
 and k

6
 = 10000 M

-1

 min
-1

, k
3 

= 1 min
-1

 and k
7 
= 100 min

-1

, k
4
 

and k
8 

= 1 min
-1

. For D, k
12

 = 270 min
-1

 and k
11

 = 1 min
-1

. 

 

Figure 3.12A shows a scheme where two products (P1 and P2) can be formed from an ESS 

model, and one of the products is further metabolized to a secondary metabolite, P3.  In 

Figure 3.12B, both primary products can be metabolized to the same secondary product by 

sequential metabolism. For the simulations in Figure 3.12C, the substrate-binding 

constants were held constant with k1 and k5 =270 M min-1, k2 = 2700 M min-1, and k6 = 

27000 M min-1, and the turnover rates for P1 and P2 formation were also held constant 

with k3 = 1 min-1, k7 = 100 min-1 and k4 = k8 = 1 min-1. In these simulations, the dissociation 

constants for P1 binding were modeled at 10 and 0.1 M. In Figure 3.12C, we see that the 
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[P1]/[P2] ratio increases with increasing substrate concentration since k7/k8 = 100. When 

P1 has a low affinity to the enzyme, sequential metabolism has a minimal effect on the 

[P1]/[P2] ratio. However, as the affinity for P1 to the enzyme increases, the [P1]/[P2] ratio 

is decreased at low substrate concentrations. At high substrate concentrations, P1 binding 

is inhibited and the typical [P1]/[P2] ratio approaches k7/k8. Finally, Figure 3.12D shows 

that when both P1 and P2 can be converted to P3, both the affinity and rates of sequential 

metabolism affect the [P1]/[P2] ratios at different substrate concentrations. 

 

3.4 Discussion and Conclusions 

The two most common in vitro experiments to characterize CYP-mediated oxidations are 

saturation curves and substrate depletion assays. At the early stage of drug discovery, the 

reference standard of metabolites is usually not available. Therefore, observing the loss of 

substrate over time in a microsomal incubation provide a simplified approach to an estimate 

of hepatic stability. If first-order elimination is assumed within the incubation time, the 

elimination rate constant can be used to estimate intrinsic clearance (CLint). This clearance 

value can be scaled up to a human CLint using standard methods (Chiba, Ishii, & Sugiyama, 

2009; Ito, Iwatsubo, Kanamitsu, Nakajima, & Sugiyama, 1998). Once metabolites are 

known and standards are available, saturation curves are used to determine kinetic 

constants which can be used to estimate substrate affinities and velocities. Comparing 

parameters for different enzymes, one can determine which CYPs form which metabolites 

and which enzymes are likely to be important clinically.    

Non-Michaelis-Menten kinetics are often observed for CYP-mediated oxidation reactions, 

resulting in non-hyperbolic saturation curves. These include sigmoidal saturation (auto-
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activation), substrate inhibition, and biphasic saturation curves (K. R. Korzekwa et al., 

1998). These saturation curves are a result of multiple substrates binding simultaneously 

to the enzyme (e.g. Figure 3.1B). Most CYP-catalyzed reactions saturate well above 

unbound therapeutic concentrations. This results in linear pharmacokinetics since drug 

elimination occurs in the linear portion of the saturation curve. For substrate inhibition and 

biphasic saturation curves, the saturation curve is approximately linear below the Km for 

ES formation. This is because the binding of the first substrate (higher affinity binding) 

still has a linear region at low substrate concentrations. Substrate inhibition and biphasic 

saturation would have to occur at very low substrate concentrations to be clinically 

relevant. On the other hand, sigmoidal saturation curves can be more problematic.  

 

Characterization and impact of non-linear CLint 

Sigmoidal kinetics can occur when either ESS formation occurs with a higher affinity than 

ES formation or if kcat2 from ESS is faster than kcat1 from ES (e.g.  k6 > k3 in Figure 3.1B). 

If  kcat1 contributes substantially at therapeutic concentrations, there will be a linear region. 

However, if kcat1 approaches zero, there may not be a linear region at low substrate 

concentrations. This will result in a different estimate of CLint for different initial substrate 

concentrations in a substrate depletion assay (e.g. see Figure 3.4) and could result in non-

linear pharmacokinetics in vivo. 

The results in Figure 3.3 are as expected, with the sigmoidal saturation curves having a 

linear region at low substrate concentrations when kcat1 (k3) is > 0 (Figure 3.3B, C) and no 

linear region when k3 = 0. All simulations give the expected EH plots showing convex 

curvature to the right. Figure 3.4 shows the impact of low kcat1 values on CLint. When kcat1 
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is 1, sigmoidicity due to either higher affinity binding of the second substrate or higher 

velocity of the second substrate results in modest increases in CLint (~2 fold between 10 

nM and 1 M for 100-fold increases in affinity or velocity for ESS). However, when kcat1 

= 0, ~ 100-fold increases in CLint are observed for [S] between 10 nM and 1 M. Also, 

there is no range where CLint is constant. An around 100-fold increases in CLint would be 

observed for [S] between 0.1 nM and 10 nM as well. These results suggest that, if possible, 

CLint assays should be performed at concentrations that correspond to the expected 

unbound concentrations in the liver. 

As shown in Figure 3.4, concentration-dependent CLint is observed. Based on our 

knowledge, no published methods could mechanistically characterize the concentration-

dependency. A constant CLint is usually applied in PBPK modeling (Kuepfer et al., 2016) 

and IVIVC (J. B. Houston & Galetin, 2005). Therefore, a solution based on the ODEs 

would be the preferred method to characterize the variance in CLint. It should also be noted 

that compartmental and PBPK models are generally constructed with ODEs and therefore, 

the inclusion of these more complex enzyme models should be facile and seamless. 

 

Substrate depletion assay considerations 

The case of k3 = 0 with low k6 (Figure 3.1B) appears to be problematic in a substrate 

depletion assay. When a 5% random error was introduced to the simulated substrate 

depletion dataset, erratic depletion data and corresponding fitted curves are observed 

(Figure 3.13).  
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Figure 3.13 The simulated substrate depletion data (5% random error) with error bar 

and the fitted depletion curves.  

(A) ESSP model scheme. (B-D) Starting substrate concentration were 1, 0.1, 0.01 uM, 

respectively. Underlying rate constants: k
1
 = k

4
 = 270 µM

-1

 min
-1

; k
2
 = 22000 min

-1

; k
3
 = 

0 min
-1

; and k
6
 = 2 min

-1

. 0.1 μM enzyme concentration was used, ESP model were used 

to fit the depletion dataset. 

   

At a 5% random error, very low CLint, even negative value can be calculated from substrate 

depletion assays (Figure 3.13B-D) where starting substrate concentration 1, 0.1, 0.01 uM 

were simulated. It is demonstrated that the random error introduced to the dataset can make 

the characterization of CLint very difficult. The simulation (Figure 3.13B-D) of sigmoidal 

kinetics indicates that the lower the initial concentration is selected in a substrate depletion 

experiment, the lower resolution of CLint can be observed. In addition, it was indicated 

previously that at least 10–15% consumption is required to make a reliable measurement 

when measuring the consumption of parent drug (Di & Obach, 2015).  The simulated 

results suggest the compound can be categorized as a low clearance drug candidate or even 

not a CYP substrate. However, significant consumption (>10%) can be observed at higher 

[S]. Therefore, the lowest concentration for the depletion assay may need to be above 1 

μM to observe a significant substrate depletion. 
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Eadie-Hofstee plot considerations 

The E-H plot provides a clear classification of atypical kinetics. Kinetic parameters can be 

well estimated from E-H plots for biphasic and substrate inhibition kinetics. Km and kcat of 

sigmoidal kinetics may not be determined from E-H plots. If a linear range of saturation 

curves at low concentration is observed for sigmoidal kinetics, the case of kcat1 ≠0 can be 

excluded. It is noteworthy that the shape of E-H plots might change when substrate over-

consumption is observed. Since substrate consumption is considered when numerical 

methods are used, analyses of the micro rate constants (K. R. Korzekwa et al., 1998) are 

expected to provide a more accurate classification of the kinetic phenomena.  

 

Assay considerations  

Time and protein linearity – Theoretically, time and protein linearity is not required when 

the numerical analysis is used since the steady-state assumption and initial rate assumption 

is not required. However, considering the case of k3=0 (Figure 3.1B) and the sensitivity of 

the detection method, preliminary data may be needed to determine the lowest substrate 

concentration for the saturation assay. It is demonstrated that a lower minimal substrate 

concentration can lead to better prediction of kinetic parameters and a higher percentage 

of convergence, especially for sigmoidal kinetics (simulation results not shown). This is 

expected since characterizing low kcat1 parameters requires low substrate concentrations.  

Substrate over-consumption – Although the use of the explicit MM equation and ESS rate 

equation is convenient, some pitfalls exist. Although no one intends to challenge the 10% 

substrate consumption ‘rule’ for saturation assays, unexpected over-consumption can 
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sometimes occur. For sigmoidal kinetics, the highest substrate consumption percent of 

sigmoidal kinetics does not occur at low substrate concentrations as is observed with MM 

kinetics, biphasic, and substrate inhibition (Figure 3.14). These simulated results are 

supported by the data in APPENDIX E. When low (1 μM), medium (30 μM), high (300 

μM) substrate concentrations were selected for a time and protein linearity, medium 

substrate concentration deviate from a linear range at an earlier time point. In addition, a 

significant sequential metabolism can result in substrate over-consumption. 

 

Figure 3.14 Comparison of substrate consumption between MM and atypical kinetics.  

(A) Underlying micro rate constants. (B) Substrate consumption versus substrate 

concentration. Inset shows consumption at lower substrate concentrations. 5 nM enzyme 

concentration and 10 min incubation time were used. 

 

Other mechanisms for sigmoidal kinetics 

Although sigmoidal kinetics result in unique in vitro and in vivo kinetic profiles, there are 

several additional scenarios where sigmoidal kinetics are observed.  For example, Fisher 

et al. (H. F. Fisher et al., 1970) described that when there is no interaction between the two 

substrates (k5/k2 = 1 and k6/k3 = 1) in the active site (see Figure 3.1B), the introduction of 

an inhibitor that competes simultaneously with both substrate molecules could lead to 

sigmoidicity. Other examples of the artificial sources for sigmoidicity were summarized in 

(J. B. Houston & Kenworthy, 2000). Also, if product release is slow, ESP and EPP 
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complexes should be included in the ESS kinetic schemes (e.g. Figure 3.1B), and sigmoidal 

saturation curves can be observed (simulation not shown). 

 

Product ratio considerations  

CYP kinetic models that can form two different products from a substrate have been 

simulated for single substrate binding (Figure 3.2A, C) or with ESS (Figure 3.2B, D).  

These models do not include both multiple product formation and sequential metabolism.  

If a substrate can only bind once (Figure 3.2A, C), the [P1]/[P2] product ratio remains 

constant at k3/k4. However, for multi-substrate kinetics, product ratios can change with 

substrate concentration. Figure 3.6A is the simplest scheme for two products formed from 

ES and ESS complexes. The simulations in Figure 3.6B show the increasing formation of 

P1 from ESS while holding all other parameters constant. As expected, P1 formation 

shows increasing sigmoidicity as k7 increases due to the higher velocity for P1 formation 

from ESS. The product ratio versus substrate concentration at different types of atypical 

kinetics shows a similar pattern. A concentration-dependent product ratio can be 

explained by a two-substrate binding model (Figure 3.2B, D) and not one-substrate 

binding models (Figure 3.2A, C). When sequential metabolism is introduced to the 

enzyme kinetic scheme, two-phase product ratio plots can be observed (Figure 3.12D).  

However, this scheme (Figure 3.6A) does not accurately capture the impact of increasing 

one product formation pathway for a CYP reaction. As shown in Figure 3.6C, changing 

k7 has no impact on P2 formation. This is because the binding is fast and the rate-limiting 

steps in this scheme are the product formation steps (k3, k4, k7, and k8).  
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It is widely accepted that the concentration-dependent product formation ratio can be due 

to multiple metabolites formed from different enzyme isoforms (Nagar, Argikar, et al., 

2014). A few investigations have focused on the ratio from a single enzyme (Galetin et al., 

2004; Regal & Nelson, 2000). Usually, a dominant metabolite of a specific substrate is 

determined and the dominancy of the metabolite is not affected by the substrate 

concentration. However, for CYP reactions, the dominance of metabolites may change 

within a low concentration range as shown in Figure 3.15B. In the case of k6/k2 = 0.01, the 

intersection point between the dashed line and the red curve in the inset plot defines the 

substrate concentration where [P1] is equal to [P2]. P2 is the dominant metabolite in a very 

low substrate concentration. P1 becomes the dominant metabolite with increasing substrate 

concentration. 

 

Figure 3.15 Concentration-dependent product formation velocity ratio. 

(A): enzyme kinetic scheme. (B) Product formation ratio (0-300 µM) with inset plot (0-

0.1 uM) . The dashed lines represent the k
3
/k

4
 and k

7
/k

8
 ratios. Fixed micro rate 

constants: k
1 

= k
5
 = 270 µM

-1 
min

-1
, k

2
 = 22000 min

-1
, k

3
 = 0 min

-1
, k

4
 = 1 min

-1
, k

7 
= 30 

min
-1

, k
8 

= 1 min
-1

. 

 

The rationale use of the ESSP1P2ka model 

For CYP oxidations, the rate-limiting step for metabolism is the formation of an active 

oxygenating species, and this active oxygenating species can form different metabolites. 
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This results in the CYP property called “metabolic switching” where blocking one site 

results in increased metabolism at other sites. This can be best modeled using the schemes 

in Figure 3.2C, D and Figure 3.7. In Figure 3.7C, increasing k7 while holding all parameters 

constant results in a decrease in P2 formation at high substrate concentrations. Since the 

formation of the active oxygenating species is rate-limiting, increasing P1 formation must 

result in a decrease in P2 formation.  

The [P1]/[P2] product ratio shows a slower increase with increasing substrate concentration 

in Figure 3.7D compared to that in Figure 3.6D. Based on our simulation work, not only 

the value of k3/k4, k7/k8 but also the value of ka1/ka2 can affect the shape of the product ratio 

plot (shown in Figure 3.16).  

 

Figure 3.16 Saturation curves for multiple-substrate binding and multiple product 

formation with varying ka1 (activation step).  

The scheme assumes that oxygen activation is rate-limiting. (A): enzyme kinetic scheme. 

(B-C) Top: saturation curves for P1 and P2 respectively (0-300 µM) with inset EH plots; 

Bottom: saturation curves for P1 and P2 respectively (0-0.1 µM) with inset CLint plots. 

(D): [P1]/[P2] metabolite ratio versus [S]. The dashed lines represent the k3/k4 and k7/k8 

ratios. Fixed micro rate constants: k1 = k5 = 270 µM-1min-1, k2 = k6 = 10000 min-1, k3 = 

k4 = k8 = 1000000 min-1, k7=100 k3, ka1 = 1 min-1. 

 

Although varying ka2/ka1 ratio does not shift the equilibrium between ES complex and ESS 

complex significantly (calculation not shown), the ka1, ka2 directly determine how fast the 
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activated enzyme species ES* and ESS* are formed, respectively. In other words, the 

quantity of P1, P2 formed from the ESS* complex would change, further change the 

product ratio. 

It is noteworthy that not only the combination of sigmoidal and substrate inhibition can be 

described by this activation model. Other combinations including sigmoidal & sigmoidal, 

sigmoidal & biphasic, biphasic & biphasic, biphasic & substrate inhibition, substrate 

inhibition & substrate inhibition could be described. This model (Figure 3.7A) is not as 

stable as the general ESSP1P2 model (Figure 3.6A) when all model parameters are open. 

Once the parameters k3, k7 are both fixed at 1000000 min-1, this activation model will 

model fit the data simulated from the ESSP1P2 model as well (model fitting results not 

shown). Although the fitting using the activation model can be converged, the fitting results 

are not as stable as those from the ESSP1P2 model. After 500 simulation runs, it was 

observed that the distribution of fitted parameter estimates from the activation model is not 

as centralized as that from the ESSP1P2 model. 

For a chemist modifying a molecule for stability, the difference between the schemes in 

Figure 3.6 and Figure 3.7 is important, since decreasing metabolism at one position may 

increase metabolism at another. However, when building useful kinetic models for multiple 

products, the scheme in Figure 3.6 may be preferred. The same substrate inhibition profile 

for P2 seen in Figure 3.7C would also be observed if k8 < k4. 

 

Sequential metabolism 

When sequential metabolism occurs, the rate of the first product release (P1) has a large 

impact on the kinetics of the second product (P2) as shown in Figure 3.10. If P1 release is 
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fast, there will be a lag time for P2 formation, since P1 must accumulate before P2 can be 

formed. Also, P2 formation can be inhibited by high substrate concentrations. Lag times 

have most frequently been observed for time-dependent inhibition kinetics when multiple 

oxidation steps are required for CYP inactivation (Yadav et al., 2020). Figure 3.11 

considers a scenario including multiple substrate binding and sequential metabolism. P1 

formation shows standard atypical kinetics, due to multiple substrate binding, and P2 

shows substrate inhibition when P1 release is mandatory. Finally, Figure 3.12 shows two 

of the possible schemes for multiple substrate binding with multiple product formation as 

well sequential metabolism. Adding sequential metabolism can result in unusual [P1]/[P2] 

product ratio curves since one or both products can be further metabolized. Examples of 

such complexities are observed in drug metabolism, e.g. DZP metabolism to NDP and TZP, 

with sequential metabolism to OXP (see CHAPTER 4).  

The characterization of kinetic parameters for primary metabolites (Km1, Km2, kcat1, kcat2) 

may deviate from the true value if significant sequential metabolism exists. For example, 

if primary metabolites show higher affinity and higher turnover rate than the substrate, an 

underestimate of CLint of primary metabolite formation may happen as shown in Table 3.3.  

Table 3.3 summarizes the average parameter estimates of P1 datasets. The datasets of P1, 

P2 formation were simulated from schemes with sequential metabolism (see Figure 3.12A). 

P1, P2 both show biphasic kinetics. At a 5% random error level, all model fitting processes 

converged. In general, two-substrate binding models can fit the P1 dataset better. With an 

increasing ratio of k11/k3, the estimated value of Km1 starts to increase compared to the 

underlying Km1 value by individual fits (ESS rate equation and ESSP ODE). In contrast, 

the estimated value of Km1 is close to the underlying value of Km1 by a simultaneous fit 
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Table 3.3 Average parameter estimates of P1 datasets simulated from schemes with 

sequential metabolism 

k11/k3 
Kinetic 

parameters 

MM 

equation 

ESS rate 

equation 

ESP 

ODE 

ESSP 

ODE 

ESP1P2 

ODE 

ESSP1P2 

ODE Ori 

0.5 

Km1 (μM) 11.7 

(0.592) 

1.08 

(0.233) 

11.7 

(0.593) 

1.05 

(0.213) 

11.6 

(0.404) 

1.01 

(0.0247) 1.01 

kcat1(min
-1

) 3.34 

(0.0535) 

0.999 

(0.111) 

3.34 

(0.0536) 

0.996 

(0.102) 

3.34 

(0.0441) 

0.985 

(0.0239) 1 

kcat1/Km1 (μL min
-

1
nmol

-1
) 286. (11.3) 

951. 

(112.) 

287. 

(11.5) 

966. 

(113.) 

288. 

(8.11) 

978. 

(25.9) 993 

Km2 (μM) 

N.A. 

51.7 

(9.69) N.A. 

51.2 

(9.00) N.A. 

49.7 

(1.72) 50 

kcat2(min
-1

) 
N.A. 

4.01 

(0.132) N.A. 

4.00 

(0.127) N.A. 

3.99 

(0.0631) 4 

kcat2/Km2 (μL min
-

1
nmol

-1
) N.A. 

79.6 

(12.2) N.A. 

80.1 

(11.6) N.A. 

80.3 

(2.56) 80 

Convergence (%) 100 100 100 100 100 100 N.A. 

AICc -335. (-

1.01) 

-400. (-

2.22) 

-183. (-

1.85) 

-248. (-

3.58) 

-371. (-

1.28) 

-501. (-

2.46) N.A. 

1 

Km1 (μM) 11.8 

(0.652) 

1.09 

(0.242) 

11.7 

(0.651) 

1.05 

(0.209) 

11.6 

(0.432) 

1.01 

(0.0245) 1.01 

kcat1(min
-1

) 3.34 

(0.0568) 

0.998 

(0.115) 

3.34 

(0.0569) 

0.989 

(0.102) 

3.33 

(0.0452) 

0.981 

(0.0245) 1 

kcat1/Km1 (μL min
-

1
nmol

-1
) 285. (12.1) 

941. 

(112.) 

286. 

(12.2) 

962. 

(109.) 

288. 

(8.59) 

973. 

(26.3) 993 

Km2 (μM) 

N.A. 

51.7 

(9.95) N.A. 

50.8 

(8.85) N.A. 

49.7 

(1.71) 50 

kcat2(min
-1

) 
N.A. 

4.01 

(0.143) N.A. 

4.00 

(0.136) N.A. 

3.99 

(0.0676) 4 

kcat2/Km2 (μL min
-

1
nmol

-1
) N.A. 

79.8 

(12.4) N.A. 

80.6 

(11.5) N.A. 

80.4 

(2.52) 80 

Convergence (%) 100 100 100 100 100 100 N.A. 

AICc -336. (-

1.09) 

-401. (-

2.38) 

-184. (-

1.99) 

-249. (-

3.83) 

-371. (-

1.27) 

-501. (-

2.65) N.A. 

5 

Km1 (μM) 11.7 

(0.590) 

1.09 

(0.240) 

11.7 

(0.588) 

1.06 

(0.216) 

11.6 

(0.424) 

1.01 

(0.0254) 1.01 

kcat1(min
-1

) 3.34 

(0.0535) 

0.998 

(0.112) 

3.34 

(0.0534) 

0.989 

(0.101) 

3.34 

(0.0453) 

0.982 

(0.0238) 1 

kcat1/Km1 (μL min
-

1
nmol

-1
) 285. (11.0) 

935. 

(109.) 

286. 

(11.1) 

959. 

(113.) 

288. 

(8.33) 

972. 

(26.2) 993 

Km2 (μM) 

N.A. 

51.4 

(10.0) N.A. 

50.5 

(8.90) N.A. 

49.6 

(1.71) 50 
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Table 3.3 (continued) 

k11/k3 
Kinetic 

parameters 

MM 

equation 

ESS rate 

equation 

ESP 

ODE 

ESSP 

ODE 

ESP1P2 

ODE 

ESSP1P2 

ODE Ori 

 

kcat2(min
-1

) 
N.A. 

4.00 

(0.139) N.A. 

3.99 

(0.131) N.A. 

3.99 

(0.0645) 4 

kcat2/Km2 (μL min
-

1
nmol

-1
) N.A. 

80.1 

(12.1) N.A. 

81.0 

(11.1) N.A. 

80.4 

(2.57) 80 

Convergence (%) 100 100 100 100 100 100 N.A. 

AICc -336. (-

1.02) 

-401. (-

2.51) 

-184. (-

1.86) 

-249. (-

4.06) 

-372. (-

1.35) 

-502. (-

2.77) N.A. 

20 

Km1 (μM) 13.7 

(0.630) 

1.62 

(0.372) 

13.6 

(0.629) 

1.42 

(0.262) 

12.5 

(0.473) 

1.06 

(0.0833) 1.01 

kcat1(min
-1

) 3.41 

(0.0542) 

1.01 

(0.143) 

3.41 

(0.0542) 

0.952 

(0.105) 

3.35 

(0.0460) 

0.861 

(0.0348) 1 

kcat1/Km1 (μL min
-

1
nmol

-1
) 250. (8.79) 

637. 

(62.5) 

251. 

(8.87) 

682. 

(57.7) 

268. 

(8.47) 

813. 

(43.4) 993 

Km2 (μM) 

N.A. 

52.5 

(11.0) N.A. 

48.9 

(7.84) N.A. 

48.1 

(2.82) 50 

kcat2(min
-1

) 
N.A. 

4.01 

(0.138) N.A. 

3.99 

(0.119) N.A. 

4.02 

(0.0727) 4 

kcat2/Km2 (μL min
-

1
nmol

-1
) N.A. 

79.1 

(13.2) N.A. 

83.2 

(11.0) N.A. 

83.9 

(4.40) 80 

Convergence (%) 100 100 100 100 100 100 N.A. 

AICc -347. (-

1.09) 

-403. (-

2.50) 

-195. (-

1.93) 

-250. (-

3.96) 

-381. (-

1.28) 

-501. (-

2.72) N.A. 

100 

Km1 (μM) 19.3 

(0.783) 

4.36 

(1.20) 

19.0 

(0.976) 

3.02 

(0.930) 

15.3 

(0.477) 

1.06 

(0.151) 1.01 

kcat1(min
-1

) 3.58 

(0.0592) 

1.22 

(0.278) 

3.57 

(0.0659) 

0.928 

(0.215) 

3.39 

(0.0468) 

0.524 

(0.0615) 1 

kcat1/Km1 (μL min
-

1
nmol

-1
) 186. (5.34) 

284. 

(15.7) 

188. 

(8.64) 

316. 

(34.2) 

221. 

(5.22) 

499. 

(51.0) 993 

Km2 (μM) 

N.A. 

61.7 

(31.4) N.A. 

46.4 

(8.22) N.A. 

41.9 

(5.64) 50 

kcat2(min
-1

) 
N.A. 

4.04 

(0.210) N.A. 

3.95 

(0.118) N.A. 

4.02 

(0.123) 4 

kcat2/Km2 (μL min
-

1
nmol

-1
) N.A. 

71.7 

(17.1) N.A. 

87.3 

(13.6) N.A. 

97.5 

(10.8) 80 

Convergence (%) 100 100 100 100 100 100 N.A. 

AICc -379. (-

1.62) 

-408. (-

2.52) 

-227. (-

2.83) 

-254. (-

4.04) 

-393. (-

1.36) 

-487. (-

2.79) N.A. 
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Data were simulated with the following parameters:  k1 = k5 = k9 = 270  µM-1 min-1, k2 = 

270  min-1, k3 = k4 = 1 min-1, k6 = 13500  min-1, k7 = k8 = 4 min-1, k5 = 1 min-1, k7=27000 

min-1, k8 = 30 min-1, k9 =2 min-1, k10 = 270 min-1. The introducted random error is 5%. 

MM, Michaelis-Menten, Ori: original value, N.A.: not available 

Data are represented as mean (S.D) determined from the 500 simulation runs. 

 

 (ESSP1P2 ODE) even though the ratio of k11/k3 is 100. With an increasing ratio of k11/k3, 

the estimated value of kcat1 starts to decrease compared to the underlying kcat1 value by a 

simultaneous fit (ESSP1P2 ODE) but not by individual fits. Generally, both individual fits 

and simultaneous fit by two-substrate binding models result in an underestimation of CLint 

(kcat1/ Km1) value. The higher ratio of k11/k3, the higher degree of underestimation is 

observed. No significant impact on kcat2, Km2 are observed. The results of the average 

parameter estimates of the P2 dataset are shown in Table C2. Since P3 is assumed to be 

formed only from P1, the effect of sequential metabolism on kinetic parameters of P2 is 

minimal. 

 

DDI with atypical kinetics 

A two-binding-site model is not limited to characterize substrate saturation kinetics. Two-

binding-site models have been proposed to describe the reversible DDIs (Galetin, Clarke, 

& Houston, 2003; M. Shou et al., 2001; Ueng et al., 1997) and irreversible DDIs (K. 

Korzekwa et al., 2014; K. R. Korzekwa et al., 1998; Nagar, Jones, et al., 2014; Yadav et 

al., 2020). The prediction of kinetic profiles is improved with the models. The two-binding-

site model also provides some new insights on understanding common kinetic parameters. 

As an important kinetic parameter in pharmacology, IC50 is widely used to characterize the 

inhibition potency of a ligand to a specific target. A single victim drug concentration is 

used in an IC50 assay since it is assumed that IC50 is independent of victim concentration. 
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Furthermore, Ki (reversible inhibition constant) can be derived based on the correlation 

between IC50 and Ki (Yung-Chi & Prusoff, 1973) for the cases of competitive, 

noncompetitive and uncompetitive inhibition. However, the CYP enzymes usually follow 

mixed-type inhibition. Therefore, if the victim drug shows atypical kinetics, the IC50 value 

can be highly dependent on victim concentration. 

To better characterize inhibition potency of perpetrator drug, a DDI study including series 

of victim drug concentration and series of perpetrator concentration are used. Either 

inhibition or activation can be observed. The existence of atypical kinetics of the victim or 

perpetrator may complicate the prediction of Ki. Two inhibitor constants, Ki1 and Ki2 may 

be needed to characterize the DDIs with atypical kinetics. 

Although a two-binding-site model was proposed for time-dependent inhibitors in TDI 

kinetic schemes (K. Korzekwa et al., 2014; Nagar, Jones, et al., 2014; Yadav et al., 2020), 

the victim is usually assumed to single-binding for model simplicity. This assumption 

usually holds since a high victim concentration (5-fold Km) is used in a TDI assay. 

However, the victim level in the human body is usually much lower than Km. For a victim 

showing significantly sigmoidal kinetics, a single concentration of victim in a TDI assay 

may not be sufficient to characterize the interaction between time-dependent inhibitor and 

victim. Theoretically but not practically, it is anticipated that the complicated kinetics can 

be characterized by an experiment with three independent variables, including variable 

concentrations of inhibitor, variable concentrations of substrate, and different 

preincubation time points.   
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Advantages of numerical analysis 

The parameter probability distributions for the various simulations (Figure 3.8) shows that 

1) using an ES model for ESS kinetics results in inaccurate Km and kcat values; 2) use of 

ODEs instead of rate equations minimize the overall parameter errors; 3) simultaneous 

fitting to both P1 and P2 data using ODEs further decreases the parameter errors. The 

results suggest that using ODEs to model CYP kinetic is generally preferred to using 

explicit rate equations. Explicit rate equations include additional simplifying assumptions, 

and equations for complex systems are generally not available. To provide extra evidence 

for the advantage of simultaneous fitting of two primary metabolites, an expanded ESS 

model with three products formation (ESSP1P2P3 model, see Figure 3.17) were tested. P1, 

P2 and P3 formation datasets were simulated from the ESSP1P2P3 model. The datasets 

were fitted with different models. The results are shown in Table 3.4. 

 

Figure 3.17 Schemes for three products formation.  

(A) A one substrate binding, three metabolite formation (ESP1P2P3) scheme. (B) A two-

substrate binding, three metabolite formation (ESSP1P2P3) scheme. The species 

depicted in the schemes are defined as follows: E, unbound enzyme; P1, product 1; P2, 

product 2; ES, enzyme-substrate complex; and ESS, enzyme-substrate-substrate complex. 
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Table 3.4  Average parameter estimates of P1 for two-substrate binding while measuring 

three metabolites 

 

Error  
Kinetic 

parameters 
ESP 

ODE 

ESSP 

ODE 

ESP1

P2 

ODE 

ESP1

P3 

ODE 

ESP1

P2P3 

ODE 

ESSP1P

2 ODE 

ESSP1P

3 ODE 

ESSP1P

2P3 

ODE Ori 

0.01 

Km1 (μM) 153. 

(9.44) 

10.1 

(0.624) 

138. 

(3.27) 

145. 

(4.36) 

129. 

(6.06) 

10.0 

(0.240) 

10.0 

(0.200) 

10.0 

(0.178) 10 

kcat1(min
-1

) 35.5 

(1.27) 

0.998 

(0.0790) 

33.6 

(0.449) 

34.5 

(0.602) 

32.4 

(0.851) 

0.998 

(0.0259) 

0.999 

(0.0183) 

0.999 

(0.0217) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

232. 

(9.60) 

99.0 

(1.95) 

243. 

(2.74) 

238. 

(3.38) 

251. 

(6.67) 

99.4 

(1.22) 

99.5 

(1.19) 

99.8 

(1.47) 

99.

9 

Km2 (μM) 

N.A. 

100. 

(2.08) N.A. N.A. N.A. 

100. 

(1.62) 

100. 

(1.64) 

100. 

(1.57) 100 

kcat2(min
-1

) 
N.A. 

30.0 

(0.273) N.A. N.A. N.A. 

30.0 

(0.224) 

30.0 

(0.226) 

30.0 

(0.219) 30 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

300. 

(3.73) N.A. N.A. N.A. 

300. 

(2.88) 

300. 

(2.91) 

300. 

(2.77) 300 

Convergence 

(%) 100 100 100 100 100 100 100 100 

N.

A. 

AICc 

-154. 

(-3.64) 

-286. (-

4.29) 

-342. 

(-

0.241) 

-336. 

(-

0.214) 

-529. 

(-

0.410) 

-673. (-

3.29) 

-697. (-

3.32) 

-1100. (-

2.89) 

N.

A. 

0.05 

Km1 (μM) 154. 

(12.3) 

11.1 

(4.32) 

139. 

(6.61) 

146. 

(7.50) 

130. 

(7.30) 

10.2 

(1.25) 

10.2 

(1.09) 

10.1 

(0.880) 10 

kcat1(min
-1

) 35.5 

(1.82) 

1.14 

(0.579) 

33.7 

(1.09) 

34.5 

(1.19) 

32.4 

(1.17) 

1.01 

(0.132) 

1.02 

(0.107) 

1.01 

(0.0982) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

231. 

(10.0) 

99.7 

(10.9) 

242. 

(4.74) 

237. 

(5.10) 

250. 

(6.84) 

99.5 

(6.08) 

99.8 

(6.19) 

99.9 

(7.12) 

99.

9 

Km2 (μM) 

N.A. 

99.9 

(11.3) N.A. N.A. N.A. 

100. 

(8.40) 

101. 

(8.38) 

101. 

(8.21) 100 

kcat2(min
-1

) 
N.A. 

29.9 

(1.48) N.A. N.A. N.A. 

30.0 

(1.16) 

30.0 

(1.16) 

30.0 

(1.15) 30 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

302. 

(21.2) N.A. N.A. N.A. 

300. 

(15.0) 

300. 

(14.9) 

299. 

(14.4) 300 

Convergence 

(%) 100 100 100 100 100 100 100 100 

N.

A. 

AICc 

-144. 

(-5.09) 

-181. (-

6.64) 

-333. 

(-1.30) 

-331. 

(-

0.937) 

-522. 

(-

0.714) 

-462. (-

4.63) 

-487. (-

4.66) 

-780. (-

3.93) 

N.

A. 

0.1 

Km1 (μM) 157. 

(17.5) 

14.3 

(16.8) 

140. 

(12.8) 

146. 

(14.8) 

130. 

(12.8) 

10.7 

(2.77) 

10.4 

(2.25) 

10.3 

(1.98) 10 

kcat1(min
-1

) 35.7 

(2.67) 

1.62 

(2.52) 

33.6 

(2.12) 

34.3 

(2.36) 

32.3 

(2.14) 

1.07 

(0.311) 

1.03 

(0.240) 

1.02 

(0.240) 1 
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Table 3.4 (continued) 

Random 

error  

Kinetic 

parameters 
ESP 

ODE 

ESSP 

ODE 

ESP1

P2 

ODE 

ESP1

P3 

ODE 

ESP1

P2P3 

ODE 

ESSP1P

2 ODE 

ESSP1P

3 ODE 

ESSP1P

2P3 

ODE Ori 

0.1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

228. 

(11.4) 

97.6 

(19.8) 

240. 

(9.37) 

236. 

(9.90) 

249. 

(11.4) 

100. 

(14.1) 

99.0 

(13.9) 

99.6 

(15.7) 

99.

9 

Km2 (μM) 

N.A. 

101. 

(22.9) N.A. N.A. N.A. 

102. 

(17.7) 

101. 

(17.3) 

102. 

(17.2) 100 

kcat2(min
-1

) 
N.A. 

29.8 

(3.01) N.A. N.A. N.A. 

30.0 

(2.41) 

29.9 

(2.36) 

30.0 

(2.36) 30 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

307. 

(50.9) N.A. N.A. N.A. 

300. 

(31.8) 

300. 

(30.4) 

298. 

(29.9) 300 

Convergence 

(%) 100 100 100 100 100 100 100 100 

N.

A. 

AICc -123. 

(-7.12) 

-134. (-

9.13) 

-311. 

(-3.01) 

-315. 

(-2.33) 

-503. 

(-1.75) 

-369. (-

5.95) 

-393. (-

5.88) 

-639. (-

4.92) 

N.

A. 

0.2 

Km1 (μM) 163. 

(38.9) 

28.2 

(49.0) 

144. 

(30.1) 

151. 

(33.5) 

133. 

(26.2) 

14.1 

(11.3) 

12.9 

(11.8) 

11.8 

(6.15) 10 

kcat1(min
-1

) 35.2 

(5.65) 

3.60 

(7.89) 

32.9 

(4.65) 

33.7 

(5.06) 

31.6 

(4.20) 

1.45 

(1.31) 

1.26 

(1.29) 

1.13 

(0.577) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

220. 

(20.3) 

95.5 

(35.0) 

232. 

(18.8) 

227. 

(19.1) 

240. 

(18.6) 

102. 

(29.3) 

98.6 

(29.0) 

97.8 

(30.8) 

99.

9 

Km2 (μM) 

N.A. 

103. 

(53.3) N.A. N.A. N.A. 

106. 

(42.4) 

107. 

(40.8) 

107. 

(38.9) 100 

kcat2(min
-1

) 
N.A. 

28.9 

(6.15) N.A. N.A. N.A. 

29.4 

(5.34) 

29.6 

(5.18) 

29.5 

(5.01) 30 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

326. 

(118.) N.A. N.A. N.A. 

304. 

(87.0) 

301. 

(88.1) 

299. 

(77.7) 300 

Convergence 

(%) 100 98.6 100 100 100 100 98.8 99.6 

N.

A. 

AICc -86.8 

(-13.0) 

-86.8 (-

15.1) 

-259. 

(-6.64) 

-273. 

(-5.72) 

-449. 

(-4.35) 

-275. (-

8.58) 

-298. (-

8.34) 

-498. (-

6.77) 

N.

A. 

Data were simulated with the following parameters:  k1 = k6 = 270  µM-1 min-1, k2 = 

2700  min-1, k3 = 1 min-1,  k4 = 1 min-1, k5 = 1 min-1, k7=27000 min-1, k8 = 30 min-1, k9 =2 

min-1, k10 =0.2 min-1 

MM: Michaelis-Menten, Ori: original value, N.A.: not available. 

Data are represented as mean (S.D) determined from the 500 simulation runs. 

 

Table 3.4 summarizes the average fitted parameter estimates of P1 from different models. 

It is demonstrated that the ESSP1P2P3 model could always generate the lowest parameter 

estimate error and most centralized distribution of parameter estimate compared to 



 

83 

 

individual fitting and simultaneous fitting two-product dataset. Furthermore, three 

metabolite formation has been observed from testosterone incubation with recombinant 

CYP3A7 enzyme (Kandel, Han, Mao, & Lampe, 2017). In this condition, testosterone 

undergoes 6β-hydroxylation, 2β-hydroxylation and 2α-hydroxylation. This simultaneous 

fitting strategy is expected to enable more accurate Km, kcat prediction, better prediction in 

(reversible) drug-drug interaction (DDI), irreversible prediction (KI, kinact), and in vitro to 

in vivo extrapolation. 

 

AICc value considerations 

AIC is used to estimate the relative quality of statistical models for a given set of data. The 

lower AIC value indicates a better model (Bonate, 2011). However, the AIC tends to overfit 

the model to the dataset when the sample size is small. Given the small sample size of the 

in vitro and in vivo PK studies, the AICc is preferred. When comparing explicit rate 

equation and ODE models, AICc value cannot be compared since the concentration data 

and velocity data (concentration normalized to time) were used for rate equations and 

ODEs, respectively. Moreover, the AICc value is useless when comparing one-substrate 

binding ODE and two-substrate binding ODE since the corresponding datasets are different. 
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 ATYPICAL KINETICS OF CYP-CATALYZED DIAZEPAM 

METABOLISM AND ITS SEQUENTIAL METABOLISM 

4.1 Rationale and Background 

The primary goal of this chapter is to characterize the in vitro enzyme kinetic parameters 

of DZP with purified recombinant CYPs, HLM, MRLM, and FRLM. Male rats i.v. 

studies were performed (see CHAPTER 6) to obtain the PK profiles and investigate the 

nonlinearities due to DZP autoactivation in vivo. Several studies already suggested the 

atypical kinetics of DZP in HLM and recombinant CYP3A4 (Andersson et al., 1994; 

Kenworthy, Clarke, Andrews, & Houston, 2001; Magang Shou et al., 1999). Although 

one RLM saturation study (K. Saito et al., 2004) was reported, the lack of concentration 

points and low replicates might not be sufficient for complex mechanistic modeling of 

enzyme kinetics. Therefore, in-house experiments with RLM and relevant rat isoforms 

are needed along with robust modeling strategies.   

