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In this dissertation, pharmacometric approaches were used to better understand drug 

disposition and predict drug interactions in morbidly obese individuals undergoing Roux-en-Y 

gastric bypass surgery (RYGBS) and to determine the kinetic characteristics of theoretical 

endogenous biomarkers that would permit the detection of potential drug interactions. Chapter 2 

examined how RYGBS affected drug absorption and intestinal and hepatic metabolism in vivo 

by ascertaining the pharmacokinetics of acetaminophen in patients at three timepoints (e.g., pre-

RYGBS and 3- and 12-months post-RYGBS). Following RYGBS, peak APAP concentrations at 

the 3-month and 12-month visits increased by 2-fold compared to baseline (p < 0.01) and the 

median time to peak concentration decreased from 35 min to 10 min. The apparent oral clearance 

of APAP decreased 34% after RYGBS (p < 0.01). The decrease in metabolite-to-parent AUC 

ratios of all four metabolites at 3-months and 12-months is possibly indicative of a decline in the 

activities of CYP2E1, UGT1A1, UGT1A9, and SULT1A1 following RYGBS. As drug-drug 

interaction (DDI) studies have not been conducted in patients undergoing RYGBS, we used an in 



 

 

silico approach to predict DDIs in this patient population (Chapter 3). Using physiologically-

based pharmacokinetic (PBPK) modeling, we simulated the impact of RYGBS on the absorption 

and metabolism of midazolam, acetaminophen, digoxin, and their major metabolites. Secondly, 

we built PBPK models for verapamil, a highly soluble inhibitor, and posaconazole, a poorly 

soluble inhibitor, to evaluate CYP3A- and P-gp-mediated DDIs pre- and post-RYGBS. For 

verapamil inhibition, RYGBS did not affect the fold-change of the inhibited AUC ratio or 

inhibited peak concentration ratio for either midazolam or digoxin. For posaconazole inhibition, 

the inhibited midazolam AUC increased by 2.0-fold pre-RYGBS, but only increased by 1.6-fold 

post-RYGBS due to decreased absorption. For DDI assessment, the use of endogenous 

biomarkers is a relatively non-invasive approach to provide early detection of potential DDIs 

during first-in-human clinical trials. Chapter 4 describes a simulation study to investigate how 

the sensitivity of a theoretical biomarker is affected by metabolite half-life, fraction of the 

endogenous parent that is metabolized to the metabolite of interest (fm,metabolite), and fraction of 

the endogenous parent that is metabolized by CYP3A4 (fm,CYP3A4). Several sensitivity indices, 

including the metabolite concentration (Cm), the metabolite-to-parent concentration ratio 

(Cm/Cp), the metabolite AUC (AUCm), and the metabolite-to-parent AUC ratio (AUCm/AUCp), 

were explored in different DDI scenarios. A 20% change in the sensitivity indices was set as the 

detection threshold for single dose inhibition, mechanism-based inhibition, and induction. Our 

simulation results demonstrated that the sensitivity of the hypothetical endogenous biomarker 

was reduced by increasing metabolite half-life. As fm,metabolite was decreased, the change in Cm 

and AUCm increased, but the change in Cm/Cp and AUCm/AUCp decreased. As fm,CYP3A4 was 

decreased, the change in all indices decreased. The predicted magnitude of change based on our 

simulations was comparable to the clinically observed magnitude of change for putative 



 

 

CYP3A4 endogenous biomarkers. In summary, pharmacometrics was used in this dissertation to 

understand the impacts of RYGBS on drug disposition, predict CYP3A4 and P-gp DDIs in 

RYGBS patients, and investigate the kinetic characteristics of endogenous CYP3A4 biomarkers. 
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INTRODUCTION  
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1.1 Background 

Genetic and environmental factors are known to contribute to the interindividual 

variability in drug absorption and disposition (Visscher et al. 2008). For example, using a 

classical twin model, Penno et al. estimated that heritability accounted for 85% of the 

interindividual variability in antipyrine 4-hydroxylation formation via cytochrome P450 3A 

(CYP3A) (Penno et al. 1981). A recent twin study by Rahmioglu et al. estimated that heritability 

accounted for 66% of the interindividual variability in CYP3A induction (Rahmioglu et al. 

2011). The remaining interindividual variability in baseline and induced CYP3A activities could 

be due to inherent variables (e.g., epigenetics) or other intrinsic and extrinsic patient factors. 

These intrinsic factors (e.g., age, gender, diseases) and extrinsic factors (e.g., diet, smoking, 

drug-drug interactions, and other environmental factors) can cause pronounced effects on the 

pharmacokinetics of drugs (Reyner et al. 2019). Although some of the factors such as age, 

gender, diseases, and drug-drug interactions have been extensively studied, many of these factors 

remain understudied. To further understand how intestinal-associated factors contribute to 

pharmacokinetic variability, we studied the impact of alterations to the intestinal anatomical 

structure in Chapters 2 and 3. 

Traditionally, evaluating and predicting the effects of an aforementioned factor on 

pharmacokinetics requires administration of a probe drug. Recently, there is increased interest in 

using endogenous compounds as biomarkers of drug metabolizing enzyme and transporter 

activity to enable findings of dose-related efficacy or toxicity in early drug development 

(Mariappan et al. 2017, Chu et al. 2018, Rodrigues et al. 2018). However, currently proposed 

endogenous biomarkers have major limitations, especially in cases of enzyme inhibition, due to 

sensitivity-related issues resulted from long elimination half-lives (Yang and Rodrigues 2010, 
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Mao et al. 2017, Mariappan et al. 2017). To further understand how the kinetic characteristics of 

an endogenous biomarker affect its utility, we conducted a theoretical study to evaluate the 

sensitivity and selectivity of a simulated endogenous biomarker under various drug interaction 

scenarios in Chapter 4. 

 

1.2 Intestinal- Factors Associated with Pharmacokinetic Variability 

The small intestine is the primary site for drug absorption. Most marketed drugs are 

designed to be orally administered due to convenience and cost-effectiveness (Lipinski 2000). 

Administering drug via this route, however, introduces higher interindividual variability from 

drug absorption and pre-systemic metabolism. For example, the rate and extent of drug absorbed 

by passive diffusion can be affected by gastrointestinal transit time, villi density, intestinal 

diameter, and concentration gradient across the gut wall (Vertzoni et al. 2019). In many 

instances, the process of drug absorption is further complicated by active transport, where drug 

can be brought into or out of the enterocytes by influx or efflux transporters. For example, 

fexofenadine is actively transported by organic anion transporting polypeptide 1A2 (OATP1A2) 

from the gut lumen into enterocytes, leading to higher oral bioavailability (Bailey et al. 2007, 

Glaeser et al. 2007). In contrast, some chemotherapeutic drugs (e.g. paclitaxel, methotrexate, and 

topotecan) are effluxed by P-glycoprotein (P-gp), multidrug resistance associated proteins 

(MRPs), and breast cancer resistance protein (BCRP) from enterocytes back to the lumen, 

leading to lower oral bioavailability (Breedveld et al. 2006, Ross and Nakanishi 2010, Estudante 

et al. 2013). 

After being absorbed, drugs inside the enterocytes can encounter intestinal drug 

metabolizing enzymes. Multiple cytochromes P450 (CYPs), including CYP3A4, 3A5, 2C9, 
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2C19 and 2D6, are known to be expressed in the intestine (Paine et al. 2006, Xie et al. 2016, 

Drozdzik et al. 2018, Fritz et al. 2019). CYP3A4 and CYP3A5 are the most abundant intestinal 

drug-metabolizing enzymes (Figures 1.1A and B) (Paine et al. 2006, Groer et al. 2014, Peters et 

al. 2016, Xie et al. 2016). In addition to CYPs, the Phase II enzymes, glucuronosyltransferases 

(UGTs) and sulfotransferases (SULTs), can participate in intestinal metabolism. UGT2B17 is the 

most abundant UGT isoforms in the intestine, followed by UGT1A1and UGT1A10 (Figure 

1.1C) (Harbourt et al. 2012, Sato et al. 2014). The small intestine has the highest abundance of 

SULTs compared to other tissues (Riches et al. 2009). SULT1B1 and 1A3 are the major 

intestinal isoforms, followed by SULT1A1 and more minor SULT isoforms (Figure 1.1D) 

(Riches et al. 2009). 

Many of these drug metabolizing enzymes and transporters have distinct patterns of 

regional expression along the intestine. The intra-subject mRNA and protein levels in different 

intestinal regions were quantified and compared (Drozdzik et al. 2014, Drozdzik et al. 2018, 

Fritz et al. 2019). CYP3A4 protein expression was the highest in the jejunum and decreased in 

the ileum and was undetectable in the colon (Figure 1.2) (Drozdzik et al. 2018, Fritz et al. 2019). 

CYP3A5, CYP2C9, 2C19 and CYP2D6 demonstrated similar expression patterns to CYP3A4, 

but had substantially lower protein levels (Figure 1.2) (Drozdzik et al. 2018, Fritz et al. 2019). 

SULT1A, UGT1A, and UGT2B7 also were highest in the jejunum (Figure 1.3) (Drozdzik et al. 

2018, Fritz et al. 2019). In contrast, P-gp expression increased along the length of the small 

intestine and peaked at the distal ileum, but decreased in the colon (Figure 1.4) (Mouly and Paine 

2003, Drozdzik et al. 2014). BCRP also exhibited an increasing trend but less dramatic compared 

to P-gp (Figure 1.4) (Drozdzik et al. 2014). MRP2 and MRP3 was more uniformly expressed 

along the length of the small intestine, but MRP3 was significantly elevated in the colon (Figure 
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1.4) (Drozdzik et al. 2014). Common intestinal uptake transporters, such as OATP2B1, OCT1, 

and OCT3, were uniformly expressed along the length of the small intestine (Figure 1.4) 

(Drozdzik et al. 2014). Because intestinal drug metabolizing enzymes and transporters are 

differentially expressed along the intestinal tract, the degree to which drug substrates are 

metabolized or transported will depend in part upon the absorption site and absorption window in 

the intestine. 

 

1.3 Altering Pharmacokinetics by Roux-en-Y Gastric Bypass Surgery 

In adults, obesity is defined as having a body mass index (BMI) greater than 30 kg/m2. 

Obesity is a global epidemic (Mitchell et al. 2011, Zobel et al. 2016). The World Health 

Organization reported that in 2016, 650 million adults worldwide were obese and the Centers for 

Disease Control and Prevention reported that in 2015-2016, 93.3 million individuals in the 

United States population were obese (prevalence of 39.8%) (Hales et al. 2017). Obesity can alter 

drug distribution and elimination. For example, the increased volume of distribution of lipophilic 

drugs, such as thiopental, can lead to a longer drug half-life in obese patients (De Baerdemaeker 

and Margarson 2016). Additionally, a higher hepatic blood flow in obese patients results in 

increased hepatic elimination of high extraction ratio drugs (e.g., propofol and fentanyl) 

(Shibutani et al. 2004, Cortínez et al. 2010, van Kralingen et al. 2011). Similarly, for drugs 

primarily eliminated by renal filtration, such as vancomycin, clearance increases due to higher 

glomerular filtration rates in obese patients (Bauer et al. 1998). However, for drugs that are low 

or moderate extraction ratio drugs, hepatic clearance may depend on obesity-specific changes in 

CYP expression. Studies consistently report decreased hepatic CYP3A4 activity and increased 

hepatic CYP2E1 and UGT activity in obese individuals (Abernethy et al. 1982, Abernethy et al. 
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1983, Abernethy et al. 1984, Greenblatt et al. 1984, O'Shea et al. 1994, Caraco et al. 1995, Lucas 

et al. 1998, Emery et al. 2003). 

Among possible treatments for obesity, bariatric surgery is one of the most effective 

interventions (Benaiges et al. 2015). Roux-en-Y gastric bypass surgery (RYGBS) is the most 

popular bariatric procedure, accounting for approximately 45% of the total number of bariatric 

surgeries performed globally (Angrisani et al. 2015). As illustrated in Figure 1.5, the RYGB 

procedure creates a small gastric pouch (~20 mL) and connects the jejunum with a gastrojejuno-

anastomosis (i.e., Roux limb), bypassing most of the stomach and duodenum (Schauer et al. 

2000). The anatomical alteration leads to postoperative physiological changes, including weight-

loss, decreased adipose tissue mass, reduced gastric emptying time, increased gastrointestinal 

pH, and decreased inflammation (Savassi-Rocha et al. 2014, Hachon et al. 2017). These 

alterations can impact drug absorption and disposition. 

Following RYGBS, for some drugs, the rate and extent of absorption can be affected 

through decreased solubility and a decreased absorption window, whereas the extent of 

absorption of other drugs may not be altered. Moreover, due to the anatomical alterations after 

RYGB surgery, substrates will bypass efflux/uptake intestinal transporters located in the 

proximal region of intestine, and a higher concentration of drugs may reach efflux/uptake 

intestinal transporters located at the distal region of the intestine (illustrated in Figure 1.6A for 

efflux and Figure 1.6B for uptake). A higher fraction of drugs may escape intestinal metabolism 

if drug absorption occurs later along the intestinal tract, especially for the enzymes that have a 

decreasing gradient along the intestine (illustrated in Figure 1.6C). Furthermore, the expression 

of the intestinal drug metabolizing enzymes and/or uptake/efflux transporters may be altered 

following the surgery, however knowledge regarding the post-RYGBS regulation of intestinal 
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enzymes and transporters is lacking. 

Changes to the bioavailability of drugs post-RYGBS are difficult to predict. Absorption 

may be impacted based on the physicochemical properties of the drug and interactions with 

transporters. Intestinal metabolism can be decreased due to bypassing intestinal enzymes. 

Hepatic metabolism may be upregulated or downregulated post-RYGBS as surgery can reverse 

enzyme expression changes due to obesity. Compared to healthy subjects, obese patients have 

higher hepatic CYP2E1, UGTs, and SULTs activities, but reduced CYP3A4 activity (Abernethy 

et al. 1983, Emery et al. 2003, Hardwick et al. 2013, Brill et al. 2015). Following gastric bypass 

surgery, the liver size decreases, in part due to reduction in liver fat content (Lewis et al. 2006) 

and a reduction in the number of hepatocytes (Sun and Karin 2012). These changes can result in 

an overall decrease in the total enzyme abundance. Besides surgery-related anatomical 

alterations, the post-RYGBS pharmacokinetics can be further influenced by the restricted diet 

and calorie intake in patients. In vivo and in vitro studies showed decreased CYP activity and 

reduced levels of microsomal proteins, CYPs, and P450 reductase in malnourished rats on low 

protein and low fat diets (Mgbodile and Campbell 1972, Campbell and Hayes 1974, Yang et al. 

1992, Mao et al. 2006). Interestingly, reducing caloric intake while keeping protein constant also 

decreased the metabolite formation from aminophenazone in men (Krishnaswamy et al. 1984). 

Therefore, protein malabsorption, low fat diets, and the calorie deficit following RYGBS could 

retard the synthesis of enzymes and proteins essential for CYP-mediated drug metabolism. 

The mechanisms by which RYGBS impact drug absorption and metabolism are 

complicated, and drugs may be impacted differently depending on the enzymes and transporters 

responsible for their disposition. Table 1.1 qualitatively summarizes the current knowledge of the 

physiological changes following RYGBS and their possible impacts on drug pharmacokinetics 
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(Padwal et al. 2010, Brocks et al. 2012, Darwich et al. 2012, De Smet et al. 2013, Stein et al. 

2014, Greenblatt and Greenblatt 2015, Hachon et al. 2017). However, there exists limited 

literature regarding quantitative understanding of the impact of RYGBS on pharmacokinetics in 

a mechanistic manner. Furthermore, there is an urgent need to study the post-RYGBS changes in 

metabolite kinetics and the risks of drug-drug interactions, for toxic metabolites and drug-drug 

interactions are common sources of clinical drug-induced toxicity (Attia 2010, Rekic et al. 2017). 

The first part of this dissertation focuses on the pharmacokinetic consequences of 

bariatric surgery in morbidly obese patients. Specifically, we would like to investigate how 

bypassing gastrointestinal segments affects the rate and extent of drug absorption and intestinal 

and hepatic metabolism. 

   

1.4 Detection of Drug-Drug Interactions 

A typical drug-drug interaction (DDI) can occur when drugs are concomitantly 

administered and a precipitant drug acts as an inducer or inhibitor of a drug metabolizing enzyme 

or transporter for an object drug. The resultant changes in the object drug concentration can lead 

to a higher risk of toxicity or loss of effectiveness. Multi-drug administration is common in many 

diseases and populations, such as obese patients, HIV patients, and geriatric patients 

(Linjakumpu et al. 2002, Gibbs et al. 2005, Courlet et al. 2019) and therefore, highly prevalent. 

In the United States, it is estimated that 20% of all adverse drug events are attributed to DDIs 

(Magro et al. 2012). A meta-analysis revealed that DDIs occur in 33% of general patients and 

67% of intensive care patients during a hospital stay (Zheng et al. 2018). 

To prevent DDIs, the U.S. Food and Drug Administration (FDA) and its international 

counterparts recommend pharmaceutical companies conduct a clinical DDI study when a new 
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chemical entity (NCE) is flagged as an inhibitor or inducer during in vitro screening as per 

prediction criteria in the published guidelines (summarized in Table 1.2). Conventionally, a 

single probe drug is administered with the NCE at a therapeutic dose in a prospective crossover 

study. The change in the area under plasma concentration-time curve (AUC) or peak 

concentration of the probe drug is used as a sensitive index (Rodrigues et al. 2018, Tornio et al. 

2019). Due to advancements in mass spectrometry, the microdosing cocktail approach has 

become increasingly popular (Figure 1.7), in which several substrates that are metabolized and 

transported with high specificity and selectivity are administered concomitantly at subtherapeutic 

doses to measure the activity of multiple drug metabolizing enzymes or transporters 

simultaneously (Prueksaritanont et al. 2017, Tornio et al. 2019).  

Although the use of in vitro prediction criteria for DDI screening is convenient, it often 

leads to a high rate of false predictions, causing tremendous loss in money and time. In a 

retrospective analysis including 107 clinical studies, Vaidyanathan et al. reported that ~30% of in 

vitro-in vivo DDI extrapolations were falsely predicted (15% false positive and 14% false 

negative) (Vaidyanathan et al. 2016). The discrepancy between in vitro predictions and in vivo 

DDI outcomes could be the result of inaccurate protein binding measures, inconsistent 

experimentally derived IC50 values using different probe substrates, and variability in expression 

systems or incubation conditions (Vaidyanathan et al. 2016, Choi et al. 2019). But given the in 

vitro potential of the NCE to cause DDIs, dedicated in vivo studies would have to be conducted 

to verify the predictions. 

To avoid the need for dedicated DDI clinical studies, thereby saving considerable time 

and financial resources, a less invasive or noninvasive DDI assessment as early as First-In-

Human clinical studies would be advantageous. The false positive and negative DDI predictions 



10 

 

based on in vitro screening data could be minimized by using endogenous biomarkers that reflect 

in vivo enzyme or transporter activity. Using endogenous substrates as a surrogate probe has 

been proposed (Figure 1.7) and several endogenous compounds have been evaluated for their 

ability to assess DDIs (Mariappan et al. 2017, Chu et al. 2018, Rodrigues et al. 2018, Tornio et 

al. 2019). For example, these compounds include: 4β-hydroxycholesterol for CYP3A4, N-

methylnicotinamide for MATE1/2K and OCT2, and coproporphyrins I/III for OATP1B1 and 

1B3 (Mariappan et al. 2017, Chu et al. 2018, Rodrigues et al. 2018, Tornio et al. 2019). The 

usefulness and limitation of proposed endogenous CYP3A biomarkers is summarized in the 

following section. 

 

1.5 Endogenous CYP3A Biomarkers 

CYP3A, the most abundant drug metabolizing enzyme in the liver and intestine, is 

responsible for metabolizing more than 50% of current medications (Paine et al. 2006, Liu et al. 

2007, Achour et al. 2014). As CYP3A plays a significant role in the metabolism of many drugs, 

the enzyme is frequently a target of DDIs, and detection of these DDIs would be desirable with 

sensitive and specific CYP3A endogenous biomarkers. A wide range of endogenous compounds, 

such as steroids and bile acids, are also metabolized by CYP3A (Watkins 1994, Mariappan et al. 

2017). Currently, four hepatic CYP3A endogenous biomarkers, including urinary 6β-

hydroxycortisol/cortisol (and 6β-hydroxycortisone/cortisone), plasma 4β-hydroxycholesterol, 

urinary 7β-hydroxydehydroepiandrosterone/dehydroepiandrosterone, and urinary 1β-

hydroxydeoxycholic acid, have been proposed and validated by in vitro experiments or in vivo 

studies (Bienvenu et al. 1991, Joellenbeck et al. 1992, Peng et al. 2011, Shin et al. 2013, Hayes et 

al. 2016). 
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6β-hydroxycortisol and 6β-hydroxycortisone are formed by 6β-hydroxylation of cortisol 

and cortisone, respectively. Several studies published in the 1980s and 1990s proposed using the 

urinary 6β-hydroxycortisol/cortisol ratio as a hepatic CYP3A biomarker (Saenger et al. 1981, 

Ged et al. 1989, Bienvenu et al. 1991, Joellenbeck et al. 1992). However, large intra-individual 

variability (54-57%) in the urinary ratio often rendered the CYP3A4 activity assessment 

inaccurate (Tran et al. 1999). Peng et al. (2011) confirmed the role of CYP3A4 in 6β-

hydroxylation by inhibiting the reaction with itraconazole and ketoconazole in human liver 

microsomes (HLMs), followed by a clinical study showing an itraconazole dose-dependent 

decrease in the formation of 6β-hydroxycortisol and 6β-hydroxycortisone. Although the 

formation clearance, defined by the authors as the ratio of the amount of metabolite excreted in 

urine to the parent AUC, of 6β-hydroxycortisone was more sensitive to CYP3A4 inhibition 

compared to 6β-hydroxycortisol, a combined formation clearance was recommended because 

cortisol and 6β-hydroxycortisol can be reversibly converted to cortisone and 6β-

hydroxycortisone (Peng et al. 2011). In addition to the interconversion, the active secretion of 

6β-hydroxycortisol by OAT3 in kidney proximal tubules could further confound CYP3A4 

assessment (Imamura et al. 2014). 

4β-hydroxycholesterol is a minor metabolite of cholesterol metabolism (0.002% of total 

cholesterol) (Mao et al. 2017). The major role of CYP3A4 in 4β-hydroxycholesterol formation 

was confirmed in vitro and in vivo (Bodin et al. 2001, Bodin et al. 2002). However, clinical 

studies reported that baseline plasma 4β-hydroxycholesterol were only weakly correlated with IV 

and oral midazolam clearance (Tomalik-Scharte et al. 2009, Bjorkhem-Bergman et al. 2013). In 

contrast, 4β-hydroxycholesterol is highly responsive to CYP3A4 induction in DDI studies. Shin 

et al. (2013) found that the plasma 4β-hydroxycholesterol/cholesterol ratio and IV midazolam 
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clearance increased by 242% and 212%, respectively, following 10 days of rifampin 

administration. Similarly, Kasichayanula et al. (2014) reported comparable increases in 4β-

hydroxycholesterol and IV midazolam clearance after 15 days of repeated rifampin dosing 

(228% and 204%, respectively). Compared to the urinary 6β-hydroxycortisol/cortisol ratio, 

plasma 4β-hydroxycholesterol is more promising for assessing CYP3A4 induction due to lower 

intra-individual variability (4.8 to 13.2%) and the absence of the confounding effects of 

interconversion and active secretion (Figure 1.8) (Diczfalusy et al. 2009, Dutreix et al. 2014). 

Unfortunately, given its long half-life (~60 hours), 4β-hydroxycholesterol is not useful in 

assessing CYP3A4 inhibition, as the precipitant inhibitors are given for relatively short durations 

in typical DDI studies (Bodin et al. 2002, Yang and Rodrigues 2010, Mao et al. 2017). Plasma 

4β-hydroxycholesterol was unchanged after 4 days of ketoconazole administration and were only 

decreased by ~25% following two weeks of ketoconazole administration (Figure 1.9) (Shin et al. 

2013, Kasichayanula et al. 2014). 

7β-hydroxydehydroepiandrosterone (7β-OH-DHEA) is one of the oxidative metabolites 

of dehydroepiandrosterone (DHEA), the most abundant endogenous steroid hormone circulating 

in humans (Klinge et al. 2018). In a metabolomics study comparing inhibited-to-control and 

induced-to-control fold-change in urinary metabolic ratios, 7β-OH-DHEA/DHEA was identified 

as significant along with 6β-hydroxycortisol/cortisol and 6β-hydroxycortisone/cortisone during 

feature selection (Shin et al. 2013). When regressed against midazolam IV clearance, 7β-OH-

DHEA/DHEA was moderately correlated (p < 0.001, r2 = 0.407) as were the other biomarkers 

tested (Figures 1.10A-E). Shin et al. (2013) proposed an empirical equation combining 7β-OH-

DHEA/DHEA and 6β-hydroxycortisone/cortisone to predict midazolam clearance. Their metric 

was able to predict 70.5% variability in log-transformed midazolam systemic clearance (Figure 
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1.10F) (2013). Despite being a promising alternative, 7β-OH-DHEA/DHEA has not yet been 

validated in vitro. 

Most recently, urinary 1β-hydroxydeoxycholic acid (1β-OH-DCA), a bile acid 

metabolite, was proposed to be a novel CYP3A biomarker (Hayes et al. 2016). In DCA 

incubations, the formation of 1β-OH-DCA was strongly inhibited by ketoconazole in HLMs and 

was catalyzed by CYP3A4 and CYP3A7 with high specificity among a panel of 21 recombinant 

human cytochromes tested (Figures 1.11A and B). The urinary 1β-OH-DCA/DCA ratio in a 

patient treated with the CYP3A inducer carbamazepine was 7-fold higher than the urinary 1β-

OH-DCA/DCA ratio in a pooled sample from healthy subjects (Figures 1.11C and D). Both 

DCA and 1β-OH-DCA were rapidly metabolized in HLMs. In 1β-OH-DCA incubations (4 μM 

in 106 hepatocytes/ml), 56% of the starting sample was metabolized after 40 minutes (Hayes et 

al. 2016). Although clinical studies need to be conducted to validate urinary 1β-OH-DCA/DCA 

ratio as a CYP3A4 biomarker, the short in vitro half-life may be indicative of a more sensitive 

biomarker for CYP3A4 inhibition.  