The lipid partitioning and non-specific protein binding can significantly affect in vitro 

enzyme kinetics by sequestering the available substrate for metabolism and its primary 

metabolites for further metabolism. It has been reported that lipid partition significantly 

affects the result of TDI (Yadav, Korzekwa, & Nagar, 2019).  The plasma unbound 

fraction (fu,p) is also important as it can affect the hepatic extraction ratio (ERh) of the 

low-clearance drugs significantly, for example, ERh of DZP in humans is less than 0.1. 

The mechanistic understanding of unbound fraction in liver microsome (fu, mic) could be 

used to predict the ratio of unbound tissue concentration to unbound plasma 

concentration, and ultimately the unbound volume of distribution (Holt, Ye, Nagar, & 

Korzekwa, 2019). The derivation of the steady-state volume of distribution (Vss) from fu, 
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mic would be a good strategy to predict the metabolite Vss when only the fu, mic data is 

available. Also, several factors, like pH, concentration, heparin in plasma (Allen, 

Greenblatt, Harmatz, & Shader, 1980), incubation time need to be carefully controlled to 

accurately measure the unbound fraction. The fu,mic and fu,p will be measured in-house in 

this project. 

 

DZP metabolism in human 

Benzodiazepines (BZs) are usually effective at low doses (1-10 mg) in humans. 

Generally, most BZs are metabolized similarly by the dog and human but not rats such as 

the first three marketed BZs: DZP, OXP, Chlordiazepoxide (Morton A. Schwartz, 

Koechlin, Postma, Palmer, & Krol, 1965). The DZP metabolism pathway in humans is 

shown in Figure 4.1. 

The disposition profiles of DZP in humans are summarized in Table 4.1.  

As Table 4.1 shows, the major metabolite in human plasma is NDP after a single dose 

and multiple doses. NDP has been shown similar hypnotic activity and efficacy (Tognoni 

et al., 1975). The NDP concentration is even higher than the DZP after multiple dosing 

with lower TZP and OXP levels.  DZP metabolites are predominantly (50-70%) 

eliminated by renal excretion. Different compositions of metabolites in urine have been 

reported. Kaplan et al. (Kaplan, Jack, Alexander, & Weinfeld, 1973) reported the NDP 

N-glucuronide as a major metabolite in urine after IV and p.o. dose. Mahon et al. 

(Mahon, Inaba, Umeda, Tsutsumi, & Stone, 1976) reported the appearance of TZP-G and 

OXP-G in urine collection on day three and PHD-G on day six. This was the only report 
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of PHD detected in humans. However, trace NDP was recovered from urine in this study. 

The TZP-G was found to be the major metabolite in urine. 

 

Figure 4.1 The metabolism pathway of DZP in humans 
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Table 4.1 Disposition profile of DZP in human 

Dose 

route 
Dose 

Major 

plasma 

metabolite 

% of doses 

(urine) 

Major urine 

meta(of urine 

dose) 

Reference 

Oral DZP 

20-

25mg 

/day 

NDP 

(DZP/NDP

=1.67, 

0.98,0.32 at 

day 2, 5,7) 

N/A N/A 

(Desilva, 

Schwartz, Kaplan, 

Stefanovic, & 

Darconte, 1964) 

Oral 3H-

DZP 

0.12mg

/kg 
N/A Day 12: 70% 

Day12: 

Glucuronide 

metabolites 

(67.5%), 

Sulfated 

metabolites 

(16%) 

(Morton A. 

Schwartz et al., 

1965) a 

Oral 3H-

DZP 
N/A N/A N/A 

No DZP, 

NDP 

(Kleijn, Rossum, 

Muskens, & 

Rijntjes, 1971) b 

IV DZP 10 mg NDP N/A 

Day2: 4.8-

9.2% conj-

NDP,<0.05% 

DZP, NDP 

(Kaplan et al., 

1973) c 

Oral DZP 10 mg NDP N/A 

Day2: 2.5-

6.1% conj-

NDP,<0.05% 

DZP, NDP 

(Kaplan et al., 

1973) 

Oral DZP N/A 
NDP, 

OXP≈TZP 
N/A N/A (Zingales, 1973) 

IV 14C-

DZP 

40-50 

uCi 

(0.25 

mg) 

NDP 

Day3: 48.9% 

(TZP-G, 

OXP-G, 

trace DZP, 

NDP, Day6: 

PHD-G 

N/A 
(Mahon et al., 

1976) 

DZP N/A N/A N/A Conj- TZP (Arnold, 1975) 

IV DZP N/A 

NDP 

(53%), 

TZP (27%) 

N/A N/A 
(Greenblatt et al., 

1988) 

a: more detail about metabolite identification in dogs, rats, and human urine in this 

reference. For example, the major urinary metabolite is OXP-G, small amounts of TZP-

G, OXP, NDP, and DZP have also been measured. The main elimination is renal 

excretion. (Kanto, Iisalo, Lehtinen, & Salminen, 1974; Morton A. Schwartz et al., 1965; 

Silva & Puglisi, 1970). 

b: NDP and OXP are present in the GI tract in large amounts for mice and dogs. 
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c: the three-compartment model was applied to this set of data 

conj-: conjugated, N/A: not available. 

Several bile duct T tube experiments were performed in humans to study the biliary 

excretion of DZP as summarized in Table 4.2. A discrepancy of drug-related materials 

(DRMs) compositions in bile were observed. It was speculated that NDP does not readily 

undergo conjugation compared to TZP and OXP. 

Table 4.2 Biliary excretion of DZP in humans. 

Dose route Dose Treatment 

Major bile 

meta (of bile 

dose) 

Minor bile 

meta (of bile 

dose) 

Reference 

IV DZP 
10 

mg 

Common 

bile duct T-

tube (group 

1) 

Conj- NDP 

(74% of total 

NDP), OXP; 

trace conj- 

DZP of total 

DZP, no conj- 

OXP 

(Sellman, Kanto, 

& Pekkarinen, 

1975)a 

IV DZP 
10 

mg 

After 

cholecys-

tectomy 

(group 2) 

N/A N/A 
(Sellman et al., 

1975) 

i.m. DZP 
10 

mg 

T-tube 

drainage 

TZP and conj 

TZP, OXP 

and conj. 

OXP 

low DZP, No 

conj DZP 

(Eustace, Hailey, 

Cox, & Baird, 

1975)b 

IV 14C-

DZP 

40-

50 

uCi 

(0.25 

mg) 

T-tube 

drainage 

5.35% (as 

TZP-G, 

PHD-G, 

OXP-G)e 

Trace DZP 

or NDP 

N/A 
(Mahon et al., 

1976) 

Oral DZP 
10 

mg 

T-tube 

drainage 

0.35% dose 

of DZP in 

bile (3d)c 

N/A 
(Klotz, Antonin, 

& Bieck, 1976) 

p.o. DZP 

10 

mg 4 

days 

T-tube 

drainage 

(group 1) 

Conj- NDP 

(77% of total 

NDP), 

Conj-

OXP(35% of 

total OXP), 

smaller DZP 

(Sellman, 

Hurme, & Kanto, 

1977)d 

p.o. DZP 

10 

mg 4 

days 

After 

cholecystec

-tomy 

(group 2) 

N/A N/A 
(Sellman et al., 

1977) 
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a: Detailed DRM composition in bile. No conjugated DZP was detected in the bile 

sample. 

b: insufficient biliary excretion of diazepam to account for its reintroduction into the 

circulation through an EHC, other factors may exist.  

c: the value may be overestimated since 1 L/day bile was assumed. 

d: No conjugated DZP, conj NDP, conj TZP, conj OXP in plasma; more detail of bile 

compositions in Figure 2. High conjugated NDP and conjugated DZP in urine compared 

to the plasma of both groups. 

e: corrected to a bile flow of 700 ml/day was 15.0%. No DZP or NDP was found, and 

therefore an EHC cannot explain the prolonged half-life of these substances in man. 

meta: metabolite, conj-: conjugated 

 

 

The potential EHC of diazepam was first investigated in animal studies (Paolo Bertagni 

et al., 1972). It was suggested that the EHC of TZP and OXP occurred in rodents. A 

second peak, consistent with EHC, was observed after iv dosing of DZP to dogs, 

followed by a biphasic C-t profile  (Kleijn et al., 1971; Morton A. Schwartz et al., 1965).  

A plateau was observed in human DZP C-t profiles (Morton A. Schwartz et al., 1965). 

The erratic human C-t profiles for DZP and formed NDP after one subchronic DZP 

dosing was observed. Several shoulder peaks were observed. The involvement of EHC 

and to a smaller extent entero-gastric and entero-glandular cyclings such as salivary 

glands and lachrymal glands were speculated to explain the unusual curves (Kleijn et al., 

1971). Prominent shoulder peaks were also observed in 20 mg DZP IV human studies, 

with NDP and TZP monitored simultaneously (Baird & Hailey, 1972). Intramuscular 

DZP administration in humans also showed several shoulder peaks of DZP (Baird & 

Hailey, 1973). Evidence provided by PD effects was that drowsiness increased during the 

shoulder peak of DZP (Kleijn et al., 1971).  

Based on the summary in Table 4.2, human bile contains virtually no DZP (Mahon et al., 

1976) and shoulder peaks cannot be accounted for EHC of the parent drug. There are 
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discrepancies for NDP or conjugated NDP concentrations in bile from different papers. 

Another possible reason for the shoulder peaks may be the reductive reaction executed by 

gut microbiota which could transform the TZP back to DZP (Fu, Molnar, Bowron, Lewis, 

& Wang, 2011). In addition, OXP has been reported to be reduced back to NDP by 

human intestinal bacteria (Fu, Lewis, Wang, Keegan, & Dawson, 2010; Okamura, 

Sugiura, & Miyazawa, 1996).  

Unexpectedly, one study indicated the TDI of CYP3A4 by DZP (Nishiya et al., 2010). 

DZP act as a weak time-dependent inhibitor to CYP3A4 compared to mibefradil and 

troleandomycin. 

 

DZP metabolism in rats 

In animal studies, the conjugated BZs are mostly glucuronides (Paolo Bertagni et al., 

1972). As a common animal model for drug efficacy and toxicity study, rats have been 

widely used in the investigation of DZP disposition. Different from humans, liver 

metabolism and biliary excretion are the primary elimination pathways. A majority of the 

dose (57-82%) was recovered from feces and only 16-21% was recovered from urine. 

The metabolites from rats are more diverse compared to humans as shown in Figure 4.2. 

The disposition profiles of DZP in rats are summarized in Table 4.3. PHD and PHN 

found in the rat PK could also be detected in the rabbits (M. A. Schwartz, Bommer, & 

Vane, 1967). It was suggested that 4’-hydroxylation of diazepam to PHD was not 

observed in RLM incubation (Andrews & Griffiths, 1984; S. Garattini, 1973). However, 

more recent data reported PHD as the dominant formation from DZP incubation with  
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Figure 4.2 The proposed metabolism pathway in rats 

 

RLM and rat hepatocytes (Konomu Saito et al., 2004; K. Saito et al., 2004; Zomorodi, 

Carlile, & Houston, 1995). The major (~70%) urine metabolites are glucuronide 

metabolites. The recovery of dose from bile accounted for ~80% dose (Andrews & 

Griffiths, 1984; Bell, Slattery, & Calkins, 1985) in control rats, in which PHD-G was the 
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dominant (>50%) metabolites. However, the major glucuronidated metabolites TZP-G 

and OXP-G in human bile were minor in rats bile.  

Table 4.3 Disposition profile of DZP in rats 

Dose route Dose 

% of doses 

in feces 

(time) 

% of 

doses 

in 

urine 

(time) 

Major 

urine 

meta(of 

urine dose, 

time) 

Major 

bile meta 
Reference 

i.p. 3H-

DZP 

0.6 

mg/kg 
57.1% (2d) 

21.5% 

(2d) 
N/A N/A 

(Morton A. 

Schwartz et 

al., 1965) 

p.o. 3H-

DZP 

0.6 

mg/kg 
63% (3d) 

15% 

(3d) 

Glucuronide 

meta and 

Sulfated 

meta 

(68%,1d) 

N/A 

(Morton A. 

Schwartz et 

al., 1965) 

i.p. 3H-5-

phenyl-

DXP 

100 

mg/kg 

69% (4h) 

in intestine 

contents a 

N/A No TZP N/A 

(M. A. 

Schwartz et 

al., 1967) 

IV (Male 

SD rats) 

5 

mg/kg 
N/A N/A N/A 

No Conj 

TZP, no 

conj 

OXP. 

(Paolo 

Bertagni et 

al., 1972) 

14C-DZP 

IV 
N/A N/A N/A N/A 

Conj 

OXP 

(Inaba, 

Tsutsumi, 

Mahon, & 

Kalow, 

1974) b 

p.o. 2-14C-

DZP 

(Diabetic) 

5 mg 
66.2±3.7% 

(4d) 

34.4±1

.2% 

(4d) 

N/A 
32.8% 

dose 

(Andrews & 

Griffiths, 

1984) 

p.o. 2-14C-

DZP 

(Control) 

5 mg 
82.0±3.0% 

(4d) 

16.9±2

.8% 

(4d) 

N/A 
79.2% 

dose 

(Andrews & 

Griffiths, 

1984) 

a: Conjugated TZP (12%), Conjugated PHD (51%),  4’-hydroxy-TZP (7%), 4’-hydroxy-

NDP(11%). None of the metabolites identified in humans and dogs' urine were found in 

rat urine. 

b: metabolism in the liver and biliary excretion is the main route in the rat, the urinary 

excretion is negligible. Radioactivity in the blood of bile-cannulated and control rats 
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decreased at the same rate suggesting the lack of enteral absorption. No DZP EHC 

observed. 77% of doses were recovered from the bile 

Conj: conjugated, Meta: metabolites, N/A: not available. 

 

The detailed metabolite compositions were represented in Table 4.4, Table 4.5, and Table 

4.6.  

Table 4.4 Quantification of 14C-DZP metabolites detected in 0-24 hrs urine samples, 0-24 

hrs bile samples from control and STZ-diabetic rats orally dosed with 14C-DZP in liver 

homogenates following incubation with 14C-DZP.  

Metabolites 

% Sample Radioactivity of dose 

0-24 hrs Urine 0-24 hrs Bile  Incubation in Vitro 

Control 
STZ 

Diabetic 
Control 

STZ 

Diabetic 
Control 

STZ 

Diabetic 

DZP N.D. N.D. N.D. N.D. 53.2±2.7 50.2±3.6 

NDP N.D. N.D. N.D. N.D. 21.7±1.3 23.0±2.5 

TZP N.D. N.D. N.D. N.D. 12.5±0.9 11.2±1.7 

OXP 1.4±0.6 1.7±0.8 N.D. N.D.  6.8±1.7 5.6±0.6 

PHD 1.8±0.3 2.3±0.5 N.D. N.D. N.D. N.D. 

PHN N.D. 0.5±0.4 N.D. N.D. N.D. N.D. 

PHT 0.9±0.2 0.8±0.3 N.D. N.D. N.D. N.D. 

PHO 1.2±0.5 0.9±0.2 N.D. N.D. N.D. N.D. 

TZP-G 4.2±1.0 6.1±1.6 12.7±1.6 14.2±2.5 

5.5±1.9 6.4±1.4 

OXP-G 15.6±3.1 11.0±2.9 10.3±2.6 9.6±1.6 

PHD-G 16.2±2.9 11.7±1.9 42.6±5.2a 45.1±3.7a 

PHN-G 5.7±1.4 8.1±2.8 3.6±0.7 3.1±0.9 

PHT-G 11.9±4.0 12.1±3.6 4.1±0.8 5.6±2.0 

PHO-G 26.8±6.1 25.3±5.4 9.7±1.9 7.3±3.1 

a: identified as relative HPLC retention time, not authentic reference compound. 

Unconjugated metabolites except 4'-Hydroxyoxazepam were identified with the authentic 

reference compound. 

Data given are the means±S.D. of three experiments. The oral dose of 14C-diazepam was 

5 mg. Liver homogenates were incubated with 200 μg of 14C-diazepam for 30 min. 

N.D.: Not detectable, STZ: Streptozotocin. 

Table modified from (Andrews & Griffiths, 1984) 

 

Table 4.5 Effect of halothane anesthesia on biliary flow and excretion of radioactivity.  

Group Bile flow 
Ratio: 14C-Excretion rate 

in bile /14C-infusion rate 

 Early Late Early Late 

Control 1.36±0.10 0.16±0.06* 0.85±0.04 0.86±0.05 

Halothane 1.17±0.02 0.95±0.06* 0.85±0.03 0.74±0.05* 
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*P<0.05, compared to early, paired t-test. 

Table modified from (Bell et al., 1985) 

  

Table 4.6 Effect of halothane anesthesia on the concentration of DZP and its metabolites 

in bile at iv infusion study.   

 

Metabolite 

The metabolite, % of total radioactivity 

Control group Halothane group 

Early Late Early Late 
 Mean SD Mean SD Mean SD Mean SD 

DZP 0.28 ± 0.03 0.28 ± 0.01 0.17 ± 0.05 0.21 ± 0.05* 

NDP 2.8 ± 0.5 3.6 ± 1.0 2.8 ± 1.7 2.8 ± 1.4 

PHD 25 ± 10 24 ± 9 23 ±4 24 ± 2 

TZP 5.0 ± 5.5 6.9 ± 9.4 1.9 ± 1.5 2.1 ± 1.3 

PHN 2.9 ± 0.6 3.7 ± 1.2 2.5 ± 0.4 3.4 ± 0.3* 

OXP 7.2 ± 4.6 6.9 ± 4.3 5.9 ± 2.9 6.3 ± 4..3 

*P<0.05, compared to early, paired t-test. 

Radioactivity present in bile was 98% in the form of conjugates 

Bile samples obtained at 105 and 120 min were combined for the early sample; samples 

obtained at 285 and 300 min were combined for the late sample. 

Table modified from (Bell et al., 1985). 

 

Igari et al. (Igari, Sugiyama, Sawada, Iga, & Hanano, 1984) suggested that potential 

pulmonary and renal metabolism in rats besides hepatic metabolism. This extrahepatic 

metabolism may result in less accuracy in the IVIVC.  

To determine the corresponding enzyme for the specific metabolites in rats, Neville et al. 

investigated the enzyme responsible for p-hydroxylation, 3- hydroxylation, and N-

demethylation of DZP (Neville et al., 1993). It was proposed to be CYP2D1, CYP3A2, 

and CYP2C11, respectively. However, subsequent studies eliminate the possibility of p-

hydroxylation by CYP2D1 and CYP2D2 via anti-CYP2D1, anti-CYP2D2 serum 

reactions (Konomu Saito et al., 2004; K. Saito et al., 2004). The same group confirmed 

the contribution of CYP2D3 to DZP p-hydroxylation in rats via the yeast-expressed 
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CYP2D isoforms (Sakai et al., 2005). Meanwhile, CYP2D4 was shown to have high 

activity for N-demethylation, but not for p-hydroxylation. 

Similar to the high polymorphism of the CYP2D6 subfamily in humans (Ingelman-

Sundberg, 2005; Sistonen et al., 2007), heterogeneity of CYP2D has also been observed 

in rats (Fujita et al., 1989). Therefore, we could expect that the in vivo atypical kinetics of 

DZP would be more easily observed seen in a rat model with low activity CYP2D alleles. 

Strain difference of DZP metabolites selectivity was reported by Sakai et al. (K. Saito et 

al., 2004). It has been shown almost no p-hydroxylation of DZP in Dark agouti rats and 

poor metabolizer Wistar rats. However, the rat model is not commercially available in the 

USA. The introduction of a CYP2D inhibitor is another way to minimize the contribution 

of CYP2D isoforms. Quinidine is a common human CYP2D6 inhibitor (McLaughlin et 

al., 2005). Although quinidine has been shown as a modifier of CYP3A4 via a multisite 

kinetic model (Galetin et al., 2002), the effect of quinidine on DZP metabolism in RLM 

or rat CYP isoforms has not reported. The interaction between quinidine and diazepam 

was investigated in the current study, Furthermore, a CYP2C11-null rat model was 

generated via (CRISPR)/Cas9 method in which CYP2C11 was not detected by western 

blotting in the liver microsomes of CYP2C11-null rats (Wei et al., 2018). This model 

could potentially highlight the atypical kinetics of the CYP3A subfamily by masking the 

contribution of CYP2C11. To increase the contribution of the CYP3A subfamily to the 

metabolism of DZP, the usage of enzyme inducers were used. As shown in Table 4.7, it 

was reported (Carlile et al., 1997) that phenobarbital (PB) and dexamethasone (DEX) 

treated male SD liver microsome showed a 3-fold and 20-fold increase of fractional CLint 

to TZP. 2-fold and 3-fold increases of fractional CLint to NDP were observed. No 
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significant change was observed for CLint to PHD. Meanwhile, a similar pattern of the 

increase was observed from the treated rat hepatocytes. Therefore, it appears that DEX-

treated RLM and rats could be used for studying in vivo atypical kinetics. 

 

Table 4.7 Michaelis-Menten parameters for the primary pathways of DZP metabolism in 

hepatic microsomes and isolated hepatocytes from DEX-treated, PB-treated, and UT rats 

Treatment Pathway 

Microsomesa Hepatocytesb 

Vmax Km CLint Vmax Km CLint 

nmol/min μM μl/min nmol/min μM μl/min 

DEX 

PHD 
0.23  

± 0.07 
11  ± 8 

26.0  

± 10.4 

0.19  

± 0.03 
7  ± 3 

33.4  

± 19.1 

TZP 
14.68  

± 1.70** 
39  ± 9* 

395.0  

± 136.3** 

3.45  

± 0.72** 

23  

± 3** † 

157.5  

± 49.2** 

NDP 
1.26  

± 0.22* 
23  ± 6* 

58.8  

± 25.2* 

0.33  

± 0.06* 

14  

± 4** 

24.8  

± 8.0** 

PB 

PHD 
0.13  

± 0.04 
7  ± 2 

22.9  

± 17.8 

0.17  

± 0.04 
9  ± 3* 

20.4  

± 4.3** 

TZP 
7.81  

± 1.18** 

135  

± 27 

58.5  

± 3.2** 

4.67  

± 0.86** 

65  

± 19† 

73.2  

± 10.5** 

NDP 
2.70  

± 0.73** 
54  ± 9* 

50.7  

± 14.9** 

1.48  

± 0.19** 

56  

± 13* 

26.7  

± 2.7** 

UT 

PHD 
0.16  

± 0.07 
5  ± 2 

39.9  

± 27.6 

0.20  

± 0.05 
3  ± 1 

57.9  

± 9.1 

TZP 
2.29  

± 0.64 

119  

± 32 

19.1  

± 0.8 

1.19  

± 0.21 

71  

± 11† 

17.3  

± 4.5 

NDP 
0.78  

± 0.15 
35  ± 5 

22.3  

± 1.9 

0.25  

± 0.02 
35  ± 5 

7.1  

± 1.1 

Data are presented as means ± SD (N=4). Mean from induced states significantly 

different from UT (* p < 0.05, ** p< 0.01). Hepatocyte Km significantly different from 

microsomal KM († p< 0.05).  

a: Vmax and CLint are expressed per milligram of microsomal protein.  

b: Vmax and CLint are expressed per million cells. 

DEX: dexamethasone, PB: phenobarbital, UT: untreated. 

Table modified from (Carlile et al., 1997). 

The CYP enzyme kinetic parameters of TZP and NDP metabolism are needed for the 

characterization of DZP sequential metabolism and the prediction of metabolite PK. 

Based on our literature review, no information about the in vitro metabolism of TZP and 
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NDP was reported. The incubation with NDP, TZP with microsomes and recombinant 

enzymes were performed to measure the kinetic parameter for NDP and TZP metabolism. 

The parameters were used for an integrated sequential metabolism scheme of DZP 

enzyme incubation. 

 

TZP PK 

The disposition profiles of TZP were studied with humans, rats, mice, and dogs 

(Schwarz, 1979). Nearly 50% of the radioactivity in blood was accounted for TZP (21% 

of DRMs), TZP-G (3% of DRMs), OXP (22% of DRMs) and conjugated OXP (0%) at 

the steady-state studies after 20 mg/kg/day administration to rats. Only around 5% of the 

dose as TZP-G and OXP-G recovered from bile during the first 3-hour biliary excretion 

(Tse et al., 1983). An experiment design using rats connected in pairs by bile duct-

duodenum cannulae (F. L. S. Tse, Ballard, Jaffe, & Schwarz, 1983)was shown in Figure 

4.3. It was indicated that 54.1% of the original dose (77.9% of the transferred biliary 

excretion from the donor) was reabsorbed by the recipient.  
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Figure 4.3 EHC of radioactivity in a pair of bile duct-duodenum cannula-linked rats after 

an oral dose of 14C-TZP to the donor.  

Figure modified from (Tse et al., 1983) 

 

In terms of mice, high OXP (50% of DRMs) and OXP-G (22.2% of DRMs) plasma 

levels and low TZP and TZP-G levels (both ~3% of DRMs) were seen at the steady-state 

studies after 80 mg/kg/day TZP administration. These data suggest the higher biliary 

excretion of glucuronide metabolite in mice after TZP administration. 

 

OXP PK in human  

Oxazepam (brand name: Serax) is categorized as a short to intermediate-acting BZ, 

which can be formed from the metabolism of DZP, prazepam, and TZP. It was patented 

by Wyeth laboratories (Radnor, PA) in 1964. OXP is administered to humans by the oral 

route only. It has been reported that BZs, especially OXP, are the most commonly 

detected medicinal drugs in blood from drivers (Kelly, Darke, & Ross, 2004). 

In humans, OXP is transformed into water-soluble, polar, pharmacologically inactive 

OXP-G excreted in the urine as a major metabolite (Walkenstein, Wiser, Gudmundsen, 

Kimmel, & Corradino, 1964). Factors and conditions that can affect OXP glucuronidation 

include disease state, diet, age, and DDI (Sonne, 1993). Common OXP dosage ranges 

from a few mg to several hundred mg daily, and the most common therapeutic dose is 

between 45 and 120 mg daily, separated into 3–4 doses (Breivik, 2017). Even though the 

drug is highly bound to plasma protein, concentrations of the drug were approximately 3–

5 times higher in the brain than in plasma, demonstrating notable uptake (Shull, 

Wilkinson, Johnson, & Schenker, 1976). 
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OXP kinetics is minimally affected by age and liver disease. However, renal disease is 

correlated with an extended T1/2 and a larger Vd. Both OXP and lorazepam undergo 

thermal rearrangement detected by electron capture detector, with loss of a molecule of 

water, yielding the corresponding quinazoline carboxaldehyde (de Groot et al., 1976; 

Forgione et al., 1971; Frigerio et al., 1973; Sadee and van der Kleijn, 1971). The extent of 

this transformation does not appear to be reproducible and is an obstacle to reliable 

quantitation (Greenblatt, 1981).  

 

OXP PK in rats  

PK studies of OXP in rats, dogs, and pigs were also reported (Walkenstein et al., 1964). 

After oral and i.v. dose of 2-14C OXP, around 70% of the radioactivity was recovered 

from the urine of dogs and pigs, and no more than 20% in feces. In both species, OXP-G 

accounted for around 95% DRM and a significant level of OXP-G was found in the feces. 

Other studies indicated that more than 80% dose was converted to OXP-G in humans 

(Knowles & Ruelius, 1972; Steidinger & Schmid, 1970; Vessman, Freij, & Strömberg, 

1972; Walkenstein et al., 1964), miniature swine (Sisenwine, Tio, Shrader, & Ruelius, 

1972; Walkenstein et al., 1964), rhesus monkeys, and dogs (Walkenstein et al., 1964). 

Unexpectedly, the dominant elimination pathway is different in rats. Using the thin layer 

chromatography, more than seven metabolites have been identified from rat urines 

(Walkenstein et al., 1964).                                      

Later studies also confirmed that several metabolism pathways were found in rats 

(Walkenstein et al., 1964; Sisenwine et al., 1972, 1982; Griffin and Burka, 1995; Dinis-

Oliveira, 2017). The metabolism pathways of OXP in rats are summarized in Figure 4.4. 
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The corresponding DMEs still need to be investigated. Metabolites from extensive 

aromatic hydroxylation, ring contraction, and O-methylation was found in rat urine and 

the amounts were greater than those of unchanged drug or its glucuronide. Furthermore, 

the conjugation of OXP is primarily with sulfate rather than with glucuronic acid. OXP 

dihydrodiol was speculated to be the major metabolite in rats (Sisenwine and Tio, 1986).  

 

Figure 4.4 The metabolism scheme of OXP in F344 rats  

Figure modified from (R. J. Griffin & Burka, 1995). 

 

OXP PK in mice  
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On day five after OXP intragastric administration, 27.3% of the dose was recovered from 

mice urine (Sisenwine et al., 1987). The major metabolite was OXP-G with minor 

oxidative metabolite CPQ acid (Griffin and Burka, 1993). As a major metabolite, the total 

formed OXP-G accounted for around 25% of the dose in B6C3FJ mice and Swiss-

Webster mice. These data suggest that in vivo glucuronidation may be well observed in 

mice but not in mice.  

 

Enterohepatic cycling of OXP 

A bile duct cannulation study indicated that 5.3%, 34.7% and 49.7% of conjugated OXP 

were recovered from rat, guinea pig and mouse bile within a 3-hr period (Paolo Bertagni 

et al., 1972) as Table 4.8 shown. The EHC of free and glucuronidated oxazepam has been 

confirmed by studies in animals, especially guinea pigs (P. Bertagni et al., 1978; Paolo 

Bertagni et al., 1972). It was observed that more extensive EHC of these compounds in 

mice and guinea pigs than in rats (Paolo Bertagni et al., 1972). The observed low 

recovery of OXP-G in rats was due to that OXP could be methylated on the hydroxyl 

group, the benzylic carbon could be hydroxylated and the heteroatomic ring could be 

broken. (Dinis-Oliveira, 2017; R. J. Griffin & Burka, 1995). 

Table 4.8 Biliary Excretion of Conjugated Hydroxylated Benzodiazepines in the Rat, 

Guinea Pig, and Mouse 

Dose 

Administered 

(5 mg/kg i.v.) 

Percent of Administered Dose ± SE 

TZP OXP 

Rat 
Guinea 

Pig 
Mouse Rat 

Guinea 

Pig 
Mouse 

DZP N/D N/D N/D N/D 3.0 ± 0.8 13.1 ± 1.9 

NDP N/D N/D N/D N/D 4.0 ± 0.7 33.4 ± 3.9 

TZP 8.5 ± 0.2 20.8 ± 1.1 9.9 ± 1 Traces 8.1 ± 0.8 23.0 ± 0.8 

OXP N/D N/D N/D 5.3 ± 0.4 34.7±3.4 49.7± 5.3 
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The figures are the averages of four determinations and represent the conjugated forms 

present in the bile collected during 3 hr. after drug administration. No DZP or NDP, in 

the free or conjugated form, was found in the bile and no free TZP or OXP was found 

after administration of the four benzodiazepines.  

N/D: not detectable. The method permits the detection of amounts higher than 0.15 % of 

the administered benzodiazepines. 

Table modified from (Paolo Bertagni et al., 1972). 

Like other 3-hydroxy-benzodiazepines (3-OH-BZs) such as TZP and lorazepam, OXP is 

an optically active compound with a chiral center at the 3-carbon position (Garattini, 

Marcucci, & Mussini, 1972). Although the optically pure form is available, it undergoes 

rapid racemization (T1/2 = 5 min, 37 ℃) in the aqueous phase (Yang & Lu, 1989) 

preventing the isolation of enantiomerically pure OXP. Therefore, it is clinically 

available as a racemic formulation. The racemization mechanism of OXP and other 3-

OH-BZs is believed to be the results of fast tautomeric equilibrium between the ring and 

the achiral iminoaldehyde forms (Stromar, Sunjic, Kovac, Klasinc, & Kajfez, 1974) as 

Figure 4.5 shown. It was observed that the racemization T1/2 of OXP enantiomers is 

longer in solvents of lower polarity (Yang & Lu, 1989).  

 

Figure 4.5 Racemization mechanism of oxazepam 

 

(S)-OXP, a BZ receptor agonist, is thought to be much more active (~100–200-fold 

higher) compared with the (R)-OXP (Mohler, Okada, Heitz, & Ulrich, 1978). When OXP 

is administered as a racemate, the liver is exposed to an equal mixture of R and S 

isomers. Stereoselective glucuronidation leads to a higher proportion of the (S)-OXP-G 
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formation in humans and rats (Seideman, Ericsson, Groningsson, & Vonbahr, 1981; 

Sisenwine et al., 1982). Stereoselective glucuronidation of  OXP was also observed in 

other animal species either in vitro or in vivo (Sisenwine et al., 1982) as Table 4.9 and 

Table 4.10 shown. The higher formation ratio of (S)-OXP-G/(R)-OXP-G in RLM might 

suggest the separation of the racemic mixture may not be needed. 

Table 4.9 Urinary excretion of diastereoisomeric OXP-G in various species 

Species 
Dose a S(+) R(-) 

Total Ratio S/R N 
mg/kg % of dose 

Man 30b 52.5 ± 10.5 16.8 ± 4.1 69.3 ± 8.2 3.40 ± 1.50 3 

Rhesus 

monkey 
1.0 30.9 ± 12.4 57.5 ± 14.3 88.5 ± 8.8 0.55 ± 0.26 3 

Dog 1.0 46.4 ± 16.2 15.3 ± 4.2 61.7 ± 19.9 3.01 ± 0.46 3 

Miniature 

swine 
1.0 32.9 ± 9.4 28.2 ± 7.7 61.0 ± 16.0 1.17 ± 0.62 4 

Rabbit 1.0 11.6 ± 1.5 6.0 ± 0.7 17.6 ± 0.9 2.0 ± 0.4 3 

a: Oral doses were given to all species except the rabbit, which received an intragastric 

dose. 

b: The dose received by human volunteers is given in mg. The weights of the three 

subjects were 47. 85, and 99 kg. 

Values are for 0- to 48-hr collections except for rhesus monkey (0- 24 hr). 

N: Number of subjects 

Table modified from (Sisenwine et al., 1982). 

 

Table 4.10 In vitro glucuronidation of OXP 

Species 
S(+) R(-) Ratio S/ 

R nmol/(hr*g liver) 

Rhesus monkey 238 596 0.4 

Dog 826 43 19. 

Miniature swine 41 29 1. 

Rabbit 178 92 2. 

Rat 424 22 19. 

Table modified from (Sisenwine et al., 1982). 

 

As mentioned previously, atypical kinetics is not only observed from CYP enzymes but 

also UGT enzymes. Atypical kinetics were observed in human UGT enzyme reactions 
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with TZP and OXP. (S)-TZP saturation studies with HLM indicated the MM kinetics. 

(R)-TZP was shown substrate inhibition kinetics in HLM saturation studies (Pallmann et 

al., 2008). Incubation of racemic OXP with HLM from three human livers was shown 

differential kinetics activity via E-H plot diagnosis. One of the liver microsome samples 

was characterized as biphasic saturation curves with the highest concentration of 500 μM 

was applied. The highest concentration is far below OXP solubility.  Another study 

reported that incubation of racemic OXP with HLM indicated 4-5 fold higher activity to 

(S)-OXP metabolism compared to (R)-OXP (Patel et al., 1995). A later study (Court et 

al., 2002) with reaction genotyping for OXP metabolism in human samples indicated a 

unique contribution of UGT2B15 to (S)-OXP metabolism (Km= 29–35 μM), similar to 

HLMs (43–60 μM). However, (R)-OXP was metabolized by UGT1A9 (Km= 12μM), 

UGT2B7 (Km= 256-303μM) and HLMs (Km= 256-303μM). Substrate inhibition was 

observed for (S)-OXP saturation studies with HLM, UGT2B15*1, and UGT2B15*2. 

Sigmoidal saturation curves were observed for UGT2B7 incubation with both optical 

isomers. Notably, extensive polymorphism of CYP2B15 activity in humans and gender 

differences may introduce complexity to the prediction of human OXP disposition (Court 

et al., 2004; He et al., 2009).  

To fully characterize TZP, OXP disposition in rats, the in vitro UGT reactions of DZP 

metabolites: TZP and OXP with RLM were performed. These in vitro enzyme kinetics 

parameters could be used to predict the disposition of TZP and OXP in rats.  
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4.2 Materials 

Male Rat liver microsomes (MRLM), female rat liver microsome (FRLM), human liver 

microsomes (HLM), dexamethasone-treated MRLM (DEX-MRLM), recombinant 

CYP3A4, 2C19, 3A1,3A2, 2C11, NADPH solution A and solution B were obtained from 

Corning life sciences. Potassium phosphate monobasic and potassium phosphate dibasic 

were obtained from Fisher Scientific, rat plasma and human plasma were purchased from 

Equitech Bio and US biologicals respectively. Alamethicin was purchased from Cayman 

Chemicals. UDPGA triammonium salt was purchased from Sigma. 

 

4.3 Methods 

4.3.1 Centrifuge Speed Selection 

Two centrifuges with different maximum speeds are available in our lab. One is a plate 

centrifuge with a maximum speed of 4211 rpm (referred to as low-spin), another is a 2 

mL tube-only centrifuge with a maximum speed of 15000 rpm (referred to as high-spin). 

To simplify the post-preparation process by using the 96-well or 384-well plates, the 

separation efficiency of these two centrifuges was compared.  

The QC samples in the RLM matrix (Final [RLM] = 0.2 mg/mL) were quenched with a 

two-fold volume of ACN containing IS and separated into 2 aliquots for comparison of 

high-spin and low-spin methods. The calibration standard samples in the RLM matrix 

were centrifuged only with the high-spin method.  
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4.3.2 Stability Test 

Concentrations obtained by serial dilution of the substrate were used in the following 

substrate saturation studies. The stability test of three concentrations (8, 80, 800 μM) 

covering the TZP concentrations was performed in the buffer, RLM, HLM, and 

recombinant CYP for long periods. 

 After five months, the TZP solution (40 µL) with different matrices was mixed with ice-

cold ACN (80 µL) containing IS. This mixture was vortexed hardly and centrifuged at 

10000 rpm for 15 minutes at 4 ℃. The supernatant was transferred to a 96-well plate 

immediately after the centrifugation step. The supernatant was loaded for LC-MS/MS 

analysis. 

The glucuronide metabolites TZP-G and OXP-G are vulnerable to the deconjugating 

enzyme, such as BGs from either RLM (low abundance) or environment bacteria. To 

ensure the stability of compounds during equilibrium dialysis, the stability of these two 

compounds was investigated in the dialysis assay setting for 24 hours. The RLM (final 

concentration = 0.5 mg/mL) and rat plasma was selected. The final compound 

concentration was 2 μM. After 24 hours, the TZP-G and OXP-G solution (80 µL) with 

different matrices was mixed with ice-cold ACN (80 µL) containing IS. This mixture was 

vortexed hardly and centrifuged at 10000 rpm for 15 minutes at 4 ℃. The supernatant 

was transferred to a 96-well plate immediately after centrifuging for LC-MS/MS analysis. 

 

4.3.3 Equilibrium Dialysis 

Two different equilibrium dialyzers have been used for unbound fraction measurement in 

microsomes and plasma. The final RLM concentration of the matrix is 0.5 mg/mL. The 
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dilution effect of spiked drug solution to the rat plasma was neglected. Both of the 

matrices were spiked with drug solution (final drug concentration = 2 μM) and the final 

organic solvent proportion is lower than 1% in matrices.  