Given the structural diversity of endogenous compounds and variability in both the 

formation and elimination of potential CYP3A4 biomarkers, there is a need to refine our 

understanding of the key features of a sensitive and specific CYP3A4 biomarker. The second 

part of this dissertation focuses on identifying kinetic characteristics of a potential hepatic 

CYP3A4 biomarker. Specifically, we investigated how the sensitivity and selectivity of a 

theoretical endogenous biomarker are affected by metabolite half-life, fraction of the endogenous 

parent that is metabolized to the metabolite of interest, and fraction of the endogenous parent that 

is metabolized by CYP3A4. 
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1.6 Dissertation Rationales and Aims 

This dissertation consists of three body chapters. In Chapter 2, we investigated the impact 

of RYGBS on acetaminophen (APAP) absorption and metabolism. APAP is a commonly used 

over-the-counter analgesic drug, which is generally safe, but has the potential to cause liver 

failure when overdosed (Reid et al. 2005). APAP is a commonly used probe for UGTs and 

SULTs (Bairam et al. 2018, Lv et al. 2019) and its metabolic pathways are shown in Figure 1.12 

(Cook et al. 2015). Major metabolites of APAP, APAP-glucuronide (APAP-gluc) and APAP-

sulfate (APAP-sulf), are inactive (Abernethy et al. 1983, Mazaleuskaya et al. 2015). However, 

APAP toxicity results from a minor pathway (5–10% of the total dose), where CYP2E1 produces 

a toxic intermediate metabolite which is detoxified by glutathione conjugation and sequentially 

metabolized to APAP-cysteine (APAP-cys) and APAP-N-acetylcysteine (APAP-nac) (McGill 

and Jaeschke 2013, Mazaleuskaya et al. 2015). A recent study reported a 1.5-fold increase in 

APAP exposure following RYGBS (Goday Arno et al. 2017). Higher exposure to APAP after 

RYGB surgery may increase the exposure to the toxic metabolite. Therefore, using samples 

obtained from a RYGBS clinical study, our goal was to compare the pre- and post-RYGBS 

pharmacokinetics of APAP and its metabolites (i.e., APAP-gluc, APAP-sulf, APAP-cys, and 

APAP-nac). Quantifying APAP and these metabolites allowed us to elucidate post-RYGBS 

changes in the APAP metabolic fate by glucuronidation, sulfation, or the toxic pathway. We 

hypothesized that the APAP absorption rate increases and APAP metabolism decreases in 

morbidly obese patients following RYGBS. 

In Chapter 3, we simulated potential CYP3A4 and P-gp drug-drug interactions (DDIs) in 

patients undergoing RYGBS. Physiologically-based pharmacokinetic (PBPK) modeling was 

used to elucidate the mechanisms by which RYGBS changes drug absorption and disposition. 
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Post-RYGBS anatomical and physiological conditions were emulated by adjusting the 

parameters in the absorption model so that drugs bypassed duodenum and jejunum I in silico. 

Midazolam and digoxin from a previous publication in patients undergoing RYGBS (Chan et al. 

2015) were used as CYP3A4 and P-gp probe drugs, respectively. Following RYGBS, the rates of 

midazolam and digoxin absorption were increased without a change in midazolam and digoxin 

exposure. To predict CYP3A4- and P-gp-mediated DDIs in patients undergoing RYGBS, we 

selected verapamil and posaconazole as CYP3A4 and P-gp inhibitors. Both compounds have 

high permeability, but verapamil is a Biopharmaceutics Classification System (BCS) Class I 

compound (high solubility) and posaconazole is a BCS Class II compound (low solubility). After 

RYGBS, drugs that are weak bases and have pH-dependent solubility are likely to be subject to 

decreased disintegration and increased precipitation, leading to low bioavailability (Malone 

2003, Padwal et al. 2010, Angeles et al. 2019). Therefore, we hypothesized that following 

RGYBS, midazolam, acetaminophen and digoxin drug-interactions would be stronger with high 

solubility inhibitors than low solubility inhibitors.  

In Chapter 4, we performed a simulation study to quantify changes of a theoretical 

hepatic CYP3A4 biomarker in response to theoretical precipitants. The pharmacokinetic 

constants for the theoretical precipitants were based on those for rifampin, ketoconazole, 

itraconazole, and clarithromycin for induction, moderate competitive inhibition, strong 

competitive inhibition, and mechanism-based inhibition, respectively. Multiple biomarker 

sensitivity indices were compared, including the metabolite concentration (Cm), the metabolite-

to-parent concentration ratio (Cm/Cp), the metabolite AUC (AUCm), and the metabolite-to-parent 

AUC ratio (AUCm/AUCp). In theory, the most sensitive indices reflecting the largest changes 

from baseline would be the peak Cm or maximum Cm/Cp for induction and the trough Cm or 
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minimum Cm/Cp for inhibition. However, sampling at the exact peak or trough of the endogenous 

biomarker is often not achievable as it is hard to predict when these maximal or minimal values 

would occur. Therefore, we also explored more practical alternatives by sampling at the time to 

reach the precipitant drug’s peak concentration or substituting AUC for spot sampling. We 

hypothesized that the ability of an endogenous biomarker to detect DDIs with a threshold of at 

least a 20% change, would increase with a shorter metabolite half-life, a higher fraction of the 

endogenous parent compound metabolized to the metabolite of interest, and a higher fraction of 

the endogenous parent compound metabolized by CYP3A4. 
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1.8 Figures and Tables 

Table 1.1. Possible impacts of anatomical and physiological changes following RYGBS on 

pharmacokinetics of drugs (from Hachon et al., 2017). 

Anatomical changes Physiological changes Possible impact on pharmacokinetics 

Reduced gastric 

volume 

Alteration of gastric emptying time Change in the rate of oral absorption 

Increased gastric pH Change in the extent of oral absorption 

Increased gastrointestinal tract pH Change in the rate and extent of oral 

absorption 

Bypass of the 

duodenum 

Reduced surface of absorption Change in the rate and extent of oral 

absorption 

Reduced intestinal first-pass metabolism 

(Mainly CYP3A4, CYP3A5) 

Change in the extent of oral absorption 

Reduced intestinal first-pass efflux: P-gp Change in the extent of oral absorption 

Decreased intestinal transit time Change in the rate of oral absorption 

Dissociation of bile 

salt delivery 

Decreased or delayed absorption of drugs 

requiring pancreatic secretions or 

solubilization with bile salts 

Change in the extent of oral absorption 

Reduced enterohepatic circulation Change in the extent of oral absorption 

Weight loss Decreased low-grade inflammation Change in drug metabolism 

Decreased steatohepatitis and insulin 

resistance 

Change in the extent of oral absorption 

Decreased fat and lean mass Change in drug distribution 
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Table 1.2. Summary of equations proposed by FDA to calculate the predicted ratio of the object 

drug’s area under the concentration-time curve (AUC).  

Interaction Equations Criteria 

Reversible 

inhibition 

R1 = 1 + (Imax,u / Ki) 

R1,gut = 1 + (Igut / Ki) 

R1 ≥ 1.2 

R1,gut ≥ 11 

Time dependent 

inhibition (TDI) 

R2 = (kobs + kdeg) / kdeg 

kobs = (kinact × 50 × Imax,u) / (KI + 50 × Imax,u) 
R2 ≥ 1.25 

Induction R3 = 1 / [1 + (d × Emax × 10 × Imax,u) / (EC50 + (10 × Imax,u))] R3 ≤ 0.8 

Abbreviations: R1 or R1,gut = the predicted ratio of the object drug’s AUC in the presence and 

absence of an inhibitor for basic models of reversible inhibition; Imax,u = the maximal unbound 

plasma concentration of the interacting drug; Igut = the intestinal luminal concentration of the 

interacting drug calculated as the dose/250 mL; Ki = the unbound inhibition constant determined 

in vitro; R2 = the predicted ratio of the object drug’s AUC in the presence and absence of an 

inhibitor for basic models of enzyme TDI; kobs = the observed (apparent first order) inactivation 

rate constant of the affected enzyme; kdeg = the apparent first-order degradation rate constant of 

the affected enzyme; KI = the inhibitor concentration causing half-maximal inactivation; R3 = the 

predicted ratio of the object drug’s AUC in the presence and absence of an inducer for basic 

models of enzyme induction; d = the scaling factor and is assumed to be 1 unless supported by 

prior experience with the system used; Emax = the maximum induction effect determined in vitro; 

EC50 = the concentration causing half-maximal effect determined in vitro.  
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Figure 1.1. The relative abundance of intestinal CYPs, UGTs, and SULTs. Pie charts comparing 

A) major CYP and UGT isoforms quantified by mass spectrometry (n = 8, Gröer et al., 2014); B) 

CYPs quantified by immunoblotting (n = 31, Paine et al., 2006); C) UGTs quantified by mass 

spectrometry (n=6, Sato et al., 2014); D) SULTs quantified by immunoblotting (n = 6, adapted 

from Riches et al., 2009) 
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Figure 1.2. Intestinal and hepatic CYP mRNA expression (left, n = 6; adapted from Fritz et al., 

2019) and protein abundance (right, n = 9; adapted from Drozdzik et al., 2018). Sample means 

are indicated by horizontal bars. The red boxes indicate bypassed regions after Roux-en-Y 

surgery. D = duodenum; J1 = proximal jejunum; J2 = distal jejunum; I1 = proximal ileum; I2 = 

distal ileum; C1 = proximal colon; C2 = upper middle colon; C3 = lower middle colon; C4 = 

distal colon; L = liver. 
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Figure 1.3 Intestinal and hepatic UGT1A, UGT2B7, and SULT1A mRNA expression (left 

panels, n = 6; adapted from Fritz et al., 2019) and protein abundance (right panels, n = 9; adapted 

from Drozdzik et al., 2018). Sample means are indicated by horizontal bars. The red boxes 

indicate bypassed regions after Roux-en-Y surgery. D = duodenum; J1 = proximal jejunum; J2 = 

distal jejunum; I1 = proximal ileum; I2 = distal ileum; C1 = proximal colon; C2 = upper middle 

colon; C3 = lower middle colon; C4 = distal colon; L = liver. 
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Figure 1.4. Intestinal protein expression of uptake and efflux transporters (n = 6; adapted from 

Drozdzik et al., 2014). The red boxes indicate bypassed regions after Roux-en-Y surgery. D = 

duodenum; J1 = proximal jejunum; J2 = distal jejunum; I1 = proximal ileum; I2 = distal ileum; 

C1 = proximal colon; C2 = upper middle colon; C3 = lower middle colon; C4 = distal colon; L = 

liver. 
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Figure 1.5. Roux-en-Y gastric bypass procedure adapted from Mayo Foundation for Medical 

Education and Research., 2017. 
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Figure 1.6 Comparisons of hypothesized changes in intestinal efflux transport (A), uptake 

transport (B), and metabolism (C) before and after Roux-en-Y gastric bypass surgery. Blue 

squares represent drug and green triangles represent metabolite. Bypassed regions due to 

RYGBS are indicated by red boxes. 
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Figure 1.7. The evolution of drug-drug interaction assessment in clinical studies from Rodrigues 

et al., 2018. M/P ratio = metabolite-to-parent ratio; AUC = area under the plasma concentration-

time curve.  
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Figure 1.8. Comparison of 4β-hydroxycholesterol (4βHC) and 6β-hydroxycortisol/cortisol 

(6βCR) as a CYP3A4 biomarker (from Dutreix et al., 2014). Subjects received placebo or 600 

mg rifampin daily. On day 9, subjects received 50 mg midostaurin, a protein kinase inhibitor 

metabolized primarily by CYP3A4. Plasma 4βHC levels (A) and urinary 6βCR (B) over time in 

both the control (midostaurin + placebo) and treatment (midostaurin + rifampin) groups 

(arithmetic mean ± SD). Correlation between midostaurin AUCinf and 4βHC levels (C) or 6βCR 

(D). 4βHC = plasma 4β-hydroxycholesterol; 6βCR = urinary 6β-hydroxycortisol/cortisol ratio. 
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Figure 1.9. Comparison of 4β-hydroxycholesterol (4β-HC) at baseline (blue squares), under 

CYP3A4 inhibition (green circles), and under CYP3A4 induction (red triangles) from Mao et al., 

2017. (A) Correlation between plasma 4β-HC and IV midazolam clearance in subjects at 

baseline and following inhibition with 400 mg ketoconazole for 4 days and induction with 600 

mg rifampin for 10 days (n = 24 healthy volunteers from Shin et al., 2013; R2 = 0.381; p < 0.001) 

(B) Time course of mean plasma 4β-HC concentrations following treatment with placebo, 

ketoconazole or rifampin for two weeks (n = 10 placebo; n = 12 for ketoconazole or rifampin 

from Kasichayanula et al., 2014). 

  



46 

 

 

Figure 1.10 Correlations with hepatic CYP3A activity for different endogenous biomarkers from 

Shin et al., 2013. (A-E) Endogenous biomarkers vs. midazolam clearance. (F) Observed vs. 

predicted log-transformed midazolam clearance calculated using the empirical equation shown, 
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where I = 1 for CYP3A5*1/*3 and I = 0 for CYP3A5*3/*3; R1 = 7β-hydroxy-DHEA/DHEA; R2 

= 6β-hydroxycortisone/cortisone. Solid circles = control phase; open circles = CYP3A-inhibited 

phase; open triangles = CYP3A-induced phase; DHEA = dehydroepiandrosterone.  
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Figure 1.11 Metabolite profiles of deoxycholic acid (DCA) and 1β-hydroxy-deoxycholic acid 

(1β-OH-DCA) adapted from Hayes et al., 2016. (A) Inhibition by ketoconazole of 1β-OH-DCA 

formation in human liver microsomes (2 mM DCA for 60 minutes). (B) DCA 1β-hydroxylation 

activities of 21 recombinant human cytochromes (2 or 20 μM DCA in 100 pmol protein/ml for 

60 minutes). (C) and (D) Concentrations and ratios of 1β-OH-DCA and DCA in pooled urine 

from healthy subjects vs. from a patient treated with carbamazepine. 
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Figure 1.12. Acetaminophen metabolic pathways from Cook et al., 2015. 

 

 

 



 

50 

 

 

 

 

CHAPTER 2 

 

The Impact of Proximal Roux-en-Y Gastric Bypass Surgery on Acetaminophen Absorption 

and Metabolism 

 

Chapter 2 is published 

In 

Pharmacotherapy. 2020 Mar;40(3):191-203  



 

51 

 

2.1 Introduction 

Obesity is a global epidemic and as reported by the Centers for Disease Control and 

Prevention (CDC), the United States has the greatest number of adults with body mass index 

(BMI) greater than 30 kg/m2 (93.3 million; population prevalence of 39.8%) (Hales et al. 2017). 

Bariatric surgery is one of the most effective interventions (Benaiges et al. 2015). Following 

bariatric surgery, patients typically lose a substantial proportion of their body weight in one year 

(Wee et al. 2017) and experience improvements in Type 2 diabetes mellitus symptoms (Fruhbeck 

2015). 

The most popular bariatric procedure is Roux-en-Y gastric bypass surgery (RYGBS), 

which accounts for approximately 45% of the total number of bariatric surgeries performed 

globally (Angrisani et al. 2015). In the RYGB procedure, a new pouch is created by using a 

small part of the stomach and it is attached directly to the jejunum, resulting in anatomical 

pathway that bypasses most of the stomach and duodenum (Schauer et al. 2000). The anatomical 

change and consequential reduction in body weight can lead to alterations in food absorption and 

blood flow, as well as in metabolic function, such as metabolism of glucose, pancreatic lipid, and 

vitamin D (Honka et al. 2015, Thakkar and Michalsky 2015, Peterson et al. 2016). Not 

surprisingly, drug pharmacokinetics, from the perspective of absorption, distribution, 

metabolism, and excretion, can also be altered following surgery. 

The metabolism of drugs can be affected by RYGBS due to differential exposure to 

intestinal enzymes or by upregulation or downregulation of hepatic enzymes following RYGBS 

surgery. Moreover, some drug metabolizing enzymes have regional expression in the intestine 

and RYGBS changes where drug enters the small intestine. For example, cytochrome P450 

(CYP) 3A expression is the highest in the upper portion of the small intestine and decreases 
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along the intestinal tract, whereas CYP2C9, glucuronosyltransferase (UGT) 1A1, and UGT2B7 

levels are higher in jejunum compared to other intestinal segments (Drozdzik et al. 2018). 

Additionally, hepatic enzyme expression can be altered by obesity. For instance, CYP2E1, 

UGTs, sulfotransferases (SULTs) are induced in obese subjects (Abernethy et al. 1983, Kotlyar 

and Carson 1999). Therefore, the impact of weight-loss following RYGBS on intestinal and 

hepatic metabolism may be isozyme- and tissue-specific. 

Acetaminophen (APAP) is a commonly used over-the-counter analgesic drug, which is 

generally safe, but has the potential to cause liver failure when overdosed. More than 30,000 

patients are hospitalized for APAP-induced hepatic toxicity each year in the US (Blieden 2014). 

As illustrated in Figure 2.1, the main metabolites of APAP are APAP-glucuronide (APAP-glu; 

52–57% of the total dose) formed by UGT1A1 and UGT1A6, and APAP-sulfate (APAP-sulf; 

30–44% of the total dose) formed by SULT1A1, SULT1A3/4, and SULT1E1 (Abernethy et al. 

1982, Mazaleuskaya et al. 2015). APAP-glu and APAP-sulf are inactive metabolites. APAP 

toxicity results from a minor pathway (5–10% of the total dose), in which CYP2E1 produces N-

acetyl-p-benzoquinone imine (NAPQI), an active intermediate metabolite that can bind to 

cellular proteins, leading to oxidative stress and mitochondrial damage (McGill et al. 2013, 

Mazaleuskaya et al. 2015). NAPQI is detoxified by glutathione conjugation, and the glutathione-

conjugate metabolite is sequentially metabolized to APAP-cysteine (APAP-cys) and APAP-N-

acetylcysteine (APAP-nac). Previous studies have shown increased CYP2E1-mediated oxidation 

of APAP in morbidly obese patients (Kotlyar and Carson 1999, van Rongen et al. 2016). 

However, no studies have addressed potential changes in APAP metabolism following RYGBS. 

In this longitudinal study, our goal was to investigate the effects of RYGBS on absorption and 

metabolism of APAP in morbidly obese patients.   
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2.2 Patients & Methods  

Study patients. 

Morbidly obese patients undergoing RYGBS were enrolled in a prospective, non-blinded, 

longitudinal study of the pharmacokinetics of acetaminophen, midazolam and digoxin. 

Participants recruited had to meet the practice standard, including requirements regarding BMI 

along with obesity-related comorbidities, established by the Center for Bariatric Surgery at the 

University of Washington Medical Center for RYGB. Participants with documented liver or 

kidney disease, or heart failure were excluded. Participants with contradictions to midazolam or 

digoxin were also excluded. 

Study Procedures.  

The study protocol was approved by the Institutional Review Board at the University of 

Washington. The study procedures consisted of a total of three study visits: presurgical baseline, 

3-month and 12-month postsurgical visits. On each study visit, the participants received 1,500 

mg of acetaminophen oral liquid after an overnight fast. Plasma samples were collected at 

predose, 10, 20, 30, 40, 50, and 60 min, 75, 90, 120, 180, 240, 360, 720, and 1440 hrs after dose 

administration. Plasma samples were stored at -80°C until analyzed. 

Acetaminophen and Metabolite Assay.  

Reagents and chemicals. APAP was purchased from Sigma-Aldrich (St Louis, MO, 

USA). 4-acetamidophenyl β-D-glucuronide sodium salt, 4-acetaminophen sulfate potassium salt, 

3-(N-acetyl-L-cystein-S-yl) acetaminophen sodium salt, and 3-cysteinylacetaminophen 

trifluoroacetic acid salt were purchased from Toronto Research Chemicals (Toronto, ON, 

Canada). Deuterated analogues were used as internal standards. Acetaminophen-d4 (APAP-d4), 



 

54 

 

4-acetamidophenyl β-D-glucuronide-d3 sodium salt (APAP-gluc-d3), 4-acetaminophen-d3 

sulfate (APAP-sulf-d3), 3-(N-Acetyl-L-cystein-S-yl) acetaminophen-d5 sodium salt (APAP-nac-

d5), and 3-cysteinylacetaminophen-d5 trifluoroacetic acid salt (APAP-cys-d5) were also 

purchased from Toronto Research Chemicals. 

Sample preparation. Samples were prepared based on a previously published analytical 

method (Cook 2015) with modifications. All deuterated chemicals were combined and diluted to 

make an internal standard mix (IS). To prepare the PK plasma samples for analysis, 30 μL of 

plasma was mixed with 20 μL of IS and 50 μL of 50:50 methanol:water and vortexed. Protein 

precipitation was performed by adding 600 μL of acetonitrile to the plasma mix and samples 

were centrifuged at 1100xg for 15 min. The supernatant was transferred to a new tube, dried 

under nitrogen gas, and reconstituted with 100 μL of 1% formic acid. The calibration curve 

samples were prepared using the same procedures, except that PK plasma sample was replaced 

with blank plasma and that 50:50 methanol:water was replaced with diluted calibration stock 

solutions. The final concentrations of calibration curve samples ranged from 0.05 to 50 μg/mL 

for APAP, APAP-gluc, and APAP-sulf and ranged from 0.05 to 5 μg/mL for APAP-cys and 

APAP-nac. The low and high quality control samples contained 20 μg/mL and 400 ng/mL of 

APAP, APAP-gluc, and APAP-sulf and 2 μg/mL and 40 μg/mL of APAP-cys and APAP-nac, 

respectively. 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS). The separation and 

quantification of APAP and its metabolites were conducted on an Agilent 1290 infinity HPLC 

system coupled with an Agilent 6460 triple quadrupole mass spectrometer (Agilent 

Technologies, Santa Clara, CA). Instrument control, assay optimization, and data acquisition 

were performed using MassHunter Workstation software (Agilent Technologies, Santa Clara, 
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CA). Separation was achieved using an Acquity HSS PFP column (2.1 × 100 mm, 1.8 μm, 

Waters, USA). The mobile phases were composed of 95:5 acetonitrile:formic acid in water (v/v) 

(A) and 5:95 acetonitrile:formic acid in water (B). The final concentration of formic acid was 

0.1% for both mobile phases. The column was maintained at 40°C and 10 μL of each sample was 

injected. The flow rate was fixed at 0.3 mL/min and the elution gradient was set as follows: 

starting at 0% B, increasing to 25% B from 0 to 6 min, increasing to 100% B from 6 to 6.5 min, 

holding 100% B from 6.5 to 9 min, decreasing to 0% B from 9.5 to 10 min, and re-equilibrating 

with 100% A from 10 to 13 min. Mass transitions used for quantification were: APAP m/z 152.1 

→ 110.1, APAP-d4 m/z 156.1 → 114.1, APAP-gluc m/z 328.1 → 152, APAP-gluc-d3 m/z 331.1 

→ 155, APAP-sulf m/z 230 → 150.1, APAP-sulf-d3 m/z 233 → 153.1, APAP-cys m/z 271.1 → 

140, APAP-cys-d5 m/z 276.1 → 142.9, APAP-nac m/z 313.1 → 208, APAP-nac-d5 m/z 318.1 → 

213. All analytes were monitored in positive electrospray ionization mode (ESI+) except for 

APAP-sulf and APAP-sulf-d3, which were monitored in negative electrospray ionization mode 

(ESI-). The gas temperature and pressure were fixed at 350°C and 45 psi for both ionization 

modes, and the ion spray voltage was set at +4500V and -3500V for positive and negative 

modes, respectively. 

Data Analysis.   

LC-MS/MS data analysis. Peak integration was performed using MassHunter 

Quantitative Analysis (version B.04.00, Agilent Technologies). Standard curves were calculated 

using a weighting factor of 1/X and sample concentrations were interpolated using GraphPad 

Prism (version 6.07, GraphPad Software, San Diego, CA). Peak area ratios of analytes to 

corresponding internal standards were used for calculation and interpolation. The acceptable 
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error range for the low and high QCs was 15% for the difference between expected and 

calculated values. 

Pharmacokinetics analysis. Noncompartmental analysis (NCA) of APAP, APAP-gluc, 

APAP-sulf, APAP-cys, and APAP-nac was performed using Phoenix WinNonlin (version 7.0, 

Pharsight, Mountain View, CA). The elimination rate constant (λz) was estimated as the slope of 

terminal log-linear concentration versus time points for each patient, and terminal half-life (t1/2) 

was calculated as t1/2 = ln2/λz. The area under the plasma concentration-time curve from time 0 to 

infinity (AUC0-inf) was estimated by the linear trapezoidal rule to the last observable 

concentration and adding the extrapolated AUC (Clast/ λz). The area under the plasma 

concentration-time curve from time 0 to 30 min (AUC0-30) was estimated by the linear 

trapezoidal rule to the 30 min timepoint. The apparent oral clearance (CL/F) was calculated 

using dose/AUC0-inf, and apparent volume of distribution (Vz/F) was calculated using equation 

Vz/F = CL/(F∙λz). CL/F and Vz/F of metabolites were not calculated. Simulations of a multiple 

dosing regimen (1,500 mg every 4 hrs) were performed using the average of the estimated 

compartmental parameters from pre- and post-RYGBS data from this study. 

Statistical analysis. Descriptive statistics were determined and expressed as mean ± 

standard deviation. Lean body weight was calculated using the Boer Formula (Boer 1984). The 

Wilcoxon signed rank test was used to compare paired data from the 3-month or the 12-month 

post-RYGBS visit to the presurgical baseline visit. P-values less than 0.05 were considered 

significant.   
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2.3 Results 

Study patients. 

Demographics and weight-loss. Twelve patients undergoing RYGBS were enrolled in 

this study. Pharmacokinetics of midazolam and digoxin were summarized in a previous 

publication (Chan 2015).  Due to limited sample volumes, APAP and metabolite data were only 

determined for ten of the twelve patients.  One subject did not complete the 3-month postsurgical 

visit and one subject did not complete the 12-month postsurgical visit. Thus, there were a total of 

eight subjects for whom we have data for all three visits. The demographics of the study subjects 

are summarized in Table 2.1. The median age was 43.5 years and the majority of the patients 

were white females. Prior to surgery, the patients had a mean baseline weight of 138 ± 29 kg. 