 

96 well equilibrium DIALYZERTM 

The first setup is a 96-well equilibrium dialysis apparatus (96 well equilibrium 

DIALYZERTM, Harvard Apparatus). A 200 μL 0.10 M potassium phosphate pH 7.4 

buffer was loaded to the receiver side and a 200 μL aliquot of drug-spiked matrix was 

transferred into the well of the donor side. The dialysis plate was rotated at 30 rpm in a 

37 ℃ incubation chamber with 5% CO2 for 20 hrs. After 20 hrs, a 150 μL aliquot of 

donor and receiver samples are removed and stored at - 80 ℃ until analysis. 

Standard curve preparation 

Calibration standard samples were prepared with 0.1M potassium phosphate buffer. The 

serial standard solution in the buffer (20 µL) was mixed with blank matrix (20 µL) and 

ice-cold ACN (80 µL) with IS was added to eliminate matrix binding. This mixture was 

vortexed and centrifuged at 10000 rpm for 15 minutes at 4 ℃. The supernatant was 

transferred to a 96-well plate immediately after centrifuging for LC-MS/MS analysis. 

The sample preparation 

The sample (20 µL) from the receiver side was mixed with the blank matrix (20µL). 

Meanwhile, the sample (20 µL) from the donor side was mixed with the buffer (20µL) to 

maintain the matrix identity for all the samples. Ice-cold ACN (80 µL) with IS was added 

to quench matrix binding. This mixture was treated as above and analyzed by LC-

MS/MS. 
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HTD96b high throughput dialysis (HTDialysis) 

The second apparatus is an HTD96b Teflon-based assembly block. The Teflon base 

minimizes the non-specific binding between the drug and the chamber walls. The 

membrane is replaceable, and therefore more cost-effective. Furthermore, it is feasible to 

sample from the donor side and the receiver side simultaneously. The dialysis membranes 

need to be hydrated by soaking in distilled H2O or buffer for 60 minutes followed by the 

addition of 20% ethanol (by volume) for a further 20 minutes to remove glycerin. 

Membranes are rinsed twice in distilled H2O or buffer immediately before use. The 

membrane was installed between 2 Teflon blocks to complete the dialysis apparatus 

setup.  

After the installation of the membrane, 150 μL of the buffer is added to the receiver side 

of the dialysis well. The matrix, adjusted to pH 7.4, 150 uL and spiked with the test 

compound (final concentration = 2 μM with less than 1% v/v organic) was added into the 

donor site of the dialysis well. An adhesive sealing film was used to prevent evaporation 

and maintain a constant pH. Samples were dialyzed for at least 6 hours in a 37 ℃ 

incubation chamber with 5% CO2. Extra matrix spiked with the test compound in 

centrifuge tubes was put into the incubation chamber to monitor the compound stability. 

The shaking speed was set at 100 rpm in a reciprocating platform shaker.  

The sample preparation 

Once equilibrium has been reached, 90 μL was removed from the receiver side and 10 μL 

of the matrix was added. For the donor side, 10 μL is removed from the donor side and 

added to a 90 uL buffer. Ice-cold ACN with IS (300 μL) IS was added to eliminate matrix 



 

109 

 

binding.  This mixture was vortexed and centrifuged at 10000 rpm for 15 minutes at 4 ℃. 

The supernatant was transferred to a 96-well plate immediately after centrifuging for LC-

MS/MS analysis. 

Standard curve preparation 

Calibration standard samples were prepared as described above. 

 

Data analysis 

The unbound fraction fu of the specific matrix was calculated via Equation 4-1. 

   fu =
Receiver concentration

Donor concentration
∗ 100% Equation 4-1 

The recovery (%) and stability (%) were calculated via Equation 4-2 and Equation 4-3. 

 recovery (%) =
Donor concentration + Receiver concentration

Donor concentration 
∗ 100 Equation 4-2 

 

 
stability (%) =

Donor concentration in tubes at last time point

Donor concentration in tubes at time zero 
∗ 100 Equation 4-3 

 

4.3.4 In Vitro DZP Metabolism 

The enzyme saturation profile experiments were performed with DZP in MRLM, FRLM, 

DEX-MRLM and recombinant enzyme to acquire the micro rate constants, Km, and Vmax 

parameters for the rat IVIVC. Preliminary experiments were performed to optimize the 

preincubation time and evaluate incubation time and protein linearity. Saturation 

solubility of DZP (at thermodynamic equilibrium) was observed to be 130±11 μM at pH 

7.4 and 32°C, and this was not significantly different from its solubility at other 
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temperatures (122±2 μM at 25°C and 136±5 μM at 37°C). (Kapoor, Winter, Lis, Georg, 

& Siegel, 2014). DZP concentrations as high as 400 uM have been used for several DZP 

saturation studies. After the adjustment of the unbound fraction of DZP in RLM, the 

apparent solubility is around 250 μM. Therefore, other factors such as nonspecific 

binding to other assay components may contribute to the free concentration of the DZP in 

these assays. 

 

4.3.4.1 Preincubation Time Optimization 

Preincubation is required for enzyme kinetics assay to allow the drug to partition and 

bind to the microsome components and temperature to reach the experimental setting. In 

addition, the CYP enzyme tends to undergo proteolysis with a long preincubation time. 

MRLM and CYP3A1 were used as the prototypical enzyme sources for testing 

preincubation time. A DZP solution was prepared in the buffer to keep the methanol 

percentage less than 0.5%. DZP in 0.1 M potassium phosphate buffer was sonicated for 5 

min and aliquoted to 96 tubes (16 different time points * triplicate* 2 enzyme sources). 

Enzyme sources were thawed, diluted with 0.1 M potassium phosphate buffer and kept 

on ice. NADPH regenerating system (final concentration = 1.3 mM NADP+, 3.3 mM 

glucose 6-phosphate (G6P), 3.3 mM MgCl2 and 0.4 units/mL glucose 6-phosphate 

dehydrogenase (G6PDH)) was prepared by combining NADPH solution A and solution 

B, and kept on ice. The DZP solution and enzyme solutions were combined and vortexed.   

The mixtures were put into a shaking water bath at 37 ℃ with 50 oscillations/min and 

preincubated for a specific time (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 8, and 9 

min). The incubation reaction was started by adding the NADPH regenerating system. 
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The final volume was 100 μL. All reaction was quenched by ice-cold ACN with IS (100 

μL) at same incubation time. The quenched mixture was vortexed and centrifuged. The 

supernatant was analyzed to measure NDP and TZP formation.  

 

4.3.4.2 Enzyme Source Recovery 

A single, relatively high RLM concentration was used for the microsomal binding assay, 

but different concentrations of RLM and recombinant enzymes were required to 

determine the linear range of time and protein. As a preliminary experiment, DZP 

recovery from the different concentrations of the RLM matrix was studied within the 

compound concentration range of 0.5 to 500 ng/mL. Calibration standard samples were 

prepared and analyzed as mentioned above. Final RLM concentrations of 0, 0.1, 0.2, 0.4, 

0.8, 1.0 mg/mL were used. 

 

4.3.4.3 Time and Protein Linearity 

According to the recommended protocol (Nagar et al., 2014), three concentrations of 

substrate, covering the range of subsequent saturation studies, should be used with 

different enzyme concentrations. Three enzyme concentrations (e.g. 0.025, 0.1, and 0.2 

mg/mL for MRLM) were selected to determine the protein linearity. The highest 

concentration DZP solution was prepared from DZP (methanol) stock solution. The 

medium and low concentrations of DZP were prepared by dilution of the highest 

concentration. Enzyme sources were thawed, diluted with 0.1 M potassium phosphate 

buffer at three concentrations, and kept on ice. Three DZP solutions and three enzyme 

solutions were combined to prepare nine combinations of incubations. This mixture was 
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put into a shaking water bath at 37 ℃ with 50 oscillations/min and preincubated for 5 

min. The incubation reaction was started by adding the NADPH regenerating system. The 

final volume was 400 μL. To evaluate time linearity, incubations were aliquoted and 

quenched by ice-cold ACN with IS (50 μL) at different time points of 1, 3, 7, 12, 20, 30, 

45 and 60 minutes. To achieve higher sensitivity, lower quenching solution volume might 

be used for the RLM matrix. The calibration standard was mixed with different enzyme 

concentrations to prepare several calibration curves. The same volume (1:1 ratio) 

quenching solution (IS) was added to each calibration standard sample to quench the lipid 

and protein in enzyme sources. The quenched mixture was vortexed and centrifuged. The 

supernatant was analyzed for NDP and TZP concentrations.    

 

4.3.4.4 The DZP Saturation Assay 

Results from DZP time and protein linearity assays were used for designing the saturation 

assays. TZP and NDP formation were quantitated in incubations consisting of enzyme 

sources (e.g. MRLM, final protein concentration = 0.2 mg/mL), DZP (10, 20, 40, 60, 80, 

100, 150, 200, 250, 300, 350, 400 μM), and a NADPH regenerating system (as described 

above). The highest DZP concentration was similar to that reported in the literature. DZP 

(methanol) stock solution was used and kept the final proportion of methanol was less 

than 0.5% (v/v). The total incubation volume was 200 μL. Reactions were started by the 

NADPH system and quenched by ice-cold ACN with IS at a linear formation time point. 

The quenched mixture was vortexed and centrifuged. The supernatant was analyzed for 

NDP and TZP concentration.  
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4.3.4.5 DZP Depletion Study with RLM 

To scale the in vitro clearance of substrate disappearance to the C-t profile in rats, a 

depletion study was performed. Common substrate depletion assays are performed for a 

60-min period. In the current study, a longer incubation time was used. 

DZP, TZP, NDP, PHD and OXP were quantitated in incubations consisting of RLM 

(final protein concentration = 0.2 mg/mL), DZP (5 μM), and an NADPH regenerating 

system. A DZP (methanol) stock solution was used and the final amount of methanol was 

less than 0.5% (v/v). The total incubation volume was 200 μL. The reaction was started 

by the NADPH system and quenched at 1, 2, 5, 9, 15, 30, 45, 60, 75, 90, 120 min by ice-

cold ACN. The quenched mixture was vortexed and centrifuged. The supernatants were 

analyzed for DZP, TZP, NDP, PHD and OXP concentration.  

 

4.3.4.6 Inhibition of DZP Metabolism by Quinidine (QND) 

QND was selected as a CYP2D3 inhibitor to investigate the effect of QND on TZP, NDP, 

and PHD formation. Three primary metabolites were quantitated in incubations 

consisting of enzyme source (e.g. RLM, final protein concentration = 0.2 mg/mL), DZP 

(1, 2, 5, 10, 25, 50, 75, 100, 150, 200, 300μM), QND (0, 1, 5, 10, 20, 50, 100, 150 and 

250 uM) and a NADPH regenerating system (as mentioned above). The highest QND 

concentration is below the solubility limit in the buffer. DZP (methanol) and QND 

(methanol) stock solution were used and the final proportion of methanol was less than 

0.5% (v/v). The total incubation volume was 200 μL. Reactions were started by the 

NADPH system and quenched by ice-cold ACN with IS at the same incubation time. The 
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quenched mixture was vortexed and centrifuged. The supernatant was analyzed for TZP, 

PHD and NDP concentration.  

 

4.3.4.7 Data Analysis 

Kinetics analysis of DZP saturation assay 

The standard rate equations and ODEs describing two-substrate binding kinetics were 

used (Figure 3.1 and Figure 3.2) to fit the model to the metabolite formation datasets.  

For ESP1P2 and ESSP1P2 modeling, all metabolite data were used simultaneously for 

model fitting. The association rate constants (e.g. k1, k4 in Figure 3.2)  were fixed at 270 

µM-1min-1 according to (Yadav et al., 2018). As mentioned in chapter 3, the shape of E-H 

plots of the raw data was used to initially diagnose sigmoidal, biphasic or substrate 

inhibition.  

Enzyme kinetic parameters for TZP and NDP formation were calculated with 

Mathematica® software (version 12.0) and the enzyme kinetics schemes in Figure 3.1 

and Figure 3.2 were used to fit the datasets. The ODEs were numerically solved with 

NDSolve to provide interpolated functions of each enzyme species. NonlinearModelFit 

function was used to parameterize the rate constants with 1/Y weighting. Specific 

properties including MaxSteps → 100,000 and PrecisionGoal → infinity(∞) for 

NDSolve were assigned. If necessary, evaluations were constrained to absolute values to 

obtain positive parameter estimates. The corrected Akaike information criteria (AICc) 

was utilized to select the most appropriate model when comparing several models for the 

same dataset (Akaike, 1974).  
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The formation CLint were derived from the formula of velocity divided by substrate 

concentration. Metabolite ratio plots were also used to analyze the in vitro data sets. The 

metabolite ratio plot was inspected to determine if sequential metabolism must be 

included. The drug showing a monophasic ratio plot might not require the sequential 

metabolism pathway. If the metabolite ratio plots show biphasic curves which either 

decrease first then increase or the opposite, the sequential metabolism needs to be 

included. It is noteworthy that the shape of this biphasic curve is different from that of 

biphasic saturation curves.   

 

DZP depletion study with RLM 

Three different modeling approaches including derived rate equations, ESP ODE and 

ESSP ODE were used to fit the DZP depletion datasets. For simplicity, models with 

single metabolite formation were used to characterize DZP depletion profiles. An 

advanced model that could simultaneously fit DZP depletion and its metabolite formation 

dataset is under investigation. 

 

Kinetic analysis of QND or QUN inhibition assays 

Competitive inhibition is usually observed for the CYP2D inhibition (McMasters et al., 

2007), suggesting one-substrate binding kinetics. For the CYP3A subfamily, it has been 

reported that QND could stimulate CYP3A4-catalyzed meloxicam and diclofenac 

metabolism (Ludwig, Schmid, Beschke, & Ebner, 1999) (Tang et al., 1999). Therefore, a 

two binding site model was proposed for CYP3A1. The enzyme kinetics schemes were 
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shown in Figure 4.6. Theoretically, a specific QND concentration range was expected to 

be determined to show inhibition to CYP2D3 and minimal effect on CYP3A1. 

 

Figure 4.6 The scheme of Multi-enzyme model 

 

where P1, P2 and P3 represent TZP, NDP and PHD, respectively; k3, k4, k7, k8, k15, k16, and 

k21 represent the turnover rate constants from ES complex and ESS complex; k1, k5, k9, k11, 

k13, k17, k19 and k22 represent the association rate constant; and k2, k6, k10, k12, k14, k18, k20 

and k23 represent the dissociation rate constant, the I stands for the inhibitor QND.  

 

Kinetic analysis of DZP depletion study 

The log remaining substrate concentration was plotted against the incubation time. 

Numerical analysis of the depletion curves might be needed if a straight line is not 

observed. 

 

Model selection 

For the in vitro enzyme kinetic data, single substrate and two substrate models were used 

to model fitting the kinetics data. For model comparison, several criteria were applied: 1. 



 

117 

 

Akaike information criterion correction (AICc), 2. Adjusted R-squared, 3. Residual Plots, 

4. Correlation coefficients. 

The AIC is used to estimate the relative quality of statistical models for a given set of 

data. A lower AIC value indicates a better model (Bonate, 2011). However, the AIC 

tends to overfit the model to the dataset when the sample size is small. Given the small 

sample size of the in vitro and in vivo PK studies, the corrected AIC (AICc) is preferred. 

Adjusted R2 is defined as a corrected version of R2 since it has been adjusted for the 

number of predictor variables. This value increases only when the newly introduced 

parameters improve the model performance more than the maximum deviation by change 

and decreases when an introduction of model parameters improves the model 

performance within the range of chance. 

A residual plot is useful to evaluate model performance if the sample size is not 

extremely large. The residual should distribute randomly along both sides of the 

predicted function without obvious residual clustering on one side. The absolute value of 

residuals should not vary with the independent or dependent variables if appropriate 

weighting is selected. 

Covariance indicates the direction of the linear relationship between variables. 

Correlation is defined as the measurement of both the degree and direction of the linear 

relationship between two variables. Correlation coefficients can be calculated in the form 

of the correlation matrix in Mathematica. No more than 0.9 for this absolute value of the 

coefficients is usually viewed as a reasonable fitting for a relatively simple dataset. 

 
  Correlation value =

Covariance value

Standard deviation
 Equation 4-4 
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4.3.5 In Vitro TZP, NDP Saturation Assays 

The TZP, NDP were incubated with MRLM, FRLM and recombinant CYP enzymes. The 

procedure is the same as described in Section 4.3.4.4. For these incubations, all 

conditions were the same as the DZP incubations above. 

The scheme in Figure 3.1 was used to model fit the OXP formation from TZP and NDP 

incubations. 

 

4.3.6 In Vitro UGT Assay of TZP and OXP with RLM (Nagar, Argikar, et al., 2014) 

The following stock solutions were prepared before the experiments, including Tris–HCl 

(1 mM MgCl2) buffer (0.05 M, pH = 7.4) as incubation buffer, 5 mg/mL alamethicin 

(ethanol), 50 mM UDPGA ( Tris-HCl), TZP, OXP serial dilution solutions: 10–12 

concentrations. Alamethicin-activated RLM was prepared by mixing diluted RLM with 

alamethicin stock solution, then incubated on ice for 15-30 min. The final alamethicin 

concentration was 50 μg/mg of protein. The final protein concentration for saturation 

studies was determined by preliminary time and protein linearity assay similar to CYP 

enzyme assays. All the incubation components, except UDPGA, were mixed. The 

resulting mixture and UDPGA stock solution were incubated separately in a 37 ℃ water 

bath for 3 min. The pre-warmed UDPGA stock solution was added to start the reaction. 

The reaction was stopped by adding an equal volume of acetonitrile, containing the 

internal standard TZP-d5. The resulting mixture was centrifuged at 13,000 × g for 5 min. 

The concentrations of metabolites in the supernatants were determined by LC-MS/MS 

analyses, Standard curves of authentic standard TZP-G or OXP-G were prepared as 

mentioned previously. 



 

119 

 

 

4.4 Results 

4.4.1 Centrifuge Speed Selection  

The calculated concentration ratios were listed in Table 4.11 and Table 4.12. The p-

values were calculated by t-Test: paired two samples for means when comparing two spin 

methods at each specific concentration. Statistical analysis was performed in 

Mathematica. 

 

Table 4.11 TZP concentration ratio of the low-spin method to high-spin method 

TZP 

Conc. 

(ng/mL) 

50 150 250 400 350 500 700 1000 1400 1600 2000 

Rep 1 0.988 1.045 0.995 0.982 1.014 1.013 1.000 1.034 0.988 1.045 0.995 

Rep 2 0.966 1.006 1.017 0.995 1.012 1.026 0.973 1.031 0.966 1.006 1.017 

Rep 3 1.012 0.977 1.038 1.013 1.003 0.980 1.019 1.010 1.012 0.977 1.038 

P-value 0.492 0.762 0.300 0.785 0.111 0.702 0.802 0.086 0.492 0.762 0.300 

Rep: Replicate, Conc.: concentration. 

 

Table 4.12 NDP concentration ratio of low-spin method to high-spin method 

NDP 

Conc. 

(ng/mL) 

35 80 90 110 130 300 350 430 500 

Rep 1 0.948 0.996 0.931 0.959 0.982 1.000 0.981 1.026 0.948 

Rep 2 1.080 0.959 0.947 0.955 0.974 0.951 0.957 0.958 1.080 

Rep 3 0.905 0.914 0.938 0.961 0.964 0.937 0.961 1.018 0.905 

P-value 0.693 0.207 0.002 0.004 0.035 0.190 0.042 0.988 0.693 

Rep: Replicate, Conc.: concentration. 

 

There was no significant difference between the two spin methods for different TZP 

concentrations since p-values were all larger than 0.05. In terms of NDP concentrations, a 

significant difference was observed between the two spin methods from 90-130 ng/mL. 
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However, no general pattern along the whole NDP concentration range was observed. 

Therefore, similar extraction efficiency was observed from two spin speeds. For 

simplicity, the low-spin method was used for future sample analysis. 

 

4.4.2 Stability Test 

The serially diluted substrate solutions were used in the following substrate saturation 

studies. The stability test of three concentrations (8, 80, 800 μM) covering the TZP 

concentrations was performed in the buffer, RLM, HLM, and recombinant CYP3A1 for 5 

months. The results are shown in Figure 4.7. 

 

Figure 4.7 The Stability test of TZP in different matrix 

 

As Figure 4.7 shows, similar stability of TZP in different enzyme matrices at different 

temperatures (-80℃ to 20℃) within the tested concentration range is observed. To 

minimize the evaporation of serial dilution substrate solutions, - 80 ℃ was selected for 

the storage condition. The maximum storage time is no more than five months based on 

these results. 

The stability of TZP-G and OXP-G was investigated in the 37℃, 5% CO2 incubator for 

24 hours. The RLM (final concentration = 0.5 mg/mL) and rat plasma was selected. The 

final compound concentration was 2 μM. The results were shown in Figure 4.8. 
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There was no significant change of TZP-G and OXP-G concentration during 24-hour 

incubation in buffer and rat plasma. The co-incubation of TZP-G with RLM showed a 

significant concentration decrease after 12 hours. Meanwhile, OXP-G showed significant 

degradation after 8 hours. These results suggest that glucuronidases in RLM deconjugate 

TZP-G and OXP-G. Therefore, six hours should be the maximum incubation time for 

RLM assays of these two compounds. 

 

Figure 4.8 TZP-G and OXP-G stability in different matrices 

 

4.4.3 Equilibrium Dialysis Results 

Table 4.13 shows the results of equilibrium dialysis from the Harvard apparatus for all 

compounds. 

Table 4.13 Unbound fraction (fu) of different compounds in three matrices using Harvard 

apparatus 

Compound Buffer 
RLM 

(Mean±SD) 

Rat plasma 

(Mean±SD) 

DZP 0.95 0.10 ± 0.05 0.155 ± 0.016 

TZP 0.07 0.09 ± 0.02 0.015 ± 0.003 

OXP 0.09 0.118 ± 0.057 0.020 ± 0.006 

NDP 0.963 0.275 ± 0.022 0.575 ± 0.021 

TZP-G 0.0047 0.11± 0.02 0.040 ± 0.008 

OXP-G 0.089 0.13 ± 0.047 0.046 ± 0.017 

Data represented as mean ± standard deviation (SD), n=3 
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The compound was spiked to the donor side (without protein sources) as control of non-

specific binding to apparatus. Equal concentrations of the compound were measured from 

the donor side and receiver side. Therefore, the fu should be 100% in the buffer matrix 

since no protein sources were used.  However, the fu of TZP, OXP, TZP-G, and OXP-G 

in the buffer matrix was measured around 10 %, suggesting the equilibrium was not 

reached during the dialysis period. The possible reason could be that the air bubble was 

trapped in the dialyzer plate to prevent reaching equilibrium. This equilibrium dialysis 

experiment needs to be performed again or use a different apparatus.  

Table 4.14 Unbound fraction (fu) of different compounds in three matrices using 

HTD96b Teflon block 

Compound 
RLM 

Referencea 

RLM (0.5 mg/mL) 1 mg/mLb Rat 

plasma 

Referencea 

Rat plasma 

Mean RSD Mean RSD Mean RSD 

DZP 1.04 0.648 0.022 0.480 0.034 0.640 0.229 0.030 

NDP 1.03 0.709 0.082 0.552 0.131 0.855 0.163 0.071 

TZP 1.08 0.833 0.023 0.715 0.040 1.043 0.264 0.031 

OXP N.A. 0.806 0.045 0.677 0.075 N.A. 0.255 0.096 

PHD N.A. 0.808 0.029 0.678 0.049 N.A. 0.199 0.059 

TZP-G N.A. 0.982 0.075 0.972 0.146 N.A. 0.599 0.065 

OXP-G N.A. 1.014 0.014 1.028 0.028 N.A. 0.572 0.029 

a. reference well was set to examine if compound equilibrates within end time point. 

b. the fu value in 0.5 mg/mL RLM was transformed to that in 1 mg/mL RLM based on 

Equation 4-5. 

 

Equation 4-5 was used to calculate the fu value in 1 mg/mL RLM. 

   𝑓𝑢2 =
1

(𝐶2/𝐶1) ∗ [
1 − 𝑓𝑢1

𝑓𝑢1
] + 1

 Equation 4-5 

 

where fu2 is the corrected unbound fraction; C2 is the 1 mg/ml microsomal protein 

concentration; C1 is the microsomal protein concentration used in the actual experiment, 

and fu1 is the fraction unbound in matrix measured in the actual experiment. 
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Table 4.14 shows the results of equilibrium dialysis (end time point equals 5 hours) using 

HTD96b Teflon-based assembly block. The biological matrices include RLM and rat 

plasma. Results were shown as mean and RSD (n=3) values. The fu value (close to one) 

in RLM reference and rat plasma reference wells indicates that equilibrium was reached 

after 5 hours. The fu (1 mg/mL RLM protein) values are similar for DZP and its 

oxidative metabolites. However, the lipid partition of TZP-G and OXP-G are minimal. 

Similar patterns are observed for the fu value in rat plasma. The fu value of TZP-G and 

OXP-G are around 3-fold higher than those of DZP and its oxidative metabolites. It is 

speculated that the low lipophilicity and larger molecule size of these two conjugative 

metabolites result in less interaction with lipid components and plasma protein. 

 

4.4.4 In Vitro Diazepam Metabolism 

4.4.4.1 Preincubation Time Optimization 

The preincubation time tests are shown in Figure 4.9 and Figure 4.10. The ANOVA 

result (analyzed by Excel) is shown in Table 4.15 and Table 4.16. Since the ANOVA 

analysis rejects the null hypothesis “All preincubation time groups have a similar means”, 

the subsequent Tukey post-hoc test was performed to determine which two group means 

are significantly different. The Bonferroni test was not applied because it tends to be 

overly conservative, which reduces its statistical power. 
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Figure 4.9 Metabolite formation from DZP MRLM incubation (n=3) with different 

preincubation time  

(A): NDP formation (B): TZP formation. The figure was generated from Mathematica. 

 

 
Figure 4.10 Metabolite formation from DZP CYP3A1 incubation (n=3) with different 

preincubation time  

(A): NDP formation (B): TZP formation. The figure was generated from Mathematica. 
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Table 4.15 ANOVA analysis of DZP RLM incubation 

Metabolites 
Source of 

Variation 
SS df MS F P-value 

F 

crit 

NDP 

Between 

Groups 
297129.9 15 19808.66 18.43095 1.26E-11 1.99 

Within 

Groups 
34392 32 1074.75 N/A N/A N/A 

Total 331521.9 47 N/A N/A N/A N/A 

TZP 

Between 

Groups 
2577.55 15 171.8367 11.31776 7.69E-09 1.99 

Within 

Groups 
485.8533 32 15.18292 N/A N/A N/A 

Total 3063.403 47 N/A N/A N/A N/A 

SS: Sum of squares, df: the degree of freedom, MS: Mean square, F: F test value, Fcrit: 

F critical value, N/A: not available. 

 

Table 4.16 ANOVA analysis of DZP CYP3A1 incubation 

Metabolties Source of 

Variation 

SS df MS F P-value F crit 

NDP 

Between 

Groups 3893.35 15 259.5567 10.23867 2.65E-08 1.99199 

Within 

Groups 811.22 32 25.35063 
N/A N/A N/A 

Total 4704.57 47 N/A N/A N/A N/A 

TZP 

Between 

Groups 907.8733 15 60.52489 12.36885 2.5E-09 1.99199 

Within 

Groups 156.5867 32 4.893333 
N/A N/A N/A 

Total 1064.46 47 N/A N/A N/A N/A 

SS: Sum of the square, df: the degree of freedom, MS: Mean square, F: F test value, 

Fcrit: F critical value, N/A: not available. 
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The Tukey post-hoc analysis (data not shown) suggests no significant differences in 

enzyme activity within 0.5 to 2 min, 2.5 to 6 min, and 7 to 9 min preincubation time 

range. Enzyme activity is decreasing along with these time ranges and all significantly 

different from one of the other. Therefore, a range of 2.5 to 6 min was used for the 

subsequent enzyme assays after considering time to reach partition/temperature 

equilibrium and enzyme stability. 

 

4.4.4.2 Enzyme Source Recovery 

The coefficients of regression lines in matrices with different RLM concentration are 

shown in Table 4.17.  

Table 4.17 The parameter of the regression line y=ax+b at different RLM concentration 

RLM 

concentration 

(mg/mL) 

0 0.1 0.2 0.4 0.8 1.0 

a 0.112 0.0942 0.102 0.101 0.11 0.102 

b 0.0229 0.0319 0.0397 0.035 0.0234 0.0355 

r* 0.9974 0.9987 0.9998 0.9989 0.9954 0.9982 

*r: coefficient of determination 

 

A similar slope and y-intercept are observed for different RLM concentrations, and the 

coefficient of determinations was more than 0.995 for all RLM concentrations. The 

results suggest a minimal matrix effect from microsomal preparations. 

The DZP recovery, calculated based on the different concentrations of the RLM matrix, 

is shown in Figure 4.11. 
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Figure 4.11 The recovery of different DZP concentrations from RLMs (different protein 

concentrations). 

(A) Recovery of DZP against RLM protein concentration. (B) Recovery of DZP against 

DZP concentration. The dashed line represents 80% and 120%. 

 

Figure 4.11 shows the recovery of DZP from RLM matrices with different 

concentrations. Different DZP and different RLM protein concentrations were used. The 

recovery of DZP from RLM matrices is mostly located in the range of 80% and 120%. 

Therefore, no obvious DZP concentration-dependent recovery change in different RLM 

concentrations is observed. The results indicate the lower RLM concentration could be 

used to prepare the calibration curve standards. 

 

4.4.4.3 In Vitro hCYP3A4 Saturation Studies 

The time and protein linearity suggest that CYP3A4 was a high capacity enzyme isoform 

for DZP, the linear time range is no more than 4 min as Figure E1 shown. The linear time 

range for OXP formation is 10 min. The raw data and model-fitting results of the 

saturation assay are shown in Figure 4.12. 
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Figure 4.12 The model-fitting result of the DZP CYP3A4 incubation experiment.  

(A) enzyme kinetic scheme. (B) The saturation curves of TZP formation, inset plot shows 

the EH plot. (C) The saturation curves of NDP formation, inset plot shows the EH plot. 

(D) The derived metabolite formation velocity ratio. (E) The derived TZP formation CLint 

plot against [DZP] from 0 – 0.1 μM by different models. (F)The derived NDP formation 

CLint plot against [DZP] from 0 – 0.1 μM by different models.  Dots with vertical error 

bar represents the velocity data, the mean data are represented for EH plots, and solid or 

dashed curves represent the fitting results. 

 

As shown in Figure 4.12B and C, significantly sigmoidal kinetics are observed for both 

TZP and NDP formation. Higher sigmoidicity and formation rate are seen for TZP 

formation. Similar saturation curves have been reported previously (He, Roussel, & 

Halpert, 2003). For the rat CYP3A1 isoforms, only TZP shows significantly sigmoidal 

kinetics (see Figure 4.16). The ratio starts from two at very low DZP concentration to 

four at 200 μM, then slightly declined until 400 μM DZP. A similar pattern is shown in a 

previously reported study (Yang et al., 1999). However, TZP formation velocity (200 

μM) was 40 nmol/(min*nmol) in this study compared to 17 nmol/(min*nmol) (Ueng et 

al., 1997).   
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P1, P2 formation datasets were used to fit the MM and ESS rate equations, single and two 

substrate ODE models, considering the two products individually or together. The fitted 

parameter estimates are summarized in Table 4.18.  

As shown in Table 4.18, the two-substrate binding models fit the metabolite data better 

compared to one-substrate binding models for both the rate equations and ODEs. For 

example, the AICc values for fitting the NDP dataset were -137.8 and -155.7 for ESP ODE 

and ESSP ODE, respectively. Fitting the ESSP ODE to the individual metabolite data 

resulted in high parameter errors (Table 4.18). This is expected due to the high covariance 

between Km1, Km2, kcat1, and kcat2 for sigmoidal models. For DZP metabolism, a very low 

kcat1 value is possible and could be a concern when predicting clearance. Fitting ESSP ODE 

to the individual datasets with kcat1 = 0 resulted in poorer fits with AICc values -68.9 and -

149.8 compared to -78.9 and -155.7 for TZP and NDP, respectively. 

The ESSP1P2 ODE model has a lower AICc value and much lower parameter errors 

compared to that of the ESP1P2 ODE model, suggesting the ESSP1P2 model can 

simultaneously fit the TZP, NDP dataset better. Km, kcat, and Km/kcat values are similar to 

those for ESSP ODE. In order to converge to a model with meaningful parameter standard 

errors, specific parameters need to be fixed for the following modeling efforts. The 

advantage of simultaneous fit is demonstrated in Section 0. The saturation curves from the 

best fit are represented in Figure 4.12B and C.  

The formation CLint of TZP and NDP are shown in Figure 4.12E and F, respectively. No 

significant concentration-dependency of CLint for both TZP and NDP are observed from 0-

0.1 µM DZP. A 2-fold difference in CLint (TZP) was observed between the one-substrate 

binding model and the two-substrate binding model and fewer differences are observed for 
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NDP. The formation CLint from the one-substrate binding model equals the value of kcat/Km 

since the Km is much higher than the 0-0.1 µM range.  

Table 4.18 The model fitting of TZP, NDP formation data. 

Metabolites 
Kinetic 

parameters 

Single product fit 
Multiple products 

fit 

MM 

equation 

ESS rate 

equation 

ESP 

ODE 

ESSP 

ODE 

ESP1P2 

ODE 

ESSP1P

2 ODE 

TZP 

Km1 (μM) 
190.66  

(25.1) 

112.52 

(69.9) 

187.44 

(24.5) 

109.86 

(68.2) 

167.86 

(15.8) 

92.57 

(36.9) 

kcat1 (min-1) 
80.50  

(6.09) 

20.22 

(15.5) 

80.11 

(5.97) 

19.76 

(15.2) 

75.62 

(4.05) 

16.19 

(8.53) 

kcat1/Km1 (μL 

min-1nmol-1) 

422.24  

(64.1) 

179.66 

(177.) 

427.41 

(64.4) 

179.88 

(178.) 

450.48 

(48.7) 

174.88 

(116.) 

Km2 (μM) N/A 
47.21 

(16.2) 
N/A 

46.77 

(15.9) 
N/A 

50.94 

(10.2) 

kcat2(min-1) N/A 
54.46 

(3.40) 
N/A 

54.45 

(3.37) 
N/A 

55.31 

(2.21) 

kcat2/Km2 (μL 

min-1nmol-1) 
N/A 

1153.51 

(401.) 
N/A 

1164.10 

(403.) 
N/A 

1085.68 

(223.) 

AICc -27.9 -78.9 -28.1 -78.9 -134.5 -234.5 

NDP 

Km1 (μM) 
106.66 

(9.97) 

65.04 

(50.9) 

106.08 

(9.93) 

64.40 

(50.1) 

167.86 

(15.8) 

92.57 

(36.9) 

kcat1(min-1) 
15.97 

(0.725) 

6.14 

(5.61) 

15.95 

(0.729) 

6.09 

(5.55) 

19.75 

(1.22) 

8.98 

(3.63) 

kcat1/Km1 (μL 

min-1nmol-1) 

149.75 

(15.6) 

94.38 

(114.) 

150.38 

(15.7) 

94.62 

(113.) 

117.68 

(13.2) 

97.05 

(55.1) 

Km2 (μM) N/A 
57.96 

(12.4) 
N/A 

57.77 

(12.3) 
N/A 

50.94 

(10.2) 

kcat2(min-1) N/A 
12.85 

(0.993) 
N/A 

12.85 

(0.980) 
N/A 

12.30 

(0.770) 

kcat2/Km2  

(μL min-

1nmol-1) 

N/A 
221.63 

(50.5) 
N/A 

222.38 

(50.4) 
N/A 

241.36 

(50.9) 

AICc -137.7 -155.7 -137.8 -155.7 -134.5 -234.5 

MM, Michaelis-Menten. 

Data are represented as mean (S.D). 

 

The data points of metabolite ratio and simulated curves from the best fit are shown in 

Figure 4.12D. In general, the ESSP1P2 ODE can characterize the concentration-dependent 
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metabolite ratio. However, the biphasic metabolite ratio suggests that sequential 

metabolism may need to be incorporated into the enzyme scheme.  

Since oxazepam (P3) is available and was quantitated in the DZP incubations, several 

sequential models were fitted to the combined P1, P2, and P3 datasets. Simple models, 

with rapid release of P1 and P2, e.g. Figure 3.12A and B in CHAPTER 3, failed to 

adequately model the data. Therefore models that include enzyme-product complexes, 

e.g. Figure 4.13A and B were evaluated.  

 

Figure 4.13 Sequential metabolism scheme containing enzyme-product complex.  

(A) Model scheme, a sequential metabolism model with complex formation between E 

and P2. (B) Model scheme, a sequential metabolism model with complex formation 

between E and P1, and E and P2. 

 

Using the combined P1, P2, and P3 datasets, models with P3 formation from varying 

combinations of EP1, EP2, ESP1, and ESP2 fit the data equally well (data not shown). 

The one constraint across all models tested was that P3 formation was greater from P2 

than from P1. The fitted parameters for the simplest of these models (Figure 4.13A) are 

shown in Table 4.19. For this model, Km1 was fixed to the value for ESSP1P2 ODE. It 

was also necessary to optimize and fix Km3 as well. 
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Table 4.19 Scheme and kinetic parameters for diazepam metabolism with a two-substrate 

model and simultaneous fitting to P1, P2, and P3 

 
 
 

 

ESSP1P2 ODE Simultaneous Product Fit 

TZP NDP OXP 

Km1 (μM) = 

(k2+k3+k4)/k1 

92 

(fixed) 

Km1 (μM) = 

(k2+k3+k4)/k1 

92 

(fixed) 

Km3 (μM) = 

(k10+k11)/ k9 

50 

(fixed) 

kcat1(min-1) = k3 
15.9 

(1.8) 
kcat1 (min-1) = k4 9.0 (0.7) kcat3 (min-1) = k11 10 (4) 

kcat1/Km1 (mL min-

1nmol-1) 

0.17 

(fixed) 

kcat1/Km1 (mL min-

1nmol-1) 

0.098 

(fixed) 

kcat3/Km3 (mL min-

1nmol-1) 

0.20 

(fixed) 

Km2 (μM) = 

(k6+k7+k8)/k5 
50 (4) 

Km2 (μM) 

=(k6+k7+k8)/k5 
50 (4) 

Km4 (μM) = 

(k12+k13)/k9 

25 

(fixed) 

kcat2 (min-1) = k7 
56.5 

(1.0) 
kcat2 (min-1) = k8 

12.6 

(0.4) 
kcat4 (min-1) = k13 

3.6 

(1.4) 

AICc = -564.0 

 

The availability of data for the conversion of TZP and NDP to OXP (Figure 4.30) 

allowed us to characterize the relative formation of P3 from P2 versus P1. For the 

formation of OXP from both TZP and NDP sigmoidal kinetics are observed. It was again 

necessary to fix Km2, but varying Km2 between 4 and 450 uM gave relatively constant 

kcat1/Km1 values of approximately 4. Also, all models for DZP, TZP, and NDP 

metabolism all gave Km2/Km1 ratios of  ~0.5. This allowed us to construct a model in 

Table 4.13B, for which the fitted results are shown in Table 4.20.  

E ES
k2

k1S
ESS

k6

k5S

ESP2

k8

k9P2

EP2

k9P2
k4

k11
P3 k13

P3

k10 k12

k3
P1

k7
P1
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Table 4.20 Scheme and kinetic parameters for DZP metabolism with a two-substrate 

model and simultaneous fitting to P1, P2, and P3, using metabolite incubation data 

 

 

 

 

ESSP1P2P3 ODE Simultaneous Product Fit 

TZP NDP OXP 

Km1 (μM) = 

(k2+k3+k4)/k1 
94 (30) 

Km1 (μM) = 

(k2+k3+k4)/k1 
94 (30) 

Km3 (μM) = 

(k10+k11)/k9 
167 (fixed) 

kcat1(min-1) = k3 17 (7) kcat1 (min-1) = k4 
9.3 

(3.0) 
kcat3 (min-1) = k11 18 (7) 

kcat1/Km1 (mL 

min-1nmol-1) 
0.18 (0.09) 

kcat1/Km1 

(mLmin-1nmol-1) 

0.1 

(0.05) 

kcat3/Km3(mL min-

1nmol-1) 
0.11 (fixed) 

Km2 (μM) = 

(k6+k7+k8)/k5 
50 (8) 

Km2 (μM) 

=(k6+k7+k8)/k5 
50 (8)    

kcat2 (min-1) = k7 55.6 (1.8) kcat2 (min-1) = k8 
12.4 

(0.6) 
  

AICc = -561.9 

 

In this model, P3 formation from EP2 and ESP2 is 4 times that from EP1 and ESP1. Km 

values for the formation of ESP1 and ESP2 are half that for EP1 and EP2. With this 

model, all parameters could be optimized with the exception of Km3, which had to be 

optimized and fixed. 

 

4.4.4.4 In Vitro MRLM Saturation Studies 

The time linearity assay indicates that TZP and NDP formation was linear up to 15 

minutes with MRLM (Figure E2). According to the MRLM incubation data, 15 minutes 

E ES
k2

k1S

k3

EP1

k10

k11P3

ESS
k6

k5S

k7

ESP1
k11P3

ESP2

k9P1

k8

k9P2

EP2

k9P2
k4

k9P1

4k11
P3 4k11

P3

k10 0.5k10

0.5k10
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was selected as the linear-formation time point for both TZP and NDP formation. OXP 

formation was also monitored and time nonlinearity is observed. All three metabolites 

formations show a linear relationship with the tested protein concentrations. The OXP 

formation is higher at 100 than 350 uM. 0.2 mg/mL (0.86 nmol CYP/mg protein) MRLM 

was selected for the subsequent saturation studies. 

The raw data of TZP and NDP formation, their E-H plots (insets) and the plot of the 

concentration ratios of TZP to NDP are shown in Figure 4.14. The non-linear shape of 

the E-H plots suggests the existence of atypical kinetics or multiple-enzyme metabolism. 

As mentioned previously, it is reported that DZP can be metabolized by multiple CYP 

isoforms. Further simulation data indicated that no sigmoidicity could be observed in the 

multi-enzyme system where each enzyme isoform show MM kinetics, suggesting at least 

one isoform must show atypical kinetics. The existence of atypical kinetics in purified 

enzyme isoforms was also investigated. 

The non-constant metabolite ratio suggests that the second substrate-binding results in 

different regioselectivity compared to the first substrate binding. The ratio increases from 

the point below one to a plateau (around 2) within the tested DZP concentrations, 

suggesting a higher velocity for TZP formation upon second substrate binding compared 

to NDP formation. TZP and NDP saturation studies with MRLM could further provide 

affinities of the metabolites and could help evaluate the DZP kinetics. The complexity of 

these atypical kinetics can be better understood with purified enzymes. 
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Figure 4.14 The metabolite formation kinetics from MRLM saturation assay and the ratio 

of the metabolite formation against DZP concentration.   

The inset plot is the corresponding E-H plot in which the x-axis is v(TZP)/[DZP] or 

v(NDP)/[DZP]  (nmol/(min*nmol)) and the y-axis is v(TZP) or v(NDP). 

 

The ESP1P2 ODE and ESSP1P2 ODE (Figure 3.2) were used to model fitting the TZP 

and NDP formation data. The results are shown in Figure 4.15 and Table 4.21. 

 

Figure 4.15 Model fitting of metabolites formation kinetics from MRLM saturation assay 

the formation CLint of these two models. 

The lines represent the simulated curves of metabolite formation kinetics. The inset 

figures show the fitted residuals (μM) versus the DZP concentration (0-400 μM) from the 

fitted curves. 
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Table 4.21 Model fitting parameters of DZP saturation with MRLM 

Models / 

Parameter 

ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 94.±7. 94.±7. 40.±12. 40.±12. 

kcat1(min-1) 6.67±0.23 3.67±0.13 0.7±0.5 1.8±0.5 

kcat1/Km1 

(mL/(min*nmol)) 
0.071±0.006 0.0391±0.0035 0.018±0.013 0.044±0.017 

Km2 (μM) N.A. N.A. 55.±6. 55.±6. 

kcat2 (min-1) N.A. N.A. 6.11±0.13 2.77±0.10 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 0.110±0.012 0.050±0.005 

AICc -59.244 -166.068 

Adjusted r2 0.986 0.996 

Data are represented as mean±S.D. 

 

As shown in Table 4.21, the ESS model fits this set of MRLM data better via several 

diagnostic indicators, such as lower AICc, higher adjusted r2 value, and lower fitted 

residuals. The fitted model parameters, including several micro rate constant, were used 

to calculate the Km, kcat and formation CLint. 

For TZP formation, the kcat1/Km1 from the ES complex of the ES model is significantly 

higher than that of ESS, suggesting an overprediction of CLint at low DZP concentrations 

from the ES models. This overprediction is also demonstrated when comparing the 

formation CLint plot of the ES model and ESS model (Figure 4.15). No significant 

difference is observed for NDP kcat1/Km1 from the ES complex of the two models. The 

model-fitted CLint of TZP from the ESS model (Figure 4.15) is shown to vary within the 

range of 0 to 5 μM (the maximum unbound DZP concentrations in rats after 5 mg/kg IV 

dose), suggesting a linear range of saturation curve does not exist. Therefore, the 

concentration-dependent CLint should be used to optimize the prediction of the DZP PK 

profile. Furthermore, DZP incubations with purified enzyme isoforms could be 

performed to verify the two binding site phenomena.  
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4.4.4.5 In Vitro CYP3A1 Saturation Studies 

Although the strict protein linearity was not observed for TZP and NDP formation during 

the incubation period because of experiment error, 10 min was determined as the 

maximum linear formation time (Figure E3). The raw data for TZP and NDP formation 

by CYP3A1, corresponding inset E-H plots, and the metabolite ratio plot of TZP to NDP 

are shown in Figure 4.16.  

 

Figure 4.16 The metabolite formation of the CYP3A1 saturation assay and the ratio of 

the metabolite formation. 

The legends are the same as Figure 4.14. 

  

Both TZP and NDP formation show sigmoidal kinetics. The sigmoidicity of NDP 

formation was shown to be minimal in the MRLM saturation study. Based on simulation 

studies, the data suggest that other isoforms may be primarily responsible for NDP 

formation. A higher metabolite ratio of TZP to NDP is observed compared to MRLM 

saturation data. The ratio is 4 at very low DZP concentration, increases to 7 at 50 μM, 

then gradually decreased to 5.5 at 300 μM DZP. The biphasic metabolite ratio could be 

due to the existence of sequential metabolism. The model-fitting results are shown in 

Figure 4.17 and Table 4.22. 
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Figure 4.17 Model fitting of metabolites formation kinetics from CYP3A1 saturation 

assay the formation CLint of these two models. 

The legends are the same as Figure 4.15. 

 

Table 4.22 Model fitting parameters of DZP saturation with CYP3A1 (12 conc.) 

Models / Parameter 
ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 218.±20. 218.±20. 153±94. 153±94. 

kcat1(min-1) 30.4±1.8 5.1±0.4 14±9 2.3±1.5 

kcat1/Km1 

(mL/(min*nmol)) 
0.139±0.015 0.0236±0.0027 0.090±0.006 0.015±0.014 

Km2 (μM) N.A. N.A. 49±16 49.±16. 

kcat2 (min-1) N.A. N.A. 18.1±1.4 2.98±0.27 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 0.37±0.13 0.061±0.021 

AICc -324.25 -412.59 

Adjusted r2 0.981 0.994 

Data are represented as mean±S.D. 

 

As shown in Table 4.22, the ESSP1P2 model fits the CYP3A1 saturation dataset better. 

The predicted TZP formation kcat1/Km1 from ESP1P2 ODE is higher than that from 

ESSP1P2 ODE. Although the NDP kcat1/Km1 from ESP1P2 ODE was higher than that 

from ESSP1P2 ODE, the difference is not statistically significant due to the high 
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parameter estimate error. The kcat2/Km2 is significantly higher than kcat1/Km1 for TZP and 

NDP, respectively. This suggests high cooperativity. TZP CLint is less concentration-

dependent from 0 to 5 μM compared to MRLM data, suggesting either the existence of 

other isoforms exhibiting highly concentration-dependent CLint or the high error in data. 

Furthermore, fewer data points at the range of low DZP concentration were obtained 

from MRLM saturation, which may not accurately characterize curvature in this range. 

Notably, the NDP formation data at 50μM DZP showed higher residuals compared to 

other concentration points. Therefore, the raw data without this point was used to 

examine the overfitting of the current model (Table 4.23). 

Table 4.23 Model fitting parameters of DZP saturation with CYP3A1 (11 conc.) 

Models / Parameter 
ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 223.±20. 223.±20. 454.7±3.5 454.5±3.5 

kcat1(min-1) 30.2±1.8 5.2±0.4 41.4±2.2 7.0±0.6 

kcat1/Km1 

(mL/(min*nmol)) 
0.136±0.015 0.0234±0.0027 0.091±0.005 0.0153±0.0014 

Km2 (μM) N.A. N.A. 21.3±2.8 21.2.±2.8 

kcat2 (min-1) N.A. N.A. 16.04±0.29 2.72±0.12 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 0.75±0.10 0.128±0.018 

AICc -308.109 -399.26 

Adjusted r2 0.980 0.995 

Data are represented as mean±S.D. 

 

The model fitting from this dataset containing 11 concentration data points does not show 

significant differences in the shape of saturation curves, fitted residual plots and the 

formation CLint plot. However, the standard errors of Km and Vmax are significantly lower 

than that from 12 data points. This suggests that a single high-error data point can 

significantly affect the prediction of kinetic parameters. 
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4.4.4.6 In Vitro CYP3A2 Saturation Studies 

These linearity result (Figure E4) suggests the maximum linear incubation time is 5 min. 

Linear formation rates are seen within the protein concentration range for both NDP and 

TZP. The raw data of TZP, NDP formation, corresponding inset E-H plots and the 

concentration ratio of TZP to NDP are shown in Figure 4.18. 

 

Figure 4.18 The metabolite formation of the CYP3A2 saturation assay and the ratio of 

the metabolite formation. 

The legends are the same as Figure 4.14. 

 

Compared to CYP3A1, the fraction of TZP formation is lower for CYP3A2. Both TZP 

and NDP formation are shown substrate inhibition kinetics, with NDP formation showing 

substrate inhibition to a higher extent. The model-fitting results are shown in Figure 4.19 

and Table 4.24.  
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Figure 4.19 Model fitting of metabolites formation kinetics from CYP3A2 saturation 

assay the formation CLint of these two models. 

The legends are the same as Figure 4.15. 

 

Table 4.24 Model fitting parameters of DZP saturation with CYP3A2 

Models / Parameter 
ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 19.6±1.1 19.5±1.1 26.3±1.9 26.2±1.9 

kcat1(min-1) 17.5±0.4 6.59±0.20 19.7±1.0 9.1±0.5 

kcat1/Km1 

(mL/(min*nmol)) 
0.89±0.05 0.338±0.022 0.75±0.07 0.347±0.030 

Km2 (μM) N.A. N.A. 215.±152. 215.±152. 

kcat2 (min-1) N.A. N.A. 14.5±1.7 1.9±2.2 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 0.07±0.05 0.009±0.0012 

AICc -169.34 -226.88 

Adjusted r2 0.986 0.994 

Data are represented as mean±S.D. 

 

The ESSP1P2 ODE provides a better fit for this dataset. The fitted Km1, kcat1 and kcat1/Km1 

are comparable between ESP1P2 ODE and ESSP1P2 ODE for TZP and NDP, 

respectively. kcat1/Km1 is significantly different from kcat2/Km2 from ESSP1P2 ODE. The 

predicted CLint of TZP and NDP from the ES and ESS models declined within the range 
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of 5 μM (Figure 4.19). The decreasing CLint may counteract the increasing CLint from 

CYP3A1. If comparable levels of CYP3A1 and CYP3A2 are expressed, the 

concentration-dependent CLint may not be observed. 

 

4.4.4.7 In Vitro CYP2C11 Saturation Studies 

The maximum linear time for a CYP2C11 is 20 min based on the linearity data (Figure 

E5). The raw data of TZP, NDP formation of CYP2C11, corresponding inset E-H plots, 

and the metabolite ratio plot are shown in Figure 4.20. 

 

Figure 4.20 The metabolite formation of the CYP2C11 saturation assay and the ratio of 

the metabolite formation. 

The legends are the same as Figure 4.14. 

 

The E-H plot of TZP formation indicates MM kinetics, and the convex shape of the E-H 

plot for NDP formation indicates the existence of substrate inhibition. This suggests two 

substrate binding, but the concentration-independent metabolite ratio plot indicates 

similar turnover rates from ES complex and ESS complex for both TZP and NDP.  

The model-fitting results are shown in Figure 4.21 and Table 4.25.  
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Figure 4.21 Model fitting of metabolites formation kinetics from CYP2C11 saturation 

assay the formation CLint of these two models. 

The legends are the same as Figure 4.15. 

 

Table 4.25 Model fitting parameters of DZP saturation with CYP2C11 

Models / Parameter 
ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 20.8±0.6 20.8±0.8 27.3±1.2 27.4±1.2 

kcat1(min-1) 1.47±0.033 9.85±0.14 1.59±0.05 11.82±0.27 

kcat1/Km1 

(mL/(min*nmol)) 
0.070±0.003 0.472±0.019 0.0582±0.0032 0.432±0.021 

Km2 (μM) N.A. N.A. 645±65 645±65 

kcat2 (min-1) N.A. N.A. 1.31±0.20 2.5±0.5 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 0.0020±0.0004 0.0038±0.0009 

AICc -351.26 -418.19 

Adjusted r2 0.994 0.998 

Data are represented as mean±S.D. 

 

As shown in Table 4.25, the ESSP1P2 model fits the CYP2C11 saturation data better 

than the ESP1P2 model. The CLint of TZP and NDP from the ES and ESS models 
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decrease from 0 to 5 μM DZP, especially for NDP formation. This decreasing CLint may 

counteract the increasing CLint observed from CYP3A1. 

Since the CYP2D3 isoform is not commercially available, DZP incubations with 

CYP2D3 were not performed. It is noteworthy that CYP3A2 and CYP2C11 are male-

specific isoforms, different kinetic behavior is expected for DZP FRLM metabolism. 

 

4.4.4.8 In Vitro FRLM Saturation Studies 

The FRLM linearity data suggests that 16 minutes could be used for the saturation studies 

(Figure E6). NDP, TZP formation at 1, 40, 400 μM DZP concentrations, and OXP 

formation at 400 μM DZP incubation have shown protein linearity during a 60-min 

incubation. Therefore, 0.2 mg/mL (0.6 nmol CYP/mg protein) FRLM was selected for 

the subsequent saturation studies. The raw data of TZP, NDP formation from FRLM, 

corresponding inset E-H plots, and the metabolite ratio plot are shown in Figure 4.22. 

 

Figure 4.22 The metabolite formation of the FRLM saturation assay and the ratio of the 

metabolite formation. 

The legends are the same as Figure 4.14. 

 

As seen in Figure 4.22, MM kinetics is observed for TZP formation at the very low DZP 

concentration, with a sigmoidal curve observed at a higher DZP concentration for TZP 

formation. The complexity of saturation curves suggests that at least two CYP isoforms 
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are involved. MM kinetics is observed for NDP formation. Compared to MRLM results, 

lower turnover rates were observed for both TZP and NDP formation, consistent with 

reports that female rats have lower hepatic enzyme abundance and activity for most drugs 

(Kamataki, Maeda, Yamazoe, Nagai, & Kato, 1983; Liu et al., 2010). NDP is formed as 

the major metabolite, suggesting the DZP metabolism by a different CYP isoform. 

Previous data suggests a higher metabolic contribution by the CYP2C subfamily 

compared to the CYP3A subfamily (Neville et al., 1993). 

A microsomal incubation study (Reilly, Thompson, Mason, & Hooper, 1990) with 

different rat strains was performed to measure the TZP and NDP formation velocity. 

Similar velocity is observed in our FRLM saturation study. However, the formation 

velocity of TZP and NDP from the in-house MRLM saturation study was 2-fold higher 

than that in the previous study (Reilly et al., 1990). 

The model-fitting results are shown in Figure 4.23 and Table 4.26.  
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Figure 4.23 Model fitting of metabolites formation kinetics from FRLM saturation assay 

the formation CLint of these two models. 

The legends are the same as Figure 4.15. 

 

Table 4.26 Model fitting parameters of DZP saturation with FRLM 

Models / 

Parameter 

ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 64.±6 64.±6. 51±8 51±8 

kcat1(min-1) 0.405±0.023 1.09±0.05 0.190±0.04 1.00±0.12 

kcat1/Km1 

(mL/(min*nmol)) 
0.0063±0.0007 0.0169±0.0017 0.0037±0.0009 0.020±0.004 

Km2 (μM) N.A. N.A. 221.±74. 221.±74. 

kcat2 (min-1) N.A. N.A. 0.68±0.08 0.74±0.05 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 0.0031±0.0011 0.0034±0.0012 

AICc -225.41 -310.95 

Adjusted r2 0.973 0.992 

Data are represented as mean±S.D. 

 

As shown in Table 4.26, the ESSP1P2 model fits the FRLM saturation data better. The 

CLint of NDP from the ESP1P2 and ESSP1P2 models both decrease from 0 to 5 μM. The 

CLint of TZP is constant. These results indicate that female rats may not be a good model 

to highlight the atypical kinetics of DZP in vivo. Although TZP formation dataset could 

be fitted with the multi-enzyme model to characterize CLint accurately, the multi-enzyme 

model was not investigated in the current study. 

 

4.4.4.9 In Vitro DEX-MRLM Saturation Studies 

The linear time for DEX-MRLM metabolism is 7 min based on the TZP and NDP 

formation data (data not shown). 0.04 mg/mL (1.828 nmol CYP/mg protein) was 

determined as the final protein concentration. The raw data of TZP, NDP formation from 
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DEX-MRLM, corresponding inset E-H plots, and the metabolite ratio plot are shown in 

Figure 4.24. 

 
Figure 4.24 The metabolite formation of the DEX-MRLM saturation assay and the ratio 

of the metabolite formation. 

The legends are the same as Figure 4.14. 

 

Both TZP and NDP formation show slightly biphasic kinetics. It is observed that the 

metabolite ratio is higher than that from MRLM incubation but comparable with that 

from CYP3A1 incubation, suggesting the contribution of CYP3A1 to DZP metabolism is 

increased. Unexpectedly, significantly sigmoidal kinetics is not observed. It was reported 

that the main CYP3A isoform present in untreated and DEX-treated animals is different 

(Cooper et al., 1993). CYP3A2 represents 4.9% of total CYP (40 pmol/mg protein) and 

CYP3A1 is not detectable in untreated male rat liver. CYP3A1 (660 pmol/mg protein) 

and CYP3A2 (360 pmol/mg protein) account for 30% and 16% of the total CYP content 

in male DEX-treated rat liver, respectively. However, the enzyme expression profiles are 

not consistent with the datasets in the current study. For example, the sigmoidal kinetics 

observed with CYP3A1 isoform cannot be observed from DEX-MRLM. The model-

fitting results are shown in Figure 4.23 and Table 4.27.  
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Figure 4.25 The model-fitting result of DZP DEX-MRLM incubation dataset.  

(A) The fitted saturation curves of TZP formation. (B) The fitted saturation curves of 

NDP formation, inset plot shows the EH plot. (C) The fitted metabolite formation velocity 

ratio. (D) The derived TZP formation CLint plot against [DZP] from 0 – 0.1 μM by 

different models. (E)The derived NDP formation CLint plot against [DZP] from 0 – 0.1 

μM by different models.  Dots with vertical error bar represents the velocity data, the 

mean data are represented for EH plots, and solid curves represent the fitting results. 

The ESP1P2 and ESSP1P2 models were compared. 

 

Table 4.27 Model fitting parameters of DZP saturation with DEX-MRLM 

Models / 

Parameter 

ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 54.90±3.28 54.90±3.28 6.16±0.610 6.16±0.610 

kcat1(min-1) 10.00±0.262 1.81±0.0678 1.76±0.165 0.48±0.0448 

kcat1/Km1 

(mL/(min*nmol)) 
182.17±11.9 32.96±2.32 285.31±39.0 78.16±10.6 

Km2 (μM) N.A. N.A. 122.21±11.1 122.21±11.1 

kcat2 (min-1) N.A. N.A. 12.16±0.396 1.95±0.0810 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 99.51±9.60 15.99±1.60 

AICc -145.2 -205.2 

Data are represented as mean±S.D. 

 

As shown in Table 4.27, the ESSP1P2 model fits the dataset better. The CLint of TZP and 

NDP from the ESP1P2 and ESSP1P2 models both keep constant from 0 to 5 μM with the 
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CLint of TZP. The CLint of TZP and NDP is underestimated from the ESP1P2 ODE 

compared to the ESSP1P2 model.  

 

4.4.4.10 In Vitro HLM Saturation Studies 

To investigate the effect of atypical kinetics on human DZP C-t profile, DZP saturation 

assay was also performed with HLM. The incubation time for HLM metabolism is 

determined as 12 min based on the linearity data (Figure E7). OXP formation was not 

detectable above LLOQ at the tested protein concentration. 

The raw data are shown in Figure 4.26. 

    

Figure 4.26 The metabolite formation of the HLM saturation assay and the ratio of the 

metabolite formation. 

The legends are the same as Figure 4.14. 

 

The E-H plots indicate sigmoidal kinetic for both TZP and NDP formation. TZP is 

formed as the major metabolite, suggesting a higher fraction of metabolism by the 

CYP3A subfamily compared to the CYP2C subfamily, consistent with literature data. 

The metabolite ratio plot is similar to that of MRLM data. The model-fitting results are 

shown in Figure 4.27 and Table 4.28.  
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Figure 4.27 Model fitting of metabolites formation kinetics from HLM saturation assay 

the formation CLint of these two models. 

The legends are the same as Figure 4.15. 

 

Table 4.28 Model fitting parameters of DZP saturation with HLM 

Models / 

Parameter 

ESP1P2 ODE ESSP1P2 ODE 

TZP NDP TZP NDP 

Km1 (μM) 3980±408. 3980±408 43.±9. 43.±9. 

kcat1(min-1) 73.±9. 33.±4. 0.06±0.08 0.40±0.10 

kcat1/Km1 

(mL/(min*nmol)) 
0.0183±0.0029 0.0082±0.0014 0.0014±0.0020 0.0094±0.0031 

Km2 (μM) N.A. N.A. 408.±7. 408.±7. 

kcat2 (min-1) N.A. N.A. 13.9±0.4 4.63±0.20 

kcat2/Km2 

(mL/(min*nmol)) 
N.A. N.A. 0.0342±0.005 0.0113±0.0005 

AICc -268.368 -366.069 

Adjusted r2 0.940 0.990 

Data are represented as mean±S.D. 

 

As shown in Table 4.28, the ESS model fits the HLM saturation data better than the ES 

model. Higher residuals and AICc value are observed from the ESP1P2 model, 

suggesting one substrate binding may not be true. The Km1, kccat1 and kccat1/ Km1 from the 
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ESP1P2 ODE are significantly different from those from the ESSP1P2 ODE. The NDP 

formation CLint from both models was constant within 0 to 5 μM. However, TZP 

formation CLint from the ESSP1P2 ODE is increasing from 0 to 5μM. The TZP formation 

CLint is overpredicted from the ES model. Moreover, the predicted CLint ratio of TZP to 

NDP from the ESSP1P2 model is consistent with the clinical observation that NDP 

formation is 3 fold higher than TZP formation in humans (Greenblatt et al., 1988). This 

suggests that the ESSP1P2 ODE is a better model to characterize the relative plasma level 

of multiple metabolites. 

 

4.4.4.11 DZP Depletion with RLM 

The raw data and fitting results of DZP depletion with MRLM are shown in Figure 4.28 

and Table 4.29.  

 

Figure 4.28 Fitted plots for the diazepam depletion with MRLM  

(A) Derived MM equation. (B) ESP ODE. (C) ESSP ODE. (D) Fitted CLint against [DZP] 

plot by ESSPODE. Dots with vertical error bar represents the concentration data, and 

solid curves represent the fitting results. CYP enzyme concentration is 0.43 μM. 1/Y2 

weighting was used for ESP ODE and ESSP ODE. 
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Table 4.29 Predicted CLint of DZP depletion with MRLM from different approaches 

Model/ Parameters Derived MM 

equation 

ESP ODE ESSP 

ODE 

180-min 

dataset 

CL
int

 113.±4. 155.4±1.2 N.A. 

AICc 129.1 -18.0 -47.7 

60-min 

dataset 

CL
int

 177.9±2.3 191.±4. N.A. 

AICc -39.4 11.2 -9.3 

The unit for CLint is μL min-1nmol-1. 

N.A.: Non-constant CLint is observed, see Figure 4.28. 

 

A 180-min and a 60-min MRLM incubation dataset were used to parameterize the CLint 

with three fitting approaches, respectively. The 180-min and 60-min datasets are from the 

same experiment. For the 180-min dataset, the ESSP ODE shows the lowest AICc value 

(Table 4.29) of the three approaches. In addition, only the ESSP ODE can characterize 

the curvature of the depletion profiles (Figure 4.28C). For the 60-min dataset, the linear 

regression approach shows the lowest AICc value since slight curvature is observed 

within this period and the linear regression approach is a simpler model than ESSP ODE. 

The ESSP ODE shows a lower AICc value than the ESP ODE.  

Similar results have been reported (H. M. Jones & Houston, 2004). The depletion was 

linear (semi-log plot) for only 5 to 10 min. However, this curvature is observed at higher 

microsomal protein (male SD rats) concentrations (2 and 5 mg/ml). In that study, the 

biexponential model was used to describe the non-linear depletion kinetics. It is 

noteworthy that the underlying mechanism of the enzymatic reaction is not defined by a 

biexponential model.The raw data and fitting results of DZP depletion with FRLM are 

shown in Figure 4.29 and Table 4.30. 
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Figure 4.29 Fitted plots for the diazepam depletion with FRLM 

(A) Derived MM equation. (B) ESP ODE. (C) ESSP ODE. (D) Fitted CLint against [DZP] 

plot by ESSPODE. Dots with vertical error bar represents the concentration data, and 

solid curves represent the fitting results. CYP enzyme concentration is 0.30 μM. 1/Y2 

weighting was used for ESP ODE and ESSP ODE. 

 

The same conclusion can be drawn for the FRLM incubation dataset. When comparing 

the CLint value predicted from linear regression for MRLM and FRLM incubation, a 

similar value can be observed (Table 4.29 and Table 4.30). When comparing the CLint 

plots from the ESSP ODE for both incubations (Figure 4.28D and Figure 4.29D), a 2-3 

fold higher CLint can be observed for MRLM incubation. Therefore, the ESSP model can 

estimate the CLint at a very low substrate concentration. 

Table 4.30 Predicted CLint of DZP depletion with FRLM from different approaches 

Model/ Parameters 
Derived MM 

equation 
ESP ODE 

ESSP 

ODE 

180 min 

dataset 

CLInt 102.5±2.3 130.7±0.8 N.A. 

AICc 46.0 56.6 -61.5 

60 min 

dataset 

CLInt 152.±4. 157.±17. N.A. 

AICc -30.7 38.5 21.0 

The unit for CLint is μL min-1nmol-1. 

N.A.: Non-constant CLint is observed, see Figure 4.29. 
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4.4.4.12 Inhibition of DZP Metabolism with RLM by QND 

The effector QND could affect the DZP metabolism with RLM. In future studies, DDI 

models will be used to characterize the effect of QND on metabolites of DZP. 

 

4.4.5 TZP, NDP Metabolism with CYP Enzymes 

4.4.5.1 In Vitro CYP3A4 Saturation Assay 

Considering OXP can be formed from both TZP and NDP with hCYP3A4, the relative 

contribution of TZP and NDP to OXP formation was investigated with CYP3A4 

saturation assays. The fitting results of TZP and NDP datasets are shown in Figure 4.30. 

 

Figure 4.30 Kinetic plots (n=3) for the formation of oxazepam and fitted results  

(A) nordiazepam, and (B) temazepam, and (C) Parameter table for datasets. The solid 

lines represent the fit with ESSP ODE. 

 

For the formation of OXP from both TZP and NDP sigmoidal kinetics are observed. It 

was again necessary to fix Km2, but varying Km2 between 4 and 450 uM gave relatively 
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constant kcat1/Km1 values of approximately 4. This quantitative correlation was used to 

characterize the sequential metabolism of DZP with CYP3A (Section 4 4.4.4.3). 

 

4.4.6 In Vitro UGT Saturation Assay 

4.4.6.1 In Vitro TZP MRLM Saturation Studies 

The time linearity assay indicated that TZP-G and OXP-G formation was linear up to 45 

minutes in MRLM. 0.2 mg/mL MRLM would be selected for the subsequent saturation 

studies. The raw data of the TZP-G formation of MRLM with the inset E-H plot are 

shown in Figure 4.31. The shape of the E-H suggests the existence of substrate inhibition.  

 

Figure 4.31 The TZP-G formation of the MRLM saturation assay 

 

The model-fitting results are shown in Figure 4.32 and Table 4.31. The dataset is better 

characterized with the ESS model compared to the ES model, suggesting two substrate 

binding. 
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Figure 4.32 Model fitting of TZP-G formation kinetics with MRLM 

 

Table 4.31 Model fitting parameters of TZP saturation with MRLM 

Models / Parameter ES model ESS model 

TZP-G TZP-G 

Km1 (μM) 25.8±2.6 50.±5. 

kcat1(min-1) 1.32±0.04 1.95±0.11 

kcat1/Km1 (uL/(min*pmol)) 0.051±0.005 0.039±0.005 

Km2 (μM) N.A. 429.±96. 

kcat2 (min-1) N.A. 0.51±0.11 

kcat2/Km2 (uL/(min*pmol)) N.A. 0.0012±0.0004 

AICc 8.352 -38.99 

Adjusted r2 0.983 0.996 

Data are represented as mean±S.D. 

 

4.4.6.2 In Vitro OXP MRLM Saturation Studies 

OXP-G formation shows a linear relationship within the tested protein concentrations. 0.2 

mg/mL MRLM were selected for the subsequent saturation studies. The OXP-G 

formation with MRLM and a corresponding inset E-H plot are shown in Figure 4.33. The 

shape of the E-H suggested the existence of biphasic saturation kinetics. 
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Figure 4.33 The OXP-G formation of the MRLM saturation assay 

 

The model-fitting results are shown in Figure 4.34 and Table 4.32. This dataset is 

characterized better with the ESS model compared to the ES model. 

 

  

  
Figure 4.34 Model fitting of TZP-G formation kinetics with MRLM 
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Table 4.32 Model fitting parameters of OXP saturation with MRLM 

Models / Parameter 
ES model ESS model 

TZP-G TZP-G 

Km1 (μM) 50.±9. 4.86±0.06 

kcat1(min-1) 0.237±0.014 0.080±0.007 

kcat1/Km1 (uL/(min*pmol)) 0.0047±0.0009 0.0164±0.0015 

Km2 (μM) N.A. 286.±7. 

kcat2 (min-1) N.A. 0.301±0.014 

kcat2/Km2 (uL/(min*pmol)) N.A. 0.00105±0.00006 

AICc -50.73 -67.70 

Adjusted r2 0.947 0.970 

Data are represented as mean±S.D. 

 

4.5 Discussion and Conclusions 

Equilibrium dialysis is a common strategy to measure the unbound fraction in different 

matrices. A good experimental apparatus should show low non-specific binding and high 

reproducibility. In the current study, the HTD 96b Teflon block unit (Di, Umland, Trapa, 

& Maurer, 2012; Keith Riccardi et al., 2018) can provide more precise data compared to 

the 96-Well DispoEquilibrium Dialyzers from Harvard apparatus. The measured unbound 

fraction is similar to that reported in the literature. A dilution method and a presaturation 

method can be used to accelerate equilibration for compounds showing high protein 

binding (K. Riccardi et al., 2015). None of the compounds used in this study are highly 

bound drugs. Therefore, a simple protocol was used. 

Liver microsome and purified enzymes were used in the current study. Although purified 

enzymes may be regarded as the only option to study atypical kinetics with minimal bias, 

substrate inhibition and sigmoidal kinetics cannot be observed from multi-enzyme 

kinetics where enzymes show MM kinetics. Therefore, microsome can be used as a quick 

screen tool to diagnosis atypical kinetics, especially sigmoidal kinetics. Similar results 

can be obtained when the enzyme showing sigmoidal kinetics is the major enzyme 
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responsible for the substrate metabolism in the microsomes. As mentioned in CHAPTER 

3, sigmoidal kinetics can results in significant overestimation of CLint when kcat1 is very 

low. In the current study, significant overestimation of TZP CLint and significantly 

sigmoidal kinetics can be observed from DZP metabolism with hCYP3A4, MRLM and 

HLM. Considering that TZP is the major metabolite in MRLM incubation, the male rat is 

selected as the animal model to study sigmoidal kinetics of DZP in vivo. It is noteworthy 

that the enzymes not showing sigmoidal kinetics, CYP2C11 and CYP3A2, has a 

decreasing CLint at low substrate concentration. This may counteract the increasing CLint 

from CYP3A1 metabolism. The counteraction may explain why atypical kinetic is 

minimally seen in vivo.  

It was reported that CYP3A1 mRNA levels were upregulated to levels comparable to 

those in freshly isolated hepatocytes after two days of DEX treatment, but not CYP3A2, 

CYP3A9, and CYP3A18 mRNA levels (Hoen, Commandeur, Vermeulen, Van Berkel, & 

Bijsterbosch, 2000). In addition, CYP3A1 mRNA levels increased 45-fold after DEX 

dosing to rats with a 4-7 fold increase of CYP3A2 and CYP3A18 (Hoen et al., 2000). 

Therefore, DZP is expected to show a higher degree of sigmoidicity with DEX-MRLM. 

In our study, less sigmoidicity is observed from DEX-MRLM compared to MRLM 

incubation. The possible reason could be that CYP isoforms from other families were 

also induced. It is reported that DEX treatment to rat hepatocyte spheroids resulted in an 

induction of CYP3A and CYP2C11 activities (T. M. Walker & Woodrooffe, 2001).  

The regioselectivity of phenanthrene, chrysene and benzo[α] pyrene metabolism (Shou et 

al., 1994) was demonstrated previously to be activator/inhibitor concentration-dependent. 

However, the dependency of regioselectivity on substrate concentrations itself was rarely 
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investigated. In this study, metabolite ratio changes with substrate concentration for the 

CYP3A subfamily, either from humans and rats. No concentration-dependent metabolite 

ratios are observed for the CYP2C subfamily, consistent with one substrate binding in the 

active site (Figure 3.2A). However, the metabolites show atypical kinetics, indicating the 

existence of two-substrate binding and second binding does not change the 

regioselectivity of the enzyme. The difference in metabolite ratio of CYP3A and that of 

CYP2C subfamily may be expected due to the difference in their protein structure 

(Johnson et al., 2014). In addition, regioselectivity is an important determinant of the PK 

profile of multiple metabolites in preclinical species and humans. 

Microsomal and cytosol depletion with specific enzyme cofactors is a common approach 

to estimate substrate Clint (H. M. Jones & Houston, 2004; R. S. Obach & Reed-Hagen, 

2002; Shah et al., 2020). Linear regression is a common approach to characterize the 

slope of depletion curves. The in vitro elimination rate constant and in vitro half-life can 

be calculated from the slope. For CYP reactions with atypical kinetics, the slope can be 

different when different substrate concentrations are used (Iwaki et al., 2016; Iwaki et al., 

2019). In this study, a 180-min incubation was performed with MRLM and FRLM, 

respectively. Significant curvature is observed at later time points for both RLM, 

suggesting non-constant CLint at low DZP concentration. However, it is noteworthy that 

enzyme degradation in microsome may be significant after 60 min (Paolini, Tonelli, 

Bauer, Corsi, & Bronzetti, 1987; Yadav et al., 2020). Therefore, the depletion profile 

needs to be validated with different substrate concentrations within 60 min. It was 

reported previously that specific CYP3A1 substrates erythromycin, 

triacetyloleandomycin, and clotrimazole can inhibit the enzyme resulting in CYP 
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degradation (Eliasson, Mkrtchian, Halpert, & Ingelman-Sundberg, 1994). If the substrate 

shows a concentration-dependent stabilization effect on the CYP enzyme, the enzyme 

kinetic scheme may need to be corrected. 

With respect to the DZP metabolism with hCYP3A4, all primary and secondary 

metabolites of DZP show sigmoidal saturation kinetics. This complexity can be modeled 

only with the availability of rich datasets. For DZP, the datasets of the substrate being 

metabolized to P1, P2, and sequentially P3, as well as P1 and P2 each metabolized to P3 

were generated. Even with this dataset, two assumptions were necessary: 1) the affinity 

of the ESP complexes was twice those for the EP complexes; and 2) the ratio of P3 

formation from P1 versus from P2 was fixed at 4. The first assumption is based on the 

observation that Km values for ESS complexes are approximately half those for ES 

complexes (Table 4.18 and Table 4.20). The second assumption is based on the kcat1/Km1 

values for conversion of P1 and P2 to P3 (Figure 4.30). It is necessary to fix either kcat3 or 

Km3 for any model with sequential metabolism since kcat/Km conditions will apply (Table 

4.18 and Table 4.19 for DZP). 

The EP1 and ESP1 complexes were introduced to explain the biphasic metabolite ratio 

curves. In the current study, the introduction of a sequential metabolism scheme explains 

the biphasic curves very well. Theoretically, the existence of the substrate-substrate-

substrate-enzyme complex can also result in biphasic curves. A three-binding model has 

been reported previously to characterize the interaction between DZP and testosterone 

(Hosea et al., 2000; Kenworthy et al., 2001). For model simplicity, a more complicated 

enzyme kinetic scheme including ESSS complex was not evaluated. 
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Although the sequential metabolism of DZP can be well characterized by appropriate 

assumptions, It is not possible to validate some assumptions. For example, ESP1 and ESP2 

complexes are assumed to only generate P3. However, both complexes may generate P1 

or P2 as well. It seems that DDI studies between S and P1 may provide sufficient data 

points to understand the fate of the ESP1 complex. In the reaction system, the P1 

concentration can increase by substrate metabolism or decrease by P1 metabolism. 

However, these two pathways cannot be de-convoluted mathematically. 

The clinical relevance of these studies is apparent for drugs with atypical kinetics and for 

drugs with metabolites that are further converted to either active or toxic metabolites. 

Accurate determination of kcat/km is essential for in vivo clearance predictions. Use of the 

Michaelis-Menten model can result in highly inaccurate kinetic parameters for most 

tested enzyme system. The importance of accurately modeling sequential metabolism for 

prodrugs and drugs with active metabolites cannot be over-stated. These methods can 

also be used for other sequential metabolic pathways, including conjugation reactions that 

are often reversible and result in enterohepatic recirculation in vivo 

It should also be noted that sequential metabolism within a closed environment of an in 

vitro incubation may not accurately represent sequential metabolism in an open in vivo 

system such as a drug traversing a liver sinusoid. In CHAPTER 5, a microfluidic device 

with single-pass perfusion was investigated to represent the drug disposition along the 

liver sinusoid.  

TZP and OXP metabolism with rat UGT enzymes were performed to characterize the in 

vitro CLint. In rat liver microsome, (S)-OXP-G accounts for most of OXP 

glucuronidation. It was demonstrated that isomers of therapeutically useful racemates 
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could affect the metabolism of their enantiomorphs. The interactions include competitive 

inhibition (Cundy, Crooks, & Godin, 1985; Okazaki, Kurata, Hakusui, & Tachizawa, 

1991), noncompetitive inhibition (Sweeny & Nellans, 1992) and activation(Sweeny & 

Nellans, 1992). Therefore, a concentration-dependent S/R ratio of OXP-G formation may 

exist.  Initially, a chiral column was used to develop an analytical method to separate the 

racemates. However, the development was not successful. 