The patients lost 18.1 ± 3.62% of their body weight in first 3 months and a total of 27.4 ± 9.2% 

of their weight by the end of the study. In general, most patients continued to lose weight 

between the 3-month and 12-month visits, however, two subjects gained weight between those 

visits. The mean BMI was 51 kg/m2, 42 kg/m2, and 39 kg/m2 for the baseline, 3-month, and 12-

month visits, respectively. 

Acetaminophen and Metabolite Pharmacokinetics. 

Acetaminophen. At the baseline visit, the peak concentration (Cmax) of APAP was 18.5 ± 

7.2 μg/mL and was observed at 35 min (Table 2.2, Figure 2.2A). Compared to baseline, the peak 

concentrations of APAP increased by two-fold at 3-months and 12-months (p = 0.0039 and p = 

0.0078, respectively). Following RYGBS, the time to peak concentration (Tmax) occurred at the 

first measured timepoint at 10 min (Figure 2.2B). The apparent volume of distribution was 97.3 
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± 32.1 L, 82.4 ± 27.3 L, and 76.0 ± 29.6 L at pre-RYGBS and 3-month and 12-month post-

RYGB, respectively.  

The apparent oral clearance of APAP was 30.3 ± 8.1 L/hr at baseline and markedly 

decreased by 34.6 % and 31.7% at 3-months and 12-months (p = 0.0039 and p = 0.0078, 

respectively; Table 2.2). The terminal half-life was comparable at baseline (2.2 ± 0.4 hrs) and the 

3- and 12-months post-RYGBS visits (2.9 ± 0.4 hrs and 2.6 ± 0.7 hrs, respectively; Table 2.2, 

Figure 2.2A). The AUC0-inf was 53.0 ± 15.2 µg∙hr/mL at baseline and increased by 1.6-fold at 3-

months and 1.5-fold at 12-months (p = 0.0039 and p = 0.0078, respectively) post-RYGBS (Table 

2.2, Figure 2.2A). In addition, we calculated AUC0-30 to evaluate the change in early-phase 

exposure resulting from the impact of RYGBS on absorption. Compared to the baseline AUC0-30 

(4.7 ± 3.1 µg∙hr/mL), AUC0-30 was 2.6-fold higher at 3-months (12.1 ± 1.3 µg∙hr/mL, p = 

0.0039) and 12-months (12.4 ± 3.7 µg∙hr/mL, p = 0.0039; Table 2.2, Figure 2.2B). Normalized 

by total exposure, the ratio of AUC0-30 to AUC0-inf (AUC0-30/AUC0-inf) was used to evaluate the 

shift in the fraction of total exposure that had occurred in first 30 min. AUC0-30/AUC0-inf 

increased from 9% at baseline to 16% after the surgery (p = 0.012 and p = 0.0039 for 3- and 12-

months post-RYGBS, respectively) (Table 2.2). 

Acetaminophen-glucuronide. At the presurgical baseline, the peak APAP-gluc (26.3 ± 7.2 

µg/mL) occurred at 4 hrs. RYGBS did not alter the APAP-gluc peak concentrations, nor the time 

to peak concentrations in patients (Table 2.2, Figure 2.2C).  Exposure to APAP-gluc was slightly 

higher at 3-months post-RYGBS compared to baseline (253 ± 105 µg∙hr/mL vs. 211 ± 68 

µg∙hr/mL, p = 0.012) and unchanged at 12-months post-RYGBS (224 ± 64 µg∙hr. The AUC ratio 

of the APAP-gluc metabolite to APAP parent (AUCm/AUCp) was 22.0% and 32.5% lower at 3- 

and 12-months post-RYGBS (p = 0.0039 and p = 0.012), respectively. 
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Acetaminophen-sulfate. At baseline, the peak concentration of APAP-sulf was 8.9 ± 2.1 

μg/mL which occurred at 2 hrs, and the half-life was estimated to be 3.3 ± 0.5 hrs (Table 2.2). 

Following RYGBS, APAP-sulf peak concentrations and time to peak concentrations were 

comparable to those at presurgical baseline (Table 2.2 and Figure 2.2D). Exposure to APAP-sulf 

increased at 3-months post-RYGBS compared to baseline (72.0 ± 18.8 µg∙hr/mL vs. 57.2 ± 12 

µg∙hr/mL, p = 0.020). The 12-month post-RYGBS exposure to APAP-sulf was elevated, but not 

significant. compared to baseline. In contrast, the AUCm/AUCp ratios decreased by 17.4% and 

22.6% at 3- and 12-months post-RYGBS, respectively (p = 0.020 and p = 0.027, Figure 2.3B).  

Acetaminophen-cystein. At baseline, the APAP-cys peak concentration was 1.1 ± 0.3 

μg/mL and occurred at 4 hrs. Overall, APAP-cys peak concentrations were not affected by 

RYGBS (Table 2.2 and Figure 2.2E). Compared to the baseline AUC0-inf (9.3 ± 2.9 μg∙hr/mL), 

exposure to APAP-cys was unchanged at 3-months and decreased by 15% at 12-months (7.9 ± 

2.7 μg∙hr/mL, p = 0.037, Table 2.2). Larger decreases in the AUCm/AUCp ratios were observed 

at 3- and 12-months post-RYGBS (26.3%, p = 0.016, and 47.4%, p = 0.016, respectively, Table 

2.2) compared to the baseline AUCm/AUCp ratio. 

Acetaminophen-N-acetylcystein. APAP-nac peak concentration was 0.43 ± 0.2 μg/mL at 

baseline and was comparable post-RYGBS (Table 2.2). The time to peak concentration (4 hrs) 

was not altered following RYGBS. Exposure to APAP-nac before and after the surgery was 

comparable. The AUCm/AUCp ratio of APAP-nac decreased by 25.0% and 38.2% at 3- and 12-

months, respectively (p = 0.012 and p = 0.0039) (Figure 2.3D). 

Association with body weight. Total body weight was moderately correlated with APAP 

apparent oral clearance (p < 0.0001, R2 = 0.51, Fig. 4A), apparent volume of distribution (p < 
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0.0001, R2 = 0.42; Fig. 4B) and peak concentration (p < 0.0001, R2 = 0.49, Fig. 4C). Compared 

to baseline, APAP weight-normalized apparent oral clearance at 3-months RYGBS was lower 

(0.22 L/hr/kg vs. 0.18 L/hr/kg, p = 0.0039), though no difference was observed at 12-months 

(data not shown). APAP weight-normalized apparent volume of distribution was 0.7 L/kg in all 

visits (data not shown). APAP weight-normalized peak concentration was 0.15 µg/mL/kg at 

baseline and increased by 2.3-fold and 2.6-fold (p = 0.0039 and p = 0.0039), respectively (data 

not shown). The correlation of APAP-gluc AUCm/AUCp and the total body weight was not 

significant (Figure 2.4D). APAP-gluc weight-normalized peak concentration was 0.20 μg/mL/kg 

at baseline and increased by 1.3- and 1.5-fold at 3-month and 12-month postsurgical visits (p = 

0.020 and p = 0.0039), whereas the other metabolites were unchanged. The total body weight 

was weakly correlated with the AUCm/AUCp ratios of APAP-sulf (p = 0.007, R2 = 0.25, Fig. 4E), 

APAP-cys (p < 0.0001, R2 = 0.48, Fig. 4F), and APAP-nac (p =0.0019, R2 = 0.31, Fig. 4G).  

Simulations. In general, the estimated half-life of APAP and its metabolites was not altered 

following RYGBS, except for a minor transient increase in the half-life of APAP-gluc, APAP-

sulf and APAP-cys at 3-months post-RYGBS (Figure 2.5). We performed simulations of 

multiple APAP dosing (650 mg every 4 hrs) to ascertain differences in the exposures in morbidly 

obese patients pre- and post-RYGBS (Figure 2.6).  Steady-state peak and trough APAP 

fluctuations were comparable in morbidly obese patients pre- and post-RYGBS (6.2- and 6.9-

fold, respectively). Simulated peak concentrations were substantially higher post-RYGBS 

compared to pre-RYGBS (8.8 vs. 21.7 ug/mL).  Similarly, post-RYGBS patients had 1.7-fold 

higher APAP exposure at steady-state compared to pre-RYGBS patients.  
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2.4 Discussion 

In our study, we observed alterations in APAP absorption and metabolism after RYGBS. 

The rate of absorption increased considerably after RYGB surgery, resulting in markedly higher 

peak APAP concentrations and shortened time to peak concentrations. Compared with the 

baseline, the ratio of 30-min AUC to total AUC (AUC0-30/AUCinf) increased by approximately 

two-fold at 3- and 12-months post-RYGBS. APAP, which is rapidly absorbed by passive 

diffusion (Raffa et al. 2014), can be used as a biomarker to evaluate gastric emptying and 

intestinal transit time (Srinivas 2015).  These data indicate that bypassing most of the stomach 

and duodenum led to more rapid absorption which significantly increased early-phase exposure. 

We did not observe changes in the apparent volume of distribution of APAP pre- and 

post-surgery in our study.  In contrast, Goday et al. (2017) reported a decrease in the volume of 

distribution.  Both studies are in agreement that the weight-normalized volume of distribution for 

APAP was unchanged pre- and post-surgery.   

Though the apparent oral clearance of APAP decreased post-RYGB surgery and was 

correlated with the total body weight, the weight-normalized apparent oral clearance of APAP 

also was decreased 3-months post-surgery, suggesting that other factors, in addition to weight, 

contribute to the difference in the apparent oral clearance of APAP. The change in apparent oral 

clearance could be due to downregulation of drug metabolizing enzymes involved in the 

metabolism of APAP, increased bioavailability of APAP, or a combination of both reasons. 

Enzyme regulation and intestinal permeability have been shown to be related to obesity and body 

weight (Ghose et al. 2011, Damms-Machado et al. 2017).  In contrast, we did not observe a 

difference in the weight-normalized apparent oral clearance of APAP at 12-months compared to 

baseline. It is possible that the lack of difference might be due to increased variation in enzyme 



 

62 

 

expression caused by disparate weight-loss outcomes as some subjects continued to lose weight, 

while others had started to regain weight. Interestingly, our findings agree with results from Arno 

et al., (2017) where the weight-normalized apparent oral clearance of APAP decreased at the 

earlier postsurgical visit (1-month) but was comparable to baseline at the later postsurgical visit 

(6-months). 

For all metabolites, the ratio of metabolite AUC-to-APAP AUC (AUCm/AUCp) was 

decreased following surgery and was correlated with the total body weight. As APAP is 

primarily cleared hepatically (Mazaleuskaya et al. 2015), the decreased AUCm/AUCp ratios may 

reflect reduced activity of sulfotransferases (SULTs), glucuronosyltransferase (UGTs), and 

cytochrome P450 2E1 (CYP2E1) following surgery. However, the decreased AUCm/AUCp could 

also be due to increased metabolite clearance, in addition to decreased formation clearance of the 

metabolite.   

Our pre-surgery findings are consistent with previous studies demonstrating elevated 

APAP sulfation, glucuronidation and oxidation in obese patients (Abernethy et al. 1982, van 

Rongen et al. 2016). Although there is speculation that various factors (e.g., glucagon, insulin, 

sex hormones, growth factors, and pro-inflammatory cytokines) can modulate enzyme 

expression via nuclear receptors and transcription factors in obesity (Kim and Novak 2007, Klein 

et al. 2015), the mechanisms responsible for down-regulation of these enzymes following 

RYGBS are still unknown, but may be due to decreased inflammation or decreased levels of 

glucagon.   

In addition, factors affecting intestinal metabolism could alter APAP pharmacokinetics 

following the RYGB surgery. For example, UGT and SULT enzymes are expressed in the 

intestine. UGT1A1 is more abundant in the upper intestine (Xie et al. 2016), whereas the 
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localization of SULT1A1 is currently unclear (Riches et al. 2009). Bypassing the upper intestine 

from RYGBS may lead to decreased intestinal metabolism of APAP to APAP-gluc and APAP-

sulf.  

Finally, the gut microbiome is likely to change after surgery (Osto et al. 2013, Tremaroli 

et al. 2015). The microbiome can impact APAP metabolism through enzyme induction, enzyme 

inhibition, and enterohepatic circulation (Wilson and Nicholson 2017). Studies have shown that 

the gut microbiome can regulate the expression of intestinal SULTs, UGTs, and CYPs, as well as 

their hepatic counterparts in mice and rats (Meinl et al. 2009, Selwyn et al. 2016). Additionally, 

p-cresol, an endogenous microbial metabolite, undergoes sulfation and can diminish APAP 

sulfation by competitive inhibition (Clayton et al. 2009). Finally, Hendrickson et al., (2010) 

reported that APAP can undergo enterohepatic circulation, whereby APAP-gluc is deconjugated 

by microbial-expressed β-glucuronidase prior to reabsorption (Noh et al. 2017, Pollet et al. 

2017). Disrupting enterohepatic circulation can lead to decreases in APAP half-life, resulting in 

lower APAP exposure.  

There are some limitations to our study. Since urine samples were not collected, we were 

unable to estimate the fraction metabolized for each pathway (fm). Performing mass balance 

studies may be necessary to fully understand metabolic changes post-RYGBS and to shed light 

on extent of oral absorption. Future studies could be designed to administer APAP intravenously 

and collect all urinary metabolites to estimate the formation clearances and corroborate 

downregulation of metabolizing enzymes. As the inter-individual variability is high in patients 

undergoing RYGBS, a larger sample size may be necessary to detect the changes in the apparent 

volume of distribution or half-life of APAP and its metabolites. In addition, to better capture the 
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post-RYGBS APAP absorption, future clinical studies should collect multiple plasma samples 

earlier than the first timepoint in our study (10 min).  

Alterations in drug absorption and disposition following RYGBS may necessitate dose 

adjustment of drugs commonly administered to the morbidly obese to maintain efficacy or 

prevent toxicity. For example, doses of certain antibiotics (e.g., azithromycin and erythromycin) 

and selective serotonin reuptake inhibitors (e.g., sertraline and duloxetine) need to be increased 

due to decreased absorption (Prince et al. 1984, Padwal et al. 2010, Hamad et al. 2012). In 

contrast, metformin and atorvastatin doses need to be decreased due to higher bioavailability and 

lower clearance post-surgery (Skottheim et al. 2009, Padwal et al. 2011). The effect of RYGBS 

on pharmacokinetics may be drug-specific depending on the physiochemical properties, 

metabolic pathways and transport of the drug. In our simulation of a multiple dosing regimen 

(Figure 2.6), APAP was predicted to accumulate and fluctuate significantly during a dosing 

interval in post-RYGBS individuals. Although, the fraction of APAP metabolized by the 

CYP2E1 pathway decreases post-RYGBS, the higher APAP concentrations may deplete 

glutathione stores and shunt the metabolism toward the toxic metabolite (NAPQI).  Further work 

will need to explore whether dose adjustment is necessary following multiple APAP dosing post-

RYGBS.  Moreover, as we only studied the liquid formulation of APAP, the impact of RYGBS 

on absorption and bioavailability may differ depending on the formulation of APAP (e.g., liquid 

vs. tablets or sustained-release). 

 In conclusion, this longitudinal study demonstrates that pharmacokinetics of APAP 

significantly changed at 3-months and 12-months in patients who underwent RYGBS.  The 

increased rate of absorption of APAP, decreased apparent oral clearance of APAP, and decreased 

metabolite-to-parent AUC ratios may be due to decreased gastric emptying time and reduced 
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metabolizing enzyme activities (i.e., CYP2E1, SULTs, and UGTs) following RYGB. Our 

simulations suggest that morbidly obese patients post-RYGBS will have higher exposure to 

APAP upon multiple dosing and further work will need to clarify the extent to which 

detoxification pathways are affected.  
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2.7 Figures and Tables 

Table 2.1. Demographics of the study population. 

  

Presurgical baseline 

(n=10) 

3-month post-surgery 

(n=9) 

12-month post-surgery 

(n=9) 

Female, n 9 8 8 

Race    

White, n 9 8 8 

Native American, n 1 1 1 

Total body weight, kg 

137.7 ± 29.0  

(98.0 – 198.3) 

113.6 ± 27.1  

(75.9 – 170.7) 

 107.5 ± 27.1  

(76.8 – 145.9) 

Lean body weight, kg 

67.9 ± 10.3  

(55.7 – 88.5) 

61.6 ± 9.0  

(50.1 – 77.0) 

56.8 ± 12.5  

(31.0 – 72.4) 

Body mass index, kg/m2 

50.3 ± 12.2  

(37.1 – 77.4) 

40.8 ± 11.4  

(28.7 – 66.7) 

38.9 ± 11.0  

(27.6 – 57.0) 

Weight loss from baseline    

Absolute weight, kg 

 

24.8 ± 6.3  

(14.6 – 34.0) 

39.2 ± 11.8  

(21.3 – 55.2) 

Percentage weight, % 

  

18.1 ± 3.62  

(12.8 – 22.6) 

27.4 ± 9.2  

(14.0 – 41.8) 

Data are expressed as mean ± SD. 
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Table 2.2.  Overall summary of acetaminophen and metabolite pharmacokinetics before and 

after Roux-en-Y Gastric bypass in all study subjects. 

  

Presurgical baseline 

(n=10) 

3-months post-RYGBS 

(n=9) 

12-months post-

RYGBS (n=9) 

APAP       

Cmax, μg/mL 18.5 ± 7.2 36.5 ± 6.9 ** 36.6 ± 11.9 ** 

Tmax, min 35 10 * 10 ** 

Vz/F, L 97.3 ± 32.1 82.4 ± 27.3 76.0 ± 29.6 

CL/F, L/hr 30.3 ± 8.1 19.8 ± 6.3 ** 20.7 ± 7.8 ** 

t1/2, hr 2.2 ± 0.4 2.9 ± 0.4 2.6 ± 0.7 

AUC0-inf, μg∙hr/mL 53.0 ± 15.2 82.4 ± 24.9 ** 81.3 ± 28.0 ** 

AUC0-30min, μg∙hr/mL 4.7 ± 3.1 12.1 ± 1.3 ** 12.4 ± 3.7 ** 

AUC0-30min/AUC0-inf 0.085 ± 0.04 0.16 ± 0.05 * 0.16 ± 0.05 ** 

APAP-gluc    

Cmax, μg/mL 26.3 ± 5.8 28.5 ± 10.8 27.9 ± 9.0 

Tmax, min 240 240 240 

t1/2, hr 3.0 ± 0.5 3.7 ± 0.9 * 3.0 ± 0.5 

AUC0-inf, μg∙hr/mL 211 ± 68 253 ± 105 * 224 ± 64 

AUCm/AUCp 4.3 ± 2.0 3.4 ± 1.7 ** 3.0 ± 1.0 * 

APAP-sulf    

Cmax, μg/mL 8.9 ± 2.1 9.1 ± 2.5 9.3 ± 2.6 

Tmax, min 120 120 120 

t1/2, hr 3.3 ± 0.5 3.9 ± 0.5 * 3.0 ± 0.5 

AUC0-inf, μg∙hr/mL 57.2 ± 12 72.0 ± 18.8 * 67.4 ± 20.6 

AUCm/AUCp 1.2 ± 0.4 1.0 ± 0.3 * 0.89 ± 0.3 * 

APAP-cys    

Cmax, μg/mL 1.1 ± 0.3 1.0 ± 0.4 0.92 ± 0.3 
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Tmax, min 240 240 * 360 * 

t1/2, hr 3.2 ± 0.3 4.3 ± 1.1 ** 3.3 ± 0.5 

AUC0-inf, μg∙hr/mL 9.3 ± 2.9 10.1 ± 2.9 7.9 ± 2.7 * 

AUCm/AUCp 0.19 ± 0.09 0.14 ± 0.06 * 0.10 ± 0.03 ** 

APAP-nac       

Cmax, μg/mL 0.43 ± 0.2 0.41 ± 0.2 0.36 ± 0.1 

Tmax, min 240 240 240 

t1/2, hr 3.9 ± 1.1 4.5 ± 0.9 4.3 ± 1.7 

AUC0-inf, μg∙hr/mL 3.5 ± 1.0 3.8 ± 1.6 3.2 ± 1.2 

AUCm/AUCp 0.068 ± 0.02 0.051 ± 0.03 * 0.042 ± 0.02 ** 

Data were expressed as mean ± SD, except for Tmax, which was given as the median. *P < 0.05, 

**P < 0.01, and ***P < 0.001 compared with baseline. Abbreviations: Cmax, peak concentration; 

Tmax, time to peak concentration; Vz/F, apparent volume of distribution; CL/F, apparent oral 

clearance; t1/2, half-life; AUC0-inf, AUC from time = 0 to infinity; AUC0-30min, AUC from 0 to 30 

min; AUCm/AUCp, metabolite-to-acetaminophen AUC ratio.  
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Figure 2.1. Major acetaminophen metabolic pathways. Permission from Cook et al. J. 

Chromatogr. (2015).  
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Figure 2.2.  Plasma acetaminophen or metabolite concentration-time profiles in morbidly obese 

patients following 1,500 mg oral liquid acetaminophen (mean ± SD). Study visits: presurgical 

baseline (blue), 3-month postoperative visit (orange) and 12-month postoperative visit (purple). 
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Figure 2.3. Comparison of area under the plasma concentration-time curve from 0 to infinity 

(AUC0-inf) metabolite-to-acetaminophen ratios between presurgical baseline and 3-month 

postoperative visit or between presurgical baseline and 12-month postoperative visit. 9 subjects 

completing each set of visits were included. *P < 0.05 and **P < 0.01 compared to baseline.  
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Figure 2.4. Correlations of APAP apparent oral clearance, APAP apparent volume of distribution, APAP peak concentration, and 

metabolite-to-parent AUC ratios with total body weight.  
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Figure 2.5. Log-scaled concentration-time profiles of acetaminophen and its metabolites in 

presurgical, 3-month, and 6-month visits (mean ± SD).  
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Figure 2.6. Simulations of multiple oral dosing of 650 mg acetaminophen every 4 hours in 

presurgical patients (gray), and postsurgical patients (orange). 
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3.1 Introduction 

 Obesity is a serious global epidemic and the prevalence is projected to reach 20% of the 

adult population worldwide by 2030 (Kelly et al. 2008). Morbid obesity is one of the leading 

causes of death in the United States with more than 400,000 associated deaths each year 

(Mokdad et al. 2004). Bariatric surgery is the most effective medical intervention that reduces 

all-cause mortality rate of morbid obesity by almost half (1.3% in surgical patients vs. 2.3% in 

non-surgical patients) (Miras and le Roux 2018). Roux-en-Y gastric bypass surgery (RYGBS) 

accounts for 46.6% of bariatric procedures globally (Arterburn and Courcoulas 2014). The 

RYGBS procedure creates a small gastric pouch (~20 mL) and connects the jejunum with a 

gastrojejuno-anastomosis (i.e., Roux limb), bypassing most of the stomach and duodenum. The 

anatomical alterations and subsequent physiological changes, including weight-loss, increased 

gastrointestinal pH, decreased plasma alpha-1-acid glycoprotein, altered bile acid levels and 

microbiome composition, can substantially impact drug absorption and disposition by affecting 

the drug dissolution rate and modulating the expression of drug metabolizing enzymes and 

transporters (DMETs) (Liou et al. 2013, Karimi et al. 2018, Duboc et al. 2019). 

The bioavailability of an oral drug is determined by three factors: the fraction absorbed 

(fa), the fraction escaping intestinal first pass metabolism (Fg), and the fraction escaping hepatic 

first pass metabolism (Fh) before entering the system. Post-operative changes in fa result from a 

decreased absorption window, enhanced intestinal permeability (Savassi-Rocha et al. 2014), and 

increased or decreased dissolution and ionization depending on the pKa of the drug (Albaugh et 

al. 2017, Risstad et al. 2017). In addition, DMETs, such as cytochrome P450 (CYP) 3A, 

glucuronosyltransferases (UGTs), sulfotransferases (SULTs), and P-glycoprotein (P-gp), are 

differentially expressed along the intestinal tract. For example, the expression of CYP3A is 
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higher in the proximal region and lower in the distal region of the small intestine, whereas the 

expression of P-gp increases along the small intestine (Vaessen et al. 2017). Thus, fa and Fg may 

change because of altered exposure to DMET as a result of RYGB surgery. Moreover, Fh may 

change because hepatic DMETs can be upregulated or downregulated in response to weight-loss 

and abatement of obesity-induced inflammation (Hachon et al. 2017). 

 As post-RYGBS changes are multifaceted, physiologically based pharmacokinetic 

(PBPK) modeling can be helpful in understanding the mechanisms by which RYGBS changes 

drug absorption and disposition. The advanced dissolution, absorption and metabolism (ADAM) 

model enables simulation of the processes determining drug bioavailability, including 

dissolution, permeability, regional absorption, transport and metabolism (Jamei M. 2007). The 

ADAM model divides the small intestine into seven compartments (duodenum, jejunum I - II, 

and ileum I - IV) and accounts for physiological factors, such as gastrointestinal transit, intestinal 

surface area and blood flow, pH effects, and distribution of multiple DMETs (Jamei M. 2007). 

Using this model, Darwich et al. successfully simulated atorvastatin and cyclosporine oral 

bioavailability by emulating post-RYGBS physiological conditions by altering compartments 

representing the stomach, duodenum and jejunum I (Darwich et al. 2013). However, there are 

few PBPK modeling/simulation studies addressing the impact of RYGBS on the rate and extent 

of drug absorption and potentially altered metabolite kinetics, and no clinical drug interaction 

studies assessing the risks of drug-drug interactions (DDIs) in morbidly obese patients. 

 To begin to address these gaps, PBPK models for morbidly obese patients undergoing 

RYGBS were built using Simcyp for the parent drug and linked with their major metabolites 

when appropriate (i.e., midazolam and 1’-hydroxymidazolam; acetaminophen, acetaminophen-

glucuronide and acetaminophen-sulfate; and digoxin). Midazolam, acetaminophen, and digoxin 
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can be used as in vivo probes for CYP3A4/5 (Phase I), UGTs and SULTs (Phase II), and P-gp 

(Phase III), respectively. The clinical data used for model verification were previously published 

by our group and showed marked post-RYGBS changes in the rate of midazolam, digoxin, and 

acetaminophen absorption (Chan et al. 2015, Chen K. 2020) and in the acetaminophen 

metabolite-to-parent plasma area under the concentration-time curve ratios (AUCm/AUCp) for 

the glucuronide, sulfate, and cysteine metabolites (Chen K. 2020). 