Several factors need to be considered for the in vitro UGT assay. For example, the 

addition of magnesium, the buffer system and the addition of alamethicin/detergent. 

Alamethicin, a 20 amino acid peptide, is produced from the fungus Trichoderma viride. 

This peptide is abundant in hydrophobic amino acids, especially α-methyl alanine. Fisher 

et al. reported that the addition of alamethicin resulted in conjugation rates 2 to 3 times 

the rates observed with untreated microsomes incubation (M. B. Fisher et al., 2000). 

Several buffer systems with different tonicity have been used in UGT assay. For 

example, the buffer system for the current UGT assay is 50 mM Tris-HCL (1 mM 

MgCl2) pH=7.4  at 37 ℃ (Nagar, Argikar, et al., 2014). Another buffer system from the 

literature is 100 mM Tris-HCl (2 mM MgCl2) buffer, pH 7.40 and 1 mM EDTA (Patel et 

al., 2019). 

The UGT reaction is believed to be impeded by the membrane barriers to the two 

substrates: UDPGA and aglycone. The transport of UDPGA, aglycone and glucuronide 

metabolite cannot be captured simultaneously in the microsomal assay. The amount of 

UDPGA is usually saturated in the microsomal assay. The result from UGT microsomal 

reaction may be different from the hepatocyte studies since the amount of UDPGA in 

hepatocytes is unknown. The coexistence of the ERM and hepatocyte cellular membrane 
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might complicate the distribution of glucuronide metabolites (Malagnino et al., 2019; 

Malagnino, zu Schwabedissen, Hussner, Seibert, & Stolzenburg, 2017). Finally, it is clear 

that modeling complex kinetics (and simple kinetics as well) can be easily performed 

using ODEs and numerical analyses. By analyzing in-house data, several advantages of 

using numerical are highlighted, including 1) using an ES model for ESS kinetics results 

in inaccurate Km and kcat values and ES model cannot characterize the concentration-

dependent Clint; 2) use of ODEs instead of rate equations minimize the overall parameter 

errors; 3) simultaneous fitting to both P1 and P2 data using ODEs further decreases the 

parameter errors; 4) sequential metabolism can be well characterized using ODEs. 

  



 

165 

 

 DZP METABOLISM WITH HEPATOCYTES 

5.1 Background and Rationale 

Most CYP kinetic assays are studied with recombinant enzymes or microsomes as a 

source of single and multiple CYPs, respectively. Drug molecules are often metabolized 

by multiple metabolic pathways. As an alternative drug testing system, animal or human 

hepatocytes can characterize all drug metabolism pathways in the liver. Also, the intact 

plasma membrane of hepatocytes contains transporters and enables the simultaneous 

investigation of drug metabolism and permeation. The difference between microsomal 

incubations and hepatocyte incubations are summarized in Table 5.1: 

Table 5.1 Comparison among different in vitro enzyme systems 

Systems Enzyme 
Add 

cofactors 
Partition Permeation Transporters* 

Recombinant 

enzyme 
Single Required Y N N 

Microsome CYPs, UGTs Required Y N N 

Cytosol 

AO, ADH, XO, esterases, 

amidases/peptidases and 

AKR 

NR Y N N 

Hepatocyte 

suspension 
All DMEs NR Y Y N 

Hepatocyte 

monolayer 
All DMEs NR Y Y Y 

AO: aldehyde oxidase, XO: xanthine oxidase, ADH: alcohol dehydrogenase, AKR: Aldo–

keto reductases, DME: drug metabolism enzymes 

Y: Yes, N: No, NR: Not required 

*: Plasma membrane transporters are specified. 

 

Common hepatocyte metabolism assays include hepatocyte suspension assays, 

hepatocyte monolayer assays, and hepatocyte sandwich assays. Hepatocyte suspension 

assays are preferred when a short incubation time (typically under 4 hours) is needed. 

Monolayer or sandwich culture is used for evaluations that need extended incubation time 
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(1-7 days), such as intrinsic clearance (Clint) of low turn-over compounds (Di & Obach, 

2015) or induction studies (Nicola J. Hewitt et al., 2007). 

Many innovative liver cell culture models provide new possibilities for pharmacological 

and toxicological research. These cell lines include hepatoma cell lines, adult stem cells, 

human embryonic stem cells (hESC), and induced pluripotent stem cells (iPSC) 

(Zeilinger, Freyer, Damm, Seehofer, & Knospel, 2016). Although alternatives were 

developed to overcome the scarcity and difficult logistics of primary hepatocytes, 

primary hepatocytes are still considered to be the gold standard for representing the 

specific metabolism and functionality of the human liver. The new cell models are 

generally altered in certain metabolic functions, and it is difficult to control the 

differentiation and dedifferentiation of these cells. In this study, primary rat hepatocytes 

were used. 

Conventionally, hepatocytes are cultured in flasks, petri dishes, or microwell plates for 

drug biotransformation studies. In these experiments, a non-steady-state condition of 

substrate concentration, product accumulation, and reactive oxygen species (ROS) 

accumulation (Veith & Moorthy, 2018) can be problematic. As an alternative, perfusion 

culture allows for the continuous supply of culture medium to the cell monolayer and the 

wash-out of waste from oxidation reactions. Generally, this strategy can improve 

viability, lifespan, and metabolic performance (Dash et al., 2013) of cultured primary 

hepatocytes. Also, a perfusion system enables drug dosing in an i.v. infusion manner. 

Therefore, drug concentration can increase to reach a steady-state within an anticipated 

period (Dash et al., 2013). Moreover, an open-circuit, non-recirculating experimental 
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setting may better represent the PK profiles of the drug and its metabolites in the whole 

human body. 

In addition, the perfusion system can allow for the investigation of sequential metabolism 

(Arakawa et al., 2020). Although sequential metabolism could be characterized in liver 

perfusion studies (St-Pierre & Pang, 1993a, 1993b), the procedure complexity and animal 

heterogeneity might introduce extensive variance and bias to the results from in situ 

experiments. Therefore, a simple in vitro setup can be a practical approach to investigate 

sequential metabolism.  

Ibidi µ-Slide VI 0.4 is a type of flow cell that can support the rat or human hepatocyte 

growth (Burkhardt et al., 2014; Bachmann et al., 2015) with the formation of a 

monolayer. It promotes homogeneous cell distribution over the channel surface. Cost-

effective experiments can be performed with small numbers of cells and low volumes of 

reagents. This flow cell enables the characterization of the disposition of drugs and 

metabolites in an open system compared to a closed system such as microsomal 

incubations and static hepatocyte incubations. Preliminary experiments with the Ibidi µ-

Slide VI 0.4 indicated improved viability and increased glucose production in the primary 

human hepatocytes exposed to flow for 7-days compared to the static cultivation 

(Bachmann et al., 2015). Therefore, this microfluidic device was selected to characterize 

the DZP sequential metabolism in primary hepatocytes. 

For DZP metabolism with hepatocyte perfusion assay, a culture medium containing DZP 

will be perfused across an Ibidi µ-Slide. Plateable hepatocytes were seeded on the slide 

before the perfusion. The eluted culture medium was collected every 10 µL and the 

concentration of DZP and its metabolites will be analyzed by LC-MS/MS. 
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To obtain more sample points with a quantifiable concentration of DZP metabolites, 

hepatocytes will be induced to increase the CYP3A1/2 expression level. The addition of 

10μM dexamethasone (DEX) to rat hepatocytes for 24 hours induces the expression level 

of CYP3A1 mRNA 140 fold (Gährs et al., 2013). As mentioned in Table 4.7, DEX-

treated male SD hepatocytes and liver microsome showed a 3-fold and 20-fold increase 

in the fractional CLint to TZP and a 2-fold and 3-fold increase of fractional CLint to NDP, 

respectively. 

Two models will be used to characterize the CYP-mediated metabolism and distribution 

of model drug DZP and its metabolites. One is a well-stirred model (Pang & Rowland, 

1977), another one is a reaction-diffusion-convection model(Garzon-Alvarado, Galeano, 

& Mantilla, 2012). The first model is described by a set of ordinary differential equations 

(ODEs) and the second is constructed with a set of partial differential equations (PDEs). 

Theoretically, the second model will characterize the heterogeneous distribution of drug 

and metabolites concentration inside the µ-Slide. To validate the proposed ODE model 

and PDE models, the drug perfusion phase and the drug-free wash-out phase will be 

measured continuously. The data collected in the wash-out phase would be used either to 

parameterize the model parameters together with data in the perfusion phase or validate 

the models. Other validation approaches including varying flow rates and varying the 

sizes of µ-Slide could also be used. 

 

5.2 Materials 

All materials mentioned in Section 4.2 were used in this study. Other materials are listed: 
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Experiment setting: syringe pump (Harvard apparatus Model 55-2222), syringe pump 

(World Precision Instruments AL-1000), hot plate (Fisher Scientific, Cat#11-100-16H), 

0.22 µm sterile filter (Acrodisc®, Product ID: 4612), 10 & 50 mL Luer tip syringe 

(Norm-Ject®), µ-Slide VI 0.4 Collagen IV (ibidi ® Cat# 80602), µ-Slide VI 0.4 ibiTreat 

(ibidi ® Cat# 80606), µ-Slide I 0.2 ibiTreat (ibidi ® Cat# 80166), µ-Slide VI 0.1 ibiTreat 

(ibidi ® Cat# 80666). 

Tubing connection set 1: Silicone Tubing 0.8 mm ID (ibidi ® Cat# 10841), Luer Lock 

Connect Female (ibidi ® Cat# 10825), Elbow Luer Connector Male (ibidi ® Cat# 10802),  

30G syringe needle (BD™, SKU/REF# 305128), 3-way Stopcocks (Batex®).  

Tubing connection set 2: 0.005 mm ID × 1/16" OD PEEK tubing, Male Slip Luer x 

Female 10-32 Coned Threaded Luer Adapter (IDEX, Mfr# P-656-01, Item# EW-02023-

57), Female Luer x Female 10-32 Coned Threaded Luer Adapter (IDEX, Mfr# P-659, 

Item# EW-02014-15), Manual Switching Valve L shape (IDEX, Mfr# V-101L-60,  Item# 

HV-02015-78), Micro-Splitter Valve (IDEX, Product# M-405S), Standard Knurl (IDEX, 

Mfr# F-120X, Item# UX-02013-41). 

Hepatocyte suspension assay materials: Male Rat (Sprague-Dawley) Cryopreserved 

Hepatocytes (Gibco™, Cat# RTCS10, Lot# Rs747), William’s E Medium, no phenol red 

(Gibco™, Cat# A1217601), Primary Hepatocyte Thawing and Plating Supplements 

(Gibco™, Cat# CM3000), Primary Hepatocyte Maintenance Supplements (Gibco™, 

Cat# CM4000).  

Hepatocyte plate assay materials: Cryopreserved Male IGS SD Rat Plateable 

Hepatocytes – 1.5 mL – AMY 7 mil (Xenotech, Cat# R1000.H15+, Lot# 1810006), 

OptiThaw Hepatocyte Kit (Xenotech, K8000), OptiPlate Hepatocyte Media (Xenotech, 
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K8200), OptiCulture Hepatocyte Media (Xenotech, K8300), BioCoat™ Collagen I 24-

well Clear Flat Bottom TC-treated Multiwell Plate (Corning® Product# 354408). 

Auxiliary materials: Luna® 5 µm C18(2) column (100 Å, Micro Trap 20 x 0.5 mm, 

Phenomenex®), CO2 humidity incubator, 3-D Culture Matrix Rat Collagen I (Cultrex® 

Cat# 3447-020-01, Lot# 1572144), Olympus CK2 Phase Contrast Microscope, 

hemocytometer (Brand), Trypan Blue solution, 0.4% (Gibco™, Cat#15250061), PBS 

buffer (Corning®, Product#21-040-CM), Labline 2314 Orbital rotator (Thermo 

Scientific). 

 

5.3 Methods 

5.3.1 Hepatocyte Suspension Metabolism Assay 

Sterilization of probe substrate solution. To minimize the effect of microbe and 

pathogens on hepatocytes in suspension, the substrate solution with the highest 

concentration would be filtered with a sterile 0.2 µm filter. The potential drug non-

specific binding to the 0.2 µm filter membrane was examined.   

The substrate solution with the highest concentration for enzyme kinetics assay was 

pushed through three 0.2 µm filters. The original substrate solution and filtrate were both 

diluted 1000 fold to enable the final concentration to locate in the linear range of the LC-

MS/MS quantitation method. The diluted solution was mixed with quenching solution 

(ACN with IS), respectively. The peak area ratio of substrate/IS was compared to 

evaluate the non-specific binding.  

Thawing procedure for hepatocytes. Male SD rat hepatocytes were thawed according 

to the instructions provided by the supplier (Gibco™). In brief, the hepatocytes were 
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immediately thawed in a 37 ± 1°C water bath for ~80 seconds after removing the 

cryotube from liquid nitrogen. The cryotube was wiped with 70% alcohol and the 

contents were transferred to a 50-ml conical tube containing 45 ml of thawing medium 

(William’s E Medium + hepatocyte plating supplement pack) and centrifuged at 55 g for 

3-5 minutes at r.t. After discarding the supernatant, the cell pellet was resuspended in 2 

ml of culture medium (William’s E Medium + primary hepatocyte maintenance 

supplements). A 50 µL of cell suspension was aliquoted for the determination of viability 

by the trypan blue exclusion method and cell density determination. The cell suspension 

was then adjusted with an appropriate volume of culture medium to the 2.5-fold final cell 

density.  

Enzyme kinetic assay. Diazepam C3-hydroxylation (TZP), N-demethylation (NDP), and 

C4’-hydroxylation (PHD) were monitored to determine the kinetics of metabolite 

formation. The stock solutions of probe substrates were prepared in methanol. For the 

determination of Vmax and Km, a range of concentrations (eight concentrations) of the 

probe substrate was used. The stock solutions of the substrates were serially diluted in the 

culture medium. The organic solvent proportion in all serial solutions was kept the same 

and working dilutions were prepared at 1.67-fold the final concentration in the assay. 100 

µL of hepatocyte suspension was added to a 48-well plate in triplicate for each substrate 

concentration. The reactions were initiated by the addition of 150 µL of the working 

dilutions of the substrates to the 48-well plate. 30 µL reaction mixture was withdrawn at 

a specific time point to a 384-well plate containing 60 µL quenching solution. The 

samples were mixed well, and the plates were centrifuged at 2250 rpm for 60 minutes. 
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The supernatants were transferred to a separate 384-well plate and were analyzed by LC-

MS/MS.  

 

5.3.2 Development and Validation of Experimental Parameters for the Hepatocyte 

Perfusion Study 

The experiment parameters for the hepatocyte perfusion study were based on the template 

provided by ibidi ® and setting in (Burkhardt, Martinez-Sanchez, Bachmann, Ladurner, & 

Nüssler, 2014). The illustration of the tubing connection is shown in Figure 5.1: 

 
 

Figure 5.1 Schematic illustration of tubing connection set 1.  

(A) Setting for validating the flow. (B) Setting for hepatocyte perfusion assay (in biosafety 

cabinet) 

 

Figure 5.1 demonstrates the experiment apparatus for preliminary testing for the 

hepatocyte perfusion study. The flow rates and drug (longitudinal) diffusion were 
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measured with the apparatus in Figure 5.1A. The perfusion experiment will be performed 

in a biosafety cabinet. Although the biosafety cabinet is equipped with temperature 

control, the temperature cannot reach 37 ℃. Therefore, a hot plate was used. The ibidi µ-

slide was fixed with labeling tapes (Cole-Parmer®). Two syringe pumps and 0.8 mm ID 

silicone tubing was used. Female Luer connectors (ibidi®) were used to connect tubing 

with a syringe and tubing with a 3-way stopcock. Male Elbow Luer connectors (ibidi®) 

were used to connect the tubing with an ibidi µ-Slide, tubing with stopcock, and tubing 

with a 30G syringe needle. A 3-way stopcock was used to momentarily change the flow 

of perfusion between drug solution and drug-free solution. A very narrow ID syringe 

needle was used to minimize the liquid in the needle tip and facilitate the sample 

collection. 

Flow rate testing. Since a long perfusion time is needed, 10 mL and 50 mL syringes 

were both tested. Two flow rates: 10 and 50 µL/min were tested. The flow rate was tested 

with either an individual syringe setting or the coupled syringe apparatus as shown in 

Figure 5.1A. Deionized water was used as a perfusion solution in this testing. Samples 

were collected into a microcentrifuge tube every 1 min. The samples were weighed via a 

weight-loss method. To obtain volume per unit time, the weight was divided by the 

density of water. 

Drug diffusion testing. To examine the effect of dead volume and structure of the µ-

Slide on the diffusion of drug molecules, DZP, TZP, NDP, and OXP were spiked into the 

hepatocyte culture medium as a drug solution. A drug-free culture medium was used as a 

washing solution. Four flow rates: 2, 10, 60, and 120 µL/min were used. Samples were 

collected every 20 µL. Two flow transitions were used. The first one is the transition 
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from drug-free solution to drug solution and the second one is the transition from drug 

solution to drug-free solution. Since the height of µ-Slide is small (100-400 μm), radial 

diffusion is minimal compared to longitudinal diffusion. Therefore, diffusion specifically 

refers to longitudinal diffusion. 

Due to the significant non-specific binding of DZP to silicone tubing and the high dead 

volume, a second tubing connection set was developed and tested. 

 

Figure 5.2 Schematic illustration of tubing connection set 2. 

(A) Setting for validating the flow. (B) Setting for hepatocyte perfusion assay (in biosafety 

cabinet) 

 

Figure 5.2 demonstrates the second experiment setting for testing and hepatocyte 

perfusion study. PEEK tubing with a very narrow ID was used to connect all the parts, 

including a syringe, an L-shape manual switching valve (IDEX ®), and a µ-slide. 

Corresponding female and male Luer adaptors (IDEX ®) were connected to PEEK fitting 

as the tubing connection. The PEEK tubing connected to the outlet of the µ-Slide was 

sharpened to a point to facilitate sample collection.  
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Drug diffusion testing. A similar procedure was used as above. To evaluate the real 

experiment setting, the setting in Fig 5.2B was used to testing drug diffusion. Samples 

were collected every 10 µL. 

 

5.3.3  Preliminary Hepatocyte Perfusion Metabolism Assay 

To examine the induction potential of our current lot of rat hepatocytes and define the 

linear range of CLint for probe substrates DZP, TZP, and NDP metabolism, enzyme 

induction by DEX was performed with plateable rate hepatocytes. The degree of 

induction was determined by probe substrate metabolism. 

Thawing and plating procedure for hepatocytes. The procedure is similar to that in 

section 5.3.1. It is noteworthy that a specific thawing medium (OptiThaw Hepatocyte 

Kit) and plating medium (OptiPlate Hepatocyte Media) are needed for Xenotech rat 

hepatocytes. The OptiThaw Hepatocyte kit removes most of the dead cells in the 

centrifugation step. On day zero, after cell counting and a viability check, the hepatocyte 

suspension was diluted to the desired concentration with a plating medium. Rat 

hepatocytes were plated on rat-tail collagen I coated 24-well plates at a density of 1.44 × 

106 cells/mL. 330 μL of the cell suspension was added to each well. The plate was placed 

in a 37 °C and 5% CO2 incubator. Cells were allowed to attach for 2-4 hours. The 

attachment was checked every hour until sufficient confluency was achieved. After the 

attachment period, plates were swirled vigorously to suspend the unattached cells and the 

medium containing non-attached cells was aspirated. Culture medium (330 uL for a 24-

well plate) was added to each well and plates were returned to the incubator. A 4% (v/v) 
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cell maintenance cocktail supplemented William’s E Medium was used as a complete 

culture medium. 

CYP enzyme induction. On day one, the media were replaced by DEX supplemented 

culture medium. Three different DEX concentrations: 0.1, 10, 50 μM were used to 

determine the DEX concentration with the highest induction since 10, 50 μM DEX were 

both reported to have maximal induction activity. Every 24 hours, the media were 

aspirated and replaced with DEX supplemented culture media. 

Enzyme kinetic assay. On day four, the DEX supplemented culture medium was 

aspirated from each well, the hepatocytes were washed and replaced with a warm culture 

medium. The wash medium was removed from the hepatocytes and 0.5 mL of the probe 

substrate solutions prepared previously were added to start the reaction. In this assay, 

DZP, TZP, and NDP would be used as probe substrates. Four substrate concentrations: 1, 

5, 10, 20 μM were used. Metabolite(s) formation was monitored to determine the linear 

range of metabolite formation CLint. The stock solutions of probe substrates were 

prepared in methanol. The stock solutions of the substrates were serially diluted in the 

culture medium. The organic solvent proportion in all serial solutions was kept constant. 

A 30 µL sample of the reaction mixture was withdrawn at a specific time point and 

placed in a 384-well plate containing 60 µL quenching solution. The samples were mixed 

well, and the plates were centrifuged at 2250 rpm for 60 minutes. The supernatants were 

transferred to a separate 384-well plate and were analyzed by LC-MS/MS.  

Hepatocyte perfusion study. On day zero, plateable rat hepatocytes (Xenotech ®) were 

thawed as described previously. After the centrifugation step, pellets were diluted to 

3.7×106 cells/mL (0.183×106 cells/cm2 (surface area of the µ-slide)) with an Optiplate 
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medium. An appropriate volume aliquot was transferred to a collagen IV coated µ-slide 

mounted in a hot plate. The slide was then placed in a 37 °C and 5% CO2 incubator. Cells 

were allowed to attach for 2-4 hours. For a static culture, the Optiplate medium was 

replaced by a culture medium three times until day one. On day one, the culture medium 

was replaced by a 10 uM DEX supplemented culture medium. The induction medium 

was replaced every 8 hours until day four.  

On day four, the tubing connection set 2 was connected to the µ-slide. The hepatocytes 

were perfused with a drug-free culture medium to wash out DEX and also condition the 

hepatocytes for 2 hours or 20-fold system void volume. The perfusion was started with a 

culture medium containing probe drug until reaching the steady-state. The L-shape valve 

was switched to a drug-free culture medium until the drug concentration cannot be 

measured. The sample was collected every 10 uL to a 384-well plate containing 20 µL 

quenching solution. The samples were mixed well, and the plates were centrifuged at 

2250 rpm for 60 minutes. Supernatants (15 µL) were transferred to a separate 384-well 

plate and were analyzed by LC-MS/MS. 

 

5.3.4 Simulation of Sequential Metabolism Models 

Simulations with a proposed ODE model were performed before the experiment as a 

proof-of-concept. The permeability parameters, metabolic clearance, and unbound 

fraction to hepatocytes of DZP and its metabolites were summarized. The literature data 

of human hepatocytes were used in this model considering the simplicity of the 

metabolism pathway. The available parameters used for the simulation study are shown 

in Table 5.2: 
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Table 5.2 The passive permeability of DZP and its metabolites 

Drug 

Permeability 

coefficients 

(10-6 cm/s) 

Direction System Reference 

DZP 7.09 ± 1.376 N/A 
rabbit nasal 

mucosa 

(Maitani, Ishigaki, 

Takayama, & Nagai, 

1997) 

DZP 22 a-> b 
MDCKII-wt 

monolayers 
(Kapoor et al., 2014) 

14C- DZP 91.7 ± 15 a-> b 
MDR1-

MDCK 
(Braun et al., 2000) 14C- DZP 100 ± 6.4 a-> b MDCK 

14C- DZP 76 ± 20 a-> b Caco-2 

DZP 217 N/A Caco-2 
(C. Li, Liu, Cui, Uss, & 

Cheng, 2007) 

DZP 60.3 a-> b Caco-2 

(Gozalbes, Jacewicz, 

Annand, Tsaioun, & 

Pineda-Lucena, 2011) 

DZP 35.5 N/A Caco-2 

(Vucicevic, Nikolic, 

Dobričić, & Agbaba, 

2015) 

DZP 159 N/A 

M SD Rat 

hepatocyte 

dialysis 

(Austin, Barton, 

Mohmed, & Riley, 2005) 

DZP 33.4 ± 2.5 N/A Caco-2 
(Yazdanian, Glynn, 

Wright, & Hawi, 1998) 

NDP 95.5 a-> b Caco-2 
(Gozalbes et al., 2011) 

OXP 91.2 a-> b Caco-2 

OXP 60.3 N/A Caco-2 
(Paixão, Gouveia, & 

Morais, 2010) 

OXP 29.6 N/A Caco-2 (Lau et al., 2004) 

OXP 53 ±6 a-> b Caco-2 a 

a-> b: apical side to basolateral side 

a: https://www.cyprotex.com/admepk/in-vitro-permeability/caco-2-permeability 

 

Table 5.3 The intrinsic clearance of hepatocytes to DZP and its metabolites 

Drug 
Hepatic CLint uL/(min*106 cells) 

Reference 
Human Rats 

DZP 3.2, 1.9A 35 
(Chenery et al., 1987)a;A: (C. Li et al., 

2007) 

NDP 0.9 36.75 (Chenery et al., 1987) 

TZP 0.5 31.75 (Chenery et al., 1987) 

OXP 1.56 27 (Chenery et al., 1987) 

https://www.cyprotex.com/admepk/in-vitro-permeability/caco-2-permeability
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a: the mL/(hr* mg protein) was transformed to uL/(min* 106 cells) by scaling factor: mg 

protein per 106 hepatocytes (PPH). PPH(rat) = 1.5 mg/106 cells (Carlile, Zomorodi, & 

Houston, 1997), PPH(human)=0.6 mg/106 cells (Wisniewski, Vildhede, Noren, & 

Artursson, 2016). 

 

Table 5.4 The unbound fraction of DZP and its metabolites to hepatocytes 

Drug/Species 
Human, 106 

cells/ml 
Rat, 106 cells/ml Reference 

DZP 0.54 

0.54; 

0.81(live), 

0.87(dead) 

(Naritomi, Terashita, Kagayama, & 

Sugiyama, 2003) 

(Austin et al., 2005) 

NDP N/A N/A  

TZP 0.91 N/A (Wood, Houston, & Hallifax, 2017) 

OXP 0.87 N/A (Wood et al., 2017) 

N/A: not available from the literature search. 

 

Based on the flow cell apparatus, a well-stirred model was proposed for initial modeling 

efforts. The scheme is shown in Figure 5.3. Several assumptions were necessary to 

estimate the approximate concentration level of DZP and its metabolites: 

1. Perfusion limited distribution. 

2. Drug concentration in extracellular media is equal to drug concentration in eluting 

solution. 

3. No polarity for the passive diffusion across the plasma membrane for all the 

compounds. 

4. Half of the hepatocyte surface areas are available for passive diffusion clearances. 

5. The primary metabolites rapidly dissociate from the enzyme active site. 
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Figure 5.3 The well-stirred model of the hepatocyte perfusion assay 

 

A proposed PDE model is still under development. A schematic illustration is shown in 

Figure 5.4. 

 

Figure 5.4 The diffusion-convection-metabolism model of the hepatocyte perfusion assay 

 

Figure 5.4 shows the flow apparatus that will be modeled by a diffusion-convection-

metabolism model to characterize the sequential metabolism of DZP. The difference 
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between this PDE model and a well-stirred model is the introduction of convection and 

diffusion terms. This model is expected to accurately characterize the heterogeneous 

concentration of probe substrate and its metabolites along the channel. 

 

5.4 Results 

5.4.1 Static Hepatocyte Metabolism Assay 

The drug non-specific binding to the Supor® (Hydrophilic polyethersulfone) membrane is 

shown in Table 5.5: 

Table 5.5 Non-specific binding to 0.2 µm filter membrane  

Drug DZP TZP NDP OXP MDZ 

unfiltered 100% 100% 100% 100% 100% 

filtrate1 59% 47% 16% 53% 23% 

filtrate2 33% 20% 17% 48% 14% 

filtrate3 62% 62% 7% 35% 16% 

Mean 51% 43% 13% 45% 18% 

S.D. 16% 21% 5% 9% 5% 

 

Table 5.5 shows the non-specific binding of probe substrate to the hydrophilic 

polyethersulfone membrane. Significant binding is observed for NDP and MDZ. About 

half the concentration of the DZP, TZP, and OXP was bound to the membrane. It’s 

noteworthy that relatively high S.D. are observed for DZP and TZP. Considering that the 

variability among filters is high and the nonspecific binding is high, filtration should not 

be used for sterilization. Indeed, the sterilization step could be omitted after consulting 

the technical support of the hepatocyte vendor. 

The readings (# of live cells/# of total cells) in the hemocytometer were 127/220 and 

170/341. The calculated cell density in cell suspension (2 mL) was around 3×106 

cells/mL. The total number of viable hepatocytes was close to that in the hepatocyte 
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datasheet. The final cell density was 0.35×106 cells/mL and the sampling point was 

around 30 min as mentioned in (S. J. Griffin & Houston, 2005). The saturation curves of 

DZP metabolism is shown in Figure 5.5: 

 

Figure 5.5 DZP metabolism with rat hepatocyte suspension.  

(A) One-substrate, one-metabolite (ESP) kinetic scheme (used for fitting PHD data). (B) 

Two-substrate, two-metabolite (ESSP1P2) kinetic scheme (used for fitting TZP and NDP 

data). (C) Raw data and fitted saturation curves of TZP (Blue), NDP (Orange), PHD 

(Cyan) formation within 0-300 μM. (D) Raw data and fitted saturation curves of TZP, 

NDP, PHD formation within 0-5 μM. (E) Raw data and fitted curves (Magenta) of 

[TZP]/[NDP] product ratio versus [S]. Raw data were represented as TZP (●), 

𝑁𝐷𝑃 (■) and PHD (▼).  

 

The kinetic parameters of TZP, NDP, and PHD formation from best fit were summarized 

in Table 5.6. Table 5.6 describes the metabolism of DZP in rat hepatocyte suspension. An 

enzyme concentration of 0.26 nmol CYP per 106 cells (Seddon, Michelle, & Chenery, 

1989) was used to calculate enzyme concentration. Furthermore, the enzyme 

concentration was used to calculate the enzyme concentration normalized velocity. The 

TZP and NDP dataset were fitted simultaneously with the ESSP1P2 model (Table 5.6). 

The PHD dataset was best fitted with a simple ESP model (Table 5.6). Both TZP and 

NDP show sigmoidal kinetics (E-H plot not shown). Although the E-H plot of PHD 

formation was shown the characteristics of biphasic, the data were best fitted with the 
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ESP model. The metabolite formation velocity follows the sequence of PHD > NDP > 

TZP with 1 μM DZP (Figure 5.4D). However, the sequence becomes reverse at 20 μM 

DZP (Figure 5.4C). A concentration-dependent [TZP]/[NDP] product ratio plot is 

observed. A similar ratio plot is observed with DZP MRLM (Male rat liver microsome) 

incubations. The estimated kinetic parameters will be used to predict the in vivo PK 

profile of DZP in the following chapters. 

Table 5.6 Best fitted Parameter estimates of DZP metabolism with rat hepatocyte 

suspension 

Models ESSP1P2 

model 

ESSP1P2 

model 

ESP model 

Kinetic parameters/ Metabolites TZP NDP PHD 

Km1(μM) 220.52(42.0) 220.52(42.0) 19.76(4.90) 

kcat1 (min
-1

) 0.56(0.311) 0.76(0.231) 0.14(0.0135) 

kcat1/Km1 (μL min
-1

nmol
-1

) 2.53(1.49) 3.44(1.24) 7.15(1.90) 

Km2 (μM) 17.50(8.90) 17.50(8.90) N/A 

kcat2 (min
-1

) 1.12(0.0702) 0.49(0.0423) N/A 

kcat2/Km2 (μL min
-1

nmol
-1

) 63.98(32.8) 27.84(14.4) N/A 

AICc -46.7 -46.7 -52.4 

 

5.4.2 Development and Validation of Apparatus for Hepatocyte Perfusion Studies 

The leakage of tubing connections was tested at different flow rates (2-1000 μL/min) for 

an extended period. No leakage was observed after wiping all connections with 

Kimwipes. The top collar of the syringe was deformed at a flow rate as high as 500 

μL/min. It was reported that a laminar flow could be retained at flow rates of up to 200 

μL/min (Burkhardt et al., 2014). Therefore, 200 μL/min was selected as the upper limit. 

The results of flow rate testing (refers to Figure 5.1) are shown in Table 5.7. 
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Table 5.7. Flow rate validation of syringe and syringe pumps by weight loss method 

Pump Syringe Flow rate, μL/min Accuracy Precision  Starting scale, mL 

55-2222 

10 mL 50 

0.977 0.042 12 

0.989 0.045 10 

0.992 0.027 5 

1.022 0.017 2 

50 mL 50 

0.996 0.027 40 

1.034 0.037 30 

0.980 0.060 20 

0.937 0.090 10 

AL-1000 10 mL 10 

0.985 0.017 10 

1.026 0.082 5 

0.997 0.033 2 

AL-1000* 10 mL 10 0.993 0.031 10 

55-2222* 10 mL 10 1.085 0.078 10 

The sample was collected  every 1 min 

Sample number n =10-12, accuracy was calculated as the average of sample volume/ 

flow rate, precision was calculated as R.S.D. 

* refer to coupled syringe setting testing 

 

Table 5.7 demonstrates the results of flow rate testing of syringes and syringe pumps. 

Two syringes and two syringe pumps (model 55-2222 and model AL-1000) were used to 

pump testing solution (water). Two syringes (10, 50 mL) were tested at different starting 

scales of the syringe barrel. Each testing condition resulted in 10-12 samples. The 

accuracy of most testing conditions is in the range of 97%-103% and the precision of all 

testing conditions is smaller than 10%. In general, a stable flow could be maintained 

during a long hepatocyte perfusion assay.  

The drug diffusion for the tubing and connections in Figure 5.1 were tested and 

summarized in APPENDIX F. Four flow rates: 2 (Figure F1), 10 (Figure F2), 60 (Figure 

F3), 120 (Figure F4) μL/min were tested. Generally, no significant concentration change 

is observed after perfusion of the void volume for both flow transitions at 2 μL/min. At 
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10 μL/min, only OXP shows significant concentration changes. All compounds show 

concentration changes around void time at higher flow rates. However, the concentration 

change is always slow. The recovery for DZP is no more than 20% at all tested flow 

rates. Around 80% recovery is observed for NDP and TZP. OXP is shown almost 100% 

recovery. Considering that the diffusion coefficient of four compounds should be similar, 

this suggests a significant amount of non-specific binding of DZP to silicone tubing. 

The results of drug diffusion testing of the PEEK tubing apparatus (Figure 5.2) are shown 

in APPENDIX F.  Figure F5 - Figure F8 describe the testing results at 2, 10, 60, 120 

μL/min, respectively. Generally, minimal non-specific binding is observed for all probe 

substrates. 

Higher the flow rate, the slower the concentration changes for both flow transitions: from 

drug-free solution to drug solution and from drug solution to drug-free solution. This 

result suggests that higher flow rates may induce some turbulence or eddies along with 

the tubing and tubing connections. This turbulence appears to be minimal when the flow 

rate is in the range of 2-10 μL/min. If a higher flow rate has to be used, turbulence would 

need to be included in the final mathematical models. 

 

5.4.3 (Dynamic) Hepatocyte Perfusion Metabolism Assay 

The DZP metabolism was performed with a rat hepatocyte monolayer assay to determine 

a linear range of CLint and approximate CLint value. The results are shown in Figure 5.6: 
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Figure 5.6 DZP metabolism with rat hepatocyte monolayers.  

(A): TZP formation velocity from 1-20 μM DZP. (B): NDP formation velocity from 1-20 

μM DZP. (C): NDP formation velocity from 1-20 μM DZP. The velocity was normalized 

to 106 cells. Four different induction conditions were used: 0.1 μM DEX, 10 μM DEX 

(duplicates), 50 μM DEX, 10 μM DEX (with OptiCulture). Incubation time was 12 min, 

and hepatocytes for each well of (24-well plate) was 0.46×106 cells. 

 

Figure 5.6 summarized the velocity of TZP, NDP and PHD formation from DZP 

metabolism in rat hepatocyte monolayer assay. Four different induction conditions were 

used: 0.1 μM DEX, 10 μM DEX (duplicates), 50 μM DEX, 10 μM DEX (with 

OptiCulture medium from Xenotech). WEM medium with primary hepatocyte 

maintenance supplements was used for the first three conditions. A linear range of TZP 

and NDP formation was observed from 1 - 10 μM DZP. The formation curves for PHD 

start to become curved at low DZP concentration. Therefore, 5 μM will be used for the 

hepatocyte perfusion study. CLint can be calculated from the linear range of TZP, NDP 

formation curves. Generally, 10 μM DEX, 50 μM DEX, 10 μM DEX (with OptiCulture) 

increased 3-fold the CLint of TZP, NDP formation compared to 0.1 μM DEX. No large 

difference in CLint is observed among the three conditions. To minimize the toxic effect 

of high inducer concentration, 10 μM DEX will be used for hepatocyte perfusion studies. 

For future studies, TZP and NDP metabolism with rat hepatocyte monolayers need to be 

performed to estimate OXP formation from TZP and NDP. 

 



 

187 

 

Although collagen type IV has been used in enhancing rat hepatocyte attachment 

(Watanabe et al., 2016), rat hepatocytes failed to seed on a collagen type IV coated μ-

slide. It was observed that hepatocytes did not attach to the collagen type IV coated 

channel surface after 8 hours. After shaking the μ-slide, most of the cells were found to 

aggregate in the Luer reservoir of μ-slide (see Figure 5.7). 

 

Figure 5.7 Demonstration of μ-slide.  

(A): 45-degree-angle view of the slide. (B): Side view of the slide 

 

The perfusion experiment was performed twice. A microvalve splitter was used for the 

first time and an L-shape valve splitter was used for the second time. The results are 

summarized in Figure 5.8. 
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Figure 5.8 DZP concentration-time (C-t) profiles of rat hepatocyte perfusion assay.  

(A1): The image of μ-slide channel and reservoir under the microscope (before perfusion 

experiment). (A2): DZP concentration-time profile at a flow rate of 10 μL/min. (B1): The 

image of μ-slide channel and reservoir under the microscope (before perfusion 

experiment). (B2): DZP concentration-time profile at a flow rate of 30 μL/min. Light dots 

in (A1, B1) represent rat hepatocytes. The red vertical line represents that changing 

perfusion flow from the culture medium containing DZP to the drug-free culture medium. 

The sample was collected every 10 μL. 

 

Figure 5.8 describes the DZP concentration-time profiles of a rat hepatocyte perfusion 

experiment. A culture medium containing 5 μM DZP was used as a dosing solution.  

Figure 5.8A1, B1 shows that a low amount of rat hepatocytes were attached to the 

collagen IV surface. It was demonstrated that an L-shape microvalve leads to a smoother 

C-t profile compared to a microvalve splitter (Figure 5.8A1, B1). For both of the 

experiments, no detectable metabolites could be measured. It suggests that a different 

surface coating might be needed. For a future study, a hepatocyte perfusion experiment 

would be performed with a collagen type I coated μ-slide. The coating would be pre-

coated on an ibiTreat modified μ-slide in-house. 

 

5.4.4 Simulation of Sequential Metabolism Models 

An ODE model was proposed to guide the experiment design. The ODE model is 

summarized in APPENDIX G. The medium and intracellular C-t profiles of DZP and its 

metabolites are shown in Figure 5.9. 
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Figure 5.9 The simulated concentration-time (C-t) profiles of DZP and its metabolites: 

TZP, NDP and OXP in medium and hepatocytes.  

(A): The dynamic concentration in culture medium. (B): The dynamic concentration in 

hepatocytes. Abbreviation: medium (med), intracellular (intra). The Blue vertical line 

represents that changing perfusion flow from a culture medium containing DZP to a 

drug-free culture medium. 

 

Figure 5.9 describes the simulated C-t profiles of DZP and its metabolites in the culture 

medium and the cells. The experiment shares some similar kinetic profiles with an in 

vivo i.v. infusion study. The perfusion of the culture medium containing DZP 

corresponds to an infusion phase of i.v. infusion. The perfusion of a drug-free culture 

medium corresponds to an elimination phase. The difference between this experiment and 

i.v. infusion is that a large volume of sampling points would be needed for the in vitro 

assay.  

Generally, it is observed that DZP and its metabolites showed different shapes of C-t 

profiles. In the infusion phase, slight time lags are shown for NDP and TZP formation, 

and significant time lags are shown for secondary metabolite OXP in both medium and 

cells. Generally, a greater extent of time lag is shown for the medium concentrations of 

metabolites compared to intracellular concentrations. Similar patterns are observed for 
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the elimination phase. It is noteworthy that metabolite concentrations are higher than that 

of DZP in the elimination phase since time lags are observed for the concentration 

decrease of TZP, NDP, and OXP. 

The simulation results also suggest that simultaneous fitting of the datasets of infusion 

phase and elimination phase could result in more accurate parameter estimates and lower 

estimate errors. Very low concentration of probe substrate and its metabolites can be 

observed at the early infusion phase and late elimination phase. It is indicated that the 

inclusion of these low concentration data points will result in more accurate parameter 

estimates and lower estimate errors (simulation results not shown). 

 

5.5 Discussion and Conclusions 

Hepatocytes are regarded as an excellent tool to investigate drug metabolism and drug 

transport. Both conventional static incubation and dynamic perfusion assay (Baudoin et 

al., 2014; Foster et al., 2019) can be used to predict corresponding kinetic parameters. 

Since the system is a more complex system than microsomal incubations, many factors 

including passive diffusion, transporters, co-occurring metabolic pathways, etc. need to 

be considered when used to predict in vitro hepatic clearance and in vivo PK profiles. 

Passive permeability across the hepatocyte membrane is an important parameter to be 

considered. It can directly affect in vitro intrinsic clearance in hepatocyte systems and in 

vivo hepatic clearance for a permeability-limited compound. The passive permeation can 

be a rate-limiting step in drug disposition when passive diffusion clearance is not 

sufficiently higher than metabolic clearance (R. Li et al., 2014).  
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Many transporters are expressed in the hepatocyte plasma membrane, including influx 

and efflux transporters. They are located in both basolateral and apical sides of 

hepatocytes. Several clinically used drugs, including statins (Rocha, Pereira, & 

Rodrigues, 2018) and digoxin are identified as a substrate of various ATP-binding 

cassette (ABC) and solute carrier (SLC) membrane transporters. It was reported that 

organic anion transporting polypeptide 1a1 (Oatp1a1) was expressed in all freshly 

isolated rat hepatocytes. In contrast, P-gp and Mrp2 expression were lower than Oatp1a1 

(Bow, Perry, Miller, Pritchard, & Brouwer, 2008). Therefore, the suspension assays may 

not accurately predict apical efflux (e.g., biliary excretion). For a monolayer-cultured and 

sandwich-cultured configuration, hepatocytes retain more in vivo-like properties, 

including the formation of intact canalicular networks and polarized excretory function 

(Swift, Pfeifer, & Brouwer, 2010). Therefore, if a drug is not a transporter substrate, 

similar results of drug disposition can be observed from three assays. If a drug is an 

efflux transporter substrate, different kinetic profiles can be observed. It was indicated 

previously (Di, Keefer, et al., 2012) that substrates of uptake or efflux transporters did not 

have significant differences of intrinsic clearance between microsomes and hepatocytes 

when uptake into the hepatocytes was not rate-limiting. When passive permeability and 

hepatic uptake were both slow, intrinsic clearance in microsomes was faster than that in 

hepatocytes. It can be expected that the difference is more significant for compounds with 

rapid metabolism. 

For compounds that are primarily metabolized by CYP enzymes, the intrinsic clearance 

values from the microsomal incubation and hepatocyte incubation are comparable. For 

compounds experiencing other metabolic pathways, such as UGT and AO, intrinsic 
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clearance was faster in hepatocytes than in microsomes (Di, Keefer, et al., 2012). 

Therefore, hepatocyte incubation provides an important tool for characterizing drug 

metabolism in vivo. 

It is noteworthy that spatial parameters are missing in static hepatocyte incubation. 

Hepatocytes are arranged in livers in a specific manner. The human liver can be divided 

into right lobes and left lobes. It can be further divided into 8 segments for clinical 

diagnosis (LeCluyse, Norona, & Presnell, 2018). The liver blood is supplemented by 

portal venules (75%) and hepatic artery (25%). Liver microcirculation is highly 

developed. Blood vessels branch off from the terminal portal venules and hepatic artery, 

carry blood through the plates of hepatocytes and then drain into the central venules. The 

branched vessels are also named liver sinusoids. They form the interface between 

circulating blood and the hepatocyte. The length of liver sinusoid is around 250 μm 

(Vollmar & Menger, 2009) and the diameter is around 6-15 μm (Hubscher, 2017; 

Vollmar & Menger, 2009). Sinusoids occupy 30 % volume of the human liver. Different 

types of cells reside in the liver sinusoid space, including sinusoidal endothelial cells, 

Kupffer cells, stellate cells and Pit cells. They are responsible for maintaining the healthy 

status of hepatocytes. The extracellular space that lies between the endothelial cells and 

the surrounding hepatocytes is named the space of Disse. It contains extracellular 

proteins and microvilli that project from the hepatocytes. Therefore, the drug transport 

happens in the interface of space of Disse and hepatocyte.  

A good in vitro microfluidic device is supposed to represent some characteristics of the 

liver. 
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The ibidi μ-slide is not only compatible with single solution perfusion but also 

simultaneous perfusion of multiple solutions. The simultaneous perfusion can be used to 

represent the mixture of arterial blood and venous blood in the sinusoid. In the current 

study, a single solution will be used. Fabrication of microfluidic devices representing the 

exact size of liver sinusoid may be possible but technically difficult. The number of 

hepatocytes cultured in the artificial liver sinusoid is limited. The low number of cultured 

hepatocytes can result in large variance due to the tiny population of the hepatocyte. 

Based on the literature review, the ibidi μ-slide was chosen based on its similar shape of 

sinusoids. It enables sufficient hepatocyte culture (~1.5*105 cells/slide channel) to 

observe detectable metabolites formation from probe substrate. Based on our calculation, 

the blood flow for each human liver sinusoid is around 0.1 μL/min (calculation not 

shown). Although the flow in u-slide I0.4 needs to be 40 μL/min to compensate for the 

size scaling from sinusoid to the u-slide I0.4, the actual flow in space of Disse is supposed 

to be slower than sinusoid blood flow. Therefore, a perfusion rate lower than 40 μL/min 

could be physiologically reasonable. The interaction between other cells and hepatocytes 

is not included in the current study. The current aim of this study is to monitor drug 

metabolism and drug distribution with the perfusion of hepatocytes and characterize the 

kinetic profiles of the drug and its metabolites with mathematical models. To minimize 

the number of variables in the in vitro system, a simple hepatocyte monolayer without 

sandwich layers and without co-culture with other cells will be used as initial efforts. 
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The following observations were made in these studies: 

DZP metabolism with suspended rat hepatocytes was previously reported (Zomorodi et 

al., 1995). The velocity was represented as nmol/(min× 106 cells). The unit 

nmol/(min×nmol) was used in this study. After converting units, it was found that TZP, 

NDP, PHD formation was approximately four-fold lower, two-fold lower, and four-fold 

lower than that in literature data, respectively. It is noteworthy that freshly isolated 

hepatocytes were used in that report (Zomorodi et al., 1995), and the difference might be 

due to cryopreservation. DZP metabolism with fresh rat hepatocyte suspensions and 

cryopreserved suspensions were compared previously (Sarah J. Griffin & Houston, 

2004). It was demonstrated that TZP, NDP and PHD formation CLint is higher in fresh 

suspension than that in cryopreserved suspensions, respectively.  The large difference in 

this study might be explained by the long cryopreservation period (~7 years). Although 

human (Hengstler et al., 2000; Nicola J. Hewitt et al., 2007; Albert P. Li et al., 1999; A. 

P. Li et al., 1999; McGinnity, Soars, Urbanowicz, & Riley, 2004) and rat (N. J. Hewitt & 

Utesch, 2004) hepatocytes can be successfully frozen, stored, and thawed with retention 

of CYP activity, the examined cryopreservation period is usually short (~ 1 year). 

TZP and NDP formation from DZP metabolism are shown sigmoidal kinetics in a 

hepatocyte suspension assay. Most sigmoidal kinetics are observed in microsomal and 

purified enzyme incubation, and only a few drugs including dextromethorphan 

(Witherow & Houston, 1999), testosterone (Palacharla et al., 2019), and some 

benzodiazepines (Hallifax, Rawden, Hakooz, & Houston, 2005) were reported to show 

sigmoidal kinetics with hepatocytes. Many factors could affect the appearance of 

sigmoidal kinetics in hepatocyte studies, such as non-specific binding, transporters and 
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co-occurring oxidative/conjugation pathways. In this study, the passive diffusion 

clearance of diazepam is around 70 uL/(min*106 cells) and the formation clearance of 

TZP and NDP is lower than 2 uL/(min*106 cells) at low DZP concentration. In addition, 

no transporters are reported to be involved in DZP disposition and the drug transport is 

not a rate-limiting step for hepatocyte clearance. As mentioned in chapter 3, sigmoidal 

kinetics can be observed when significant sequential metabolism happens. TZP is not 

only further metabolized by CYP enzymes to form OXP, but also metabolized by UGT 

enzymes to form TZP-G and OXP-G (data not shown). These metabolites are prone to 

accumulate inside cells due to their low hydrophobicity. The fact that higher sigmoidicity 

was observed from hepatocyte incubation than MRLM incubation may be explained by 

this phenomenon. Differential kinetic profiles can sometimes be observed from 

microsomal incubation and hepatocyte incubation. Antitussive drug dextromethorphan 

can be metabolized by CYP3A and CYP2D subfamilies and two metabolites dextrorphan 

and 3-methoxymorphinan are formed, respectively. It was reported that biphasic kinetics 

and sigmoidal kinetics of dextrorphan formation were observed from microsomal 

incubation and hepatocyte incubation, respectively (Witherow & Houston, 1999). 

Therefore, the effect of these factors on sigmoidal kinetics needs to be considered 

quantitatively. Based on these considerations, more accurate prediction of CLint from 

substrate depletion assays and metabolite formation assays will be achieved. With respect 

to non-specific binding, it is important in many experiments in drug discovery and 

development. It can be observed as drug binding to experiment matrices and partitioning 

into microsomal (Holt et al., 2019) and plasma membranes (Nagar & Korzekwa, 2017). It 

can make characterizing accurate in vitro kinetic parameters (Yadav et al., 2019) and 
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predicting in vivo PK profile (Holt et al., 2019; Ye, Nagar, & Korzekwa, 2016) very 

complicated.  In this study, significant non-specific binding was found with the 0.2 μm 

filter membrane and silicone tubing. The drug binding to 0.2 μm filter membrane 

(Carlson & Thompson, 2000) and silicone tubing (Wagdy, Kim, Kim, Wu, & El-

Shourbagy, 2011) was reported previously. Although another tubing such as Pharmed® 

tubing was mentioned in relevant perfusion studies (Klingberg, Loft, Oddershede, & 

Moller, 2015; Pully et al., 2010), PEEK tubing was selected to meet the strict 

requirements of minimal non-specific binding and minimal dead volume for this study. 

Drug partition into microsomal vesical membrane and hepatocyte membrane can be 

influential in predicting hepatic clearance. For example, the best prediction from in vitro 

microsomal clearance data to in vivo clearance could be observed when incorporating 

both blood and microsome binding, especially for acidic drug tested in that study (Austin, 

Barton, Cockroft, Wenlock, & Riley, 2002; R. Scott Obach, 1999). A similar conclusion 

is supposed to be drawn since hepatocyte binding is demonstrated to be highly correlated 

with lipophilicity and microsome binding (Austin et al., 2005). When using the unbound 

fraction in blood and in incubations of hepatocytes and microsomes, the prediction of 

human in vivo intrinsic clearance and hepatic clearance were improved. The microsome 

concentration and cell density in hepatocyte suspension assay can be adjusted to 

minimize the effect of drug lipid partition. For hepatocyte monolayer assays, cell 

confluency are always one of the most important factors and cell density is fixed. It is 

expected that unbound fraction need to be corrected for highly partitioned drug for more 

accurate prediction. 
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Bovine serum albumin (BSA) was supplemented in the hepatocyte culture medium. 

Albumin supplemented in the hepatocyte culture medium can enhance cell culture 

through its ability to bind lipids and deliver them to the cells (Francis, 2010). The BSA 

concentration for hepatocyte assay is 1.25 mg/mL.  The serum albumin concentration in 

Sprague Dawley rats is around 26 mg/mL (Zaias, Mineau, Cray, Yoon, & Altman, 2009). 

Therefore, the unbound fraction of probe substrate and its metabolites in the hepatocyte 

assay might be different from that in rat plasma. 

To characterize a full range of saturation curves with hepatocytes, the highest substrate 

concentration sometimes can be close to its kinetic solubility. The highest substrate 

concentration might be sonicated to facilitate dissolution. However, sonication can lead 

to the aggregation of albumin (Stathopulos et al., 2004). Therefore, it is recommended to 

supplement the culture medium with albumin in the final step. It is proposed that albumin 

is involved in drug transport. The theory of “albumin mediated” hepatic transport is 

attracting increasing attention. Several studies indicated that the uptake of OATP 

substrates in primary rat and human hepatocytes showed a large increase by 

supplementing albumin (Bowman, Okochi, & Benet, 2019; Kim, Lee, Miyauchi, & 

Sugiyama, 2019; Miyauchi et al., 2018). In addition, a significant improvement of hepatic 

CL prediction was observed (N. Li, Badrinarayanan, Ishida, et al., 2020; N. Li, 

Badrinarayanan, Li, et al., 2020). Although a better prediction could be observed, the 

mechanism of this theory needs more investigation. 

Considering the commercial availability, Collagen type IV coated ibidi μ-slide was used 

in primary studies. Based on our literature review, very few reports mentioned using 

collagen IV coated surface for primary hepatocyte culture (Watanabe et al., 2016). It was 
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reported in one paper that collagen type I coated ibidi μ-slide was used for primary rat 

hepatocytes culture. Other newer surface coating includes bovine type I atelocollagen 

(Sato, Semura, & Fujimoto, 2019). A zero-length cross liner causes the collagen to be 

more branched during coating.  In some instances, this coating appears to increase 

hepatocyte attachment, and good attachment is requisite for the formation of a hepatocyte 

monolayer. The monolayer can maintain the viability of hepatocytes for an extended 

period. The attachment efficiency of plateable hepatocytes usually needs to be at least 70-

80% (Akram et al., 2010) to reach appropriate final confluency (usually 80-90%) (Shen, 

Hillebrand, Wang, & Liu, 2012).  As a next step, a thin layer of collagen I will be coated 

on the bottom surface of the ibidi μ-slide. When a higher concentration of collagen I 

solution is used, collagen gel can be formed to create a 3D hepatocyte culture and 

maintain the differentiation state of hepatocytes. Under this condition, apical membrane 

transporters can be highly expressed and bile canaliculi will be formed. The conjugated 

metabolites will be transported out and the accumulation of conjugated metabolites can 

be minimized. Therefore, a 3D sandwich culture may better represent the liver for drug 

disposition studies. 

 

Summary 

The long-term culture of hepatocytes for metabolism assay and toxicity testing is still 

challenging. It was demonstrated that hepatocyte culture under perfusion could maintain 

long-term viability. Oxidative and conjugative enzyme expressions can be maintained 

under the flow condition (Dash et al., 2013; Esch et al., 2015; Lubberstedt et al., 2015). 

Since a steady state can be reached, kinetic parameters of low clearance drugs can be 
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better predicted compared to conventional static hepatocyte metabolism assay (Lancett, 

Williamson, Barton, & Riley, 2018). 

The ibidi u-slide used in this study has limitations in fully representing liver metabolism. 

For example, it cannot capture the heterogeneity where the metabolic activities show a 

gradient variation along liver sinusoids. Many efforts are being put into optimizing 

microfluidic devices to better represent human organs. However, this kind of microfluidic 

device is usually difficult to fabricate (Kang, Eo, Mert, Yarmush, & Usta, 2018).  

The ibidi μ-slide may solve some of the metabolism-related and transport-related 

problems. For example, a dynamic DDI study could be investigated using this device. 

The scenario of metabolism-mediated DDI with distribution characteristics is expected to 

provide a more mechanistic prediction of in vivo DDI profiles. Other complications such 

as enzyme-transporter interplay might be studied with this device as well.   
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 IN VIVO CHARACTERIZATION OF DZP AND ITS 

METABOLITE (PRELIMINARY STUDIES) 

6.1 Background and Rationale 

Reports of atypical kinetics in vivo are relatively uncommon (Egnell, Houston, & Boyer, 

2003; Hutzler et al., 2001; Tang et al., 1999). Based on our literature review, these 

reports only demonstrate the potential DDI mediated by the heteroactivation of the CYP 

enzyme. Although one study reports the autoactivation of valproic acid glucuronidation 

in vivo, the PK profile of valproic acid may only suggest the existence of enterohepatic 

circulation (Wong et al., 2007). The glucuronide metabolites is very liable to the gut β-D-

glucuronidases (Higuchi et al., 2009; Zhong et al., 2016). A bile duct cannulated animal 

may help to exclude the effect of EHC on the PK profile of valproic acid. As a CYP 

substrate, DZP has shown sigmoidal kinetics in vitro (CHAPTER 4 and CHAPTER 5). 

Therefore, DZP was selected as a model drug to study atypical kinetics in vivo.  

In this chapter, an i.v. bolus of DZP in rats was performed to characterize the PK profile 

of DZP, TZP, NDP, OXP, PHD, TZP-G, OXP-G in rats. The extent of sigmoidicity 

observed in DEX-treated MRLM and FRLM is not as high as that in MRLM (CHAPTER 

4). Therefore, male rats were used for the i.v. bolus study.  

 

Literature data 

The dose and PK parameters for DZP, NDP, TZP, OXP are summarized in Table 6.1. 
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Table 6.1 Rat dose and administration route for all the drugs studied 

Cpd. Rats 

I.V. 

Dose 

(mg/

kg) 

Body 

weight 

(g) 

# 

of 

A 

App. 

Vd 

(L/kg

) 

App. 

CL 

(mL/kg

/min) 

Half-life 

in rats 

(t1/2, 

hours) 

Reference 

DZP 

M 

SD 
5 

200-

250 

N

A 
N/A N/A 0.78 (α) 

(Marcucci et al., 

1968) 

M 

SD 
5 300 3 10.92 70.55 

0.31(α), 

3.47(β) 

(Musteata et al., 

2008) 

M 

SD 
20 

260-

340 
5 21.6a 204±1 

0.15(α), 

1.2(β) 

(Walker et al., 

1998) 

M 

SD 
30 

260-

340 
5 15.5a 146±16 

0.17(α), 

1.23(β) 

(Walker et al., 

1998) 

M W 1.2 
250-

270 
4 N/A N/A 0.463 (β) (Igari et al., 1984) 

M W 4 
246-

259 

1

0 
5.21 70.33 

0.22(α), 

1.10-

1.15(β) 

(Díaz-García et 

al., 1992 ) 

W 5 N/A 3 
4.5±1

.6 

81.60±

10.5p, 

214.7±

27.6b 

0.29(α), 

1.1(β) 

(Klotz, et al. 

1976b) 

M W Oral 
200-

250 
5   

81.60±

17.95 

0.91(α), 

10(β) 

(Jinping et al., 

2003) 

M W 

0.6 

(5-
14C) 

280-

320 
3 N/A N/A 0.85(β) 

(Inaba, et al. 

1974) 

M 

CD-1 
5 (IP)  N/A 4 19.3 255 

0.88, 

0.89(brai

n) 

(Friedman et al., 

1986) 

NDP 

M 

SD 

30 

(10mi

n 

infusi

on) 

N/A 8 3.03 59.2 0.66(β) 
(Klockowski and 

Levy, 1988b) 

M 

SD 

2.5(or

al) 
N/A 5 1.82 N/A 

0.42(α), 

2.84(β) 

(Liu and Zhang, 

1995) 

M 

CD-1 

5(DZ

P IP) 
N/A 4 N/A N/A 

1.11, 

1.09(brai

n) 

(Friedman et al., 

1986) 

TZP M W 
2 

(14C) 
~250 3 N/A N/A 

1.0(bili 

excre) 
(Tse et al., 1983) 
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Table 6.2 (continued) 

Cpd. Rats 

I.V. 

Dose 

(mg/

kg) 

Body 

weight 

(g) 

# 

of 

A 

App. 

Vd 

(L/kg

) 

App. 

CL 

(mL/kg

/min) 

Half-life 

in rats 

(t1/2, 

hours) 

Reference 

 M W 30 
230-

260 

N

/

A 

4.56 45 
0.45(α), 

3.99(β) 

(Escoriaza et al., 

1997) 

OXP 

F 

SPF 
5 174±5 5 1.32 N/A 

0.1(α), 

0.85(β) 

(Dingemanse et 

al., 1988) 

M 

F344 
20 11w 3 2.2 

1.47±0.

14 

0.67(α), 

5(β) 
(Yuan et al., 1994) 

F 

F344 
20 11w 3 1.87 

0.92±0.

23 

0.91(α), 

4(β) 
(Yuan et al., 1994) 

M 

F344 

50(or

al) 
11w 3 N/A N/A 6.76 (Yuan et al., 1994) 

F 

F344 

50(or

al) 
11w 3 N/A N/A 6.03 (Yuan et al., 1994) 

Cpd.: Compound, App.: apparent. 

A: animals, M: male, F: Female, SD: Sprague-Dawley, F344: Fischer-344, W: Wistar, 

SPF: from Wistar descent, 11w: 11 week-old, 

α, β: distribution phase and elimination phase,  

N/A: Not available, a: Vdarea, p: plasma, b: blood. 

 

Table 6.1 summarizes the reported PK parameters for DZP, NDP, TZP and OXP in rats. 

Different dose levels were used for PK studies of these drugs. The dose levels range from 

1.2 mg/kg iv bolus of DZP to 30 mg/kg iv bolus of DZP. Data with male SD rats are 

available for DZP and NDP. With respect to DZP data with male SD rats, apparent 

volume of distribution (Vd) is within 10.92 – 21.6 L/kg, apparent CL is within 70.55 - 

204 mL/kg/min, half-life (distribution phase) is within 0.15-0.78 hours and half-life 

(elimination phase) are within 1.2-3.47 hours. Lower apparent Vd (1.82 – 3.03 L/kg) is 

observed for NDP compared to that of DZP. Similar apparent CL and half-life are 

observed for NDP. It is observed that TZP (male Wistar rats) exhibit similar PK 

parameters to that of NDP (male SD rats).  OXP (Fischer-344 rats) shows similar Vd and 
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half-life values to that of NDP and TZP. It is noteworthy that a very low value of 

apparent CL is observed for OXP (Fischer-344 rats). The PK parameters summarized 

above can be used to design future rat studies. 

 

6.2 Materials 

Jugular-vein cannulated Sprague Dawley rats (male) weighing 250-350g were ordered 

from Charles River. Rats were acclimated and handled according to the Temple IACUC 

protocols. Sterile saline was acquired from Teknova. Heparin was purchased from Sagent 

Pharmaceuticals. Syringes and needles were obtained from Corning. Isoflurane was 

obtained from Piramal Enterprises. Corn oil was purchased from Fischer science 

education. 1-methyl-2-pyrrolidinone (NMP) was obtained from J.T Baker. Diazepam 

(DZP), Temazepam (TZP), Nordiazepam (NDP), Oxazepam (OXP), Temazepam 

glucuronide (T-G), Oxazepam glucuronide (O-G), Temazepam-d5 (TZP-d5) and 

Diazepam-d5 (DZP-d5) in methanol were obtained from Sigma Aldrich. P-hydroxy-

diazepam (PHD) was purchased from Toronto Research Chemicals, Canada.  Formic acid 

(FA) was purchased from EMD. Sprague Dawley (SD) rat plasma was obtained from 

Equitech Biotech Inc. 

 

6.3 Methods 

6.3.1 IV dosing and sampling  

Jugular-vein cannulated rats (n=3) were maintained under an artificial 12 h dark-light 

cycle (lights on at 8:30 AM) at a constant temperature of 24± 1°C and 55% humidity 

under specific-pathogen-free conditions. They were provided with laboratory chow CE-2 
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(CLEA) and water ad libitum. The corresponding regime and the sampling points were 

determined based on the reported T1/2 and other PK parameters. Although a solvent 

system including propylene glycol, glycerol, benzyl alcohol and water (30:30:2:48) 

(Marcucci et al., 1968) were reported previously, DZP was formulated into a co-solvent 

system including NMP and sterile saline in this study. A lower proportion of NMP was 

preferred for each drug (the volume of the dose was 0.5 % of the BW of rats). The final 

weight of rats was 250-300 g. 

Heparin was used as an anticoagulant for all blood samples. The samples were collected 

in heparin-sprayed microcentrifuge tubes. The process of iv dosing was smooth over 0.1 

minutes to avoid pulse injection. After the injection, the cannula was flushed with 0.4 mL 

heparinized saline (100 U/ml). A low volume blood sample (~60 μL) was withdrawn at 

specific time points to enable enough sampling points. To compensate for the body fluid 

loss, a 0.1 mL normal saline solution was added to replenish volume through the cannula 

after each sampling. Plasma samples were obtained by centrifugation of the blood sample 

at 10000 rpm for 10 minutes at 4 ℃. Plasma samples were quenched with a double 

volume of ACN with IS and vortexed followed by further centrifugation. The standard 

curve solution was prepared with plasma spiked. The supernatant was carefully removed 

and analyzed by LC-MS/MS. 

 

6.3.2 Data analysis.  

Non-compartmental model analysis (NCA) and compartmental model analysis were used 

to characterize the PK profiles of DZP. One-compartment (1C), two-compartment(2C), 

and three-compartment (3C) models were fit to the PK data of DZP. The compartmental 
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analysis was performed with both macro rate equations (MREs) (Table H1) and 

differential equations (Table H2). Since the primary metabolite TZP, NDP, PHD, 

secondary metabolite OXP, TZP-G and tertiary metabolite OXP-G were also monitored, 

corresponding hybrid compartmental models were constructed to capture the PK of 

sequential metabolites. For these models, drug dosing and sampling were conducted from 

the central compartment.  

The NCA and compartmental model analysis were both performed using Mathematica 

software. For NCA, the area under the curve (AUC) and area under the concentration 

times time versus time curve (AUMC) of the C-t profiles were calculated with the linear 

trapezoidal rule as shown in Equation 6-1 and Equation 6-2. The log-linear trapezoidal 

rule as Equation 6-3 and Equation 6-4 shown, where C1 is the concentration of the 1st 

time point, Cn is the concentration of last time point and k is the terminal phase slope of 

semilog C-t plot. CL was calculated with Equation 6-5. The volume at steady state (Vss) 

and terminal phase (𝑉𝜆𝑛
) were calculated via Equation 6-6and Equation 6-7, where MRT 

is the mean residence time calculated by Equation 6-8. These equations were cited from 

(Johan Gabrielsson, 2017). 

   𝐴𝑈𝐶0→∞ = 𝐶1 ∗ 𝑡1 + [
1

2
∑ (𝐶𝑖 + 𝐶𝑖−1)(𝑡𝑖 − 𝑡𝑖−1)𝑛

𝑖=2 ] +
𝐶𝑛

𝜆𝑛
       Equation 6-1 

   𝐴𝑈𝑀𝐶0→∞ = [
1

2
∑

𝑡𝑖∗𝐶𝑖+𝑡𝑖+1∗𝐶𝑖+1

2
(𝑡𝑖+1 − 𝑡𝑖)𝑛

𝑖=1 ] +
𝐶𝑛∗𝑡𝑛

𝜆𝑛
+

𝐶𝑛

𝜆𝑛
2   Equation 6-2 

  𝐴𝑈𝐶0→∞ = ∑
(𝐶𝑖−𝐶𝑖+1)

𝑙𝑛 (𝐶𝑖/𝐶𝑖+1)
(𝑡𝑖+1 − 𝑡𝑖)𝑛−1

𝑖=1 +
𝐶𝑛

𝜆𝑛
  Equation 6-3 
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  𝐴𝑈𝑀𝐶0→∞ = ∑ [
(𝑡𝑖∗𝐶𝑖−𝑡𝑖+1∗𝐶𝑖+1)

𝑙𝑛(
𝐶𝑖

𝐶𝑖+1
)

∗ (𝑡𝑖+1 − 𝑡𝑖) 𝑛−1
𝑖=1 −

(𝐶𝑖+1−𝐶𝑖)

[𝑙𝑛(
𝐶𝑖

𝐶𝑖+1
)]

2 (𝑡𝑖+1 − 𝑡𝑖)
2] +

𝑡𝑖∗𝐶𝑖

𝜆𝑛
+

𝐶𝑛

𝜆𝑛
2  

Equation 6-4 

 
  𝐶𝐿 =

𝐷𝑜𝑠𝑒

𝐴𝑈𝐶
 

Equation 6-5 

 
  𝑉𝑠𝑠 =

𝐷𝑜𝑠𝑒 ∗ 𝑀𝑅𝑇

𝐴𝑈𝐶0→∞
 

Equation 6-6 

 
  𝑉𝜆𝑛

=
𝐷𝑜𝑠𝑒

𝐴𝑈𝐶0→∞ ∗ 𝜆𝑛
 

Equation 6-7 

 
  𝑀𝑅𝑇 =

𝐴𝑈𝑀𝐶0→∞

𝐴𝑈𝐶0→∞
   

Equation 6-8 

 

For the compartmental model analysis, the macro rate equations were shown in Table H1 

which can be derived via Laplace transform analysis of the rate equations. A, B, C are 

coefficient constants and α, β, γ is the disposition rate constants. The AUC, Vss, and CL 

were calculated using the equations in Table H1.  

Another strategy was fitting the model directly from the ordinary differential equations 

(ODEs). The comparison among three models was shown in Table H2, where X1 is the 

amount of drug in the central compartment, X2 is the amount of drug in the first 

peripheral compartment, X3 is the amount of drug in the second peripheral compartment, 

k10 is the elimination rate constant, and k12, k21, k13, k31 are the distribution rate constants. 

The transformation between macro rate equations and micro rate equations is shown in 

Table H3. The model-fitting results from various models were compared with the AICc 

value and mean squared error (MSE) value. 
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6.4 Results 

Three male rats were used to perform DZP iv. bolus studies. The raw data and 

compartmental model results are shown in Figure 6.1 and Table 6.2. 

 

Figure 6.1 Three-compartment (3C) model-fitting of DZP C-t profile in three male rats. 

The data were fitted individually. 

 

Table 6.2 PK parameters from compartment model-fitting of DZP C-t profile in three 

male rats. The data were fitted individually.  

Rat Parameter 
1C 

ODE 

1C 

MRE 
2C ODE 

2C 

MRE 
3C ODE 3C MRE 4C ODE 

Rat 

1 

CL(L/(hr*kg)) 
1.09 

(0.334) 

1.09  

(N/A) 

0.34 

(0.0371) 

0.32 

(N/A) 

0.17 

(0.0345) 

0.17 

(N/A) 

0.16 

(0.0216) 

CL
u
(L/(hr*kg)) 4.96 

(1.52) 

4.96 

(N/A) 

1.52 

(0.168) 

1.47 

(N/A) 

0.76 

(0.157) 

0.77 

(N/A) 

0.74 

(0.0984) 

CL
d
(L/(hr*kg)) N/A 

(N/A) 

N/A 

(N/A) 

1.80 

(0.173) 

N/A 

(N/A) 

1.86 

(0.204) 

N/A 

(N/A) 

1.70 

(0.0933) 

V
c
(L/kg) 1.02 

(0.171) 

1.02 

(0.171) 

0.65 

(0.0401) 

0.67 

(0.0788) 

0.58 

(0.0288) 

0.57 

(0.0455) 

0.47 

(0.0174) 

V
ss

(L/kg) 1.02 

(0.171) 

1.02 

(0.829) 

3.79 

(0.233) 

4.02 

(2.32) 

10.33 

(0.510) 

10.16 

(7.24) 

11.33 

(0.423) 

V
λ
(L/kg) 1.02 

(0.171) 

1.02 

(0.171) 

N/A 

(N/A) 

4.56 

(1.27) 
N/A (N/A) 

12.71 

(4.43) 

N/A 

(N/A) 

AICc 82.8 82.8 46.7 46.7 21.6 21.6 21.8 

MSE 3.37 3.37 0.433 0.492 0.183 0.172 0.0376 

Rat 

2 

CL(L/(hr*kg)) 
1.14 

(0.374) 

1.14 

(N/A) 

0.23 

(0.0420) 

0.23 

(N/A) 

0.19 

(0.0290) 

0.19 

(N/A) 

0.18 

(0.0236) 

CL
u
(L/(hr*kg)) 5.18 

(1.70) 

5.18 

(N/A) 

1.03 

(0.191) 

1.04 

(N/A) 

0.87 

(0.132) 

0.88 

(N/A) 

0.83 

(0.107) 

CL
d
(L/(hr*kg)) N/A 

(N/A) 

N/A 

(N/A) 

1.52 

(0.297) 

N/A 

(N/A) 

2.21 

(0.340) 

N/A 

(N/A) 

2.27 

(0.121) 
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Table 6.2 (continued) 

Rat Parameter 
1C 

ODE 

1C 

MRE 
2C ODE 

2C 

MRE 
3C ODE 3C MRE 4C ODE 

Rat 

2 

V
c
(L/kg) 1.20 

(0.211) 

1.20 

(0.211) 

0.94 

(0.0834) 

0.94 

(0.0855) 

0.63 

(0.0405) 

0.61 

(0.0670) 

0.51 

(0.0191) 

V
ss

(L/kg) 1.20 

(0.211) 

1.20 

(1.05) 

7.12 

(0.629) 

7.03 

(4.93) 

8.72 

(0.564) 

8.65 

(4.69) 

9.85 

(0.365) 

V
λ
(L/kg) 1.20 

(0.211) 

1.20 

(0.211) 

N/A 

(N/A) 

7.84 

(2.69) 
N/A (N/A) 

10.23 

(2.71) 

N/A 

(N/A) 

AICc 81.2 81.2 42.8 42.8 24.9 24.9 26.2 

MSE 2.94 2.934 1.01 0.996 0.206 0.196 0.104 

Rat 

3 

CL(L/(hr*kg)) 
1.24 

(0.399) 

1.24 

(N/A) 

0.39 

(0.0559) 

0.26 

(N/A) 

0.21 

(0.0290) 

0.23 

(N/A) 

0.21 

(0.0255) 

CL
u
(L/(hr*kg)) 5.64 

(1.81) 

5.64 

(N/A) 

1.76 

(0.254) 

1.18 

(N/A) 

0.94 

(0.132) 

1.04 

(N/A) 

0.96 

(0.116) 

CL
d
(L/ (hr*kg)) N/A 

(N/A) 

N/A 

(N/A) 

2.55 

(0.290) 

N/A 

(N/A) 

3.03 

(0.283) 

N/A 

(N/A) 

2.94 

(0.157) 

V
c
(L/kg) 1.33 

(0.230) 

1.33 

(0.230) 

0.70 

(0.0559) 

1.09 

(0.116) 

0.45 

(0.0323) 

0.39 

(0.0781) 

0.41 

(0.0163) 

V
ss

(L/kg) 1.33 

(0.230) 

1.33 

(1.14) 

4.96 

(0.393) 

8.95 

(8.31) 

10.73 

(0.772) 

10.05 

(4.97) 

11.62 

(0.463) 

V
λ
(L/kg) 1.33 

(0.230) 

1.33 

(0.230) 

N/A 

(N/A) 

10.15 

(4.62) 
N/A (N/A) 

11.83 

(2.87) 

N/A 

(N/A) 

AICc 75 75 47.8 47.8 18.7 18.7 21.1 

MSE 3.42 3.42 0.719 1.88 0.0913 0.0746 0.0709 

CL: plasma clearance, CLu: unbound clearance, CLd: distribution clearance between the 

central compartment and shallow peripheral compartment, V
c
: volume of distribution in 

the central compartment, V
ss

: volume of distribution at steady-state, V
λ
: volume of 

distribution at the terminal phase, MSE: Mean squared error. 

Data are represented as mean (S.D.). 

 

Figure 6.1 shows the best fit from three-compartment (3C) models, including ODEs and 

MREs. Almost equal PK parameter values are obtained from an ODE and an MRE 

model. Table 6.2 shows the PK parameters fitted by various compartmental models. 3C 

models show the lowest AICc value for PK data from all rats. Although a four-

compartment (4C) ODE model shows a higher AICc value compared to the 3C model, a 

lower MSE value can be observed from the 4C model.  The lower MSE value suggests 
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that DZP may show 4C kinetics in rats if more data points were obtained. In addition, the 

high variance of data points in the low DZP concentration may not fully differentiate 3C 

and 4C models. Considering the low inter-individual variance of the PK profiles among 

three rats, the PK dataset of three rats was fit simultaneously. The fitting results are 

shown in Figure 6.2 and Table 6.3. 

 

Figure 6.2 3C and 4C model-fitting of DZP C-t profile in three male rats.  

The dataset of three rats was fitted simultaneously. 

 

Table 6.3 PK parameters from compartment model-fitting of DZP C-t profile in three 

male rats. The data were fitted simultaneously. 

Rats  Parameters  
1C 

ODE 
1C 

MRE 
2C ODE 

2C 

MRE 
3C ODE 3C MRE 4C ODE 

Rat 1-

3 

CL(L/(hr*kg)) 
1.16 

(0.210) 

1.16 

(N/A) 

0.25 

(0.0236) 

0.24 

(N/A) 

0.20 

(0.0171) 

0.21 

(N/A) 

0.18 

(0.0114) 

CL
u
(L/(hr*kg)) 5.27 

(0.955) 

5.27 

(N/A) 

1.11 

(0.107) 

1.11 

(N/A) 

0.93 

(0.0780) 

0.93 

(N/A) 

0.84 

(0.0517) 

CL
d
(L/(hr*kg)) N/A 

(N/A) 

N/A 

(N/A) 

1.48 

(0.116) 

N/A 

(N/A) 

2.53 

(0.167) 

N/A 

(N/A) 

2.60 

(0.0914) 

V
c
(L/kg) 1.18 

(0.116) 

1.18 

(0.116) 

0.94 

(0.0403) 

0.94 

(0.0542) 

0.49 

(0.0159) 

0.49 

(0.0455) 

0.41 

(0.0112) 

V
ss

(L/kg) 1.18 

(0.116) 

1.18 

(0.572) 

7.42 

(0.319) 

7.45 

(3.55) 

9.11 

(0.297) 

9.06 

(3.15) 

10.99 

(0.298) 

V
λ
(L/kg) 1.18 

(0.116) 

1.18 

(0.116) 

N/A 

(N/A) 

8.40 

(1.96) 

N/A 

(N/A) 

10.66 

(1.81) 

N/A 

(N/A) 

AICc 225 225 120 120 56.6 56.6 40.9 

MSE 3.51 3.51 1.57 1.58 0.353 0.350 0.303 

Data are represted as Mean (S.D.) 
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Figure 6.2 shows the simultaneous fitting result of three rat datasets. Table 6.3 shows the 

fitted PK parameters from various compartmental models. The lowest AICc and MSE 

value is observed from a 4C ODE model, suggesting the existence of some nonlinear 

kinetics. It is noteworthy that the lowest AICc value is observed from 3C models when 

individually fitting rat PK profiles. The difference indicates that simultaneous fitting may 

help to differentiate 3C and 4C models. Generally, similar PK parameters are obtained 

from simultaneous fitting compared to that of the individual fitting. The value of the Vss 

from 2C, 3C and 4C models are close to those (10.92 – 21.6 L/kg) summarized in  

Table 6.1. The value of CL from all compartmental models is much smaller than those 

(70.55 - 204 mL/kg/min) summarized in  

Table 6.1. It is noteworthy that PK studies in the literature were performed in a shorter 

period. For example, it was reported in one study that sampling was completed within 3 

hours after i.p. injection of DZP (M. C. Walker, Tong, Brown, Shorvon, & Patsalos, 

1998). The distribution phase might be mistakenly regarded as a terminal phase. 