The second aim was to predict CYP3A- and P-gp-mediated DDIs by simulating co-

administration with verapamil, an antihypertensive agent, and posaconazole, an antifungal agent, 

before and after RYGBS using Simcyp. Verapamil and posaconazole are used to treat 

hypertension and candidiasis, respectively, which afflict obese individuals (Scheinfeld 2004, 

Jiang et al. 2016). Verapamil and posaconazole are classified as Class I and Class II compounds 

in the Biopharmaceutics Classification System (BCS), respectively (Benet et al. 2011). BCS 

Class I compounds have high permeability and solubility, while BCS Class II compounds have 

high permeability, but low solubility. The goal of this study was to understand mechanistically 

the absorption and metabolism of CYP3A, UGT and SULT, and P-gp substrates, and predict 

CYP3A4- and P-gp-mediated DDIs with verapamil and posaconazole following RYGBS using 

PBPK modeling.  



86 

 

3.2 Methods 

Modeling Workflow. 

The overall modeling workflow is illustrated in Figure 3.1. Simcyp software was used for 

the PBPK modeling (version 17, Certara, Princeton, NJ). To begin, the object drugs (midazolam, 

acetaminophen, and digoxin) and precipitants (verapamil and posaconazole) were modeled 

following a single IV dose in a healthy population. After ensuring the disposition was well-

described, data following a single oral dose of midazolam, acetaminophen, digoxin, verapamil 

and posaconazole in a healthy population were modeled to focus on absorption. The simulations 

of single IV and PO dose were verified using observed data from healthy volunteers (Santostasi 

et al. 1987, Abernethy and Schwartz 1988, Rodin et al. 1988, Backman et al. 1994, Sawicki 

2002, Link et al. 2008, Chiew et al. 2010, Krishna et al. 2012, Kersemaekers et al. 2015, Raffa et 

al. 2018). Once the drugs were verified in a healthy population, pre- and post-RYGBS conditions 

were emulated by altering population-specific parameters. The drugs were modeled in RYGBS 

patients given a single IV and PO dose. The simulations of single IV and PO dose were verified 

using observed data from RYGBS patients (Abernethy and Schwartz 1988, Chan et al. 2015, 

Gesquiere et al. 2016, Chen K. 2020).  In parallel, DDIs (midazolam-verapamil; midazolam-

posaconazole; digoxin-verapamil) were modeled and verified using observed data from a healthy 

population (Rodin et al. 1988, Backman et al. 1994, Krishna et al. 2009). Using the simulations 

in RYGBS patients, pre- and post-RYGBS absorption and metabolism were compared. Due to 

lack of precipitants for pharmacokinetic interactions with acetaminophen in RYGBS patients, no 

acetaminophen-drug interaction was predicted. However, the acetaminophen simulations allowed 

us to predict the post-RYGBS changes in the fraction metabolized through the toxic pathway. 

Finally, CYP3A- and P-gp-mediated DDIs in morbidly obese patients were predicted pre- and 
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post-RYGBS and the extent of inhibition caused by verapamil and posaconazole were compared. 

The following describes how population- and compound-specific parameters were determined. 

Simcyp Population Input.  

Three population files were used for the simulations: healthy volunteer population 

(Simcyp file), morbidly obese population (for pre-RYGBS and adapted as described below) and 

post-RYGBS morbidly obese population (created as described below). Details of parameters for 

the pre-RYGBS and post-RYGBS populations are summarized in Table 3.1. The reference 

Simcyp healthy volunteer population file was used as provided and no modifications were made 

to the file. The reference Simcyp morbidly obese population file was selected as a template for 

pre- and post-RYGBS patients. Default values for the physiological parameters in the GI tract 

and ADAM model were used for pre-RYGBS conditions, while values from Darwich et al. 

(Darwich et al. 2013) were used to simulate the post-RYGBS conditions. In summary, the post-

RYGBS changes included: reducing the stomach volume and mean residence time to 9.9 mL and 

0.1 hours, respectively; adjusting the luminal pH of the stomach, duodenum, and jejunum I to 

6.5; setting blood flow, intestinal length, bile salts concentration, and other morphological and 

enzymatic parameters of the bypassed regions to minimal values; and setting fluid velocity to a 

maximal value to emulate zero residence in bypassed regions after RYGBS. 

The impact of morbid obesity on intestinal enzyme abundance and surgical changes 

resulting in decreased intestinal enzyme abundance was considered. The impact of obesity on the 

regulation and abundance of intestinal CYPs, UGTs, and SULTs have not been reported, thus 

intestinal CYPs, UGTs, and SULTs pre-RYGBS abundances were assumed to be equal to the 

healthy population. The post-RYGBS intestinal CYP3A4 and CYP3A5 abundances were 



88 

 

decreased to 48.3 and 18.0 nmol/small intestine, respectively (Darwich et al. 2013), with 

RYGBS mimicked by alterations to compartments representing the stomach, duodenum and 

jejunum I. The intestinal UGT abundances were not adjusted because information regarding the 

regional expression of UGT isoforms in duodenum and proximal jejunum is not available and 

acetaminophen is primarily metabolized in the liver. 

Post-RYGBS hepatic metabolism is impacted by changes to the overall liver size and 

regulation of hepatic drug metabolizing enzymes. Weights from our published study were used; 

the total body weight of RYGBS patients dropped from 137.6 kg pre-RYGBS to 113.7 post-

RYGBS kg (Chen K. 2020). Correspondingly, the Simcyp calculated liver weight (LW) 

decreased from 2.67 kg pre-RYGBS to 2.43 kg post-RYGBS. Given the paucity of quantitative 

hepatic enzyme expression data in obese individuals and post-RYGBS patients, hepatic enzyme 

abundances were adjusted based on changes in liver weight-normalized clearances and 

metabolite-to-parent AUC ratios (AUCm/AUCp). For CYP3A4, Brill et al. reported that the post-

RYGBS systemic clearance of midazolam was 1.67-fold higher (Brill et al. 2015). This value 

was normalized by the liver weight to 2.02-fold and used to estimate the fold-change in post-

RYGBS hepatic CYP3A4 abundance. The hepatic UGT, SULT and CYP2E1 abundances for 

Simcyp were adjusted assuming only hepatic elimination and using the equations below.   

Based on the well-stirred model, hepatic clearance is: 

𝐶𝐿 =  
𝑄ℎ𝑓𝑢𝐶𝐿𝑖𝑛𝑡

𝑄ℎ+ 𝑓𝑢 𝐶𝐿𝑖𝑛𝑡
        Equation 1 

where Qh is hepatic blood flow, fu is the fraction unbound and CLint is the intrinsic clearance.   

To compare the clearances pre- and post-RYGBS, equation 1 can be rearranged to:  

CLpost

CLpre
=

𝑄h,post fu,post 𝐶𝐿𝑖𝑛𝑡,𝑝𝑜𝑠𝑡

𝑄ℎ,𝑝𝑜𝑠𝑡+ 𝑓𝑢,𝑝𝑜𝑠𝑡 𝐶𝐿𝑖𝑛𝑡,𝑝𝑜𝑠𝑡
×  

𝑄ℎ,𝑝𝑟𝑒+ 𝑓𝑢,𝑝𝑟𝑒 𝐶𝐿𝑖𝑛𝑡,𝑝𝑟𝑒

𝑄h,pre fu,pre 𝐶𝐿𝑖𝑛𝑡,𝑝𝑟𝑒
    Equation 2 
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For the apparent oral clearance, the well-stirred model can be reduced to: 

𝐶𝐿/𝐹 =  𝑓𝑢 𝐶𝐿𝑖𝑛𝑡        Equation 3 

The relationship for the metabolite-to-parent AUC ratio is:  

AUCm

AUCp
=  

fm CL

CLm
         Equation 4 

where fm is the fraction cleared through a particular pathway, CL is the clearance of the parent 

and CLm is the clearance of the metabolite. The equation can be rearranged to calculate the ratio 

of fm pre- and post-RYGBS: 

fm,post

fm,pre
=  

AUCm,post
AUCp,post

⁄

AUCm,pre
AUCp,pre

⁄
×

CLm,post

CLpost
×

CLpre

CLm,pre
     Equation 5 

Finally, assuming no change in pre- and post-RYGBS enzyme kinetics, the ratio of enzyme 

abundance for a specific pathway (Ei) is related to the intrinsic clearance of that pathway: 

AbundanceEi,post

AbundanceEi,pre
=

CLint,Ei,post

CLint,Ei,pre
       Equation 6 

where 

CLint,Ei,post

CLint,Ei,pre
=

fm,Ei,post CLint,post

fm,Ei,pre CLint,pre
       Equation 7 

Upon substituting Equations 3 and 5 into Equation 7, and rearranging: 

CLint,Ei,post

CLint,Ei,pre
=

AUCm,post
AUCp,post

⁄

AUCm,pre
AUCp,pre

⁄
×

CLm,post

CLm,pre
×

CLpre

CLpost
×

CLint,post

CLint,pre
    Equation 8 

Substituting Equation 2 into Equation 8 and rearranging: 

CLint,Ei,post

CLint,Ei,pre
=

AUCm,post
AUCp,post

⁄

AUCm,pre
AUCp,pre

⁄
∙

CLm,post

CLm,pre
∙

Qh,pre fu,pre CLint,pre 

Qh,post fu,post CLint,post
∙

Qh,post+ fu,post CLint,post

Qh,pre+ fu,pre CLint,pre
∙

CLint,post

CLint,pre
 Equation 9 

All drugs simulated in this paper are predominantly bound to albumin in plasma (Gazzard et al. 

1973, Iisalo 1977, Tillement et al. 1980, Abernethy and Schwartz 1988, Vree et al. 1989, 

Milligan et al. 1994, Li et al. 2010, Ohmori et al. 2011). Since the albumin levels were found 

comparable pre- and post-RYGBS (Cheymol 1988, Ritz et al. 2009, Oliveira Cda et al. 2015, 
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Antoniewicz et al. 2019), the fraction unbound (fu) is similar pre- and post-RYGBS. Assuming 

metabolite clearance (CLm) is similar pre- and post-RYGBS, upon simplifying, the relative 

abundance of a pathway pre- and post-RYGBS can be calculated using Equation 10. 

AbundanceEi,post

AbundanceEi,pre
=

𝐴𝑈𝐶𝑚,𝑝𝑜𝑠𝑡
𝐴𝑈𝐶𝑝,𝑝𝑜𝑠𝑡

⁄

𝐴𝑈𝐶𝑚,𝑝𝑟𝑒
𝐴𝑈𝐶𝑝,𝑝𝑟𝑒

⁄
∙

𝑄h,pre 

𝑄h,post
∙

𝑄ℎ,𝑝𝑜𝑠𝑡+ 𝑓𝑢,𝑝𝑜𝑠𝑡 𝐶𝐿𝑖𝑛𝑡,𝑝𝑜𝑠𝑡

𝑄ℎ,𝑝𝑟𝑒+ 𝑓𝑢,𝑝𝑟𝑒 𝐶𝐿𝑖𝑛𝑡,𝑝𝑟𝑒
   Equation 10 

Using the baseline and 3-month post-RYGBS data from Chen et al. (Chen K. 2020), the 

acetaminophen AUCm/AUCp ratios were used in Equation 10 to calculate pathway specific 

abundances for UGTs, CYP2E1 and SULTs.  The 3-month timepoint was used to predict the 

maximal changes post-RYGBS. The presurgical intrinsic clearance (CLint,pre) was calculated 

using the intravenous clearance and hepatic blood flow reported by von Rongen et al. (van 

Rongen et al. 2016), and the postsurgical intrinsic clearance (CLint,post) was calculated using 

CLint,pre and the pre- to post-RYGBS oral clearance (CL/F) ratio (Chen K. 2020).  The pre- and 

post-RYGBS hepatic blood flow (Qh,pre and Qh,post) were calculated using the Simcyp-predicted 

cardiac output and % flow to liver. Finally, for each pathway, the liver weight-normalized post-

RYGBS to pre-RYGBS enzyme abundance was calculated using: 

LW−normalized AbundanceEi,pre

LW−normalized AbundanceEi,post
=

AbundanceEi,pre/LWpre

AbundanceEi,post/LWpost
    Equation 11 

In Simcyp, the default UGT abundances were the same in healthy and morbidly obese 

populations due to a lack of published studies to inform better estimates. Thus, the post-RYGBS 

abundances were set to the default values and the pre-RYGBS values were adjusted using on the 

equations above. Although the regulation of UGT isoforms in obese patients is unclear, the 

mRNA levels of UGT1A1, 1A4, 1A6, and 1A9 were reported to be correlated (Izukawa et al. 

2009), thus the fold-change in enzyme abundance were assumed to be comparable. Since SULTs 

were not included in Simcyp, SULTs were manually created as a “user-UGT” to model 
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formation of sulfate metabolites. The SULT enzyme abundances at baseline and 3-months were 

adjusted proportionally according to the relative enzyme levels. The SULT abundance post-

RYGBS was predicted based on the ratio of relative mRNA levels of UGT1A1, SULT1A1 and 

SULT2A1 reported in healthy adults (Hardwick et al. 2013). The abundances at 3-months were 

used to develop the post-RYGBS population. Calculated using Equation 11, the fold-changes in 

enzyme levels from baseline to post-RYGBS were 0.56, 0.44, and 0.65 for UGTs, CYP2E1, and 

SULTs, respectively. 

Compound Input. 

The complete list of parameter inputs of parent compounds is listed in Table 3.2 for 

parent compounds, Table 3.3 for metabolites, and Table 3.4 for inhibitors. The simplified 

metabolic scheme of object drugs and inhibitors are illustrated in Figure 3.2. 

Parent compounds. The Simcyp compound files for midazolam and digoxin were used. A 

compound file was created for acetaminophen and the values for parameters were drawn from 

the literature (Mutlib et al. 2006, Laine et al. 2009, Riches et al. 2009, Jiang et al. 2013). The 

ADAM model and full PBPK model were selected to describe absorption and distribution. Post-

RYGBS, the permeability and absorption scalar of duodenum and jejunum I were set to the 

minimal values to mimic the anatomical changes due to surgery. For midazolam and 

acetaminophen, the permeability of the remaining intestinal segments was assumed to be equal, 

since these drugs are highly permeable and are not substrates for transporters. For digoxin, 

permeability decreased in distal intestinal regions due to increasing efflux. As per the dose 

administration in our clinical study, midazolam and acetaminophen were given in liquid 

formulation, and digoxin was given as an immediate-release tablet formulation. Since the 
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digoxin tablet is highly soluble (Benet et al. 2011), the solubility of digoxin in different intestinal 

segments was assumed to be the same. Because the absolute volume of distribution (Vd) of 

digoxin was comparable in obese patients and healthy individuals, the pre-determined adipose- 

and muscle-partitioning of digoxin were scaled down so that the weight-normalized Vd 

decreased, consistent with the literature (Abernethy et al. 1981).  

Metabolites. The physiochemical properties of 1’-hydroxymidazolam were drawn from 

the literature (Nguyen et al. 2016) and linked to the CYP3A pathway in midazolam metabolism. 

The total hepatic clearance of 1’-hydroxymidazolam was extrapolated from the sum of O- and N-

glucuronidation in microsomal incubations (Seo et al. 2010). The physiochemical properties of 

acetaminophen metabolites were based on online databases and Simcyp predictions and linked to 

the UGT and SULT pathways in acetaminophen metabolism. The in vivo clearances of 

acetaminophen-glucuronide and acetaminophen-sulfate were calculated by dividing the 

“theoretical dose” of a metabolite with the observed AUC from our clinical data. The theoretical 

dose of the metabolite was estimated using the oral bioavailability of acetaminophen and the 

simulated fraction metabolized via the linked UGT or SULT pathway. Table 3.3 summarizes the 

parameter details of the metabolites. 

Inhibitors. The Simcyp verapamil drug file was used as a template in which the default 

enzyme inhibitory constants were retained. Norverapamil, a verapamil metabolite, was linked to 

CYP3A and CYP2C8 pathways to account for norverapamil’s contribution to inhibition. The 

posaconazole drug file was built using literature data. Verapamil was formulated as an 

immediate release tablet, while posaconazole was formulated as oral suspension due to its low 

solubility (0.98 mg/L). The formulation-related parameters of posaconazole were studied in vivo 

and in silico by Hens et al (Hens et al. 2017). The pre-RYGBS and post-RYGBS solubility of the 
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inhibitors were calculated based on pH=1.8 and pH=6.5 for stomach, respectively. The 

precipitation rate constants for posaconazole were fit to observed clinical data.  

For the DDI simulation trials, subjects were dosed orally with 240 mg verapamil twice a day for 

3 days or 400 mg posaconazole twice a day for 7 days prior to administration of 20 mg 

midazolam or 0.5 mg digoxin. The doses were determined based on the maximum dose in FDA 

labels. Additional inhibitor parameters are listed in Table 3.4. 

Simulation and Data Analysis. 

All simulations were performed in Simcyp and the ADAM model was used for oral 

administration under fasted conditions. The predictive performance of the model was assessed by 

comparing the predicted pharmacokinetic profiles and parameters with the observed data from 

published clinical studies (Table 3.5). The 5th and 95th percentile confidence intervals of 

simulated concentration-time curves were generated by Simcyp. The 99.998% geometric 

confidence intervals were calculated to serve as the success criteria when individual data were 

available as proposed by Abduljalil et al. (Abduljalil et al. 2014) (Equation 12).  

exp [ln (x̅) ± 4.26
σ

√N
]        Equation 12 

The geometric confidence intervals were dependent on the coefficient of variance of observed 

data. All parent, metabolite and inhibitor concentrations were verified in healthy volunteers 

before they were simulated in morbidly obese patients pre- and post-RYGBS.  

For the DDI simulations, the inhibited parameter ratios were calculated as the parameter under 

the inhibited condition divided by the parameter under the control condition for the fraction 

absorbed (fa), the fraction absorbed accounting for drug reabsorption following P-gp efflux 
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(fa,app), the fraction escaping intestinal first pass metabolism (Fg), the apparent oral clearance 

(CL/F), Cmax and AUC. 

3.3 Results 

Verification of models in healthy volunteers and RYGB patients. 

The PBPK models successfully simulated observed drug concentrations in healthy 

volunteers given a single intravenous bolus dose or intravenous infusion (Figure 3.3) or a single 

oral dose (Figure 3.4) of midazolam, acetaminophen, digoxin, verapamil and posaconazole. The 

pharmacokinetics of major metabolites, including 1’-hydroxymidazolam, acetaminophen-

glucuronide, acetaminophen-sulfate, and norverapamil, were captured by linking to the parent 

drugs in the models (Figures 3.3a, 3.4a and 3.4b). Linking the modeling between a parent and a 

metabolite ensures more accurate prediction of metabolite kinetics. The models also successfully 

predicted the inhibited observed concentrations of midazolam and digoxin after multiple doses of 

verapamil or posaconazole in healthy volunteers (Figures 3.4c, 3.4d, and 3.4f). The simulations 

in healthy volunteers under control and inhibited conditions confirmed the validity of compound-

related parameters. 

After verification in healthy volunteers, simulations were performed morbidly obese 

patients. Population parameters (Table 3.1) were adjusted to emulate the post-operative 

conditions and verified using observed data from pre- and post-RYGBS patients. In both pre- 

and post-RYGBS simulations, the observed mean concentrations of all parents and major 

metabolites fell between the 5th and 95th percentile confidence intervals (Figure 3.5). 

Acetaminophen-glucuronide was consistently slightly overpredicted during the formation phase 

before its observed peak concentrations in healthy volunteers and in morbidly obese patients pre- 
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and post-RYGBS. Using in-house individual data (Chen K. 2020), the models were further 

verified in terms of pharmacokinetic parameter predictions. The quantitative comparison 

between model predictions and observed values is shown in Figure 3.6. The means of the 

observed parent pharmacokinetic parameters, including AUC0-last, peak concentration (Cmax), 

time to peak concentration (Tmax), apparent oral clearance (CL/F), and apparent volume of 

distribution (V/F) were within their corresponding 99.998% geometric confidence intervals. The 

summary of the predicted mean and geometric confidence intervals, and the observed mean and 

variability are summarized in Table 3.6.  

Comparison of pre- and post-RYGBS absorption and metabolism. 

The predicted oral bioavailability (fa, Fg, Fh and F) of midazolam, acetaminophen, 

digoxin, verapamil, and posaconazole in healthy volunteers and in pre- and post-RYGBS patients 

were determined from the simulations (Table 3.7). The predicted fraction absorbed (fa) of 

midazolam, acetaminophen, digoxin, and verapamil (BCS Class I) were comparable (close to 

100%) before and after RYGBS, whereas the predicted fraction absorbed of posaconazole (BCS 

Class II) decreased from 13% to 5% after RYGBS (Table 3.7). The predicted fraction absorbed 

of digoxin in morbidly obese patients (pre- and post-RYGBS) was 17% higher than in healthy 

subjects (fa = 82%). Modeling of the BCS Class I compounds suggested that the predicted pre-

RYGBS absorption occurred during a wider absorption window from duodenum to ileum II, 

whereas the predicted post-RYGBS absorption was more rapid, and mainly occurred in jejunum 

II (Figures 3.7a-3.7d). For posaconazole, the predicted pre- and post-RYGBS absorption 

occurred throughout the entire length of intestine due to its low solubility, and the predicted 

absorption rate and the predicted extent of absorption decreased by more than half after the 

surgery (Figure 3.7e). 
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The predicted regional intestinal metabolism mirrored the predicted regional intestinal 

absorption (Figure 3.8). The predicted fraction escaping first pass intestinal metabolism (Fg) of 

midazolam increased from 64% to 71% due to decreased metabolism by intestinal CYP3A4/5 as 

a result of RYGBS (Table 3.7), but the increase in predicted Fg of acetaminophen and verapamil 

were negligible. Due to post-RYGBS upregulation of hepatic CYP3A4, the predicted fraction 

escaping first pass hepatic metabolism (Fh) of midazolam decreased from 66% to 60% and 

predicted fraction metabolized (fm) by CYP3A4 increased from 82% to 87% (Figure 3.8a). 

Similarly, the predicted Fh of verapamil decreased from 29% to 25% and the predicted fm 

increased from 41% to 50% (Figure 3.8d). Due to post-RYGBS downregulation of CYP2E1 

and/or UGTs, the predicted Fh of acetaminophen increased from 83% to 85% and the predicted 

Fh of posaconazole increased from 90% to 92% (Table 3.7). For acetaminophen metabolism, the 

predicted fm by UGTs and SULTs increased slightly from 48% to 53% and from 31% to 35%, 

respectively, whereas the predicted fm by CYPs significantly decreased from 15% to 3% (Figure 

3.8b). For posaconazole metabolism, the predicted fm by hepatic or renal UGT1A4, the only 

pathway of metabolism, decreased slightly (Figure 3.8e). The fractions of parent drug excreted 

unchanged in the urine or bile were not substantially changed following RYGBS for all drugs. 

Overall, the simulations suggest that BCS Class I drugs (e.g., midazolam, acetaminophen, 

digoxin, and verapamil) had comparable predicted oral bioavailability pre- and post-RYGBS 

because of the unchanged predicted fa and the counterbalancing effects of predicted Fg and 

predicted Fh. However, the predicted posaconazole oral bioavailability decreased from 12% to 

5% primarily due to predicted decreased absorption (Table 3.7). 

Comparison of DDIs with BCS Class I and Class II inhibitors. 
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Interactions via CYP3A. CYP3A DDIs in healthy controls, pre-RYGBS patients and 

post-RYGBS patients were simulated. For midazolam-verapamil interactions, the predicted 

inhibited peak midazolam concentrations were 177, 194, and 260 ng/mL, and the predicted 

inhibited midazolam exposures were 1410, 1100, and 1376 ng·hr/mL in healthy subjects, pre-

RYGBS patients, and post-RYGBS patients, respectively (Figure 3.9a). The consequence of 

CYP3A inhibition were comparable pre- and post-RYGBS in terms of predicted fold-change in 

midazolam pharmacokinetic parameters. The predicted inhibited fold-change in peak 

concentration ratio between pre- and post-RYGBS decreased slightly after the surgery (1.8- vs. 

1.7-fold). The predicted fold-change in AUC ratio increased slightly (2.9- vs. 3.1-fold for pre- 

and post-RYGBS, respectively, Figure 3.9a). Compared to the predicted inhibited fold-changes 

in peak concentration and AUC ratios in healthy subjects (2.4- and 4.6-fold), the predicted fold-

changes were less pronounced in morbidly obese patients, suggesting less of an impact of 

CYP3A inhibition in morbidly obese patients than in healthy subjects. 

For midazolam-posaconazole interactions, the predicted inhibited peak midazolam 

concentrations were 154, 173, and 209 ng/mL, and the predicted inhibited midazolam exposures 

were 902, 841, and 757 ng·hr/mL in healthy subjects, pre-RYGBS patients, and post-RYGBS 

patients, respectively (Figure 3.9b). The predicted effects of CYP3A inhibition were greater pre-

RYGBS than post-RYGBS. The predicted inhibited fold-change in peak concentration ratio pre- 

and post-RYGBS decreased after the surgery (1.6- vs. 1.3-fold). The predicted inhibited fold-

change in AUC ratio also decreased (2.0- vs. 1.6-fold for pre- and post-RYGBS, respectively, 

Figure 3.9b). Similar to results with midazolam-verapamil interactions, the predicted inhibited 

fold-changes in peak concentration and AUC ratios were greatest in healthy subjects (2.0- and 
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2.5-fold), which suggests a higher impact of verapamil inhibition in healthy subjects than in 

morbidly obese patients. 

Interactions via P-gp. P-gp DDIs in healthy controls, pre-RYGBS patients and post-

RYGBS patients were simulated. For digoxin-verapamil interactions, the predicted inhibited 

peak digoxin concentrations were 3.8, 3.8, and 4.7 ng/mL, and the predicted inhibited digoxin 

exposures were 23, 14, and 15 ng·hr/mL in healthy subjects, pre-RYGBS patients, and post-

RYGBS patients, respectively (Figure 3.9c). The predicted effect of P-gp inhibition on digoxin 

pharmacokinetic parameters were comparable pre- and post-RYGBS. RYGBS did not have an 

effect on the predicted inhibited fold-change for peak concentration ratios (1.6-fold pre- and 

post-RYGBS) or AUC ratios (1.1-fold pre- and post-RYGBS, Figure 3.9c). Again, the predicted 

effects were more substantial in healthy subjects as evidenced by higher predicted inhibited fold-

changes in peak concentrations and AUC ratios (2.0- and 1.5-fold, respectively). The simulations 

predicted no significant interactions between digoxin and posaconazole in healthy subjects and 

pre- and post-RYGBS patients (Figure 3.9d). The predicted fold-changes of the pharmacokinetic 

parameters in the DDI simulations are summarized in Table 3.8. 

Sensitivity analysis. 

A sensitivity analysis was performed by looking at the impact of varying intestinal and 

hepatic CYP3A4 abundance on the midazolam-verapamil DDIs and varying posaconazole 

solubility on midazolam-posaconazole DDIs. Intestinal CYP3A4 abundance (nmol/small 

intestine) and hepatic CYP3A4 abundance (pmol/mg protein) are key factors in determining 

midazolam bioavailability and exposure and were altered following RYGBS due to the 

anatomical bypass and CYP3A4 enzyme upregulation. Posaconazole solubility (mg/L) was 
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selected as gastric pH elevation due to RYGBS could play an important role in modulating the 

magnitude of CYP3A-mediated DDIs. The relationship between the predicted midazolam Fg and 

intestinal CYP3A4 abundance was identical in healthy subjects, pre-RYGBS patients and post-

RYGBS patients (Figure 3.10a). In contrast, the predicted inhibited AUC ratio increased with 

intestinal CYP3A abundance in all three groups, but the predicted inhibited AUC ratio was 

consistently higher in healthy subjects (Figure 3.10b) compared to pre-RYGBS and post-RYGBS 

patients. The predicted inhibited midazolam oral clearance and predicted inhibited AUC ratio 

increased as hepatic CYP3A4 abundance increased. The predicted inhibited midazolam oral 

clearance was consistently highest in pre-RYGBS patients and the lowest in healthy subjects at 

various hepatic CYP3A4 abundances (Figure 3.10c). The predicted inhibited midazolam AUC 

ratios were less sensitive to changes in hepatic CYP3A4 abundance in morbidly obese patients 

and were indistinguishable between pre- and post-RYGBS at various hepatic CYP3A4 

abundances (Figure 3.10d). Posaconazole fa and predicted inhibited midazolam AUC ratio 

increased with higher posaconazole solubility. The predicted relationship between posaconazole 

fa and solubility in pre-RYGBS patients and in healthy subjects overlapped, however higher 

solubility was required for post-RYGBS patients to reach the same degree of absorption (Figure 

3.10e). Lastly, the predicted inhibited midazolam AUC ratio was more sensitive to posaconazole 

solubility in healthy subjects than in morbidly obese patients (Figure 3.10f).  
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3.4 Discussion 

 In the past decade, the use of in silico methods to model drug absorption and disposition 

in a mechanistic manner has improved the ability to predict the effects of patient demographics, 

disease, and drug-drug interactions, resulting in advances in personalized medicine and 

alleviating some of the burden of conducting clinical studies (Sager et al. 2015). Only recently 

has PBPK modeling been applied to understanding how gastric bypass procedures alter drug 

absorption and bioavailability (Darwich et al. 2012, Almukainzi M. 2014, Gesquiere et al. 2015). 

The post-operative changes in morbidly obese patients are multifactorial. By accounting for the 

combined effects of various physiological factors and drug characteristics, PBPK models have 

the advantage over traditional compartmental models in predicting necessary dose adjustments 

for DDIs. This study aims to simulate post-RYGBS absorption and disposition of substrates for 

Phase I and II enzymes and transporters, and to compare the impact of RYGBS on DDIs caused 

by low and high solubility drugs. 

 The PBPK models, equipped with ADAM absorption models and appropriate population 

parameters, successfully simulated clinically observed plasma concentrations and 

pharmacokinetic parameters of midazolam, acetaminophen, digoxin, verapamil, and 

posaconazole in healthy subjects, and pre- and post-RYGBS patients (Figures 3.3 and 3.4; 

Figures 3.5 and 3.6). The confidence in fm predictions was increased by the inclusion of the 

metabolites. The plasma concentration vs. time profiles for 1’-hydroxymidazolam, 

acetaminophen-glucuronide, and acetaminophen-sulfate were successfully captured using linked 

metabolite models, demonstrating another layer of confidence in the simulated metabolism. 

Although the observed acetaminophen-glucuronide concentrations fell within the 5th and 95th 

confidence interval, the acetaminophen-glucuronide concentrations were consistently 
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overpredicted before reaching its peak concentration in both healthy subjects and morbidly obese 

patients (Figure 3.4a; Figures 3.5c and 3.5d). The overprediction could be due to a more rapid 

distribution of formed metabolites from the liver into systemic circulation than observed in the 

clinical studies.  

Compared to healthy subjects, the predicted rates of absorption of highly soluble drugs 

(e.g., midazolam, acetaminophen, and verapamil) were increased in obese patients due to larger 

intestinal surface and greater splanchnic blood flow (Elbarbry 2015). As evidenced by higher 

predicted digoxin fa and predicted bioavailability in morbidly obese patients, a higher fraction of 

the digoxin dose can be absorbed and escape intestinal efflux by P-gp before being passed down 

to distal intestine (Table 3.7). The ADAM model highlighted the post-RYGBS changes in drug 

dissolution, cumulative absorption, and regional intestinal absorption and metabolism. For high 

solubility drugs, the predicted cumulative absorption reached 100% both pre- and post-RYGBS, 

but was more rapid after RYGBS, indicating RYGBS resulted in no change to the extent of 

absorption, but increased the rate of absorption. The predicted absorption window shifted to the 

distal jejunum and was shortened after the surgery, with most of the dose (> 80%) absorbed in 

jejunum II (Figures 3.7a-d). Following RYGBS, a higher drug concentration gradient across 

intestinal lumen may exist due to the drug being dissolved in a smaller volume (i.e., in 

significantly smaller stomach size post-RYGBS) that drives more rapid intestinal drug 

absorption. Additionally, the predicted increased absorption rate could be caused by intestinal 

hyperplasia, as well as increased intestinal leakiness, as a result of post-RYGBS intestinal 

adaptation (Savassi-Rocha et al. 2014, Cavin et al. 2016).  

 Although the predicted extent of absorption was unchanged, predicted intestinal and 

hepatic first pass metabolism were affected by the surgery. Following RYGBS, the predicted 
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intestinal first pass metabolism of CYP3A substrates that have significant intestinal extraction, 

such as midazolam, markedly decreased due to bypassing the proximal intestine, the region with 

the highest abundance of CYP3A4. The predicted patterns of regional intestinal metabolism were 

mirrored in the patterns of predicted regional intestinal absorption post-RYGBS (Figures 3.7 and 

3.8). On the other hand, hepatic CYP3A4 was upregulated post-RYGBS, leading to an increase 

in the predicted hepatic first pass metabolism of substrates with significant hepatic extraction, 

such as midazolam and verapamil. As a result, the predicted increase in post-RYGBS Fg was 

offset by the predicted decrease in post-RYGBS Fh. Thus, the overall predicted bioavailability of 

midazolam and verapamil were comparable pre- and post-RYGBS (Table 3.7). Further work will 

need to explore whether absolute bioavailability is unchanged for other highly soluble CYP3A 

substrates post-RYGBS. 

In contrast, for posaconazole, a drug with low solubility and minimal first pass 

metabolism, the predicted change in bioavailability was mainly governed by the predicted 

change in absorption. The predicted post-RYGBS cumulative absorption decreased by half and 

more than 90% of the dose was not absorbed (Figure 3.7e). The solubility of posaconazole is 

highly pH-dependent (Hens et al. 2017). Hence, the predicted elevated pH in the post-RYGBS 

gastrointestinal environment enhanced precipitation, decreasing the amount of dissolved 

posaconazole available to be absorbed. However, the impact of solubility is drug-specific; some 

BCS Class II drugs, such as fenofibrate, are unaffected by changes in pH. The solubility of 

fenofibrate is bile salt-dependent (Chen et al. 2009), thus its post-RYGBS solubility was not 

affected as the surgical procedure allows the bypassed duodenum to continue supplying bile 

acids (Gesquiere et al. 2016). 
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While the predicted fraction of highly soluble drugs entering systemic circulation was 

similar pre- and post-RYGBS, predicted hepatic drug metabolism was altered following 

RYGBS. Due to CYP3A4 upregulation post-RYGBS, the predicted contribution of hepatic 

CYP3A4 increased for midazolam and verapamil (Figures 3.8a and d), but was counteracted by a 

decrease in liver size with weight-loss, resulting in slightly decreased predicted systemic 

clearance. Major acetaminophen metabolizing enzymes were all markedly downregulated post-

RYGBS, thus the post-RYGBS predicted acetaminophen exposure increased. However, the 

downregulation was more pronounced for CYP2E1 than for UGTs and SULTs, shunting the 

metabolism from CYP2E1 pathway to the UGT and SULT pathways (Figure 3.8b). Since 

acetaminophen hepatotoxicity is caused by a reactive intermediate metabolite formed by 

CYP2E1 (Yoon et al. 2016), the post-operative risk of toxicity may decrease given a predicted 

lower fraction of acetaminophen metabolized by CYPs. Alternatively, toxicity may increase if 

glutathione is depleted during the absorption phase where the acetaminophen peak 

concentrations are predicted to be much higher post-RYGBS compared to pre-RYGBS. For 

posaconazole disposition following RYGBS, the predicted fraction metabolized by UGT1A4 

was unchanged (Figure 3.8e), but due to reduced levels of UGT1A4, the only contributor to 

posaconazole metabolism, and reduced liver weight, the predicted systemic clearance of 

posaconazole was decreased. 

The consequences of CYP3A4-mediated DDIs with verapamil were comparable pre- and 

post-RYGBS in terms of predicted inhibited midazolam peak concentration and AUC ratios as 

there was little change in predicted inhibitor concentrations post-RYGBS (Figure 3.9a). 

Similarly, when P-gp was inhibited by verapamil, the predicted inhibited digoxin peak 

concentration and AUC ratios were comparable pre- and post-RYGBS (Figure 3.9c). In contrast, 
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the DDI interactions post-RYGBS markedly decreased with posaconazole, because posaconazole 

absorption was predicted to decrease as a result of reduced solubility (Figure 3.9b). 

Unfortunately, the comparison of BCS Class I and Class II compounds could not be made for P-

gp inhibition, as posaconazole was a weak P-gp inhibitor in the simulations.  

The predicted effects of DDIs were consistently higher in healthy subjects. Having 35% 

lower liver mass, healthy subjects were predicted to have lower clearance of verapamil and 

posaconazole, leading to higher object and precipitant drug exposures compared to morbidly 

obese patients. Nonetheless, predicted peak midazolam and digoxin concentrations were still 

higher in post-RYGBS patients (Figure 3.9). The predicted increased peak concentrations post-

RYGBS for highly soluble, rapidly absorbed drugs may be especially concerning for drugs 

where peak concentrations are at the upper end of the therapeutic window. Although dose 

reductions may be required to avoid DDIs in all groups, different adjustments might be suitable 

for healthy, pre-RYGBS, and post-RYGBS conditions. Healthy subjects may need the largest 

reduction in dose of the object drug, but the post-RYGBS patients may require adjustments in 

doses and frequency (e.g., lower doses at increased intervals to reduce Cmax). 

Sensitivity analyses revealed the influence of intestinal and hepatic CYP3A4 abundance 

and posaconazole solubility on DDI magnitude. At the same intestinal CYP3A4 abundance, 

healthy subjects had the highest predicted inhibited midazolam AUC ratio as a consequence of 

having higher hepatic CYP3A4 abundance and higher verapamil exposure (Figure 3.10b). One 

would expect a higher predicted inhibited midazolam AUC ratio post-RYGBS than pre-RYGBS, 

since verapamil exposure slightly increased after the surgery. However, the pre-RYGBS and 

post-RYGBS predicted inhibited AUC ratios overlapped because the difference was offset by the 

post-RYGBS decrease in intestinal CYP3A4 abundance. Lastly, because post-RYGBS gastric 
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pH was elevated, the predicted absorption at the same intrinsic solubility was lower in the post-

operative condition (Figure 3.10e). Due to predicted lower posaconazole clearance in healthy 

subjects, the predicted magnitude of CYP3A4 inhibition was considerably more sensitive to 

posaconazole solubility compared to obese individuals (Figure 3.10f). 

There are several limitations to this study. Although the parameter inputs accounted for 

the major enzymes responsible for metabolism of these drugs and most abundant metabolites, the 

inclusion of less abundant metabolites or enzymes with a minor role may provide a more 

comprehensive picture of the disposition of the drug. There is limited information regarding the 

physiological differences resulting from obesity or RYGBS, such as gastrointestinal emptying 

rate, intestinal diameter, villi density, and epithelial tight junctions. It is likely that the impact of 

RYGBS on the pharmacokinetics of drugs will decrease over time with changes in stomach 

emptying time, hepatic enzyme regulation and intestinal adaptation that occurs ~6 months after 

RYGBS. Although we assumed that albumin was unchanged by RYGBS as suggested in the 

literature (Cheymol 1988, Ritz et al. 2009, Oliveira Cda et al. 2015, Antoniewicz et al. 2019), 

any changes in albumin would affect the fraction unbound of the drugs and have an impact on all 

subsequent modeling. In the scaling of total hepatic enzyme abundance, it is important to discern 

how much liver mass reduction comes from decreased hepatocyte count versus decreased fat 

accumulation. Also, the post-RYGBS changes in bile salt composition are critical for predicting 

drug dissolution and permeation for drugs with bile-acid dependent solubility (Mathavan et al. 

2016, Gniado et al. 2018). Little is known about how intestinal CYP3A4 expression is altered 

due to obesity as hepatic and intestinal CYP3A4 expression are not correlated (von Richter et al. 

2004), and the regional expression of UGTs and SULTs along the intestinal tract are unknown 

(Riches et al. 2009, Yang et al. 2017). At this time, different SULT isoforms and their hepatic 
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abundances are not available in Simcyp and we made assumptions based on results from our 

previous study. In situations where glucuronides and sulfates are actively transported or undergo 

enterohepatic circulation, transporters responsible for biliary efflux (Kock and Brouwer 2012) 

and renal secretion/reabsorption (Biber et al. 2014) should be included. Post-RYGBS changes in 

gut microbiome (Liou et al. 2013, Duboc et al. 2019) could also add complexity, as gut flora can 

not only metabolize drugs but also regulate regional and remote DMETs by microbial 

metabolites (Swanson 2015, Wilson and Nicholson 2017). The inclusion of these data, with a gut 

microbiome component, would permit more comprehensive, system pharmacology-based models 

to be developed (Thiele I. 2017). Many of these limitations stem from the lack of data from 

obese individuals or RYGBS patients to inform the Simcyp model. This study reviewed a limited 

number of drugs with liquid or immediate release formulations and used data from the maximal 

change at 3-month post-RYGBS. Additional PBPK modeling with robust supporting clinical data 

(e.g., for more commonly used dosage forms) should be done to continue to explore the impact 

of RYGBS and other bariatric surgeries on drug disposition and DDIs, and the persistence of 

drug disposition changes post-surgery. 

In conclusion, the models provided a mechanistic framework to understand pre- and post-

RYGBS pharmacokinetics. Taking post-RYGBS changes into account, the concentrations and 

pharmacokinetic parameters of midazolam, acetaminophen, digoxin, verapamil, and 

posaconazole were simulated successfully in morbidly obese patients undergoing RYGBS. The 

linked-metabolites, including 1’-hydroxymidazolam, acetaminophen-glucuronide, and 

acetaminophen-sulfate, were well predicted. The simulated DDI results indicate that the impact 

of RYGBS is dependent on the predicted inhibitor solubility. The predicted magnitude of the 

DDIs were similar pre- and post-RYGBS when studied with a highly soluble BCS Class I 
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inhibitor (i.e., verapamil), whereas the magnitude of the DDIs were greater pre-RYGBS than 

post-RYGBS when studied with a less soluble BCS Class II inhibitor (i.e., posaconazole). When 

DDIs exist, a smaller dose reduction, in terms of fold-change, is needed for morbidly obese 

patients compared to healthy subjects. However, due to significantly higher predicted peak 

concentrations, the dose and frequency of the object drug may need to be decreased in the post-

RYGBS patient to minimize adverse effects of DDIs. The ADAM-PBPK model should be 

modified to incorporate new findings regarding enzyme expression and physiological changes 

following RYGBS. 
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3.7 Figures and Tables 

Table 3.1. Parameter inputs for a morbidly obese population pre- and post-RYGBS. 

       Parameters Pre-RYGBS Post-RYGBS 

Simcyp template   

       Population Morbidly obese Morbidly obese 

Weight   

       Total body weight (kg) 138f 114f 

       BMI (kg/m2) 51d,f 43d,f 

       Liver weight (kg) 2.7f 2.4d 

Tissue composition   

       Adipose volume scalar 1.32f,i 1.2f,i 

       Liver volume scalar 1.25a 1.25a 

Liver enzyme abundances   

       CYP3A4    (pmol/mg protein) 42.5e 65a 

       CYP2E1    (pmol/mg protein) 140f 110a 

       UGT1A1   (pmol/mg protein) 85f 55f 

       UGT1A4   (pmol/mg protein) 93f 60f 

       UGT1A9   (pmol/mg protein) 55f 35f 

       UGT2B15 (pmol/mg protein) 69f 44f 

       SULTs       (pmol/mg protein) 

       modeled as a user-UGT 
0.01355f,h 0.009288f,h 

GI tract   

       Initial stomach volume (mL) 50a 9.9g 

       Stomach MRT (hr) 0.27a 0.1g 

       Duodenum length linear multiplier 0.205a 0.001b 

       CYP3A4 (nmol/small intestine) 66.2a 48.3g 

       CYP3A5 (nmol/small intestine) 24.6a 18.0g 

ADAM model Stomacha Duodenuma Jejunum Ia Stomach Duodenum Jejunum I 

       General 
     

  

                     Blood flow (Qvilli %) -- 8.8 24.2 -- 0.001b 0.001b 

                     Transit time (Total %) -- 4.6 17.3 -- 0.001b 0.001b 

                     CYP 3A (Total %) -- 13.76 27.24 -- 0.001b 0.001b 

                     S9PPI (Total %) -- 14.88 26.9 -- 0.001b 0.001b 

                     MPPI (Total %) -- 13.76 27.24 -- 0.001b 0.001b 

                     CPPI (Total %) -- 14.88 26.9 -- 0.001b 0.001b  

       Luminal pH 1.5 6.4 6.5 6.5g 6.5g 6.5g 

       Luminal fluid velocity (m/s) 0.032 0.005 0.0013 10c 10c 10c 

       Luminal bile salts (mM) 0.29 3.31 2.3 0.0001b 0.0001b 0.0001b 

       GI morphology 
     

  

                      Villi channel depth (µm) -- 522.78 448.81 -- 1b 1b 

                      Villi channel width (µm) -- 28.03 22.44 -- 1b 1b 

                      Villi thickness (µm)          -- 128.35 137.7 -- 1b 1b 

                      Fold expansion -- 1 1.97 -- 1b 1b 

                      Pore radius      -- 8.6 8.6 -- 1b 1b  

ADAM: advanced dissolution, absorption and metabolism model; S9PPI: S9 protein per 

intestine; MPPI: microsomal protein per intestine; CPPI: cytosolic protein per intestine; -- = not 

applicable;  a Simcyp default; b Simcyp minimum value; c Simcyp maximum value; d Simcyp 

predicted; e Brill et al., 2015 (Brill et al. 2015); f Calculated using Chen et al., 2020 (Chen K. 

2020); g Darwich et al., 2013 (Darwich et al. 2013); h Hardwick et al., 2013 (Hardwick et al. 

2013); i Hausman et al., 2001 (Hausman et al. 2001) 
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Table 3.2. Parameter inputs for acetaminophen, midazolam, and digoxin. 

         Parameters Acetaminophen Midazolam Digoxin 

Physiochemical properties    

         Molecular weight (g/mol) 151.2f 325.8a 780.94a 

         LogP 0.51f 3.53a 1.26a 

         Compound type Monoprotic acidf Ampholytea Neutrala 

         pKa1 9.46f 10.95a -- 

--          pKa2 -- 6.2a 

         B/P 1.58f 0.603a 1.07a 

         fu 0.82f 0.032a 0.71a 

Absorption Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS 

         Model ADAM ADAM ADAM ADAM ADAM ADAM 

         Permeability        

                        Papp, Caco-2 (10-6 cm/s) 64n 64n 213a 213a 12.7a 12.7a 

                        Duodenum Predictedb 0.0001j Predictedb 0.0001j 0.5a 0.0001j 

                        Jejunum I Predictedb 0.0001j Predictedb 0.0001j 4.67a 0.0001j 

                        Jejunum II Predictedb Predictedb Predictedb Predictedb 4.67a 4.67a 

                        Ileum I Predictedb Predictedb Predictedb Predictedb 4.67a 4.67a 

                        Ileum II Predictedb Predictedb Predictedb Predictedb 3.67a 3.67a 

                        Ileum III Predictedb Predictedb Predictedb Predictedb 2.67a 2.67a 

                        Ileum IV Predictedb Predictedb Predictedb Predictedb 1.67a 1.67a 

                        Colon Predictedb Predictedb Predictedb  Predictedb 0.1a 0.1a 

         Formulation Solution Solution Solution Solution 

Solid, 

immediate 

release 

Solid, 

immediate 

release 

                        Solubility (mg/mL) -- -- -- -- 0.986k, p 0.986k, p 

Distribution Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS 

         Model Full PBPK Full PBPK Full PBPK Full PBPK Full PBPK Full PBPK 

         Tissue:plasma partition coefficients        

                        Adipose Predictedb Predictedb Predictedb Predictedb 5.4e,l 6.48e,l 

                        Muscle Predictedb Predictedb Predictedb Predictedb 3.675e,l 4.41e,l 

                        Other tissues Predictedb Predictedb Predictedb Predictedb Predictedb Predictedb 

         Kp scalar 1.2 1.2 0.35 0.3 0.5 0.6 

Elimination    

         fumic/fuinc 1a 1a 1a 

         fugut 1a 1a 1a 

         CYP3A4  Vmax (pmol/min/pmol isoform) 0.3766g 5.23 (1’-OH pathway)a -- 
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                          Km     (µmol/L) 130g 2.16 (1’-OH pathway)a -- 

         CYP3A4  Vmax (pmol/min/pmol isoform) -- 5.2 (4-OH pathway)a -- 

                          Km     (µmol/L) -- 31.8 (4-OH pathway)a -- 

         CYP3A5  Vmax (pmol/min/pmol isoform) -- 19.7 (1’-OH pathway)a -- 

                          Km     (µmol/L) -- 4.16 (1’-OH pathway)a -- 

         CYP3A5  Vmax (pmol/min/pmol isoform) -- 4.03 (4-OH pathway)a -- 

                          Km     (µmol/L) -- 34.8 (4-OH pathway)a -- 

         CYP1A2  Vmax (pmol/min/pmol isoform) 0.4322g -- -- 

                          Km     (µmol/L) 220g -- -- 

         CYP2C9   Vmax (pmol/min/pmol isoform) 0.08644g -- -- 

                           Km     (µmol/L) 660g -- -- 

         CYP2C19 Vmax (pmol/min/pmol isoform) 1.143g -- -- 

                           Km     (µmol/L) 2000g -- -- 

         CYP2D6   Vmax (pmol/min/pmol isoform) 0.432g -- -- 

                           Km     (µmol/L) 440g -- -- 

         CYP2E1   Vmax (pmol/min/pmol isoform) 3.8o -- -- 

                           Km     (µmol/L) 830o -- -- 

         UGT1A1  Vmax (pmol/min/mg protein)  6531h -- -- 

                           Km     (µmol/L) 5500h -- -- 

         UGT1A4   Vmax (pmol/min/mg protein)  -- 445a -- 

                           Km     (µmol/L) -- 40.3a -- 

         UGT1A9   Vmax (pmol/min/mg protein) 10925h -- -- 

                           Km     (µmol/L) 9200h -- -- 

         UGT2B15 Vmax (pmol/min/mg protein) 36417h -- -- 

                           Km     (µmol/L) 23000h -- -- 

         SULTs       Vmax (pmol/min/mg protein) 958i -- -- 

                           Km     (µmol/L) 300i -- -- 

                           Scalar liver, intestine, kidney 0.6d, 0, 0 -- -- 

         Typical CLR (L/h) -- -- 7.5m 

         Additional Hep CLint (µL/min/106) -- -- 0.37a 

ADAM = advanced dissolution, absorption and metabolism; -- = not applicable; a Simcyp default; b Predicted by Simcyp; d Adjusted 

based on reported fm; e Simcyp default multiplied by scalar; f Jiang et al., 2013 (Jiang et al. 2013); g Laine et al., 2009 (Laine et al. 

2009); h Mutlib et al., 2006 (Mutlib et al. 2006); i Riches et al., 2009 (Riches et al. 2009); j Darwich et al., 2013 (Darwich et al. 2013); 
k Benet et al. 2011 (Benet et al. 2011); l Abernethy et al. 1981 (Abernethy et al. 1981); m Adjusted as per apparent clearance in Chan et 

al. 2015 (Chan et al. 2015) and Simcyp predicted bioavailability; n Levitt et al., 2013 (Levitt 2013); o Hartman et al., 2015 (Hartman et 

al. 2015); p Loftsson et al., 2006 (Loftsson and Hreinsdottir 2006)  
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Table 3.3. Parameter inputs for acetaminophen-glucuronide, acetaminophen-sulfate and 1’-hydroxymidazolam. 

         Parameters 
Acetaminophen-Glucuronide 

(linked to UGT pathway) 

Acetaminophen-Sulfate 

(linked to SULT pathway) 

1’-hydroxymidazolam 

(linked to CYP3Apathway) 

Physiochemical properties    

         Molecular weight (g/mol) 327.2867d 231.226d 342h 

         LogP -0.68e -1e 2.5h 

         Compound type Monoprotic acidf Monoprotic acidf Ampholyteh 

         pKa1 3.17f 0c (-2.23) 13.6h 

         pKa2 -- -- 3.63h 

         B/P 1a 1a 1a 

         fu 0.996b 0.997b 0.15h 

Absorption    

 -- -- -- 

Distribution Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS 

         Model Minimal PBPK Minimal PBPK Minimal PBPK Minimal PBPK Full PBPK Full PBPK 

         Kp 0.8 1.0 0.35 0.65 1.1 1.0 

Elimination Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS 

         fumic -- -- -- -- 0.725b 0.725b 

         fugut
 1a 1a 1a 1a 1a 1a 

         In vivo CL (L/h) 7.0g 7.0g 12.5g 11.5g -- -- 

         HLM CLint 

         (µL/min/mg protein) 

-- -- -- -- 227j 346.2i 

-- = not applicable; a Simcyp default; b Predicted by Simcyp; c Simcyp minimum value; d DRUGBANK; e ALOGPS; f ChemAxon; g 

Estimated using predicted fm and observed AUCm from Chen et al., 2020 (Chen K. 2020); h Nguyen et al., 2016 (Nguyen et al. 2016); i 

Seo et al., 2010 (Seo et al. 2010); j Brill et al., 2015 (Brill et al. 2015)  
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Table 3.4. Parameter inputs for verapamil, norverapamil, and posaconzole. 