Therefore, the value of CL was overestimated. 

The metabolites of DZP were also monitored in the DZP rat study. TZP, NDP, PHD and 

OXP can be detected within a specific period. Although TZP-G could be detected as well, 

the high variance of the data points makes it difficult to model. No OXP-G can be 

detected within 100 hours. 

The formation data of metabolites are shown in Figure 6.3. 
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 Figure 6.3 C-t profiles of DZP and its metabolites TZP, NDP, PHD and OXP in three 

male rats.  

 

Figure 6.3 shows the C-t profiles of DZP and its oxidative metabolites in three rats. Low 

variance of PK data is observed for three rats. An almost flat terminal phase for DZP is 

observed for three rats. The metabolite PHD could be observed until 29.25 hours for rat 2 

and rat 3 and detectable concentrations of TZP and NDP could only be observed for 12 

hours for all three rats. It is noteworthy that the slope value of the terminal phase for DZP 

is lower than that for DZP metabolites, especially TZP and NDP. A similar pattern is also 

observed in female SD rats (data not shown). Theoretically, the slopes for DZP 

metabolites are not supposed to be higher than that for DZP for elimination rate-limited 
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and formation rate-limited metabolism (Pang, 1985). The unusual metabolite PK profiles 

suggest some uncommon kinetic processes exist.   

The mechanism needs to be further investigated. As an initial modeling effort, the dataset 

of DZP and its metabolites were fit with a compartment model including metabolite 

compartments (Figure 6.4). 

 

Figure 6.4 Compartmental model with three primary metabolite compartments 

 

Where compartments 1, 2, 3 represent the DZP central compartment, shallow peripheral 

compartment, deep peripheral compartment, respectively. For model simplicity, a 1C 

model is assumed for all primary metabolites. The micro rate constant k12, k21, k13, k31 

represent distribution rate constants. The micro rate constant k14, k15, k16 represent the 

individual metabolite formation rate constant, respectively. The micro rate constant k40, 

k50, k60 represent the elimination rate constant of individual metabolites, respectively. The 

micro rate constant k10 refers to the elimination rate constant comprising other metabolite 

formation and renal elimination. 
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According to our fitting results, a common compartmental model cannot characterize the 

faster elimination of DZP metabolites, including secondary metabolite, OXP. The 

possible reasons for these uncommon metabolite PK profiles were discussed below.  

 

6.5 Discussion and Conclusions 

The initial effort to highlight the sigmoidal kinetics in vivo is based on several aspects: 1) 

determining DZP as a model drug; 2) determining male SD rats as a model animal; 3) 

extending the blood sampling period. DZP was selected since significant sigmoidal 

kinetics can be observed from RLM and HLM. In addition, a microsomal stability assay 

(Male SD rats) indicates that unbound CLint of DZP is 250 ± 72 μL/min/mg at 0.5 mg/mL 

protein and 210 ± 67 μL/min/mg at 5 mg/mL protein suggesting sigmoidal kinetics since 

higher CLint is observed at higher substrate concentration (H. M. Jones & Houston, 

2004). Although the author (Carlile et al., 1997) thought the concentration-dependent 

CLint was due to end product inhibition from PHD, the DZP depletion (2 μM) is inhibited 

around 30% by a high concentration of PHD, TZP and NDP (100 μM), respectively. A 

much lower metabolite concentration should be used to investigate the product inhibition 

since no more 2 μM metabolites can be observed within 60-min incubation. Furthermore, 

the finding on rats may provide some insights on predicting DZP kinetics in humans. The 

highest degree of sigmoidal kinetics is observed from SD MRLM. Theoretically, using 

male SD rats can increase the possibility of observing sigmoidal kinetics. Although the 

blood sampling period can usually be estimated from in vitro half-life from microsome 

and hepatocyte stability assay (Chung, Terry, & Smith, 2004), the in vitro half-life may 

vary for sigmoidal kinetics when different substrate concentrations are used (Figure 3.4). 
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Therefore, a longer period than that from the literature was used. In a previous DZP rat 

study, a total of 6-hour blood sampling was used and the multi-exponential C-t profile 

was not observed (Friedman, Abernethy, Greenblatt, & Shader, 1986). Therefore, 

characterization of the initial phase only of the DZP C-t profile can lead to the wrong 

calculation of half-life as shown in an early study. 

Three male SD rats were dosed with 5 mg/kg DZP as an initial effort. DZP concentration 

could be detected until 100 hours. The DZP C-t profiles are best fit with a 3C model from 

individual fit and best fit with a 4C model from simultaneous fit. Based on our literature 

review, few studies report a drug with the best fit from a 4C model (Cherruault & Sarin, 

1987). It suggests that possibly no or a minimal linear range exists for DZP rat C-t 

profiles in the semi-logarithm plot. Our simulation studies (not shown) suggest that no 

linear range of C-t profiles can be observed for a drug showing 1C distribution kinetic 

and significantly sigmoidal metabolism kinetics (kcat1 = 0, Figure 3.1B). Under this 

condition, the C-t data points could be better fitted with a multi-compartment model. For 

a single-dose study, the multi-compartment distribution kinetics and sigmoidal 

metabolism kinetics may not be able to be differentiated. In order to differentiate these 

two kinetics, monitoring C-t profiles after an i.v. infusion including the post-infusion 

phase may help. Fowler et al. suggest that disproportional exposure should be observed in 

dose escalation studies for drugs showing sigmoidal kinetics and enhanced clearance 

should be seen when administered with allosteric enhancers (Fowler et al., 2017). In 

addition, the preliminary data suggest that a longer sampling time (more than 100 hours) 

may be needed to provide more information about the drug elimination in the low 

concentration range. For future studies, adjusting the blood-sampling schedule or 



 

215 

 

increasing blood sampling points may help to highlight the curvature. However, the 

IACUC policy on maximum blood volume that is allowed to be drawn should be strictly 

followed. Other strategies to validate the sigmoidal kinetics include multiple-dose and in 

vivo DDI studies. For example, if an inhibitor could significantly mask the sigmoidicity 

of the substrate metabolism in vitro, the linear range in the semi-log C-t profile of 

substrate might restore in an in vivo DDI study. 

Preliminary data suggest a relatively lower degree of TZP formation in female rats (data 

not shown) compared to male rats, but not NDP.  Although this phenomenon was in 

accord with the FRLM saturation assay (Section 4.4.4.8), TZP formation was originally 

expected to be higher than NDP in this gender since CYP2C11 is absent in female rats. 

This result suggests a low abundance of CYP3A subfamily enzymes in female rats. PHD 

formation was comparably high in both female and male SD rats.  

Most of the metabolite C-t profiles are shown low variance in male rats (N=3) and female 

rats (N=2) expect PHD. This might be explained by the polymorphisms of the CYP2D 

subfamily. The highest polymorphism was reported in CYP2D6 compared to other CYP 

isoforms (Ingelman-Sundberg, 2005). 

Sakai et al. (Sakai & Ishizuka, 2009) demonstrated that the extensive majority of Wistar 

rats were maintained as mutant homozygotes in their closed colony when considering a 

sole breeding source. Theoretically, it is expected that the wild homozygote is a small 

proportion in the closed colony. In addition, the outbred SD rats are genetically 

homogenous of CYP2D3. The high variance in PHD formation may be explained by 

other factors. For example, an unknown enzyme expressed in female rats may be 

responsible for PHD formation. 
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The principles of drug metabolite kinetics were established starting 1980s (J. B. Houston, 

1981; J. B. Houston & Taylor, 1984; Pang, 1985; Pang & Gillette, 1980; Stpierre, Xu, & 

Pang, 1988). Several tools were developed to predict the PK profile of metabolite 

disposition, including compartmental model (Pang, 1985), PBPK model (H. Q. Nguyen, 

Callegari, & Obach, 2016). A non-compartment analysis applies to metabolite PK as well 

(Weiss, 1985). For a drug given by i.v. bolus, the mean disposition residence time is 

calculated by 

MDRT = AUMC/AUC Equation 6-9 

where AUMC is the area under the first moment curve and AUC is the area under the 

zero moment curve. 

 The mean body residence time of the metabolite (MBRT (m)) after parent drug 

administration is given by 

  MBRT(m) = AUMC(m)/AUC(m) Equation 6-10 

where AUC (m) and AUMC (m) refer to the metabolite C-t profile. 

Following a bolus dose of metabolite, the mean disposition residence time of the 

metabolite (MDRT(m)) is calculated by 

MDRT(m) = 𝑉𝑠𝑠(m)/CL(m) Equation 6-11 

where Vss(m) and CL(m) refer to the volume of distribution at steady-state and the 

clearance 

of the metabolite, respectively. 

A specific relation exists for MDRT, MBRT(m) and MDRT(m): 
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MDRT(m) = MBRT(m) − MDRT Equation 6-12 

According to our calculation, the mean disposition residence time of metabolite 

MDRT(m) is negative for TZP, NDP and PHD. It suggests that some uncommon kinetic 

process is involved. Potential uncommon kinetic processes that could explain the 

observed DZP metabolite kinetics include but are not limited to the following: 

1) Although no significant shoulder peak(s) is observed in DZP PK profiles, the EHC of 

DZP may not be excluded since the almost flat terminal phase is observed. In rats, DZP 

undergoes significant liver metabolism and biliary excretion. However, minimal DZP can 

be recovered from rat bile after 24 hours of DZP i.v. administration (see Table 4.4 and 

Table 4.6). Reabsorption of DZP from the intestine after 24 hours may contribute 

significantly to the flat slope of the DZP PK terminal phase. In other words, the CL may 

be underestimated in this study (Table 6.3) and the actual CL of DZP is no smaller than 

those of TZP, NDP and OXP. Therefore, besides the dose-escalation study and DDI study 

mentioned previously, PK studies with bile-cannulated rats may help to determine 

whether EHC of DZP affects the slope of the terminal phase. The expected results will be 

the terminal phase slope change for DZP, TZP, NDP and OXP. 

2) Significant sigmoidal kinetics of TZP, NDP formation is observed with MRLM 

(Figure 4.15). The uncommon kinetic process could be accounted for by the in vivo 

sigmoidal kinetics. It is speculated that disproportional exposure of TZP and NDP can be 

observed with a dose-escalation study. If the uncommon kinetic process is the result of 

sigmoidal metabolism kinetics, the negative MDRT(m) value could be used to help 

determine if the multi-compartmental PK profile of substrate is accounted for by the 

distribution phase or the non-constant CLint. 
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3) It is noteworthy that DZP and its metabolites were quantitated from a single injection 

and any introduced experimental error should be the same for all the compounds 

quantitated. Therefore, the relative value of the terminal phase slope for DZP and its 

metabolites cannot be incorrect. However, differential matrix effect may exist in different 

plasma samples since the sampling period is relative long (around 100 hours) and 

components of plasma might change significantly. Based on our literature search, no 

reports can support this hypothesis. 

In summary, multi-compartment models can fit the DZP PK profiles well. The low inter-

individual variance of DZP PK profiles is observed. The CL of DZP is underestimated 

compared to literature data. DZP metabolites can be well quantitated and the terminal 

phase slopes of TZP, NDP is larger than that of DZP. Further investigation of uncommon 

slopes can help us better understand the mechanism of DZP disposition. For future 

studies, dose-escalation, in vivo DDI study and PK studies with bile-cannulated rats will 

be performed. For future modeling and simulation studies, a compartmental model 

assuming atypical kinetics for DZP central compartment and EHC compartments for 

DZP or its metabolites will be simulated. Relative kinetic parameters will be varied to 

perform sensitivity analysis of these kinetic parameters. In addition, a whole-body PBPK 

model will be proposed to analyze the PK profiles of DZP and its metabolites. 

Additionally, in order to study the kinetics of performed metabolites and formed 

metabolites, the PK studies of TZP and NDP would be performed to obtain relative 

kinetic parameters. 
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 SUMMARY AND FUTURE DIRECTIONS 

 

The primary goal of this project is to investigate the disposition of diazepam and its 

metabolites in rats. The method of numerical analysis was used to simulate in vitro CYP 

reaction kinetics and to model-fit the in vitro metabolism and in vivo PK datasets. The 

datasets were obtained from microsomal incubations, recombinant enzyme incubations, 

static hepatocyte incubations, dynamic hepatocyte incubations, and rat i.v. study.  

In chapter 3, different categories of atypical kinetics, especially sigmoidal kinetics and 

sequential metabolism were simulated to demonstrate the importance of characterizing 

multiple substrate binding and multiple metabolite formation. It can be seen from 500 

simulation runs that 1) using an ES model for ESS kinetics results in inaccurate Km and 

kcat values; 2) use of ODEs instead of rate equations minimizes the overall parameter 

errors; 3) simultaneous fitting to both P1 and P2 data using ODEs further decreases the 

parameter errors; 4) significant sequential metabolism can result in inaccurate Km and kcat 

values. The results suggest that using ODEs to model CYP kinetic is generally preferred 

to using explicit rate equations. Although the ESSP1P2ka (ESSP1P2 model with an 

activation step) model provides a more mechanistic characterization for CYP reactions 

than the ESSP1P2 model, the ESSP1P2ka is more sensitive to the error of real-world 

data. Therefore, it is more practical to use ESSP1P2 to characterize multiple metabolites 

formation. The advantage of the ESSP1P2ka model is necessary when characterizing the 

isotope effects of CYP reactions with the formation of multiple metabolites (K. R. 

Korzekwa, Gillette, & Trager, 1995; Kenneth R. Korzekwa, Trager, & Gillette, 1989). In 

future studies, the irreversible inhibition and activation with atypical kinetics and 
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sequential metabolism will be simulated to demonstrate 1) the relationship between Ki 

and IC50 with atypical kinetics; 2) the change of metabolite ratio with the introduction of 

inhibitors or activators, for example, the interaction between DZP and testosterone (TS) 

could result in varying metabolite ratios (Kenworthy et al., 2001); and 3) the effect of 

inhibitor or activator on the sequential metabolism. It is noteworthy that only one 

metabolite of TS (6β-hydroxyl-TS) was measured in this DDI study (Kenworthy et al., 

2001). It is believed that the metabolite ratio of 6β-hydroxyl-TS and 2β-hydroxyl-TS can 

also be affected by adding DZP. In addition, a perpetrator may not exhibit high inhibition 

potency but show a significant effect on the regioselectivity of victim metabolism (from 

simulation results). The mechanistic understanding of potential changes in metabolite 

ratios of victim and perpetrator metabolism is important for the prediction of metabolite 

PK profile with co-administrated drugs. In chapter 4, different enzyme sources were used 

to perform the DZP saturation assays. Although multiple enzymes are responsible for 

DZP metabolism in the microsomal system, the dataset of microsomal incubation is 

better characterized by the ESSP1P2 model. Within all enzyme sources tested, 

concentration-dependent CLint values are observed from MRLM, CYP3A1 and HLM. 

Significant OXP formation can be observed from DZP CYP3A4 incubation. Therefore, 

sequential metabolism was introduced to the enzyme kinetic scheme to better 

characterize a biphasic metabolite ratio plot. By incorporating TZP, NDP CYP3A4 

incubation data, an ESSP1P2 model with sequential metabolism can fit the TZP, NDP 

and OXP formation dataset well. It is noteworthy that no explicate rate equation has been 

reported previously. Although significant curvature is observed from MRLM and FRLM 

depletion assay, a shorter incubation time should be used. With respect to UGT reactions, 
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atypical kinetics are observed for TZP and OXP glucuronidation with MRLM. It is 

noteworthy that a biphasic saturation curve can be accounted for by multi-enzyme in the 

MRLM system. For future studies, a DDI study of DZP and an effector will be performed 

to investigate how the effector affects DZP metabolism and its metabolite ratio.  

In chapter 5, rat hepatocyte suspension and rat hepatocyte monolayer incubation were 

performed. Similar results are observed compared to literature data. Significant sigmoidal 

kinetics were observed for TZP and NDP formation in a rat hepatocyte suspension study. 

Since DZP is a relatively high permeability drug, permeability-mediated sigmoidal 

kinetics can be ruled out. High permeability also decreases the possibility that active 

transport will alter the observed kinetics. 

In addition, the experimental apparatus for the hepatocyte perfusion study was developed 

and validated. Low dead volume and low non-specific binding are observed from an ibidi 

slide with PEEK tubing connections. Primarily, a collagen type IV coated ibidi slide was 

used to culture hepatocytes. No appropriate attachment was observed. For future studies, 

collagen type I coated surface will be used. Several models have been proposed to 

describe the kinetic process in the hepatocyte perfusion study, including the well-stirred 

model and a convection-diffusion-reaction model. To characterize lipid partition, the cell 

compartment representing hepatocyte can be further divided into a cytosol compartment 

and a lipid compartment (Nagar et al., 2017). 

In chapter 6, a rat i.v. study was performed with DZP at 5 mg/kg. It was observed that a 

3C model can best fit the DZP C-t profiles in three male rats. Although this result 

suggests the existence of in vivo sigmoidal kinetics, more in vivo rat studies are needed. 

For future studies, dose-escalation will be performed. In addition, the elimination phase 
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slope of the DZP C-t profile is lower than those of TZP, NDP, which cannot be explained 

by either formation rate-limited metabolism or elimination rate-limited metabolism. This 

suggests that the elimination rate constant of DZP may not be constant or may not have 

been reached due to the extensive distribution of the metabolites. 

As mentioned in sections 1.1.6 and 1.1.7, the direct effect of gut microbiota on the 

metabolism of the drug and its metabolites needs to be investigated to better characterize 

the drug disposition. Increasing evidence has suggested a role of gut microbiota and the 

secreted enzyme β-D-glucuronidases (BGs) in de-conjugating glucuronide metabolites 

(Higuchi et al., 2009; Saitta et al., 2014; Wallace et al., 2010; Zhong et al., 2016). For 

future studies, the effect of BGs on the EHC of glucuronide metabolites will be 

investigated. The experiments include measurement of regional BGs activity in the 

intestine lumen and the PK studies of probe drugs TZP or OXP with antibiotic-treated 

rats will be performed. The in vitro BGs activity will be measured by drug incubation 

with extracts from lumen content. Kinetic parameters Km and Vmax of BGs will be scaled 

to estimate the metabolic capacity of gut microbiota in vivo.   

To combine the observed characteristics of DZP and DZP metabolite disposition into a 

single model, we will use a PBPK modeling framework. A PBPK model is a whole-body 

framework for drug disposition. It functions with a set of ordinary differential equations 

and is amenable to including atypical kinetics and EHC. This modeling strategy is widely 

used and can be used to describe the effect of many factors, such as genetic 

polymorphism (Storelli, Desmeules, & Daali, 2019), DDI (Hanke et al., 2018), and 

pregnancy (Sharma, Schuhmacher, & Kumar, 2018) to drug disposition. 
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For this project, the incorporation of atypical kinetics, sequential metabolism, and EHC is 

hypothesized to provide a better understanding of the disposition of DZP and its 

metabolites. 

The proposed CYP sequential metabolism model is represented in Figure 7.1: 

 

Figure 7.1 The proposed PBPK model of DZP CYP metabolism in rats 

 

A PBPK model will be used to characterize the plasma and bile C-t profile of the model 

drug and its glucuronide metabolite. The PBPK model incorporating the EHC processes 

is shown in Figure 7.1 and Figure 7.2. 
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Figure 7.2 The scheme of EHC in the PBPK model.  

(A)The whole-body PBPK model of OXP and OXP-G, (B)The detailed scheme of the 

EHC process. 

 

In Figure 7.1 and Figure 7.2, Qorgan is the blood flow rate through each organ, Vorgan is the 

physiological volume of each organ, Kp, tissue is the tissue to blood concentration, CLr 

represents the renal clearance, CLbile represents the biliary excretion clearance, CLUGT 

(A) 

(B) 
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represents the glucuronidation clearance of substrate, CLBGs represents the deconjugation 

clearance by gut microbiota, kbile represents the bile fluid drainage rate, ka represents the 

absorption rate, and kLI represents the mass transfer rate from the small intestine to the 

large intestine. This model will allow us to use the in vitro and in vivo data to simulate 

the in vivo disposition of DZP and its primary and secondary metabolites. 

 

Significance of this Research:   

Modeling and simulation are of increasing importance in drug discovery and 

development. Appropriate models are used to characterize the kinetic process with 

relevant kinetic parameters. Pharmacokinetic models are used in many ways, including 

initial dose prediction for clinical studies and determining the effect of diseased states 

and other special populations on drug disposition. Based on the understanding of the 

nature of CYP enzymes and the mechanism of CYP reaction, simple (see Figure 3.1) or 

complicated enzyme kinetic schemes (see Figure 4.13) can be hypothesized. Although it 

is convenient to use explicit rate equations to characterize a simple kinetic scheme, our 

simulation data shows numerical analysis is more accurate and precise. The modeling and 

simulation of CYP enzyme kinetics via numerical analysis can help us characterize 

uncommon kinetic profiles or processes including atypical kinetics, non-constant CLint, 

multiple metabolites formation, sequential metabolism and DDI with atypical kinetics. 

For example, when very significant concentration-dependent CLint is observed in vitro, 

higher CL may be observed at a higher dose and exposure can be overestimated. 

Therefore, the therapeutic window of a drug can be underestimated. Although there is a 

trend to develop drugs with fewer CYP-mediated liabilities, the modeling and simulation 
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experience with CYP enzymes can be applied in the characterization of other DMEs, 

such as UGTs and AOs.  

A CYP substrate is usually metabolized by multiple CYP isoforms. Different isoforms 

not only show different Km and Vmax, but also different regioselectivity. For example, a 

concentration-dependent metabolite ratio of DZP metabolism is observed for the CYP3A 

subfamily, but not the CYP2C subfamily. This is observed for both rats and human 

enzyme sources. Therefore, physiological drug concentration needs to be tested in vitro to 

predict the metabolite concentration in vivo. The actual scenario of sequential 

metabolism (Figure 4.13) is more complicated than the simulation shown in section 0. 

With sufficiently large datasets and appropriate assumptions, the sequential metabolism 

can be well characterized in DZP incubation. This suggests that numerical analyses can 

adequately characterize complicated enzyme kinetics.  

In vitro systems are always be optimized to better represent in vivo physiological activity. 

New in vitro models such as hepatocytes under perfusion includes factors of convection 

and diffusion to represent the drug molecule inside the liver sinusoid. It is anticipated that 

the prediction of the kinetic process can be optimized via PDE models when the 

compartment cannot be regarded as homogeneous. These assays may become common as 

the field of in vitro in vivo correlations develops. 

In summary, this research provides new observations on modeling atypical enzyme 

kinetics, multiple metabolites, and sequential metabolism. A new in vitro model for 

sequential metabolism under flow conditions is being developed. Preliminary in vivo rat 

data shows unexpected metabolite kinetics that will need to be investigated further. 
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Finally, a PBPK model has been proposed that will be used to incorporate the above 

observations into a whole-body PK framework. 
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APPENDIX A REPRESENTATIVE HPLC CHROMATOGRAMS OF THE 

COMPOUNDS STUDIED 

 

Figure A1 Representative LC-MS/MS chromatogram for Diazepam (analyte) with 

Temazepam-d5 as the internal standard 

 

Figure A2 Representative LC-MS/MS chromatogram for Nordiazepam (analyte) with 

Temazepam-d5 as the internal standard (IS) 

Nordiazepam 

Temazepam-d5 (IS) 

Temazepam-d5 (IS) 

Diazepam 
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Figure A3 Representative LC-MS/MS chromatogram for Temazepam (analyte) with 

Temazepam-d5 as the internal standard 

 

Figure A4 Representative LC-MS/MS chromatogram for Oxazepam (analyte) with 

Temazepam-d5 as the internal standard 

Temazepam-d5 (IS) 
Temazepam 

Oxazepam 

Temazepam-d5 (IS) 
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Figure A5 Representative LC-MS/MS chromatogram for p-Hydroxy-Diazepam (analyte) 

with Temazepam-d5 as the internal standard    

 

Figure A6 Representative LC-MS/MS chromatogram for p-Hydroxy-Nordiazepam 

(analyte) with Temazepam-d5 as the internal standard 

 

p-Hydroxy-Diazepam 

p-Hydroxy-Nordiazepam 

Temazepam-d5 (IS) 

Temazepam-d5 (IS) 
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Figure A7 Representative LC-MS/MS chromatogram for Temazepam glucuronide 

(analyte) with Temazepam-d5 as the internal standard  

 

Figure A8 Representative LC-MS/MS chromatogram for Oxazepam glucuronide 

(analyte) with Temazepam-d5 as the internal standard   

Temazepam 

glucuronide 

Oxazepam 

glucuronide 

Temazepam-d5 (IS) 

Temazepam-d5 (IS) 
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APPENDIX B THE WITHIN-RUN AND BETWEEN-RUN VALIDATION 

RESULTS OF DIFFERENT COMPOUNDS IN BUFFER, RLM, RAT PLASMA 

Table B1 Within-run validation results of different compounds in the buffer 

Cpd. Cali. line 
Linearity 

(r) 

LLOQ 

(nM) 

ULOQ 

(nM) 

Conc. 

(nM) 

% 

Accuracy  

% 

Precision 

DZP 

(n=5) 

0.00683x+

0.011 
0.9923 0.5 2000 

0.5 5.27 19.1 

2 14.2 15.0 

50 -0.05 11.5 

1000 -8.35 2.34 

2000 -14.6 3.23 

TZP 

(n=5) 

0.0386x+ 

0.0291 
0.9913 0.5 2000 

0.5 17.0 18.4 

2 12.9 12.6 

50 4.80 3.74 

1000 -6.43 13.3 

2000 -13.3 14.9 

NDP 

(n=5) 

0.00187x+

0.000805 
0.9988 0.5 2000 

0.5 18.5 16.8 

2 -12.4 9.30 

50 -13.6 3.07 

1000 -0.13 4.40 

2000 4.25 4.70 

OXP 

(n=5) 

0.0215x+0

.0674 
0.9961 0.6 2400 

0.6 12.4 12.9 

2.4 6.56 12.1 

60 4.42 6.33 

1200 1.46 1.28 

2400 -7.60 3.21 

PHD 

(n=5) 

0.00388x+ 

0.00124 
0.9982 0.5 2000 

0.5 8.23 13.8 

2 11.0 6.48 

50 -10.4 4.67 

1000 0.23 6.15 

2000 2.75 2.24 

TZP-

G 

(n=5) 

0.00663x+ 

0.00147 
0.9908 0.2 800 

0.2 11.6 19.0 

0.8 11.9 7.06 

20 -14.4 14.9 

400 -8.66 5.07 

800 -5.45 8.19 

OXP-

G 

(n=5) 

0.0417x+ 

0.0000318 
0.9912 0.2 800 

0.2 3.7 7.06 

0.8 10.3 6.77 

20 -8.29 7.33 

400 -0.63 11.3 

800 -7.10 10.3 

CPd.: Compound, Cali.: calibration, Conc.: concentration 
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Table B2 Within-run validation results of different compounds in RLM 

Cpd. Cali. line 
Linearity 

(r) 

LLOQ 

(nM) 

ULOQ 

(nM) 

Conc. 

(nM) 

% 

Accuracy  

% 

Precision 

DZP 

(n=5) 

0.00613x

+0.0269 
0.9919 0.5 2000 

0.5 16.3 13.8 

2 1.90 12.7 

50 12.3 5.79 

1000 7.70 5.36 

2000 0.88 6.02 

TZP 

(n=5) 

0.0322x+

0.0933 
0.9906 0.5 2000 

0.5 14.6 12.0 

2 -11.1 12.7 

50 8.35 7.07 

1000 -1.85 6.28 

2000 -12.9 6.06 

NDP 

(n=5) 

0.0019x 

+0.00399 
0.9933 0.5 2000 

0.5 14.2 8.33 

2 -7.02 4.79 

50 -9.10 6.35 

1000 -9.78 5.57 

2000 -4.63 2.50 

OXP 

(n=5) 

0.0197x+ 

0.100 
0.9971 0.6 2400 

0.6 14.7 18.8 

2.4 2.92 10.7 

60 1.04 4.03 

1200 -1.04 1.45 

2400 2.34 5.00 

PHD 

(n=5) 

0.00371x

+ 

0.00447 

0.9914 0.5 2000 

0.5 10.4 11.0 

2 -5.75 12.9 

50 21.3 4.06 

1000 -6.03 5.63 

2000 -11.6 4.17 

TZP-

G 

(n=5) 

0.00487x

+ 

0.00314 

0.9912 0.2 800 

0.2 8.04 11.4 

0.8 11.5 9.17 

20 0.42 10.8 

400 -12.3 10.9 

800 -6.29 9.30 

OXP-

G 

(n=5) 

0.0301x-

0.0123 
0.9978 0.2 800 

0.2 15.9 11.3 

0.8 9.03 13.2 

20 6.61 3.67 

400 14.6 12.5 

800 14.4 12.4 

CPd.: Compound, Cali.: calibration, Conc.: concentration 
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Table B3 Within-run validation results of different compounds in rat plasma 

Cpd. Cali. line 
Linearity 

(r) 

LLOQ 

(nM) 

ULOQ 

(nM) 

Conc. 

(nM) 

% 

Accuracy  

% 

Precision 

DZP 

(n=5) 

0.00586x

+0.0222 
0.9958 0.5 2000 

0.5 16.9 17.3 

2 12.0 16.5 

50 2.05 11.2 

1000 5.25 1.69 

2000 2.25 2.72 

TZP 

(n=5) 

0.0333x+

0.0259 
0.9955 0.5 2000 

0.5 13.1 99.13 

2 14.6 1.73 

50 10.1 6.90 

1000 -2.50 4.35 

2000 -12.6 11.2 

NDP 

(n=5) 

0.00183x

+0.00039

7 

0.9942 0.5 2000 

0.5 14.2 19.1 

2 12.2 11.5 

50 7.35 4.39 

1000 7.43 4.15 

2000 5.25 1.23 

OXP 

(n=5) 

0.0203x+ 

0.186 
0.9908 0.6 2400 

0.6 12.5 8.74 

2.4 3.26 11.1 

60 7.08 7.99 

1200 -3.54 2.71 

2400 -10.1 4.83 

PHD 

(n=5) 

0.00439x

+0.00231 
0.9901 0.5 2000 

0.5 15.8 12.9 

2 13.6 10.8 

50 1.90 11.8 

1000 2.03 3.26 

2000 2.50 7.82 

TZP-

G 

(n=5) 

0.0027x+ 

0.0572 
0.9978 0.2 800 

0.2 6.07 2.64 

0.8 8.11 3.74 

20 6.60 5.56 

400 -4.05 11.8 

800 0.84 3.72 

OXP-

G 

(n=5) 

0.0302x+ 

0.276 
0.9983 0.2 800 

0.2 6.04 4.98 

0.8 12.3 5.18 

20 5.35 13.2 

400 11.4 8.18 

800 7.66 8.74 

CPd.: Compound, Cali.: calibration, Conc.: concentration 
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Table B4 Between-run validation results of different compounds in buffer 

Cpd. Day Cali. line 
Linearity 

(r) 

Conc. 

(nM)  

% 

Accuracy  

% 

Precision 

DZP 

(n=3) 

1 0.00637x+ 0.0355 0.9948 0.5 0.33 0.58 

2 0.00633x+ 0.0256 0.9950 2 5.67 7.67 

3 0.00604x+ 0.0178 0.9966 50 8.17 14.0 

   1000 0.17 6.36 

   2000 -5.20 1.85 

TZP 

(n=3) 

1 0.0373x+ 0.0466 0.9940 0.5 -0.28 2.40 

2 0.0369x+0.0518 0.9928 2 -2.88 17.3 

3 0.0364x+ 0.0368 0.9943 50 9.33 2.18 

   1000 -5.93 4.23 

   2000 -5.80 0.83 

NDP 

(n=3) 

1 0.00184x+0.00283 0.9969 0.5 0.0 0.13 

2 0.00178x+0.00219 0.9961 2 5.67 12.9 

4 0.00188x+0.00349 0.9966 50 -7.87 2.50 

   1000 4.30 3.68 

   2000 7.93 7.09 

OXP 

(n=3) 

1 0.0211x+ 0.0465 0.9952 0.6 -0.29 1.30 

2 0.0215x+0.0951 0.9976 2.4 6.57 9.67 

4 0.0213x+ 0.127 0.9984 60 3.67 7.68 

   1200 2.00 1.70 

   2400 -6.23 3.39 

PHD 

(n=3) 

1 0.00389x+0.00614 0.9925 0.5 -1.28 5.07 

3 0.00392x+0.00303 0.9935 2 14.2 8.89 

4 0.00352x+0.00734 0.9914 50 -7.27 3.86 

   1000 2.60 7.02 

   2000 6.33 4.24 

TZP-

G 

(n=3) 

1 0.00693x+0.00169 0.9760 0.2 9.89 6.78 

3 0.00634x+0.00111 0.9926 0.8 -0.2 1.23 

4 0.00693x- 0.0044 0.9866 20 -6.75 13.2 

   400 -6.83 4.64 

   800 -1.65 6.69 

OXP-

G 

(n=3) 

1 0.0382x+ 0.00196 0.9920 0.2 -0.85 0.53 

3 0.038x+ 0.00426 0.9934 0.8 4.78 2.72 

4 0.0415x- 0.00354 0.9903 20 -0.23 4.45 

   400 5.83 9.80 

   800 -8.20 7.10 

CPd.: Compound, Cali.: calibration, Conc.: concentration 
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Table B5 Between-run validation results of different compounds in RLM 

Cpd. Day Cali. line 
Linearity 

(r) 

Conc. 

(nM)  

% 

Accuracy  

% 

Precision 

DZP 

(n=3) 

1 0.00665x+ 0.0176 0.9932 0.5 15.9 16.9 

2 0.00625x+ 0.0254 0.9959 2 -8.6 9.89 

3 0.00623x+0.0455 0.9961 50 1.43 3.94 

   1000 1.37 3.14 

   2000 -9.13 2.85 

TZP 

(n=3) 

1 0.0337x+0.0823 0.9923 0.5 -1.5 0.33 

2 0.034x+ 0.0683 0.9894 2 5.56 4.67 

3 0.0348x+ 0.0658 0.9902 50 9.00 8.25 

   1000 -8.40 8.91 

   2000 -5.33 2.28 

NDP 

(n=3) 

1 0.0017x +0.00181 0.9915 0.5 2.73 3.33 

2 0.00163x+ 0.00682 0.9959 2 -7.65 2.49 

4 0.00169x+ 0.00233 0.9946 50 -8.30 10.4 

   1000 2.77 8.34 

   2000 8.00 4.24 

OXP 

(n=3) 

1 0.0194x+ 0.0949 0.9971 0.6 -1.19 2.14 

2 0.0196x+ 0.0834 0.9985 2.4 11.3 9.07 

4 0.0191x+ 0.153 0.9957 60 -0.90 6.23 

   1200 0.50 3.05 

   2400 1.70 7.84 

PHD 

(n=3) 

1 0.0038x+ 0.00117 0.9916 0.5 -2.2 2.33 

3 0.0038x+ 0.00919 0.9907 2 10.9 7.87 

4 0.00409x+ 0.00391 0.9904 50 13.7 4.00 

   1000 -8.37 7.72 

   2000 -14.8 9.18 

TZP-

G 

(n=3) 

1 0.00375x+ 0.00179 0.9931 0.2 0.33 0.10 

3 0.00428x- 0.000979 0.9967 0.8 -2.67 -5.67 

4 0.00423x+ 0.0138 0.9869 20 7.67 7.70 

   400 -4.15 0.96 

   800 -14.47 13.9 

OXP-

G 

(n=3) 

1 0.0278x-0.00391 0.9944 0.2 10.3 7.33 

3 0.0288x+ 0.0204 0.9906 0.8 4.67 6.78 

4 0.0245x+0.00787 0.9903 20 -0.10 9.45 

   400 6.00 6.10 

   800 10.0 4.81 

CPd.: Compound, Cali.: calibration, Conc.: concentration 
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Table B6 Between-run validation results of different compounds in rat plasma 

Cpd. Day Cali. line 
Linearity 

(r) 

Conc. 

(nM)  

% 

Accuracy  

% 

Precision 

DZP 

(n=3) 

1 0.00551x+0.0279 0.9958 0.5 12.9 14.2 

2 0.00571x+ 0.0278 0.9928 2 6.07 4.56 

3 0.00594x+0.0383 0.9971 50 -1.90 6.43 

   1000 -0.07 3.53 

   2000 -1.37 2.33 

TZP 

(n=3) 

1 0.034x+2.5 0.9954 0.5 -0.27 4.57 

2 0.0302x+4 0.9962 2 8.98 5.67 

3 0.036x+ 2.11 0.9926 50 5.73 13.2 

   1000 -2.43 9.45 

   2000 8.83 6.67 

NDP 

(n=3) 

1 0.00177x+0.0044 0.9937 0.5 -0.97 4.30 

2 0.002x+ 0.00116 0.9929 2 2.27 5.87 

4 0.00192x+0.00515 0.9973 50 -6.17 1.33 

   1000 2.87 9.08 

   2000 10.67 6.90 

OXP 

(n=3) 

1 0.0188x+ 0.377 0.9956 0.6 1.0 5.69 

2 0.0183x+ 0.5 0.9897 2.4 7.87 13.3 

4 0.0185x+ 0.541 0.9984 60 -2.37 11.9 

   1200 2.67 1.49 

   2400 0.70 8.14 

PHD 

(n=3) 

1 0.00446x+0.00853 0.9961 0.5 13.4 12.5 

3 0.00429x+ 0.00272 0.9897 2 11.3 5.44 

4 0.00428x+ 0.00293 0.9857 50 11.0 16.9 

   1000 1.20 4.21 

   2000 21.7 7.37 

TZP-

G 

(n=3) 

1 0.00302x+ 0.0547 0.9931 0.2 14.3 9.34 

3 0.00259x+ 0.0439 0.9940 0.8 5.69 3.77 

4 0.00295x+ 0.092 0.9902 20 14.0 11.9 

 0.00315x+ 0.0222 0.9557 400 1.20 4.21 

   800 2.67 7.37 

OXP-

G 

(n=3) 

1 0.0373x- 0.077 0.9926 0.2 3.97 7.46 

3 0.0373x+ 0.0851 0.9942 0.8 5.59 10.2 

4 0.0365x+ 0.405 0.9961 20 -2.20 6.37 

   400 -6.60 4.95 

   800 9.00 3.89 

CPd.: Compound, Cali.: calibration, Conc.: concentration 
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APPENDIX C SIMULATION AND MODELING OF ATYPICAL KINETICS 

 

Figure C1 Biphasic and substrate inhibition saturation curves for multiple-substrate 

binding and single product formation. 

(A): enzyme kinetic scheme. (B-C) Top: Biphasic saturation curves (0-300 µM) with inset 

EH plot; Bottom: saturation curves (0-0.1 µM). . (D-E) Top: substrate inhibition 

saturation curves (0-300 µM) with inset EH plot; Bottom: saturation curves (0-0.1 µM). 

Common micro rate constants: k1 = k4 = 270 µM-1 min-1. Other fixed rate constants and 

varying rate constants are shown at the top of each column. Units for k3, k5, and k6 are 

min-1. 
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Figure C2 Concentration-dependent CL
int

 generated from substrate depletion assay.  

(A) MM kinetics with varying k
2
; (B) MM kinetics with varying k

3
; (C) Biphasic kinetics 

with varying k
5
; (D) Biphasic kinetics with varying k

6
; (E) Substrate inhibition kinetics 

with varying k
5
; (F) Substrate inhibition kinetics with varying k

6
. 

 

 
Figure C3 The probability distribution of K

m1
, K

m2
, k

cat1
(P2)

,
 and k

cat1
(P2) estimates.  

(A) K
m1 

at 1%, 5% and 10% error. (B): k
cat1 

at 1%, 5% and 10% error. (C): K
m2 

at 1%, 

5% and 10% error. (D): k
cat2

 at 1%, 5% and 10% error. The probability distribution for 

all parameters is depicted for the MM equation (red), ESS rate equation (blue), ES ODE 

(green), ESS ODE (purple), ESP1P2 ODE (orange), and ESSP1P2 ODE (magenta). 