Parameters Verapamil Norverapamil Posaconazole 

Dosing regimen    

      Pre-treatment 240 mg BID for 3 days -- 400 mg BID for 7 days 

      Co-medication 20 mg MDZ or 0.5 mg DIG -- 20 mg MDZ or 0.5 mg DIG 

Class    

 BCS Class If; antihypertensive Verapamil metabolite BCS Class IIf; antifungal 

Interactions    

      CYP3A4  Competitive inhibition -- -- Ki (uM) = 0.38h, fumic = 0.023e 

                       Mechanism-based inhibition Kapp (uM) = 2.21a; kinact (1/h) = 2a Kapp (uM) = 10.3a; kinact (1/h) = 18a -- 

      CYP3A5  Mechanism-based inhibition Kapp (uM) = 3.99a; kinact (1/h) = 1.84a Kapp (uM) = 4.53a; kinact (1/h) = 4.2a -- 

       P-gp        Competitive inhibition  Ki (uM) = 0.16a Ki (uM) = 0.04a Ki (uM) = 0.675i,n 

Physiochemical propertiesa   

       Molecular weight (g/mol) 454.6 440.575 700.78g 

       LogP 4.46 4.66 4.6g 

       Compound type Monoprotic Baseg Monoprotic Baseg Diprotic Baseg 

       pKa1 8.78 10.29 3.6j 

       pKa2 -- -- 4.6j 

       B/P 0.709 0.675 1.146b 

       fu 0.09 0.083 0.02k, p, q 

Absorption Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS 

       Model ADAM ADAM -- -- ADAM ADAM 

       Permeability (10-4 cm/s)    -- --   

                    Papp, Caco-2 (10-6 cm/s) 149.6a 149.6a -- -- 48j 48j 

                    Duodenum – Jejunum I Predictedb 0.0001c -- -- Predictedb 0.0001c 

                    Jejunum 2 – Ileum IV Predictedb Predictedb -- -- Predictedb Predictedb 

                    Colon Predictedb Predictedb -- -- Predictedb Predictedb 

       Formulation 

Solid, 

immediate 

release 

Solid, immediate 

release 
-- -- Suspension Suspension 

                    Solubility (mg/mL) 70f 70f -- -- -- -- 

                    Fraction of API Dissolved -- -- -- -- 70% (pH1.6)j 70% (pH1.6)j 

                    Intrinsic solubility (mg/mL) -- -- -- -- 0.00098j, o 0.00098j, o 

                    Solubility factor -- -- -- -- 71.35j 2.86l 

                    logKm:w neutral -- -- -- -- 4.52j 4.52j 
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                    logKm:w ion -- -- -- -- 1.0j 1.0j 

                    Particle size (um) -- -- -- -- 10j 10j 

                    Critical supersaturation ratio -- -- -- --      2.9j 1l 

                    Precipitation rate constant -- -- -- -- 50e -- 

                    2nd precipitation rate constant -- -- -- -- 50e 200e 

                    Particle heff -- -- -- -- Hintz-Johnson Hintz-Johnson 

Distribution Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS Pre-RYGBS Post-RYGBS 

      Model Minimal PBPK Minimal PBPK Minimal PBPK Minimal PBPK Full PBPK Full PBPK 

      Kp scalar 0.7 0.7 1 1 0.06 0.075 

Elimination Norverapamila D-617a D-620a D-715a   

      CYP2C8 Vmax (pmol/min/pmol isoform) 

                      Km     (µmol/L) 

221.2 

140.5 

218.9 

156 

38.5 

68 

113.2 

59 

-- 

-- 

-- 

-- 

      CYP3A4 Vmax (pmol/min/pmol isoform) 

                      Km     (µmol/L) 

154.3 

122 

174 

99.5 

46 

90 

-- 

-- 

-- 

-- 

-- 

-- 

      CYP3A5 Vmax (pmol/min/pmol isoform) 

                      Km     (µmol/L) 

169.3 

87.5 

117.7 

73 

18.8 

19.5 

-- 

-- 

-- 

-- 

-- 

-- 

      UGT1A4 Vmax (pmol/min/pmol isoform) 

                      Km     (µmol/L) 

                      fumic 

-- -- -- -- 16.9m 16.9m 

-- -- -- -- 15.9m 15.9m 

-- -- -- -- 0.012d 0.012d 

-- = not applicable; a Simcyp default; b Predicted by Simcyp; c Simcyp minimum value; d Back-calculated from CLiv (6.54 L/h); e 

Fitted by Simcyp using observed in vivo data; f MP BIOMEDICALS; g DRUGBANK; h Zimmerman et al., 2012 (Zimmerman et al. 

2012); i Lempers et al., 2016 (Lempers et al. 2016); j Hens et al., 2017 (Hens et al. 2017); k Noxafil label; l Derived based on post-

RYGBS gastric pH; m Ghosal et al., 2004 (Ghosal et al. 2004); n Sugimoto et al., 2011 (Sugimoto et al. 2011); o Cristofoletti et al., 

2016 (Cristofoletti et al. 2016); p Courtney et al., 2005 (Courtney et al. 2005); q Ulldemolins et al., 2011 (Ulldemolins et al. 2011) 

  



127 

 

Table 3.5. Literature sources used in model verifications. 

Population Route Concentrations Source 

healthy adults 

single iv 

midazolam and 1’-hydroxymidazolam Link et al., 2008 (Link et al. 2008) 

acetaminophen Raffa et al., 2018 (Raffa et al. 2018) 

digoxin Santostasi et al., 1987 (Santostasi et al. 1987) 

verapamil Abernethy et al., 1988 (Abernethy and Schwartz 1988) 

posaconazole Kersemaekers et al., 2015 (Kersemaekers et al. 2015) 

single po 

midazolam Backman et al., 1994 (Backman et al. 1994) 

acetaminophen, -gluc, and -sulf Chiew et al., 2010 (Chiew et al. 2010) 

digoxin Rodin et al., 1988 (Rodin et al. 1988) 

verapamil and norverapamil Sawicki et al., 2002 (Sawicki 2002) 

posaconazole Krishna et al., 2012 (Krishna et al. 2012) 

multiple po perpetrator 

+ single po object 

verapamil and midazolam DDI Backman et al., 1994 (Backman et al. 1994) 

verapamil and digoxin DDI Rodin et al., 1988 (Rodin et al. 1988) 

posaconazole and midazolam DDI Krishna et al., 2009 (Krishna et al. 2009) 

pre-RYGBS 

patients 
single po 

midazolam and 1’-hydroxymidazolam Chan et al., 2015 (Chan et al. 2015) 

acetaminophen, -gluc, and -sulf Chen et al., 2020 (Chen K. 2020) 

digoxin Chan et al., 2015 (Chan et al. 2015) 

verapamil Abernethy et al., 1988 (Abernethy and Schwartz 1988) 

posaconazole Gesquiere et al., 2016 (Gesquiere et al. 2016) 

post-RYGBS 

patients 
single po 

midazolam and 1’-hydroxymidazolam Chan et al., 2015 (Chan et al. 2015) 

acetaminophen, -gluc, and -sulf Chen et al., 2020 (Chen K. 2020) 

digoxin Chan et al., 2015 (Chan et al. 2015) 

posaconazole Gesquiere et al., 2016 (Gesquiere et al. 2016) 
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Table 3.6. Summary of predicted and observed pharmacokinetic parameters for midazolam, 

acetaminophen, and digoxin. 

  Pre-RYGBS Post-RYGBS 

 PK parameters 
Predicted mean 

[geoCI] 

Observed mean 

(% CV) 

Predicted mean 

[geoCI] 

Observed mean 

(% CV) 

Midazolam 

V/F 

(L) 

903 

[620, 1315] 

726 

(31.3) 

617 

[379, 1005] 

553 

(37.4) 

CL/F 

(L/hr) 

77.4 

[31.4, 191] 

79.7 

(84.5) 

66.9 

[31.5, 142] 

95.3 

(60.6) 

AUC0-last 

(ng·hr/mL) 

25.6 

[14.3, 45.8] 

24.4 

(50.2) 

30.4 

[15.9, 57.8] 

21.5 

(50.6) 

Cmax 

(ng/mL) 

9.1 

[4.7, 17.4] 

10.7 

(56.7) 

14.4 

[8.6, 24.0] 

16.8 

(39.6) 

Tmax 

(hr) 

0.6 

[0.4, 1.0] 

0.6 

(36.8) 

0.2 

[0.2, 0.4] 

0.3 

(27.4) 

1'-OH-

Midazolam 

AUC0-last 

(ng·hr/mL) 

5.8 

[3.1, 10.9] 

6.3 

(54.5) 

5.1 

[3.0, 8.8] 

7.8 

(42.2) 

Cmax 

(ng/mL) 

1.7 

[0.9, 3.2] 

3.1 

(55.2) 

2.0 

[1.3, 3.1] 

5.9 

(34.6) 

Tmax 

(hr) 

0.6 

[0.4, 1.0] 

0.7 

(42.0) 

0.2 

[0.2, 0.4] 

0.3 

(27.1) 

Acetaminophen 

V/F 

(L) 

84.3 

[56.7, 125] 

99.8 

(31.7) 

63.9 

[41.3, 98.7] 

86.3 

(33.2) 

CL/F 

(L/hr) 

26.4 

[19.1, 36.6] 

30.0 

(25.7) 

19.9 

[12.8, 31.0] 

21.1 

(33.7) 

AUC0-last 

(µg·hr/mL) 

63.7 

[44.8, 90.4] 

51.9 

(27.9) 

83.7 

[53.8, 130] 

76.5 

(33.7) 

Cmax 

(µg/mL) 

15.1 

[9.6, 23.9] 

18.7 

(36.6) 

32.2 

[24.0, 43.2] 

35.1 

(22.0) 

Tmax 

(hr) 

0.8 

[0.4, 1.6] 

0.6 

(58.7) 

0.2 

[0.1, 0.3] 

0.2 

(35.1) 

Acetaminophen-

glucuronide 

AUC0-last 

(µg·hr/mL) 

232 

[158, 343] 

200 

(31.0) 

262 

[159, 433] 

231 

(38.5) 

Cmax 

(µg/mL) 

23.4 

[17.2, 31.8] 

25.4 

(24.2) 

26.3 

[15.7, 44.0] 

27.3 

(39.6) 

Tmax 

(hr) 

3.3 

[2.6, 4.3] 

3.5 

(19.9) 

3.1 

[2.6, 3.8] 

3.6 

(14.3) 

Acetaminophen-

sulfate 

AUC0-last 

(µg·hr/mL) 

55.6 

[42.5, 72.6] 

53.4 

(21.1) 

65.0 

[44.5, 94.9] 

65.4 

(28.7) 

Cmax 

(µg/mL) 

8.7 

[6.4, 11.8] 

8.6 

(24.1) 

8.7 

[5.8, 13.0] 

8.7 

(30.3) 

Tmax 

(hr) 

2.0 

[1.2, 3.3] 

2.1 

(40.8) 

2.5 

[1.6, 3.8] 

2.2 

(32.0) 

Digoxin 

V/F 

(L) 

719 

[536, 964] 

876 

(24.2) 

657 

[428, 1007] 

809 

(32.6) 

CL/F 

(L/hr) 

23.6 

[16.2, 34.2] 

20.4 

(31.1) 

20.8 

[12.6, 34.3] 

18.0 

(38.4) 

AUC0-last 

(ng·hr/mL) 

13.3 

[10.1, 17.6] 

13.3 

(23.0) 

14.6 

[10.5, 20.2] 

14.6 

(24.7) 

Cmax 

(ng/mL) 

2.7 

[1.7, 4.4] 

3.1 

(39.9) 

3.3 

[2.3, 4.7] 

3.1 

(26.2) 

Tmax 

(hr) 

0.7 

[0.5, 1.0] 

0.8 

(34.8) 

0.5 

[0.3, 0.8] 

0.5 

(38.3) 
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For predicted values: geometric mean and 99.998% geometric confidence intervals (geoCI) 

given. For observed values: mean and percent coefficient of variation (CV%) given. V/F = 

apparent oral volume of distribution; CL/F = apparent oral clearance; AUC0-last = area under the 

concentration-time curve from 0 to last observed timepoint; Cmax = peak concentration; Tmax = 

time to reach peak concentration. 
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Table 3.7. Predicted oral bioavailability parameters for midazolam, acetaminophen, digoxin, 

verapamil, and posaconazole in a healthy population and in morbidly obese pre- and post-

RYGBS patients. 

Drug Population fa Fg Fh F 

Midazolam 

healthy 0.99 0.65 0.56 0.36 

pre-RYGBS 1.00 0.64 0.66 0.42 

post-RYGBS 1.00 0.71 0.60 0.43 

Acetaminophen 

healthy 1.00 0.97 0.89 0.87 

pre-RYGBS 1.00 0.97 0.83 0.81 

post-RYGBS 1.00 0.98 0.85 0.83 

Digoxin 

healthy 0.82 1.00 0.97 0.80 

pre-RYGBS 0.99 1.00 0.96 0.95 

post-RYGBS 0.99 1.00 0.96 0.95 

Verapamil 

healthy 1.00 0.89 0.27 0.24 

pre-RYGBS 1.00 0.89 0.29 0.25 

post-RYGBS 1.00 0.90 0.25 0.23 

Posaconazole 

healthy 0.12 0.99 0.94 0.11 

pre-RYGBS 0.13 0.99 0.90 0.12 

post-RYGBS 0.05 0.99 0.92 0.05 

Mean values of the parameter listed. F = overall bioavailability, fa = fraction absorbed, Fg = 

fraction escaping intestinal first pass metabolism, Fh = fraction escaping hepatic first pass 

metabolism. 
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Table 3.8. Predicted inhibited-to-control parameter ratios for midazolam and digoxin. 

 
Object drugs 

Midazolam Digoxin 

 Ratios Healthy 
Pre-

RYGBS 

Post-

RYGBS 
Healthy 

Pre-

RYGBS 

Post-

RYGBS 

In
h

ib
it

o
rs

 

V
er

ap
am

il
 

fa 1.00 1.00 1.00 1.18 1.01 1.01 

fa,app 1.00 1.00 1.00 0.95 0.73 0.72 

Fg 1.32 1.31 1.16 1.00 1.00 1.00 

CL/F 0.22 0.34 0.33 0.65 0.91 0.90 

Cmax 2.40 1.83 1.74 1.96 1.57 1.63 

AUC 4.60 2.85 3.09 1.51 1.10 1.10 

P
o

sa
co

n
az

o
le

 

fa 1.00 1.00 1.00 1.02 1.00 1.00 

fa,app 1.00 1.00 1.00 1.03 1.00 1.00 

Fg 1.34 1.28 1.14 1.00 1.00 1.00 

CL/F 0.47 0.53 0.66 0.95 0.99 0.99 

Cmax 1.98 1.56 1.27 1.07 1.08 1.06 

AUC 2.50 1.98 1.58 1.04 1.01 1.01 

Mean values of the parameter listed. fa = fraction absorbed; fa,app = fraction absorbed 

accounting for drug reabsorption following P-gp efflux; Fg = fraction escaping intestinal first 

pass metabolism; CL/F = apparent oral clearance; Cmax = peak concentration; AUC = area under 

the concentration-time curve. 
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Figure 3.1. PBPK modeling workflow. White boxes represent verification steps and black boxes 

represent prediction steps. The population file used in each step is indicated. 
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Figure 3.2. Metabolic scheme of object drugs and inhibitors. Metabolites and pathways in black 

were included in the PBPK modeling. 
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Figure 3.3. Observed and simulated plasma concentration vs. time profiles in heathy volunteers after a single intravenous bolus dose 

or infusion. Panels: a) midazolam and 1’-hydroxymidazolam (Link 2008); b) acetaminophen (Raffa 2018); c) digoxin (Santostasi 

1987); d) verapamil (Darell 1988); e) posaconazole (Kersemaekers 2015). Shown: predicted concentration (solid curve); 5th and 95th 

confidence intervals (dashed curves); parent (black curves); linked metabolite (colored curves).  
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Figure 3.4. Observed and simulated plasma concentration vs. time profiles in heathy volunteers after a single oral dose with and 
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without inhibitor. Panels: a) acetaminophen (Chiew 2010); b) verapamil (Sawicki 2002); c) midazolam and verapamil (Backman 

1994); d) digoxin and verapamil (Rodin 1988); e) posaconazole (Krishna 2012); f) midazolam and posaconazole (Krishna 2009). 

Shown: predicted concentration (solid curve); 5th and 95th confidence intervals (dashed curves). In a), b), and e), black curves 

represent parent drug and colored curves represent linked metabolites. In c), d), and f), blue curves represent the object drug 

concentrations under control conditions and red curves represent the object drug concentrations in the presence of inhibitor. 
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Figure 3.5. Simulated vs. observed plasma concentration-time profiles in morbidly obese 

patients before and after RYGBS. Shown: observed mean concentration (dot) and standard 

deviation (bar); predicted concentration (solid curve); 5th and 95th confidence intervals (dashed 

curves); parent (black curve); linked metabolite (colored curve). Panels: a-b) midazolam (Chan 

2015); c-d) acetaminophen (Chen 2020); e-f) digoxin (Chan 2015); g) verapamil (Abernethy 

1988); h-i) posaconazole (Gesquiere 2016). 
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Figure 3.6.  Simulated vs. observed pharmacokinetic parameters in morbidly obese patients 

using PBPK models with linked metabolites. Shown: 99.998% geometric confidence interval 

calculated using the equation by Abduljalil et al. (Abduljalil et al. 2014) (red); observed 

individual and mean values estimated using non-compartmental analysis (black). AUC0-last = area 

under the concentration-time curve from 0 to last observed timepoint, Cmax = peak concentration, 
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Tmax = time to peak concentration, CL/F = apparent oral clearance, and V/F = apparent volume of 

distribution. Panels: a) midazolam (Chan 2015); b) 1’-hydroxymidazolam (Chan 2015); c) 

acetaminophen (Chen 2020); d) acetaminophen-glucuronide (Chen 2020); e) acetaminophen-

sulfate (Chen 2020); f) digoxin (Chan 2015). 
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Figure 3.7.  Graphs of the regional intestinal absorption (bar graphs) and cumulative absorption 

over time (line graphs). Shown: pre-RYGBS patients (black); post-RYGBS patients (green); 

predicted cumulative absorption (solid curve); 5th and 95th confidence intervals (dashed curves). 

Panels: a) midazolam; b) acetaminophen; c) digoxin; d) verapamil; e) posaconazole. 
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Figure 3.8. Graphs of regional intestinal metabolism, fraction metabolized per enzyme and 

fraction excreted unchanged. Shown: pre-RYGBS patients (black); post-RYGBS patients 

(green). Panels: a) midazolam; b) acetaminophen; c) digoxin; d) verapamil; e) posaconazole. 
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Figure 3.9. Predicted midazolam and digoxin concentrations with and without inhibition by verapamil or posaconazole and associated 

inhibited-to-control ratios. Panels: a) midazolam with verapamil; b) midazolam with posaconazole; c) digoxin with verapamil; d) 

digoxin with posaconazole. Shown: healthy subjects (gray); pre-RYGBS patients (black); post-RYGBS patients (green); predicted 

concentration (solid curves); 5th and 95th confidence intervals (dashed curves); ratio = 1 (orange dashed line). Inhibited-to-control 

parameter ratios: fa = fraction absorbed, fa,app = fraction absorbed accounting for drug reabsorption following P-gp efflux, Fg = 

fraction escaping first pass intestinal metabolism, CL/F = apparent oral clearance, Cmax = peak concentration, AUC = area under the 

concentration-time curve. 
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Figure 3.10. Sensitivity analysis of intestinal and hepatic CYP3A expression and posaconazole 

solubility on DDIs in healthy subjects (gray), pre-RYGBS patients (black), and post-RYGBS 

patients (green). Panels: a) midazolam fraction escaping first pass intestinal metabolism (Fg) vs. 

intestinal CYP3A4 abundance; b) inhibited midazolam AUC ratio vs. intestinal CYP3A4 

abundance; c) apparent oral midazolam clearance vs. hepatic CYP3A4 abundance; d) inhibited 
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midazolam AUC ratio vs. hepatic CYP3A4 abundance; d) posaconazole fraction absorbed (fa) 

vs. posaconazole solubility; e) inhibited midazolam AUC ratio vs. posaconazole solubility. 
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CHAPTER 4 

 

Identifying Kinetic Characteristics of a Potential Hepatic CYP3A Endogenous Biomarker 
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4.1 Introduction 

 The cost of clinical studies is a major contributor to the overall expense in development 

of a new chemical entity (NCE) (Morgan et al. 2011). Across the various therapeutic areas, the 

Phase 2 and Phase 3 clinical study costs are estimated at $7 million for cardiovascular 

indications, $11.5 million for dermatological indications, $19.6 for hematological indications, 

and $52.9 for anesthesia (Sertkaya et al. 2016). Apart from necessary clinical studies to 

determine the pharmacokinetics, efficacy and tolerability in humans, drug-drug interaction (DDI) 

studies may need to be conducted based on in vitro data. Typical DDI studies are conducted 

during late Phase 2 and Phase 3 stages (Kuhlmann 1994). The criteria, such as in vitro data 

suggesting that the NCE may be an enzyme inhibitor or cause induction of enzymes, are 

described in the guidance written by the US Food and Drug Administration and its international 

counterparts (Rekic et al. 2017). However, in one report, about 30% of the DDI study outcomes 

were falsely predicted based on in vitro data (15% false positive and 14% false negative), 

thereby causing tremendous loss in financial resources and time (3). Many studies have focused 

on addressing the discrepancy between in vitro predictions and in vivo outcomes resulting from 

inaccurate protein binding measurements, inconsistent IC50s for inhibition assessed using 

different probe substrates, and variability in expression systems or incubation conditions (3,4). 

Nonetheless, if the NCE has the potential to cause a DDI, clinically-relevant alternative 

screening methods conducted at an earlier stage of drug development, can reduce the number of 

full drug-drug interactions trials needed and lessen the financial burden for pharmaceutical 

companies.  

 For example, demonstrating that the NCE has no DDI risk as early as in First-in-Human 

clinical studies may avert the need for further dedicated DDI clinical trials. If the typical DDI 
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study relies on the use of a probe drugs or sensitive index substrates to detect a DDI, how can 

that be done in a First-in Human study? The use of endogenous biomarkers, which respond 

dynamically to in vivo enzyme or transporter activity, could be an alternative approach. This is 

not a new area of research as endogenous substrates of cytochrome P450 3A4 (CYP3A4), 

responsible for the breakdown of more than 50% of drugs undergoing metabolism (Paine et al. 

2006, Achour et al. 2014), have been studied for decades. Urinary 6β-hydroxycortisol/cortisol 

was the first identified endogenous biomarker in the 1980s (Saenger et al. 1981, Ged et al. 1989). 

More recently, several other endogenous biomarkers for hepatic CYP3A4 have been proposed, 

including urinary 6β-hydroxy-cortisone/cortisone (with 6β-hydroxycortisol/cortisol), plasma 4β-

hydroxycholesterol (4β-OHC), urinary 7β-hydroxy-

dehydroepiandrosterone/dehydroepiandrosterone (7β-OH-hydroxy-DHEA/DHEA), and urinary 

1β-hydroxydeoxycholic acid/deoxycholic acid (1β-OH-DCA/DCA) (Mariappan et al. 2017). 

 As briefly presented below, each of these endogenous biomarkers has limitations for 

assessing CYP3A4 activity. Diurnal variation of cortisol, the interconversion of cortisol with 

cortisone, and active renal secretion by organic anion transporter 3 (OAT3) lead to a high 

variability in the urinary 6β-hydroxy-cortisol/cortisol ratio and can confound its utility in 

assessing CYP3A4 activity (Chen et al. 2006, Peng et al. 2011, Imamura et al. 2014). While 

sensitive for assessing CYP3A4 induction, plasma 4β-hydroxycholesterol cannot detect short-

term CYP3A4 inhibition due to its the long half-life (Shin et al. 2013, Kasichayanula et al. 2014, 

Mao et al. 2017). Although the urinary 7β-OH-DHEA/DHEA ratio was moderately correlated (r2 

= 0.407) with intravenous midazolam clearance under induced and inhibited conditions, the in 

vitro validation of 7β-OH-DHEA as a specific CYP3A4 substrate is lacking (Shin et al. 2013). 
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Finally, 1β-OH-DCA showed promising in vitro sensitivity and selectivity for CYP3A4 

inhibition based on incubation studies, but clinical validation is needed (Hayes et al. 2016). 

 Although the need for CYP3A4 endogenous biomarkers is acknowledged, the kinetic 

characteristics required for a useful endogenous CYP3A4 biomarker remains obscure. A useful 

biomarker must be sensitive to short- and long-term changes in CYP3A4 activity, but also be 

selective for CYP3A4 activity. Sensitivity is affected by the half-lives of the parent and its 

metabolite, and the indices for quantifying the change in the endogenous biomarker, such as peak 

metabolite concentration changes and area under the curve (AUC). Selectivity is affected by the 

fraction metabolized by CYP3A4 as well as the fraction metabolized to the metabolite of 

interest. The CYP3A4 endogenous biomarker should reflect CYP3A4 induction, moderate 

competitive inhibition, strong competitive inhibition, and mechanism-based inhibition. This 

simulation study was conducted to explore the effects of altering metabolite half-life, the fraction 

metabolized by CYP3A4 and the fraction metabolized to the metabolite of interest on the utility 

of a hypothetical CYP3A4 endogenous biomarker under different DDI scenarios. The goal of 

this work was to provide a better understanding of the kinetic characteristics of a useful 

endogenous CYP3A4 biomarker for DDIs studies. 
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4.2 Methods 

Model structure 

The structure of the models describing changes in CYP3A4 activity, endogenous parent 

and metabolite concentrations following administration of an inducer, a competitive inhibitor, 

and a mechanism-based inhibitor are illustrated in Figure 4.1. We further divided competitive 

inhibition into moderate and strong competitive inhibition for comparison. In each DDI scenario, 

we explored the interplay between sensitivity and selectivity with the half-life of metabolite vs. 

the fraction metabolized to the metabolite of interest (km vs. fm,metabolite) and the half-life of 

metabolite vs. the fraction metabolized by CYP3A4 (km vs. fm,CYP3A4). The former depicts the 

situation where the parent can be cleared by a different pathway, whereas the latter depicts the 

situation where the metabolite can be formed by enzymes other than CYP3A4. In addition, 

formation and elimination rate-limited metabolite kinetics were compared in each scenario. 

Formation rate-limited and elimination rate-limited kinetics were simulated assuming metabolite 

half-lives 0.5-fold shorter and 2-fold longer than the parent half-life, respectively. 

Initial values, constants, and variables 

 Equations describing the rate of change of each species in the models are summarized in 

Table I. The starting condition was assumed to be at steady-state, in which the baseline values of 

CYP3A4, the metabolite, and Enz (the enzyme metabolizing rifampin) were set to 1 or an 

appropriate value. For the parent, the baseline value and the zero-order formation rate constant 

(Kin, parent) were derived using steady-state conditions: 

For  km vs. fm,metabolite interplay, 

d[Met]

dt
= [CYP3A4] ∙ fm ∙ kp ∙ [Par] − km ∙ [Met] = 0 
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fm ∙ kp ∙ [Par] = km 

[Par] =
km

fmkp
 

d[Par]

dt
=  Kin,parent − [CYP3A4] ∙ fm ∙ kp ∙ [Par] − (1 − fm) ∙ kp ∙ [Par] = 0 

Kin,parent = [Par] ∙ kp 

Kin,parent =
km

fm
 

For km vs. fm,CYP3A4 interplay, 

d[Met]

dt
=  [CYP3A4] ∙ fm ∙ kf ∙ [Par] + (1 − fm) ∙ kf ∙ [Par] − km ∙ [Met] = 0  

kf ∙ [Par] = km           

[Par] =  
km

kf
 

d[Par]

dt
=  Kin,parent − [CYP3A4] ∙ fm ∙ kf ∙ [Par] − (1 − fm) ∙ kf ∙ [Par] = 0  

Kin,parent = [Par] ∙ kf         

Kin,parent =  km 

 To test the DDIs, the precipitants are based on actual inducers and inhibitors listed as 

clinical index inducers or inhibitors by the FDA. The drug-associated constants were borrowed 

from rifampin (inducer), fluconazole (moderate competitive inhibitor), itraconazole (strong 

competitive inhibitor), and clarithromycin (mechanism-based inhibitor) provided in Simcyp 

(version 17, Certara, Princeton, NJ) or from literature values (Csajka et al. 2001, Abduljalil et al. 

2009, Svensson et al. 2018). As used in DDI clinical studies, 600 mg rifampin was administered 

once daily for 7 days for CYP3A4 induction and 500 mg clarithromycin was administered twice 
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daily for 3 days for mechanism-based inhibition of CYP3A4. A single dose of 200 mg 

fluconazole or 200 mg itraconazole was simulated for strong and moderate competitive 

inhibition, respectively. The CYP3A4 half-life was assumed to be 29 hours (Ramsden et al. 

2015). The metabolite half-life (t1/2,m = ln2 km⁄ ) was simulated from 1 to 168 hours by 1-hour 

increment. The parent half-life was either 0.5-, 1-, or 2-fold of the metabolite half-life to 

represent elimination rate-limited (0.5- and 1-fold) and formation rate-limited kinetics (2-fold). 

The values of fm for fm,metabolite and fm,CYP3A4 were 0.01, 0.25, 0.5, 0.75, and 1. All the constants 

and variable sample spaces in our simulations are summarized in Table 4.1. 

Sensitivity index 

The threshold for a DDI was defined as a cutoff value of a 20% change in the index (i.e., 

greater than or equal to 1.2 for an induced-to-baseline ratio or less than or equal to 0.8 for an 

inhibited-to-baseline ratio). Multiple sensitivity indices were explored. Theoretically, metabolite 

concentration (Cm) and metabolite-to-parent concentration ratio (Cm/Cp) sampled at their 

maximal values for induction and at their minimal values for inhibition, would be the most 

sensitive measures of DDIs. However, sampling at the maximal changes is only achievable in 

theoretical simulations as the timing would be difficult to predict in real life. Therefore, a 

practical version of Cm and Cm/Cp were sampled at the time of the precipitant drug’s peak 

concentration (tmax) after a single dose or the last dose for multiple dosing of the precipitant. 

Alternatively, using the area under the concentration time curve (AUC) avoids the inconvenience 

in determining the exact timing for spot sampling. Thus, we also included metabolite AUC 

(AUCm) and metabolite-to-parent AUC ratio (AUCm/AUCp) for practicality. The sampling time 

for AUC was from time = 0 to tmax plus four of the precipitant half-lives following a single dose 

and was from 0 to tau for the last dose in the multiple dosing scenario. 
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Simulation platform 

 All endogenous biomarker simulations were performed and visualized in R (version 

3.6.0) using RxODE (package version 0.9.2) and ggplot2 (package version 3.3.0). Intravenous 

midazolam DDIs were simulated using Simcyp (Certara, version xx) with the built-in drug files 

for each of the DDI scenarios. The Simcyp physiological-based pharmacokinetic DDI models 

were previously validated (Ke et al. 2014, Almond et al. 2016, Chen et al. 2016, Cristofoletti et 

al. 2016, Marsousi et al. 2018). The control-to-induced and control-to-inhibited midazolam AUC 

ratios in healthy Caucasians were predicted for sensitivity comparisons.  
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4.3 Results 

Induction 

Multiple-dose induction simulations are shown in Figure 2. In the absence of other 

pathways or enzymes other than CYP3A4 in the formation of metabolite (fm,metabolite = 1 or 

fm,CYP3A4 = 1), the fold-change in peak Cm was nearly constant as the metabolite half-life 

increased. However, the fold-change in peak Cm was progressively less sensitive (20% threshold 

colored in gray) under elimination-rate limited kinetics for the metabolite. When the metabolite 

half-life was longer than 72 hours, Cm at the precipitant tmax and AUCm had similar fold-changes 

compared to peak Cm. 

As fm,metabolite decreased, the fold-change in peak Cm was higher and declined as the 

metabolite half-life increased. As expected, when fm,metabolite was small, Cp was unchanged during 

CYP3A4 induction. In contrast, when fm,metabolite was large, Cp decreased during CYP3A4 

induction, which resulted in increased ratios for max Cm/Cp, Cm/Cp at the precipitant tmax and 

AUCm/AUCp. A smaller fm,metabolite resulted in an inversion of the rank ordering of the fold-

change relationships: peak Cm, Cm at the precipitant tmax and AUCm were highest for the lowest 

fm,metabolite, whereas max Cm/Cp, Cm/Cp at the precipitant tmax and AUCm/AUCp were highest when 

fm = 1. Cm/Cp at the precipitant tmax and AUCm/AUCp were sensitive indices for induction 

regardless of fm,metabolite and metabolite half-life, but their fold-change upon induction decreased 

with decreasing fm,metabolite and increasing metabolite half-life. For formation rate-limited kinetics, 

Cm and AUCm were useful in assessing induction even under high fm,metabolite conditions, if the 

metabolite half-life was longer than 36 hours. For elimination rate-limited kinetics, Cm and 

AUCm were useful only when CYP3A4 metabolism was less than 75% of all of the clearance 

pathways.  
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When considering fm,CYP3A4, as fm,CYP3A4 decreased, the fold-change in peak Cm and 

AUCm decreased because the formation of the metabolite was less dependent on the induced 

CYP3A4 pathway. Cm and AUCm were only useful when fm,CYP3A4 was higher than 25% and 

under formation rate-limited metabolite kinetics. The sensitivity was amplified by normalizing 

with Cp or AUCp, particularly in situations where Cm and AUCm were insensitive due to low 

fm,CYP3A4 or elimination-rate limited kinetics. Peak Cm/Cp and AUCm/AUCp were sensitive 

indices of CYP3A4 induction across all metabolite half-life even when fm,CYP3A4 dropped to 25%. 

The magnifying effect became negligible when fm,CYP3A4 was set to 1% as Cp was nearly 

constant. 

The peak Cm/Cp and AUCm/AUCp ratios showed an inverse U-shaped fold-change curve 

over metabolite half-life. Upon multiple dosing of the inducer, Cm increased in early doses due to 

increased formation, but declined at later doses as Cp continued to drop (when the elimination 

rate exceeded the rate of synthesis, shown in Figure 4.3). The decline in peak Cm/Cp and 

AUCm/AUCp ratios occurred earlier with shorter metabolite half-lives. In contrast, metabolites 

with a long half-life for a given fm,metabolite were less sensitive to induction as the accumulation of 

the metabolite to the new steady-state was dependent on the metabolite half-life. Therefore, the 

fold-change in peak Cm/Cp and AUCm/AUCp ratios was dampened at short and long metabolite 

half-lives. This phenomenon was most noticeable for formation rate-limited kinetics and when 

fm,metabolite or fm,CYP3A4 was high. 

Strong competitive inhibition 

 Simulations for single-dose strong competitive inhibition are shown in Figure 4.4. When 

fm,metabolite and fm,CYP3A4 were set to 1.0, the theoretical trough Cm was able to detect CYP3A4 

inhibition with a maximum half-life of 96 hours for a formation-rate limited metabolite and 72 
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hours for an elimination rate-limited metabolite. When normalized by Cp, the theoretical trough 

Cm/Cp index was sensitive enough to assess inhibition with a metabolite half-life up to 168 hours. 

However, sampling at the metabolite trough is not realistic due to difficulties in determining 

when the trough would occur. When sampled at the precipitant tmax, Cm and Cm/Cp were 

restricted to metabolites with a maximum half-life between 12 and 24 hours. The loss of 

sensitivity is likely a result of the precipitant tmax occurring at the early stage of metabolite 

decline. 

 AUCm can be used as an index for strong inhibition, but only for formation-rate limited 

kinetics when the metabolite half-life was between 12 to 60 hours. To understand the cause of 

the valley-shaped fold-change curve vs. metabolite half-life, one must consider the full time 

course of the Cm curves. The Cm vs. time curves after administration of a strong inhibitor can be 

separated into four stages: decline, rebound, overshoot and recovery (illustrated in Figure 4.5). 

Metabolite concentrations declined as CYP3A was inhibited, but the trough Cm lagged behind 

the peak inhibitor concentration. As the inhibitor concentrations dropped, Cp increased above 

baseline levels, and Cm hit trough levels and rebounded. The higher Cp caused increased 

metabolite formation and higher Cm, surpassing the basal Cm levels, with a return to basal Cm 

levels dependent on the metabolite half-life. The decline and rebound contributed to the decrease 

in AUCm but the overshoot and recovery offset the decrease. A short metabolite half-life 

temporally compressed the four stages, while a long metabolite half-life resulted in a 

prolongation of the stages. Sampling from time = 0 to four precipitant half-lives would include 

the recovery stage if the metabolite half-life was short and would omit parts of the decline, 

overshoot and rebound stages if the metabolite half-life was long. Both extremes of metabolite 

half-life suppressed the fold-change in AUCm. 
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The best index for detecting single dose, strong competitive inhibition when a single 

metabolite was formed entirely by CYP3A4 (fm,metabolite =1 and fm,CYP3A4 = 1) was AUCm/AUCp, 

considering both sensitivity and practicality. AUCm/AUCp was sensitive for metabolites with a 

half-life of up to 108 hours for a formation rate-limited metabolite and 168 hours for an 

elimination rate-limited metabolite. However, with decreases in fm,metabolite or fm,CYP3A4, the utility 

of AUCm/AUCp decreased. As fm,metabolite or fm,CYP3A4 decreased, more parent could be cleared 

through an uninhibited pathway or metabolite would be formed by an uninhibited enzyme, 

thereby reducing Cp. A decrease in fm,CYP3A4 had a higher impact on AUCm/AUCp than a 

decrease in fm,metabolite and was more apparent moving from formation to elimination rate-limited 

kinetics. When fm,metabolite was 50%, the maximum of metabolite half-life was 90 hours for a 

formation rate-limited metabolite and 132 hours for an elimination rate-limited metabolite. When 

fm,CYP3A4 was 50%, the maximum metabolite half-life was 36 hours for a formation rate-limited 

metabolite and 72 hours for an elimination rate-limited metabolite. AUCm/AUCp was insensitive 

when fm,CYP3A4 ≤ 25% as the metabolite formation essentially became independent of CYP3A4 

activity. In contrast, AUCm was more sensitive at lower fm,metabolite. When fm,metabolite was 1%, 

AUCm could be used for metabolites with a half-life up to 72 hours. Because Cp was unaffected, 

Cm did not overshoot after rebounding following CYP3A4 inhibition, making the change in 

AUCm more directly correlated with the change in CYP3A4 activity. 

Moderate competitive inhibition 

 Simulations following a single dose of a moderate competitive inhibitor are shown in 

Figure 4.6. The trends were similar to the single dose of a strong competitive inhibition, but the 

magnitude of the fold-change in the various indices following inhibition were smaller. At 100% 

fm,metabolite and fm,CYP3A4, the theoretical trough Cm could detect CYP3A4 inhibition with a 
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maximum half-life of 36 hours for formation rate-limited metabolite, but was insensitive at all 

metabolite half-lives for elimination rate-limited metabolites. Normalizing by Cp for the Cm/Cp 

ratio widened the formation and elimination rate-limited metabolite half-life windows to 84 

hours and 108 hours, respectively. However, the sensitivity of practical indices for detecting 

CYP3A4 inhibition was restricted. Cm and Cm/Cp at the precipitant tmax may be impractical as a 

metabolite half-life of less than 12 hours was required and AUCm lacked sensitivity at any 

metabolite half-life simulated. The AUCm/AUCp was sensitive for metabolites with half-lives 

less than 48 hours for a formation rate-limited metabolite and 96 hours for an elimination rate-

limited metabolite. 

 Although AUCm/AUCp was the best option to detect moderate inhibition when a single 

metabolite was formed entirely by CYP3A4, the sensitivity of AUCm/AUCp decreased with 

decreasing fm,CYP3A4 or fm,metabolite. The AUCm/AUCp was insensitive at any metabolite half-life 

when fm,CYP3A4 was less than 75%. When fm,metabolite was as low as 1%, AUCm and AUCm/AUCp 

required a metabolite half-life of less than 24 hours, though in reality, any variability in 

fm,metabolite would result in no inhibition being detected as values were very close to the 0.8 

threshold (i.e., estimated 0.75 fold-change).  

Mechanism-based inhibition 

 The multiple dose, mechanism-based inhibition simulations are shown in Figure 4.7. The 

overall trend in the fold-change of the various indices resembled those following single-dose, 

strong competitive inhibition. However, the repeated dosing of the MBI decreased hepatic 

CYP3A4 levels and led to higher accumulation of the inhibitor due to auto-inhibition following 

each subsequent dose (Figure 4.8). The resulting Cm reduction from baseline to the last MBI dose 

was substantial, resulting in larger fold-changes than observed with competitive inhibition. Both 
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AUCm and Cm manifested the “valley” fold-change pattern (seen with the four stages: decline, 

rebound, overshoot and recovery), which was only observed for AUCm following strong 

competitive inhibition. 

 For fm,metabolite = 1 or fm,CYP3A4 = 1, the theoretical trough Cm and minimum Cm/Cp were 

sensitive across almost all the metabolite half-lives, except for the trough Cm when the 

metabolite half-life was less than 4 hours for an elimination-rate limited metabolite. During each 

dosing interval for the MBI, a shorter metabolite half-life resulted in Cm that mirrored the 

precipitant drug concentration vs. time curve and a fast rebound and overshoot in Cm (Figure 

4.8). For metabolites with long half-lives, no fluctuation was seen during the dosing interval for 

the MBI, although the rebound and overshoot occurred to varying degrees. 

For formation rate-limited kinetics, the trough Cm and Cm/Cp at the precipitant tmax were 

sensitive for metabolites with half-lives up to 96 hours and 144 hours, respectively. AUCm was 

sensitive for metabolites with a half-life up to 108 hours. For elimination rate-limited kinetics, 

the trough Cm, AUCm and Cm/Cp at the precipitant tmax were sensitive for metabolites with half-

lives up to 84 hours, 96 hours and 1 week, respectively. AUCm/AUCp was sensitive across the 

metabolite half-lives for either formation or elimination rate-limited metabolite kinetics. Both 

Cm/Cp and AUCm/AUCp were useful for mechanism-based inhibition assessment. 

As fm,metabolite decreased, the sensitivity of trough Cm and AUCm were not affected by 

metabolite half-life, but of the range of metabolite half-lives decreased for minimum Cm/Cp and 

AUCm/AUCp. At fm,metabolite = 1%, the minimum Cm/Cp and AUCm/AUCp were sensitive for 

metabolite half-lives up to 96 hours and 108 hours, respectively. When fm,CYP3A4 was 50% for 

formation-rate limited kinetics and 25% for elimination-rate limited kinetics, Cm and AUCm were 

not sensitive at most of the metabolite half-lives. At fm,CYP3A4 = 50%, the ratios were more 
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sensitive with minimum Cm/Cp and AUCm/AUCp reflecting mechanism-based inhibition for 

metabolites with half-lives up to 60 hours and 72 hours, respectively for formation rate-limited 

kinetics and metabolite half-lives up to 120 hours and 132 hours, respectively for elimination 

rate-limited kinetics.  
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4.4 Discussion 

 This theoretical study investigates the kinetic characteristics of a useful CYP3A4 

endogenous biomarker in different DDI scenarios and generalizes the sensitivity window in 

terms of metabolite half-life based on a 20%-change threshold. The dynamic approach used in 

our simulations better reflects time-dependent changes compared to a static approach and allows 

comparisons between theoretical vs. practical indices, and spot (Cm at the precipitant tmax) vs. 

continuous sampling (AUCm). The variables (i.e., metabolite half-life, formation or elimination 

rate-limited kinetics, fm,metabolite, and fm,CYP3A4) created numerous scenarios and the overwhelming 

number of simulation results can be daunting. To facilitate selecting a CYP3A4 endogenous 

biomarker, the simulation results are summarized in Figure 4.9, by DDI scenario, kinetic 

characteristics, and the sensitive indices for given metabolite half-lives. As not all endogenous 

metabolites will have fm,metabolite and fm,CYP3A4 = 100%, the lowest fm,metabolite and fm,CYP3A4 

detectable are included in the figure. For example, to detect competitive inhibition similar to that 

caused by a single dose of 200 mg itraconazole, a useful CYP3A4 endogenous biomarker that is 

formation-rate limited and has fm,CYP3A4 as low as 50% needs to have a metabolite half-life of 

less than 36 hours and be quantified in the form of AUCm/AUCp. The figure provides a 

convenient way to guide the application of a biomarker. 

 The simulations confirm the usefulness and limitations of previously discovered CYP3A4 

endogenous biomarkers. 4β-hydroxycholesterol, measured in plasma by spot sampling, is useful 

for induction assessment, but insensitive to competitive inhibition (Shin et al. 2013, 

Kasichayanula et al. 2014, Mao et al. 2017). 4β-hydroxycholesterol is formed mainly by 

CYP3A4 as a minor pathway of cholesterol metabolism (Mao et al. 2017). The half-lives of 

cholesterol and 4β-hydroxycholesterol are 72-120 hours and 60-64 hours, respectively (Bodin et 
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al. 2002, Daniels et al. 2009). According to the multiple dose simulations of induction, at 1% 

fm,metabolite and 100% fm,CYP3A4, a formation-rate limited Cm is sensitive for metabolites with a 

half-life of up to 168 hours (Figure 2). For a metabolite with a 60 hours half-life, the simulations 

predicted a 3.75-fold increase in Cm at precipitant tmax after the last inducer dose. Shin et al. 

(2013) reported a 2.43-fold increase in 4β-hydroxycholesterol at steady-state after multiple dose 

administration of 600 mg rifampin once daily (n = 26) (Shin et al. 2013). Based on the single 

dose simulations of strong competitive inhibition, for 1% fm,metabolite and 100% fm,CYP3A4, a 

metabolite half-life of less than 12 hours would be required for a sensitive Cm (Figure 3), 

explaining why Kasichayanula et al. (2014) observed a minimal decrease in 4β-

hydroxycholesterol after a single 600 mg dose of ketoconazole (n = 34) (Kasichayanula et al. 

2014). No change was observed in 4β-hydroxycholesterol even after four days of 400 mg 

ketoconazole given once daily (n = 24) (Lee et al. 2019). Although the half-life of 4β-

hydroxycholesterol is too long for Cm to be sensitive, the simulations suggest that quantifying 

4β-hydroxycholesterol AUC from time = 0 to four precipitant half-lives could detect strong 

competitive inhibition. 

 6β-hydroxycortisol/cortisol, another endogenous CYP3A4 biomarker, is measured in 

urine usually over 24 hours. The advantage of urinary sampling is convenience and non-

invasiveness. Excreted parent and metabolite compounds accumulate in urine and the metabolite-

to-parent urinary concentration ratio reflects plasma AUCm/AUCp with the assumption that the 

renal clearance of the parent and metabolite are equal. When the assumption is violated, it 

confounds the estimation of hepatic CYP3A4 activity. The half-lives of cortisol and 6β-

hydroxycortisol are very short. The former is reported to be 1 hour in humans (Weitzman et al. 

1971) and the latter is 1-2 hours in animals (no human data are available) (Lai et al. 1986). Based 
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on the simulations, at a metabolite half-life close to 1 hour, the fold-change of AUCm/AUCp 

becomes independent of fm,metabolite and metabolite kinetics. The fm,CYP3A4 of cortisol 

hydroxylation is estimated to be 60% (Peng et al. 2011). At fm,CYP3A4 = 60%, we predicted a 

steady-state AUCm/AUCp ~ 3.2-fold higher following CYP3A4 induction (Figure 2). Following 

600 mg rifampin once daily, Shin et al. and Dutreix et al. reported a 1.48-fold (n = 24) and a 4-

fold (n = 20) higher steady-state urinary 6β-hydroxycortisol/cortisol, respectively (Shin et al. 

2013, Dutreix et al. 2014). The high variability in 6β-hydroxycortisol/cortisol could be due to 

diurnal variation, active renal transport, and interconversion between cortisol and cortisone 

(Galteau and Shamsa 2003, Imamura et al. 2014). As an example of CYP3A4 inhibition, Peng et 

al. studied the changes in 6β-hydroxycortisol and 6β-hydroxycortisone formation clearances 

(Peng et al. 2011). Instead of using the two sets of biomarkers separately, the authors suggested 

the using the combined formation clearances to avoid the complication of interconversion. 

Following a single dose of 200 mg itraconazole, the combined formation clearance decreased by 

40% (Peng et al. 2011) compared to a predicted ~35% decrease in AUCm/AUCp using our 

models (Figure 3). 

 The urinary 7β-OH-DHEA/DHEA ratio was significantly changed following CYP3A4 

inhibition as well as induction in a metabolomics study (Shin et al. 2013). DHEA, with a half-life 

of approximately 24 hours, is primarily metabolized to DHEA-sulfate (Legrain et al. 2000). 7β-

OH-DHEA is a minor oxidative metabolite of DHEA (El Kihel 2012). Following 4 days of daily 

administration of 400 mg ketoconazole, a 0.34-fold change in 7β-OH-DHEA/DHEA was 

observed, corresponding to a fm,CYP3A4 = 66% (Shin et al. 2013). Between an fm,CYP3A4 of 50% to 

75%, the induction simulations predicted a fold-change in AUCm/AUCp between 2.9 to 3.8, 

assuming that 7β-OH-DHEA and DHEA have similar half-lives. Shin et al. reported a 1.88-fold 
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increase in urinary 7β-OH-DHEA/DHEA after 10 days of multiple daily doses of 600 mg 

rifampin (n = 26) (Shin et al. 2013). 

 Urinary 1β-OH-DCA/DCA is the most recently proposed CYP3A biomarker. In HLMs, 

the complete inhibition of DCA hydroxylation using ketoconazole is suggestive of  fm,CYP3A = 

100% (Hayes et al. 2016). A rough estimate of fm,metabolite = 11% is based on the fraction the 

hydroxylated metabolite peak area to parent MS peak area by mass spectrometry. The terminal 

half-life of DCA is 15-23 minutes (Cowen et al. 1975). Compared to DCA, 1β-OH-DCA has a 

depletion rate at least 50% slower in HLMs, suggesting elimination-rate limited kinetics if the 

same renal clearance is assumed for the parent and the metabolite (Hayes et al. 2016). The 

predicted change in AUCm/AUCp following strong competitive inhibition and induction are 

approximately 0.5-fold and 4.5-fold, respectively. Based on a comparison between pooled 

control urine samples (n = 6) and a sample from single patient treated with carbamazepine, 

Hayes et al. (2016) reported a 7-fold higher 1β-OH-DCA/DCA for the induced patient (Hayes et 

al. 2016). Further clinical validation of 1β-OH-DCA/DCA, especially under inhibited conditions, 

is still needed. 

 Midazolam is the gold-standard sensitive index substrate to measure CYP3A4 activity in 

DDI trials. Predicted intravenous midazolam control-to-precipitant treatment AUC ratios were 

1.7, 0.43, 0.70 and 0.37 following the administration of rifampin, itraconazole, fluconazole, and 

clarithromycin with dosing regimens simulated in this study. Endogenous biomarker simulations 

showed that detection of the same degree of change was possible by measuring AUCm/AUCp 

after multiple doses of rifampin or clarithromycin, whereas a single dose of itraconazole or 

fluconazole could only be detected under certain kinetic conditions (as shown in Figure 6). An 
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endogenous biomarker that could detect single dose inhibition would be of great value for early 

detection of CYP3A4 inhibition in First-in-Human studies.  

One of the major limitations of this study is that the utility of endogenous biomarkers is 

restricted to hepatic CYP3A4 assessment. To our knowledge, there is no way to predict intestinal 

CYP3A4 activity based on endogenous biomarkers as hepatic and intestinal CYP3A4 are 

differentially regulated. Furthermore, there is a paucity of data to verify these predictions 

regarding the metabolic indices and half-life. Studies will need to be conducted to validate a 

range of endogenous biomarkers in vivo with various inhibitors and inducers and these 

predictions may need to be modified to account for additional considerations (i.e., changes in 

protein binding, induction or inhibition of multiple pathways, etc.) With endogenous biomarkers, 

there is likely to be a higher degree of inter- and intra-individual variability and additional work 

will need to be done to ascertain whether the synthesis rate of the parent, disease states, 

ontogeny, pregnancy, aging, or diet, among other factors, impact the utility of endogenous 

biomarkers to report on CYP3A4 activity.  In addition, the contribution of other CYP3A 

isoforms (i.e., CYP3A5 or CYP3A7) to its metabolism would need to be determined for the 

endogenous biomarker. Finally, in these scenarios, only altered CYP3A4 activity under 

conditions of competitive inhibition, mechanism-based inhibition and induction were described. 