Distribution is shown for 500 runs at each condition. Data were simulated with the 
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following parameters:  k
1
 = k

5
 = 270  µM

-1
 min

-1
, k

2
 = 13500  min

-1
, k

3 
= 1 min

-1
,  k

4
 = 1 

min
-1

, k
6 

= 2700 min
-1

, k
7
 = 5 min

-1
, k

8
 =1 min

-1
. 

 

 

Table C1 Average parameter estimates for two-substrate binding while measuring two 

metabolites 

Errors  
Kinetic 

parameters 

MM 

equ. 

ESS rate 

equ. 

ESP 

ODE 

ESSP 

ODE 

ESP1P2 

ODE 

ESSP1P

2 ODE 
Ori 

0.01 

Km1 (μM) 
32.1 

(0.168) 

50.6 

(4.10)* 

29.2 

(2.60) 

50.5 

(4.09) 

58.9 

(0.342) 

50.2 

(2.88) 
50 

kcat1(min
-1

) 

1.21 

(0.00365

) 

1.01 

(0.0902) 

1.17 

(0.0305

) 

1.01 

(0.0899) 

1.45 

(0.00447

) 

1.00 

(0.0547) 
1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

37.6 

(0.129) 

20.0 

(0.243) 

40.5 

(2.59) 

20.0 

(0.243) 

24.6 

(0.109) 

20.0 

(0.206) 
20 

Km2 (μM) N/A 
10.1 

(0.452) 
N/A 

10.0 

(0.452) 
N/A 

10.0 

(0.449) 
10 

kcat2(min
-1

) N/A 

1.00 

(0.00601

) 

N/A 

1.00 

(0.00599

) 

N/A 
1.00 

(0.00440) 
1 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 
N/A 

99.6 

(3.97) 
N/A 

99.7 

(3.97) 
N/A 

99.9 

(4.11) 

99.

8 

Convergenc

e (%) 
100 100 100 100 100 100 N/A 

AICc 
-443. 

(0.937) 

-603. 

(10.6) 

-288. 

(3.05) 

-451. 

(10.6) 

-418. 

(0.868) 

-804. 

(17.7) 
N/A 

0.05 

Km1 (μM) 
32.2 

(0.885) 

56.5 

(24.1) 

30.7 

(2.30) 

54.8 

(22.5) 

58.9 

(1.43) 

51.1 

(12.5) 
50 

kcat1(min
-1

) 
1.21 

(0.0204) 

1.14 

(0.540) 

1.19 

(0.0317

) 

1.11 

(0.512) 

1.45 

(0.0218) 

1.02 

(0.236) 
1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

37.5 

(0.614) 

19.9 

(1.26) 

38.9 

(2.03) 

19.9 

(1.35) 

24.6 

(0.482) 

20.0 

(1.03) 
20 

Km2 (μM) N/A 
10.1 

(2.40) 
N/A 

10.2 

(2.25) 
N/A 

10.2 

(1.94) 
10 

kcat2(min
-1

) N/A 
0.996 

(0.0324) 
N/A 

0.998 

(0.0311) 
N/A 

1.00 

(0.0224) 
1 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 
N/A 

103. 

(21.9) 
N/A 

102. 

(20.2) 
N/A 

101. 

(17.7) 

99.

8 

Convergenc

e (%) 
100 99.8 100 100 100 100 N/A 

AICc 
-438. 

(4.27) 

-497. 

(10.2) 

-285. 

(4.51) 

-345. 

(10.2) 

-414. 

(3.82) 

-589. 

(17.4) 
N/A 
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Table C1 (continued) 

Errors  
Kinetic 

parameters 

MM 

equ. 

ESS rate 

equ. 

ESP 

ODE 

ESSP 

ODE 

ESP1P2 

ODE 

ESSP1P

2 ODE 
Ori 

0.1 

Km1 (μM) 
32.1 

(1.91) 

70.5 

(64.2)** 

30.6 

(2.74) 

61.1 

(45.8)** 

59.1 

(3.13) 

51.3 

(23.0) 
50 

kcat1(min
-1

) 
1.20 

(0.0402) 

1.48 

(1.54)** 

1.18 

(0.0456

) 

1.27 

(1.11)** 

1.44 

(0.0423) 

1.01 

(0.429) 
1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

37.3 

(1.41) 

19.8 

(2.52) 

38.7 

(2.35) 

19.7 

(2.63)* 

24.4 

(1.06) 

20.0 

(2.13) 
20 

Km2 (μM) N/A 
11.2 

(5.78) 
N/A 

11.1 

(4.74) 
N/A 

10.9 

(3.75) 
10 

kcat2(min
-1

) N/A 

0.985 

(0.0758)*

* 

N/A 

0.989 

(0.0744)*

* 

N/A 
0.998 

(0.0435) 
1 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 
N/A 

110. 

(53.4)** 
N/A 

105. 

(43.1) 
N/A 

101. 

(31.7) 

99.

8 

Convergenc

e (%) 
100 95.2 100 100 100 100 N/A 

AICc 
-426. 

(7.22) 

-451. 

(10.8) 

-273. 

(7.17) 

-299. 

(10.8) 

-403. 

(7.67) 

-497. 

(17.9) 
N/A 

0.2 

Km1 (μM) 
32.8 

(4.40) 

77.9 

(149.)** 

31.4 

(4.95) 

71.8 

(92.5)** 

59.6 

(6.83) 

56.7 

(44.3) 
50 

kcat1(min
-1

) 
1.17 

(0.0891) 

1.83 

(5.22)** 

1.15 

(0.0918

) 

1.62 

(2.90)** 

1.39 

(0.0916) 

1.04 

(0.767) 
1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 

35.9 

(3.02) 

17.9 

(6.45)** 

37.2 

(3.83) 

18.9 

(6.30) 

23.6 

(2.27) 

19.2 

(4.72) 
20 

Km2 (μM) N/A 
16.5 

(14.5)** 
N/A 

15.4 

(12.6)** 
N/A 

12.2 

(7.33) 
10 

kcat2(min
-1

) N/A 
0.967 

(0.160) 
N/A 

0.949 

(0.258)** 
N/A 

0.974 

(0.0912) 
1 

kcat2/Km2 (μL 

min
-1

nmol
-1

) 
N/A 

103. 

(92.1) 
N/A 

109. 

(108.) 
N/A 

106. 

(59.1) 

99.

8 

Convergenc

e (%) 
100 75.4 100 97 100 100 N/A 

AICc 
-398. (-

2.35) 

-404. (-

2.81) 

-246. (-

3.82) 

-252. (-

4.52) 

-369. (-

3.51) 

-403. (-

4.99) 
N/A 

Data were simulated with the following parameters:  k1 = k5 = 270  µM-1 min-1, k2 = 

13500  min-1, k3 = 1 min-1,  k4 = 1 min-1, k6=2700 min-1, k7 = 5 min-1, k8 =1 min-1. 

MM, Michaelis-Menten, equ: equation, Ori: original value. 

Data are represented as mean (S.D) determined from the log-normal distribution of 500 

runs. 

T-test was performed between the ESS rate equation and ESSP1P2 ODE, the ESSP ODE 

and ESSP1P2 ODE. *: p<0.05, **：p<0.01. 
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Table C2 Average parameter estimates of P2 datasets simulated from schemes with 

sequential metabolism 

k11/k3 
Kinetic 

parameters 
MM equ 

ESS 

rate 

equ 

ESP 

ODE 

ESSP 

ODE 

ESP1P2 

ODE 

ESSP1P2 

ODE Ori 

0.5 

Km1 (μM) 
11.7 

(0.599) 

1.05 

(0.231) 

11.6 

(0.597) 

1.02 

(0.213) 

11.6 

(0.404) 

1.01 

(0.0247) 1.01 

kcat1(min
-1

) 
3.34 

(0.0543) 

0.995 

(0.111) 

3.34 

(0.0543) 

0.989 

(0.104) 

3.34 

(0.0458) 

0.989 

(0.0244) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 
287. 

(11.3) 

968. 

(119.) 

288. 

(11.4) 

990. 

(122.) 

289. 

(7.86) 982. (25.1) 993 

Km2 (μM) 
N.A. 

51.4 

(9.54) N.A. 

50.7 

(8.88) N.A. 49.7 (1.72) 50 

kcat2(min
-1

) 
N.A. 

4.01 

(0.139) N.A. 

4.00 

(0.134) N.A. 

3.99 

(0.0648) 4 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

80.3 

(12.2) N.A. 

80.9 

(11.7) N.A. 80.4 (2.58) 80 

Convergence 

(%) 100 100 100 100 100 100  

AICc 
-335. (-

0.995) 

-401. (-

2.32) 

-183. (-

1.82) 

-249. (-

3.75) 

-371. (-

1.28) 

-501. (-

2.46)  
  

       

1 

Km1 (μM) 
11.6 

(0.576) 

1.06 

(0.224) 

11.6 

(0.574) 

1.03 

(0.213) 

11.6 

(0.432) 

1.01 

(0.0245) 1.01 

kcat1(min
-1

) 
3.34 

(0.0515) 

0.999 

(0.106) 

3.34 

(0.0515) 

0.995 

(0.101) 

3.34 

(0.0432) 

0.990 

(0.0239) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 
288. 

(11.0) 

966. 

(123.) 

289. 

(11.1) 

987. 

(137.) 

288. 

(8.66) 983. (25.6) 993 

Km2 (μM) 
N.A. 

51.5 

(9.14) N.A. 

51.0 

(8.52) N.A. 49.7 (1.71) 50 

kcat2(min
-1

) 
N.A. 

4.00 

(0.132) N.A. 

4.00 

(0.127) N.A. 

3.99 

(0.0606) 4 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

79.8 

(11.6) N.A. 

80.2 

(11.1) N.A. 80.3 (2.62) 80 

Convergence 

(%) 100 100 100 100 100 100  

AICc 
-335. (-

1.01) 

-400. (-

2.56) 

-183. (-

1.84) 

-248. (-

4.12) 

-371. (-

1.27) 

-501. (-

2.65)  
  

       

5 

Km1 (μM) 
11.7 

(0.604) 

1.06 

(0.243) 

11.6 

(0.605) 

1.03 

(0.211) 

11.6 

(0.424) 

1.01 

(0.0254) 1.01 

kcat1(min
-1

) 
3.34 

(0.0521) 

0.999 

(0.113) 

3.34 

(0.0522) 

0.990 

(0.101) 

3.34 

(0.0432) 

0.990 

(0.0237) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 
287. 

(11.5) 

966. 

(128.) 

288. 

(11.6) 

989. 

(125.) 

288. 

(8.37) 979. (25.3) 993 

Km2 (μM) 
N.A. 

51.7 

(10.1) N.A. 

50.8 

(8.79) N.A. 49.6 (1.71) 50 

kcat2(min
-1

) 
N.A. 

4.01 

(0.140) N.A. 

4.00 

(0.131) N.A. 

3.99 

(0.0638) 4 
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Table C2 (continued) 

k11/k3 
Kinetic 

parameters 
MM equ 

ESS 

rate 

equ 

ESP 

ODE 

ESSP 

ODE 

ESP1P2 

ODE 

ESSP1P2 

ODE Ori 

 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

79.7 

(11.9) N.A. 

80.6 

(11.1) N.A. 80.4 (2.46) 80 

Convergence 

(%) 100 100 100 100 100 100  

AICc 
-335. (-

1.05) 

-400. (-

2.61) 

-183. (-

1.91) 

-248. (-

4.21) 

-372. (-

1.35) 

-502. (-

2.77)  
  

       

20 

Km1 (μM) 
11.6 

(0.637) 

1.07 

(0.241) 

11.6 

(0.639) 

1.03 

(0.227) 

12.5 

(0.473) 

1.06 

(0.0833) 1.01 

kcat1(min
-1

) 
3.34 

(0.0556) 

1.01 

(0.111) 

3.34 

(0.0556) 

0.997 

(0.105) 

3.39 

(0.0459) 

0.999 

(0.0360) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 
288. 

(12.1) 

965. 

(125.) 

289. 

(12.4) 

991. 

(133.) 

271. 

(8.52) 944. (53.1) 993 

Km2 (μM) 
N.A. 

52.0 

(9.76) N.A. 

51.1 

(8.78) N.A. 48.1 (2.82) 50 

kcat2(min
-1

) 
N.A. 

4.01 

(0.141) N.A. 

4.00 

(0.133) N.A. 

3.95 

(0.0768) 4 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

79.3 

(11.6) N.A. 

80.2 

(10.9) N.A. 82.5 (4.26) 80 

Convergence 

(%) 100 100 100 100 100 100  

AICc 
-335. (-

0.989) 

-401. (-

2.47) 

-183. (-

1.80) 

-249. (-

3.97) 

-381. (-

1.28) 

-501. (-

2.72)  

         

100 

Km1 (μM) 
11.6 

(0.608) 

1.05 

(0.232) 

11.6 

(0.608) 

1.02 

(0.219) 

15.3 

(0.477) 

1.06 

(0.151) 1.01 

kcat1(min
-1

) 
3.34 

(0.0542) 

0.996 

(0.113) 

3.34 

(0.0541) 

0.990 

(0.108) 

3.54 

(0.0449) 

0.959 

(0.0730) 1 

kcat1/Km1 (μL 

min
-1

nmol
-1

) 
287. 

(11.4) 

978. 

(128.) 

288. 

(11.6) 

1000. 

(137.) 

231. 

(5.86) 917. (92.7) 993 

Km2 (μM) 
N.A. 

51.7 

(9.57) N.A. 

51.0 

(8.94) N.A. 41.9 (5.64) 50 

kcat2(min
-1

) 
N.A. 

4.01 

(0.137) N.A. 

4.00 

(0.132) N.A. 

3.85 

(0.103) 4 

kcat2/Km2 (μL 

min
-1

nmol
-1

) N.A. 

79.8 

(12.4) N.A. 

80.4 

(11.8) N.A. 93.4 (10.9) 80 

Convergence 

(%) 100 100 100 100 100 100  

AICc 
-335. (-

1.07) 

-401. (-

2.51) 

-183. (-

1.96) 

-249. (-

4.07) 

-393. (-

1.36) 

-487. (-

2.79)  

Data were simulated with the following parameters:  k1 = k5 = k9 = 270  µM-1 min-1, k2 = 

270  min-1, k3 = k4 = 1 min-1, k6 = 13500  min-1, k7 = k8 = 4 min-1, k5 = 1 min-1, k7=27000 

min-1, k8 = 30 min-1, k9 =2 min-1, k10 = 270 min-1. The introduced random error is 5%. 

MM, Michaelis-Menten, equ: equation, Ori: original value. 

Data are represented as mean (S.D) determined from the 500 simulation runs. 
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APPENDIX D THE UNBOUND FRACTION AND IN VITRO ENZYME 

KINETICS PARAMETERS OF PROBE SUBSTRATES 

Table D1 The unbound fraction of different matrices 

Compound System 
Protein 

conc. 

Conc. 

range (μM) 

Unbound 

fraction 
Reference 

DZP 

Human 

Plasma 

N/A 

N/A 
0.016 ± 0.007, 

0.013 ± 0.006 

(Gardner et al., 

1997) 

0.53-4.03 0.019± 0.0008 
(Dhillon and 

Richens, 1981) 

N/A 

0.022 
(Wood et al., 

2017) 

0.014±0.0025 
(Abernethy and 

Greenblatt, 1981) 

Women 0.0226±0.0043 
(Kuhnz and Nau, 

1983) 

Women 

at term 
0.040 ± 0.0071 

(Kuhnz and Nau, 

1983) 

fetus 0.0214±0.0057 
(Kuhnz and Nau, 

1983) 

Human 

blood 
0.036 

(Klotz et al., 

1975; HERMAN 

and 

WILKINSON, 

1996; Obach, 

1999; Lau et al., 

2002) 

HLM 1 mg/mL 0.66 
(Wood et al., 

2017) 

Rat 

Plasma 

N/A 

0.05-5 mg/L 0.22 
(Zomorodi et al., 

1995) 

N/A 

0.196±0.006 
(Friedman et al., 

1986) 

M W 

rat 
0.036±0.009 

(Díaz-García et 

al., 1992) 

Inbred 

F 

Lewis 

0.263±0.035 
(Klockowski and 

Levy, 1988a) 

0.13 
(Wood et al., 

2017) 
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Table D1 (continued) 

Compound System 
Protein 

conc. 

Conc. 

range (μM) 

Unbound 

fraction 
Reference 

DZP 

Rat 

blood 
N/A 

N/A 

0.10 

(Klotz et al., 

1976b; Tsang and 

Wilkinson, 1982; 

Sawada et al., 

1985; Díaz-García 

et al., 1992) 

RLM 1 mg/mL 0.93 
(Jones and 

Houston, 2004) 

MLM 
2.1 

mg/mL 
3.5-175 0.60 ± 0.27 

(St-Pierre and 

Pang, 1995) 

NDP 

Human 

plasma 

N/A 

0.031±0.0037 
(Shader et al., 

1981) 

Women 0.0304±0.0084 
(Kuhnz and Nau, 

1983) 

Women 

at term 
0.0519±0.0153 

(Kuhnz and Nau, 

1983) 

fetus 0.0354±0.0109 
(Kuhnz and Nau, 

1983) 

Rat 

plasma 
0.158±0.008 

(Friedman et al., 

1986) 

Male 

SD rat 

plasma 

0.084±0.011, 

0.185±0.020, 

0.212±0.029 

(Klockowski and 

Levy, 1988b) 

Inbred 

F 

Lewis 

0.50±0.17 
(Klockowski and 

Levy, 1988a) 

MLM 
2.1 

mg/mL 
3.7-186 0.47 ± 0.11 

(St-Pierre and 

Pang, 1995) 

TZP 
Human 

plasma 
N/A 

0.017 
(Wood et al., 

2017) 

0.027± 0. 0035 
(Divoll et al., 

1981) 

0.08±0.01 
(Larsen et al., 

2011) 

0.0446±0.0223 
(Johnson et al., 

1979) 

0.0351±0.0049 

(Temazepam 

clearance 

unaltered in 

cirrhosis. - 

Abstract - Europe 

PMC, n.d.) 
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Table D1 (continued) 

Compound System 
Protein 

conc. 

Conc. 

range (μM) 

Unbound 

fraction 
Reference 

TZP 

Human 

plasma 
N/A 

0.041 
(Greenblatt et al., 

1984) 

0.054±0.025 
(Badcock et al., 

1990) 

0.0385±0.0036 
(Ghabrial et al., 

1986) 

Human 

blood 
0.017 

(Steveninck et al., 

1994) 

MLM 
2.1 

mg/mL 
0.5-170 0.70 ± 0.16 

(St-Pierre and 

Pang, 1995) 

OXP 

Human 

plasma 

N/A 

0.048 
(Wood et al., 

2017) 

0.11±0.01 
(Larsen et al., 

2011) 

0.0218±0.0233 
(Johnson et al., 

1979) 

0.133±0.017 (Shull et al., 1976) 

0.0427±0.002 
(Greenblatt et al., 

1980) 

0.032 
(Murray et al., 

1981) 

Human 

blood 
0.043 

(Brown et al., 

2007) 

Male 

SD rat 

plasma 

0.183±0.021 
(Klockowski and 

Levy, 1988b) 

MLM 
2.1 

mg/mL 
Tracer 0.50 ± 0.01 

(St-Pierre and 

Pang, 1995) 

Hepa: hepatocytes, MLM: mouse liver microsome, SD rat: Sprague Dawley rat. 

 

 

 

 

 

 

The Km value for TZP, NDP and PHD formation from RLM is presented in the table. 
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Table D2 Enzyme kinetics of DZP metabolism 

System Meta 
Km or 

C50(N) 
Vmax CLint fm Reference 

HLM 
TZP 188(1.5) 6.8 

N/A 
(Andersson 

et al., 1994) NDP 184(1.2) 1.4 

SD 

RLM 

TZP 83.5±6.9 3.5±0.09 41.6±2.9 0.13±0.03 

(Jones et al., 

2004) 

NDP 19.7±3.8 0.8±0.04 44.2±9.9 0.14±0.02 

PHD 1.9±0.6 0.4±0.03 237.2±56.6 0.73±0.04 

total N/A 322.9±64.5 

N/A 

M SD 

RLM 

TZP 119±32 2.29±0.64 19.1±0.8 
(Carlile et 

al., 1997) 
NDP 35±5 0.78±0.15 22.3±1.9 

PHD 5±2 0.16±0.07 39.9±27.6 

M SD 

RLM 

TZP 71.2 ± 11 3.2 ± 0.3 48.9 ± 9.0 

(K. Saito et 

al., 2004) 

** 

Significant 

difference 

from W rats 

(p < 0.01). 

NDP 75.9 ± 9.4 0.7 ± 0.1 9.5 ± 0.3 

PHD 5.5 ± 0.5** 0.5 ± 0.0** 87.0 ± 2.1** 

M BN 

RLM 

TZP 55.9 ± 1.3 2.2 ± 0.1 38.8 ± 2.9 

NDP 46.9 ± 1.6 0.5 ± 0.0 11.2 ± 0.7 

PHD 4.3 ± 0.2** 0.4 ± 0.0** 86.9 ± 6.5** 

M DA 

RLM 

TZP 35.7 ± 6.8 5.3 ± 0.5** 163 ± 15** 

NDP 67.5 ± 2.7 1.5 ± 0.1** 22.4 ± 0.6** 

PHD 23.3 ± 1.6 0.004 ± 0.0 0.2 ± 0.0 

M W 

RLM 

TZP 58.3 ± 6.3 2.6 ± 0.2 47.9 ± 7.0 

NDP 87.6 ± 6.6 0.7 ± 0.1 8.1 ± 0.5 

PHD 23.3 ± 1.6 0.004 ± 0.0 0.2 ± 0.0 

M PM 

Wistar 

RLM 

TZP 58.3 ± 6.3 2.64±0.24 47.9 ± 7.0 

(Konomu 

Saito et al., 

2004) 

NDP 87.6 ± 6.6 0.71±0.07 8.1 ± 0.5 

PHD 23.3 ± 1.6 0.004±0.0 0.2 ± 0.0 

M EM 

Wistar 

RLM 

TZP 64.6 ± 15.0 2.81±0.04 50.3 ± 14.5 

NDP 86.1 ± 14.0 0.87±0.11 10.4 ± 0.90 

PHD 6.3 ± 0.6 0.28±0.05 46.0 ± 8.4 

CYP(M 

SD 

RLM) 

TZP 

N/A 

1.8(200 

μM) 

N/A 

(Reilly et 

al., 1990) 

NDP 
0.8 (200 

μM) 

CYP(F 

SD 

RLM) 

TZP 
0.5 (200 

μM) 

NDP 
0.7 (200 

μM) 

M SD 

RLM 

TZP 0.88±0.18 

(Fujita et 

al., 1989) 

NDP 0.38±0.11 

F SD 

RLM 

TZP 0.44±0.05 

NDP 0.27±0.05 

CYP2C

11 
TZP 

3.19 (100 

μM) 
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Table D2 (continued) 

System Meta 
Km or 

C50(N) 
Vmax CLint fm Reference 

CYP2C

11 
NDP N/A 

8.96 (100 

μM) 
N/A 

(Fujita et 

al., 1989) 

MLM NDP 12.1 0.335 
(Marcucci 

et al., 1969) 

fresh R 

Hepa 

TZP 51.5±10.1 2.2±0.4 45.1±19.5 0.19±0.09 

(Jones et al., 

2004) 
NDP 18.4±4.5 0.6±0.05 34.6±12.7 0.14±0.05 

PHD 2.7±0.9 0.4±0.05 167.8±49.8 0.67±0.14 

total N/A 247.5±31.9 

N/A fresh R 

Hepa 

TZP 71±11 1.19±0.21 17.3±4.5 
(Carlile et 

al., 1997) 
NDP 35±5 0.25±0.02 7.1±1.1 

PHD 3±1 0.20±0.05 57.9±9.1 

M W 

RLM 
dpl 1.44 0.44 

N/A 
(Igari et al., 

1984) 
RKM dpl 0.695 0.065 

RLuM dpl 1.20 0.098 

The unit for Km or C50(N) is μM, N is the Hill equation factor if sigmoidicity exists.  

The unit for Vmax is nmol/(mg*min) for the microsome system, nmol/(min*noml CYP) for 

the recombinant CYP isoforms, and nmol/(min*106 cells) for the hepatocyte system.  

CLint is represented as uL/(min*mg) for microsome system, uL/(min*106 cells) for the 

hepatocytes.  

fm: the fraction of DZP metabolized to each metabolite, M: Male, F: Female, SD rat: 

Sprague Dawley rat, BN rat: Brown Norway, DA rat: Dark Agouti rat, W rat: Wistar rat, 

RKM: rat kidney microsome, RLuM: rat lung microsome, dpl:depletion. 
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APPENDIX E TIME AND PROTEIN LINEARITY DATA 

 

 

 

Figure E1 Time and protein linearity of TZP, NDP and OXP formation from CYP3A4 

incubation  

Metabolite formation was expressed in ng/mL 
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Figure E2 Time and protein linearity of TZP, NDP formation from DZP MRLM 

incubation  

Metabolite formation was expressed in ng/mL 
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Figure E3 Time and protein linearity of TZP, NDP formation from DZP CYP3A1 

incubation  

Metabolite formation was expressed in ng/mL 
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Figure E4 Time and protein linearity of TZP, NDP formation from DZP CYP3A2 

incubation 
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Figure E5 Time linearity of TZP, NDP formation from CYP2C11 incubation  
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Figure E6 Time and protein linearity of TZP, NDP formation from DZP FRLM 

incubation  

Correction: metabolite formation was expressed in nM not ng/mL 

 

 

Figure E7 Time linearity of TZP, NDP formation from HLM incubation 
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APPENDIX F DEVELOPMENT AND VALIDATION TESTING 

 

 

Figure F1 Drug diffusion testing (silicone tubing) at 2 uL/min.  

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 10 min. The red dashed vertical line represents the dead volume of tubing 

connections. 

 

 
 

Figure F2 Drug diffusion testing (silicone tubing) at 10 uL/min.  

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 2 min. The red dashed vertical line represents the dead volume of tubing 

connections. 
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Figure F3 Drug diffusion testing (silicone tubing) at 60 uL/min.  

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 0.33 min. The red dashed vertical line represents the dead volume of tubing 

connections. 

 

 
 

Figure F4 Drug diffusion testing (silicone tubing) at 120 uL/min. 

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 0.167 min. The red dashed vertical line represents the dead volume of tubing 

connections. 
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Figure F5 Drug diffusion testing (PEEK tubing) at 2 uL/min.  

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 5 min. The red dashed vertical line represents the dead volume of tubing 

connections. 

 

 

Figure F6 Drug diffusion testing (PEEK tubing) at 10 uL/min.  

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 1 min. The red dashed vertical line represents the dead volume of tubing 

connections. 
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Figure F7 Drug diffusion testing (PEEK tubing) at 60 uL/min.  

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 10 s. The red dashed vertical line represents the dead volume of tubing 

connections. 

 

 
Figure F8 Drug diffusion testing (PEEK tubing) at 120 uL/min. 

The drug (A)DZP, (B)TZP, (C)NDP and (D)OXP concentration profiles in the testing 

sample. Y-axis represents recovery, X-axis represents the numbering of samples. The unit 

of time is 5 s. The red dashed vertical line represents the dead volume of tubing 

connections. 
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APPENDIX G DIFFERENTIAL EQUATION FOR HEPATOCYTE UNDER 

PERFUSION MODELS 

 

𝑑𝐶𝑖𝑛1

𝑑𝑡
∗ 𝐻𝑣 =  𝐶𝐿𝑝1 𝐶1 −  𝑓𝑢1 𝐶𝐿 𝐶𝑖𝑛1 −  𝑓𝑢1 𝐶𝐿𝑝1 𝐶𝑖𝑛1 

𝑑𝐶𝑖𝑛2

𝑑𝑡
∗ 𝐻𝑣 =  𝐶𝐿𝑝2 𝐶2 +  𝑓𝑢1 𝐶𝐿𝑚1 𝐶𝑖𝑛1 −  𝑓𝑢2 𝐶𝐿𝑚3 𝐶𝑖𝑛2 −  𝑓𝑢2 𝐶𝐿𝑝2 𝐶𝑖𝑛2 

𝑑𝐶𝑖𝑛3

𝑑𝑡
∗ 𝐻𝑣 =  𝐶𝐿𝑝3 𝐶3 +  𝑓𝑢1 𝐶𝐿𝑚2 𝐶𝑖𝑛1 −  𝑓𝑢3 𝐶𝐿𝑚4 𝐶𝑖𝑛2 −  𝑓𝑢3 𝐶𝐿𝑝3 𝐶𝑖𝑛3 

𝑑𝐶𝑖𝑛4

𝑑𝑡
∗ 𝐻𝑣 =  𝐶𝐿𝑝4 𝐶4 +  𝑓𝑢2 𝐶𝐿𝑚3 𝐶𝑖𝑛2 +  𝑓𝑢3 𝐶𝐿𝑚4 𝐶𝑖𝑛2 −  𝑓𝑢4 𝐶𝐿𝑝4 𝐶𝑖𝑛4 

𝑑𝐶1

𝑑𝑡
∗ 𝑀𝑣 = 𝐶𝑖𝑛 𝐹𝐿 +  𝑓𝑢1 𝐶𝐿𝑝1 𝐶𝑖𝑛1 − (𝐶𝐿𝑝1 +  𝐹𝐿) 𝐶1 

𝑑𝐶2

𝑑𝑡
∗ 𝑀𝑣 = 𝑓𝑢2 𝐶𝐿𝑝2 𝐶𝑖𝑛2 −  (𝐶𝐿𝑝2 +  𝐹𝐿) 𝐶2 

𝑑𝐶3

𝑑𝑡
∗ 𝑀𝑣 = 𝑓𝑢3 𝐶𝐿𝑝3 𝐶𝑖𝑛3 − (𝐶𝐿𝑝3 +  𝐹𝐿)𝐶3 

𝑑𝐶3

𝑑𝑡
∗ 𝑀𝑣 = 𝑓𝑢4 (𝐶𝐿𝑝4 −  𝐶𝐿𝑚5) 𝐶𝑖𝑛4 −  (𝐶𝐿𝑝4 +  𝐹𝐿) 𝐶4 

where Cin1, Cin2, Cin3, Cin4 represent the intracellular concentration of DZP, NDP, 

TZP, and OXP, respectively, where C1, C2, C3, and C4 are the medium concentration of 

DZP, NDP, TZP, and OXP, respectively, where CLp1, CLp2, CLp3, and CLp4 stand for 

the passive diffusion clearance of DZP, NDP, TZP, and OXP, respectively, where fu1, 



 

293 

 

fu2, fu3, fu4 represent the unbound fraction of DZP, NDP, TZP, and OXP to hepatocytes, 

respectively, where CLm1, CLm2, CLm3, and CLm4 represent fractional intrinsic 

clearance of DZP to TZP, fractional intrinsic clearance of DZP to NDP, fractional 

intrinsic clearance of NDP to OXP, and fractional intrinsic clearance of NDP to OXP, 

where Cin is the DZP input concentration, FL is the flow rate, Hv stands for the volume 

of hepatocytes, and Mv stands for the volume of extracellular space. 
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APPENDIX H THE EQUATION FOR NCA ANALYSIS AND 

COMPARTMENTAL MODELING 

Table H1 The macro rate equations (MRE) among three compartmental models 

Models/ PK parameters 1C 2C 3C 

𝐶𝑐𝑒𝑛𝑡𝑟𝑎𝑙  𝐴 𝑒−𝛼∗𝑡  𝐴 𝑒−𝛼∗𝑡 + 𝐵 𝑒−𝛽∗𝑡 𝐴 𝑒−𝛼∗𝑡 + 𝐵 𝑒−𝛽∗𝑡 + 𝐶 𝑒−𝛾∗𝑡 

𝑘𝜆𝑛 (hr-1) α 𝛽 𝛾 

𝐴𝑈𝐶 
𝐴

𝛼
 

𝐴

𝛼
+

𝐵

𝛽
 

𝐴

𝛼
+

𝐵

𝛽
+

𝐶

𝛾
 

%𝐴𝑈𝐶𝜆𝑛 1 

𝐵
𝛽

𝐴
𝛼

+
𝐵
𝛽

 

𝐶
𝛾

𝐴
𝛼

+
𝐵
𝛽

+
𝐶
𝛾

 

%𝐴𝑈𝐶𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒  0 Piecewise function1 Piecewise function1 

ΑUMC 
𝐴

𝛼2
 

𝐴

𝛼2
+

𝐵

𝛽2
 

𝐴

𝛼2
+

𝐵

𝛽2
+

𝐶

𝛾2
 

MRT 
1

𝛼
 

𝐴
𝛼2 +

𝐵
𝛽2

𝐴
𝛼

+
𝐵
𝛽

 

𝐴
𝛼2 +

𝐵
𝛽2 +

𝐶
𝛾2

𝐴
𝛼

+
𝐵
𝛽

+
𝐶
𝛾

 

𝑡1
2

(𝑒) = 𝑙𝑛2 ∗ 𝑀𝑅𝑇 𝑙𝑛2

𝛼
∗

𝐴

𝑎
𝐴

𝑎

  
𝑙𝑛2

𝛼
∗

𝐴

𝑎
𝐴

𝛼
+

𝐵

𝛽

+
𝑙𝑛2

𝛽
∗

𝐵

𝛽
𝐴

𝛼
+

𝐵

𝛽

  

𝑙𝑛2

𝛼
∗

𝐴

𝑎
𝐴

𝛼
+

𝐵

𝛽
+

𝐶

𝛾

+
𝑙𝑛2

𝛽
∗

𝐵

𝛽
𝐴

𝛼
+

𝐵

𝛽
+

𝐶

𝛾

+

𝑙𝑛2

𝛾
∗

𝐶

𝛾
𝐴

𝛼
+

𝐵

𝛽
+

𝐶

𝛾

  

𝑉𝑐 
𝐷𝑜𝑠𝑒

𝐴
 

𝐷𝑜𝑠𝑒

𝐴 + 𝐵
 

𝐷𝑜𝑠𝑒

𝐴 + 𝐵 + 𝐶
 

𝑉𝑠𝑠(L/kg)2 
𝐷𝑜𝑠𝑒 ∗

𝐴
𝛼2

(
𝐴
𝛼

)
2  

𝐷𝑜𝑠𝑒(
𝐴
𝛼2 +

𝐵
𝛽2)

(
𝐴
𝛼

+
𝐵
𝛽

)
2  

𝐷𝑜𝑠𝑒(
𝐴
𝛼2 +

𝐵
𝛽2 +

𝐶
𝛾2)

(
𝐴
𝛼

+
𝐵
𝛽

+
𝐶
𝛾

)
2  

𝑉𝛽 (L/kg)2 
𝐷𝑜𝑠𝑒

𝐴
 

𝐷𝑜𝑠𝑒

(
𝐴
𝛼

+
𝐵
𝛽

) ∗ 𝛽
 

𝐷𝑜𝑠𝑒

(
𝐴
𝛼

+
𝐵
𝛽

+
𝐶
𝛾

) ∗ 𝛾
 

CLtotal (L/hr/kg) 

𝐷𝑜𝑠𝑒

𝐴
𝛼

 
𝐷𝑜𝑠𝑒

𝐴
𝛼

+
𝐵
𝛽

 
𝐷𝑜𝑠𝑒

𝐴
𝛼

+
𝐵
𝛽

+
𝐶
𝛾

 

𝐶𝐿𝑢𝑛𝑏𝑜𝑢𝑛𝑑 

(L/hr/kg) 

𝐷𝑜𝑠𝑒

𝐴
𝛼

𝑓𝑢𝑝

 
𝐷𝑜𝑠𝑒

(
𝐴
𝛼

+
𝐵
𝛽

) 𝑓𝑢𝑝

 
𝐷𝑜𝑠𝑒

(
𝐴
𝛼

+
𝐵
𝛽

+
𝐶
𝛾

) 𝑓𝑢𝑝

 

%𝐴𝑈𝐶𝜆𝑛  represents the fractional areas under the elimination phase 
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1. The piecewise function was expressed in Mathematica. 

2. The strategy of NCA was applied for this PK parameter 

 

 Table H2 The ODEs comparison among three compartmental models 

Model  1C 2C 3C 

Model 

scheme 

  

 

ODE 

𝑑𝑋1

𝑑𝑡
= −𝑘10 𝑋1 

 

𝑑𝑋1

𝑑𝑡
= −(𝑘10 + 𝑘12) 𝑋1

+ 𝑘21 𝑋2 
𝑑𝑋2

𝑑𝑡
= 𝑘12 𝑋1 − 𝑘21 𝑋2 

 

𝑑𝑋1

𝑑𝑡
= −(𝑘10 + 𝑘12 + 𝑘13) 𝑋1

+ 𝑘21 𝑋2 + 𝑘31 𝑋3 
𝑑𝑋2

𝑑𝑡
= 𝑘12 𝑋1 − 𝑘21 𝑋2 

 
𝑑𝑋3

𝑑𝑡
= 𝑘12 𝑋1 − 𝑘31 𝑋3 

 

𝐴𝑈𝐶 

𝐷𝑜𝑠𝑒

𝑘10 ∗ 𝑉𝑐

 

 

𝐷𝑜𝑠𝑒

𝑘10 ∗ 𝑉𝑐

 
𝐷𝑜𝑠𝑒

𝑘10 ∗ 𝑉𝑐

 

𝑉𝑠𝑠(L/kg) 𝑉𝑐 
𝑉𝑐 (1 +

𝑘12

𝑘21
) 𝑜𝑟 𝐶𝐿𝑡𝑜𝑡𝑎𝑙(

1

α
+

1

𝛽
+

1

𝑘21
)  

𝑉𝑐(1 +
𝑘12

𝑘21

+
𝑘13

𝑘31

) 

 

𝑉𝛽(L/kg) 𝑉𝑐 
𝑉𝑐(1 +

𝑘12

𝑘21 − 𝛽
) 

 

N/A 

𝐶𝐿𝑑 

(L/hr/kg) 
0 𝑘12 ∗ 𝑉𝑐  𝑘12 ∗ 𝑉𝑐  & 𝑘13 ∗ 𝑉𝑐 

𝐶𝐿𝑡𝑜𝑡𝑎𝑙 

(L/hr/kg) 
𝑘10 ∗ 𝑉𝑐  𝑘10 ∗ 𝑉𝑐  𝑘10 ∗ 𝑉𝑐 

𝐶𝐿𝑢𝑛𝑏𝑜𝑢𝑛𝑑 

(L/hr/kg) 

𝑘10 ∗ 𝑉𝑐

𝑓𝑢𝑝
 

𝑘10 ∗ 𝑉𝑐

𝑓𝑢𝑝
 

𝑘10 ∗ 𝑉𝑐

𝑓𝑢𝑝
 

 

 

The transformation between MREs and ODEs are listed in Table H3 and applied when 

MREs cannot converge to the global minima: 
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Table H3 The transformation between MREs and ODEs 

Parameters 1C 2C 

𝐴 
𝐷𝑜𝑠𝑒

𝑉𝑐

 
𝐷𝑜𝑠𝑒

𝑉𝑐

𝛼 − 𝑘21

𝛼 − 𝛽
 

𝐵 N/A 
𝐷𝑜𝑠𝑒

𝑉𝑐

𝛽 − 𝑘21

𝛽 − 𝛼
 

𝛼 𝑘10 
𝑘21𝑘10

𝛽
 

𝛽 N/A 

1

2
(𝑘12 + 𝑘21 + 𝑘10

− √(𝑘12 + 𝑘21 + 𝑘10)2 − 4 𝑘21 𝑘10 

𝑘10  
𝛼 𝛽

𝑘21
 

𝑘12 N/A 𝛼 + 𝛽 − 𝑘21 − 𝑘10 

𝑘21 N/A 
 𝐴 𝛽 + 𝐵 𝛼

𝐴 + 𝐵
 

 

Table H1 - Table H3 were summarized based on (Johan Gabrielsson, 2017). 
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