The utility of the theoretical endogenous biomarker to assess basal hepatic CYP3A4 activity is 

unknown.  

 In conclusion, we studied the impact of kinetic characteristics, including metabolite half-

life, fm,metabolite, and fm,CYP3A4, on the utility of a hepatic CYP3A4 endogenous biomarker. Various 

sensitivity indices using spot and continuous sampling, as well as metabolite indices vs. 

metabolite-to-parent ratios were compared. The endogenous biomarker simulations helped to 



168 

 

understand the limitations of current proposed CYP3A4 biomarkers based on their kinetic 

characteristics and provided a guideline of the kinetic characteristics required for a sensitive 

endogenous biomarker given a DDI scenario. The simulation platform developed in this study is 

freely available in R and may be applicable to other hepatic drug metabolizing enzymes. 
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4.6 Figures and Tables 

Table 4.1. Model equations describing the rate of change of each species following administration of an inducer, a competitive 

inhibitor, or a mechanism-based inhibitor. 

Ind = induction; CI = competitive inhibition; MBI = mechanism-based inhibition; BL = baseline values at steady-state; Emax = 

maximal induction capacity; EC50 = concentration to produce half of maximal induction (μM); Ki = concentration to product half of 
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𝑓𝑚 ∙ 𝑘𝑓 ∙ [𝑃𝑎𝑟] − (1 −

𝑓𝑚) ∙ 𝑘𝑓 ∙ [𝑃𝑎𝑟]  
1 

[𝐶𝑌𝑃3𝐴4] ∙ 𝑓𝑚 ∙ 𝑘𝑓 ∙
[𝑃𝑎𝑟] + (1 − 𝑓𝑚) ∙ 𝑘𝑓 ∙

[𝑃𝑎𝑟] − 𝑘𝑚 ∙ [𝑀𝑒𝑡]  

CI 0 
 𝑘𝑎 ∙

𝐷𝑜𝑠𝑒

𝑉
𝐹⁄

−  𝑘𝑒 ∙

[𝐼𝑛ℎ] 
NA NA 1 

𝐾𝑖𝑛,𝐶𝑌𝑃3𝐴4 − 𝑘𝑂,𝐶𝑌𝑃3𝐴4 ∙

[𝐶𝑌𝑃3𝐴4]   

𝑘𝑚

𝑘𝑓
  

𝐾𝑖𝑛,𝑝𝑎𝑟𝑒𝑛𝑡 −
[𝐶𝑌𝑃3𝐴4]

1+
𝑓𝑢 ∙ [𝑖𝑛ℎ]

𝐾𝑖
⁄

∙

𝑓𝑚 ∙ 𝑘𝑓 ∙ [𝑃𝑎𝑟] − (1 −

𝑓𝑚) ∙ 𝑘𝑓 ∙ [𝑃𝑎𝑟]    

1 

[𝐶𝑌𝑃3𝐴4]

1+
𝑓𝑢 ∙ [𝑖𝑛ℎ]

𝐾𝑖
⁄

∙ 𝑓𝑚 ∙ 𝑘𝑓 ∙

[𝑃𝑎𝑟] + (1 − 𝑓𝑚) ∙ 𝑘𝑓 ∙

[𝑃𝑎𝑟] − 𝑘𝑚 ∙ [𝑀𝑒𝑡] 

MBI 0 
 𝑘𝑎 ∙

𝐷𝑜𝑠𝑒

𝑉
𝐹⁄

−  𝑘𝑒 ∙

[𝐶𝑌𝑃3𝐴4] ∙ [𝐼𝑛ℎ] 
NA NA 1 

𝐾𝑖𝑛,𝐶𝑌𝑃3𝐴4 −

(𝑘𝑂,𝐶𝑌𝑃3𝐴4 +

 
𝑘𝑖𝑛𝑎𝑐𝑡 ∙ 𝑓𝑢 ∙ [𝑖𝑛ℎ]

𝐾𝑖 + 𝑓𝑢 ∙ [𝑖𝑛ℎ]
) ∙

[𝐶𝑌𝑃3𝐴4]   

𝑘𝑚

𝑘𝑓
  

 𝐾𝑖𝑛,𝑝𝑎𝑟𝑒𝑛𝑡 − [𝐶𝑌𝑃3𝐴4] ∙

𝑓𝑚 ∙ 𝑘𝑓 ∙ [𝑃𝑎𝑟] − (1 −

𝑓𝑚) ∙ 𝑘𝑓 ∙ [𝑃𝑎𝑟]    
1 

[𝐶𝑌𝑃3𝐴4] ∙ 𝑓𝑚 ∙ 𝑘𝑓 ∙
[𝑃𝑎𝑟] + (1 − 𝑓𝑚) ∙ 𝑘𝑓 ∙

[𝑃𝑎𝑟] − 𝑘𝑚 ∙ [𝑀𝑒𝑡]   
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maximal inhibition (μM); kinact = inactivation rate of the enzyme (1/hr); ka = first-order drug absorption rate constant (1/hr); ke = first-

order drug elimination rate constant (1/hr); V/F = apparent drug volume of distribution (L); fu = fraction unbound of drugs in plasma; 

Kin,Enz
 = zero-order Enz synthesis rate constant ([Enz]/hr);  ko,Enz

 = first-order enz degradation rate constant (1/hr); Kin,CYP3A4
 = zero-

order CYP3A4 synthesis rate constant ([CYP3A4]/hr); ko,CYP3A4 = first-order CYP3A4 degradation rate constant (1/hr); Kin,parent = 

zero-order parent synthesis rate constant ([parent]/hr); kp = first-order parent elimination rate constant; kf = first-order metabolite 

formation rate constant (1/hr); km = first-order metabolite elimination rate constant (1/hr); fm = fraction metabolized to metabolites or 

fraction metabolized by CYP3A4. 
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Table 4.2. A summary of doses, constants, and biomarker variable sample spaces specified in different simulation scenarios. 

Ind = induction; CI = competitive inhibition; MBI = mechanism-based inhibition; QD = once a day; BID = twice a day; Emax,1 = 

maximal enz induction capacity; EC50,1 = concentration to produce half of maximal enz induction (μM); Emax,2 = maximal CYP3A4 

induction capacity; EC50,2 = concentration to produce half of maximal CYP3A4 induction (μM); Ki = concentration to product half of 

maximal inhibition (μM); kinact = inactivation rate of the enzyme (1/hr); ka = first-order drug absorption rate constant (1/hr); ke = first-

order drug elimination rate constant (1/hr); V/F = apparent drug volume of distribution (L); fu = fraction unbound of drugs in plasma; 

Kin,Enz
 = zero-order Enz synthesis rate constant ([Enz]/hr);  ko,Enz

 = first-order enz degradation rate constant (1/hr); Kin,CYP3A4
 = zero-

order CYP3A4 synthesis rate constant ([CYP3A4]/hr); ko,CYP3A4 = first-order CYP3A4 degradation rate constant (1/hr); Kin,parent = 

 Dose Drug constants Enzyme constants Parent and metabolite variables 

Sensitivity 

(km) 

and 

Selectivity 

(fm,metabolite) 

Interplay 

Ind QD for 7 days 

Emax,1 = 1.16Ϫ; EC50,1 = 0.00985Ϫ, 

Emax,2 = 15§; EC50,2 = 0.32§; 

ka = 1.77Ϫ; ke = 0.17Ϫ; 

V/F = 87.2Ϫ; fu = 0.116§ 

Kin,Enz = ko,Enz 

kEnz = 0.00603Ϫ 

Kin,CYP3A4 = ko,CYP3A4 

ko,CYP3A4 = 0.024
д

 

Kin,parent = 
km

fm,metabolite
 (based on steady-state) 

kp = n · km  where n ∈{0.5, 1, 2} 

fm,metabolite ∈{0.01, 0.25, 0.5, 0.75, 1} 

km = 
ln2

t1/2,m
  where t1/2,m ∈{1, 2, … , 168} 

Strong CI single 
Ki = 0.0013¥; ka = 0.6¥; 

ke = 0.033Ѳ; V/F = 796Ѳ; fu = 0.016¥ 

Kin,CYP3A4 = ko,CYP3A4 

ko,CYP3A4 = 0.024
д
 

same as above 

Moderate CI single 
Ki = 10.7Φ; ka = 0.93Ӿ; ke = 0.0231Ѳ; 

V/F = 48.3Ѳ; fu = 0.89Φ 
same as above same as above 

MBI BID for 3 days 
kinact = 2.13Ϡ; Ki = 12Ϡ; ka = 2.42Ϡ; 

ke = 0.35Ԑ; V/F = 172Ԑ; fu = 0.18Ϡ 
same as above same as above 

Sensitivity 

(km) 

and 

Selectivity 

(fm,CYP3A4) 

Interplay 

Ind QD for 7 days 

Emax,1 = 1.16Ϫ; EC50,1 = 0.00985Ϫ, 

Emax,2 = 15§; EC50,2 = 0.32§; 

ka = 1.77Ϫ; ke = 0.17Ϫ; 

V/F = 87.2Ϫ; fu = 0.116§ 

Kin,Enz = ko,Enz 

kEnz = 0.00603Ϫ 

Kin,CYP3A4 = ko,CYP3A4 

ko,CYP3A4 = 0.024
д
 

Kin,parent = km (based on steady-state) 

kf = n · km  where n ∈{0.5, 1, 2}12 

 

fm,CYP3A4 ∈{0.01, 0.25, 0.5, 0.75, 1} 

km = 
ln2

t1/2,m
  where t1/2,m ∈{1, 2, … , 168} 

Strong CI single 
Ki = 0.0013¥; ka = 0.6¥; 

ke = 0.033Ѳ; V/F = 796Ѳ; fu = 0.016¥ 

Kin,CYP3A4 = ko,CYP3A4 

ko,CYP3A4 = 0.024
д
 

same as above 

Moderate CI single 
Ki = 10.7Φ; ka = 0.93Ӿ; ke = 0.0231Ѳ; 

V/F = 48.3Ѳ; fu = 0.89Φ 
same as above same as above 

MBI BID for 3 days 
kinact = 2.13Ϡ; Ki = 12Ϡ; ka = 2.42Ϡ; 

ke = 0.35Ԑ; V/F = 172Ԑ; fu = 0.18Ϡ 
same as above same as above 
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zero-order parent synthesis rate constant ([parent]/hr); kp = first-order parent elimination rate constant; kf = first-order metabolite 

formation rate constant (1/hr); km = first-order metabolite elimination rate constant (1/hr); fm,metabolite = fraction metabolized to 

metabolites; fm,CYP3A4 = fraction metabolized by CYP3A4; t1/2,m = metabolite half-life (hr); §based on rifampin in Simcyp; ¥based on 

itraconazole in Simcyp; Φbased on fluconazole in Simcyp; Ϡbased on clarithromycin in Simcyp; ϪSvensson 2018; ӾCsajka 2001; 
ԐAbduljalil 2009; ѲFDA label; дRamsden 2015.
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Figure 4.1. Models for induction, competitive inhibition, and mechanism-based inhibition. Emax 

= maximal induction capacity; EC50 = concentration to produce half of maximal induction (μM); 

Ki = concentration to product half of maximal inhibition (μM); kinact = inactivation rate of the 

enzyme (1/hr); ka = first-order drug absorption rate constant (1/hr); ke = first-order drug 

elimination rate constant for the precipitant (1/hr); fu = fraction unbound of precipitant in plasma; 

Kin,CYP3A4
 = zero-order CYP3A4 synthesis rate constant ([CYP3A4]/hr); ko,CYP3A4 = first-order 
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CYP3A4 degradation rate constant (1/hr); Kin,parent = zero-order endogenous parent synthesis rate 

constant ([parent]/hr); kp = first-order endogenous parent elimination rate constant; kf = first-

order endogenous metabolite formation rate constant (1/hr); km = first-order endogenous 

metabolite elimination rate constant (1/hr); fm,metabolite = fraction of the endogenous parent 

metabolized to the endogenous metabolite of interest; fm,CYP3A4 = fraction of the endogenous 

parent metabolized by CYP3A4. 
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Figure 4.2. Simulations for CYP3A4 induction: fold-change of the sensitivity indices vs. metabolite half-life. Induction was simulated 

using 600 mg rifampin once a day dosed for 7 days. Abbreviations: Peak Cm = theoretical peak metabolite concentration; Cm at 

Precipitant tmax = metabolite concentration at the peak precipitant concentration; AUCm = metabolite area under the concentration-

time curve; Max Cm/Cp = theoretical highest value of the metabolite-to-parent concentration ratio; Cm/Cp at Precipitant tmax = 

metabolite-to-parent concentration ratio at the peak precipitant concentration; AUCm/AUCp = metabolite-to-parent area under the 

concentration-time curve ratio. 
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Figure 4.3. Examples of concentration-time profiles of simulated species following CYP3A4 induction. Enz = rifampin metabolizing 

enzyme; ratio = metabolite-to-parent concentration ratio. 
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Figure 4.4. Simulations of strong competitive inhibition of CYP3A4: fold-change of the sensitivity indices vs. metabolite half-life. 

Strong competitive inhibition was simulated using a single dose of 200 mg itraconazole. Abbreviations: Trough Cm = theoretical 

trough metabolite concentration; Cm at Precipitant tmax = metabolite concentration at the peak precipitant concentration; AUCm = 

metabolite area under the concentration-time curve; Min Cm/Cp = theoretical lowest value of the metabolite-to-parent concentration 

ratio; Cm/Cp at Precipitant tmax = metabolite-to-parent concentration ratio at the peak precipitant concentration; AUCm/AUCp = 

metabolite-to-parent area under the concentration-time curve ratio. 
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Figure 4.5 Examples of concentration-time profiles of simulated species following strong competitive inhibition. The ratio is the 

metabolite-to-parent concentration ratio. 
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Figures 4.6. Simulations of moderate competitive inhibition of CYP3A4: fold-change of the sensitivity indices vs. metabolite half-

life. Moderate competitive inhibition was simulated using a single dose of 200 mg fluconazole. Abbreviations: Trough Cm = 

theoretical trough metabolite concentration; Cm at Precipitant tmax = metabolite concentration at the peak precipitant concentration; 

AUCm = metabolite area under the concentration-time curve; Min Cm/Cp = theoretical lowest value of the metabolite-to-parent 

concentration ratio; Cm/Cp at Precipitant tmax = metabolite-to-parent concentration ratio at the peak precipitant concentration; 

AUCm/AUCp = metabolite-to-parent area under the concentration-time curve ratio. 
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Figure 4.7. Examples of concentration-time profiles of simulated species following mechanism-based inhibition scenario. The ratio is 

the metabolite-to-parent concentration ratio. 
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Figure 4.8. Simulations of mechanism-based inhibition of CYP3A4: of fold-change of the sensitivity indices vs. metabolite half-life. 

Mechanism-based inhibition was simulated using 500 mg clarithromycin twice a day for 3 days. Abbreviations: Trough Cm = 

theoretical trough metabolite concentration; Cm at Precipitant tmax = metabolite concentration at the peak precipitant concentration; 

AUCm = metabolite area under the concentration-time curve; Min Cm/Cp = theoretical lowest value of the metabolite-to-parent 

concentration ratio; Cm/Cp at Precipitant tmax = metabolite-to-parent concentration ratio at the peak precipitant concentration; 

AUCm/AUCp = metabolite-to-parent area under the concentration-time curve ratio. 
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Figure 4.9. A summary of kinetic characteristics required for a sensitive endogenous CYP3A4 biomarker under different drug-drug 

interaction scenarios. Abbreviations: Cm = metabolite concentration at the peak precipitant concentration; AUCm = metabolite area 
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under the concentration-time curve; Cm/Cp = metabolite-to-parent concentration ratio at the peak precipitant concentration; 

AUCm/AUCp = metabolite-to-parent area under the concentration-time curve ratio. 
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CHAPTER 5 

 

SUMMARY AND CONCLUSIONS  
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5.1 Conclusions 

In the past decade, pharmacometrics has emerged as a powerful tool to model the 

pharmacokinetics of drugs in special populations, to predict drug-drug interactions (DDIs) in 

silico, and to conduct simulation studies to better understand drug disposition when performing 

clinical trials is not feasible. This dissertation focused on using pharmacometrics to understand 

drug disposition and predict drug interactions in morbidly obese individuals undergoing Roux-

en-Y gastric bypass surgery (RYGBS) and to determine the kinetic characteristics of theoretical 

endogenous biomarkers that would permit the detection of competitive inhibition, mechanism-

based inhibition and induction of hepatic CYP3A4.  

RYGBS, a surgery that creates a smaller stomach pouch and reduces the length of small 

intestine, is one of the most common medical interventions for the treatment of obesity. The 

anatomical changes and resultant changes in drug metabolizing enzyme activity can substantially 

impact drug disposition and drug-drug interactions (DDIs). For DDI assessment, the use of 

endogenous biomarkers is an alternative approach to probe drug pharmacokinetic studies. Using 

endogenous biomarkers is attractive to drug developers and clinicians as they provide an 

opportunity for early detection of DDIs and non-invasive sampling. Novel endogenous CYP3A4 

biomarkers are needed, but their required kinetics characteristics in a given DDI scenario 

remains obscure. This dissertation investigated how RYGBS affects drug absorption and 

intestinal and hepatic metabolism in vivo and in silico and summarized how different kinetic 

characteristics affect the utility of an endogenous biomarker for hepatic CYP3A4 through 

theoretical simulations. 

In Chapter 2, we determined how RYGBS influences the absorption and metabolism of 

acetaminophen. Twelve morbidly obese patients received 1.5 g of liquid acetaminophen (APAP) 
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orally on three separate pharmacokinetic study days (i.e., pre-RYGBS baseline, 3-month, and 12-

month post-RYGBS). Plasma was collected at pre-specified timepoints over 24 hours and the 

samples were analyzed using liquid chromatography-mass spectrometry for APAP, APAP-

glucuronide (APAP-gluc), APAP-sulfate (APAP-sulf), APAP-cysteine (APAP-cys), and APAP-

N-acetylcysteine (APAP-nac).  Following RYGBS, peak APAP concentrations at the 3-month 

and 12-month visits increased by 2-fold compared to baseline (p = 0.0039 and p = 0.0078, 

respectively) and the median time to peak concentration decreased from 35 min to 10 min. In 

contrast, peak concentrations of APAP-gluc, APAP-sulf, APAP-cys, and APAP-nac were 

unchanged following RYGBS. The apparent oral clearance of APAP and the ratios of metabolite 

AUC-to-APAP AUC for all four metabolites decreased at 3-months and 12-months post-RYGBS 

compared to the presurgical baseline. In a simulation of expected steady-state plasma 

concentrations following multiple dosing of 650 mg APAP every 4 hours, post-RYGBS patients 

had higher peak-to-trough APAP concentrations (6.9-fold) compared to obese pre-RYGBS 

individuals (6.2-fold), and 1.7-fold higher APAP exposure. Following RYGBS, the rate and 

extent of APAP absorption increased and decreased formation of APAP-metabolites was 

observed, possibly due to down-regulation of Phase II and CYP2E1 enzymes. 

 In Chapter 3, our goal was to better understand the DDI potential of CYP3A and P-gp 

inhibitors in morbidly obese individuals pre- and post-RYGBS. Using physiologically-based 

pharmacokinetic (PBPK) modeling, we simulated the impact of RYGBS on the absorption and 

metabolism of midazolam, acetaminophen, digoxin, and their major metabolites. Secondly, we 

built PBPK models for verapamil and posaconazole to evaluate CYP3A- and P-gp-mediated 

DDIs pre- and post-RYGBS. We found that for highly soluble drugs, such as verapamil, 

bioavailability was comparable pre- and post-RYGBS. For verapamil inhibition, RYGBS did not 
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affect the fold-change of the inhibited AUC ratio or inhibited peak concentration ratio for either 

midazolam or digoxin. In contrast, the bioavailability of posaconazole, a poorly soluble drug, 

decreased from 12% to 5% from pre- to post-RYGBS. For posaconazole inhibition, the inhibited 

midazolam AUC increased by 2.0-fold pre-RYGBS, but only increased by 1.6-fold post-

RYGBS. A similar trend was observed for pre- and post-RYGBS inhibited midazolam peak 

concentration ratios (2.0- and 1.6-fold, respectively). Absorption of highly soluble drugs was 

more rapid post-RYGBS, resulting in higher predicted midazolam peak concentrations, which 

was further increased following inhibition by verapamil or posaconazole. To reduce the risk of a 

drug-drug interaction in patients post-RYGBS, the dose or frequency of object drugs may need 

to be decreased when administered with highly soluble inhibitor drugs, especially if toxicities are 

associated with peak concentrations. 

In Chapter 4, we used modeling to identify the kinetic characteristics of theoretical 

hepatic CYP3A4 biomarkers that would have the ability to detect induction, moderate 

competitive inhibition, strong competitive inhibition, and mechanism-based inhibition. We 

performed a simulation study to investigate how the sensitivity of a biomarker was affected by 

metabolite half-life, fraction of the endogenous parent that is metabolized to the metabolite of 

interest (fm,metabolite), and fraction of the endogenous parent that is metabolized by CYP3A4 

(fm,CYP3A4). The metabolic indices (i.e., metabolite concentration (Cm), the metabolite-to-parent 

concentration ratio (Cm/Cp), the metabolite AUC (AUCm), and the metabolite-to-parent AUC 

ratio (AUCm/AUCp)) were considered to be sensitive with at least a 20% change under the 

different DDI scenarios. To detect induction (i.e., 600 mg rifampin once daily for 7 days), Cm/Cp 

and AUCm/AUCp were sensitive indices for a hypothetical endogenous biomarker with a 

metabolite half-life of up to 1 week. To detect strong competitive inhibition (i.e., single 200 mg 
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dose of itraconazole), AUCm/AUCp was the only appropriate index for a hypothetical 

endogenous biomarker with a maximum metabolite half-life of 108 hours for a formation-rate 

limited metabolite and 168 hours for an elimination-rate limited metabolite. To detect moderate 

competitive inhibition (i.e., single 200 mg dose of fluconazole), AUCm/AUCp was the only 

appropriate index for a hypothetical endogenous biomarker with a maximum metabolite half-life 

of 48 hours for a formation-rate limited metabolite and 108 hours for an elimination-rate limited 

metabolite. To detect mechanism-based inhibition (i.e., 500 mg clarithromycin twice daily for 3 

days), Cm/Cp and AUCm/AUCp were sensitive indices for a hypothetical endogenous biomarker 

with a maximum metabolite half-life of 144 hours for a formation-rate limited metabolite and 

168 hours for an elimination-rate limited metabolite. The sensitivity of the hypothetical 

endogenous biomarker was reduced by decreasing fm,metabolite or fm,CYP3A4. As fm,metabolite was 

decreased, the change in Cm and AUCm increased, but the change in Cm/Cp and AUCm/AUCp 

decreased. As fm,CYP3A4 was decreased, the change in Cm, Cm/Cp, AUCm, and AUCm/AUCp 

decreased. These simulations provide a framework to better interpret the utility of published 

CYP3A4 endogenous biomarkers as well as providing useful characteristics of new endogenous 

CYP3A4 biomarkers. Furthermore, the biomarker simulation platform was developed using 

open-source software and is easily adaptable to other hepatic enzymes. 

Finally, there are several future directions that can be taken to further the research 

presented in this dissertation. Given that the RYGBS PBPK model was built using existing in 

vitro and in vivo data, knowledge about changes in physiological parameters, such as hepatic fat 

content, gastric pH, post-surgical intestinal adaptation, and tissue-specific enzyme and 

transporter expression due to RYGBS would help refine the PBPK model. Although challenging 

to conduct, clinical studies should be conducted to verify the DDI outcomes that were predicted 
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using PBPK models developed for RYGBS patients. Moreover, the physiologic changes are 

likely to be time-dependent as patients recover from surgery, lose weight and either establish a 

new lifestyle or begin to regain weight. Thus, the window of maximum risk for DDIs may be 

dependent on individual-level factors. Second, not all drugs have liquid formulations and thus 

poorly soluble drugs, such as posaconazole, may need to be taken by patients post-RYGBS. The 

general recommendation to take poorly soluble drugs with food may be complicated in patients 

post-RYGBS as the amount of food that can be ingested is far different than in healthy 

individuals. Comparisons of drug disposition and DDIs for poorly soluble drugs in the fasted 

state versus the fed state in pre- and post-RYGBS patients would be informative. Third, the 

current RYGBS PBPK model can be adapted to other bariatric surgeries by emulating the 

surgical alterations of gastrointestinal anatomy in the ADAM model, though model training and 

verification may be challenging with the limited clinical pharmacokinetic data following other 

bariatric surgical procedures.  

With respect to the biomarker simulation study, comparisons of the predicted changes 

have been verified with available clinical data for putative CYP3A4 endogenous biomarkers 

(e.g., urinary 6β-hydroxycortisol/cortisol, plasma 4β-hydroxycholesterol, urinary 7β-hydroxy-

dehydroepiandrosterone/dehydroepiandrosterone, and urinary 1β-hydroxydeoxycholic 

acid/deoxycholic acid). However, additional work will need to be done to verify the predicted 

fold-changes under various dosing schemes (duration of treatment and different inhibitors or 

inducers). To improve the accuracy of the predicted changes, models can be developed 

incorporating changes in fm,metabolite and fm,CYP3A4 due to induction or inhibition of other CYP 

pathways, substrates with more complex kinetics (i.e., circadian rhythm or enterohepatic 

recirculation) and comparison of endogenous CYP3A4 biomarkers against the other DDI index 
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substrates. In addition, using the simulation models, we can optimize the sampling time based on 

metabolite half-life to increase the sensitivity window. 

Overall, this dissertation applied pharmacometrics to better understand the disposition of 

acetaminophen, midazolam and digoxin in patients undergoing RYGBS, provided predictions of 

CYP3A4 and P-gp DDIs that differ based on the solubility of the inhibitor and whether the 

patient is healthy, morbidly obese or post-RYGBS, and defined the kinetic characteristics of 

sensitive hypothetical endogenous CYP3A4 biomarkers to detect various DDIs. 
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