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Abstract

Abstract
Background: Obesity is an increasing global health problem and is associated with serious
comorbidity. Patients with severe obesity frequently use a variety of drugs. In a previous
study in this patient population, it was indicated that cytochrome P450 3A (CYP3A)
expression decreased with increasing body weight. In the current study, the aim was to
investigate the effect of body weight and weight reduction on CYP3A activity in vivo using
the CYP3A probe substrate midazolam (MDZ) in patients with severe obesity compared to
non-obese subjects and before and after a moderate weight loss.
Method: A 24-hour pharmacokinetic investigation of MDZ was performed on patients with
severe obesity, before and after 3 weeks on a low calorie diet (< 1200 kcal/day). Non-obese
subjects underwent one pharmacokinetic investigation of MDZ. All subjects received 1.5 mg
oral and 1.0 mg intravenous MDZ separated by 4 hours. Per subject and per occasion, 18
samples were collected in which MDZ and its major metabolite 1-OH MDZ were measured
using a validated liquid chromatography tandem mass spectrometry (LC-MS/MS) method.
Non-compartmental methods were used to determine pharmacokinetic parameters and the
absolute bioavailability of MDZ in each individual.
Results: Fifteen patients with a mean Body Mass Index (BMI) of 47.4 ±7.3 kg/m2 and 9 nonobese subjects with a mean BMI of 25.8 ±3.8 kg/m2 were included in this analysis. A
significantly higher absolute bioavailability (34 ±10% vs 13 ±8%) and total systemic
clearance (CL) of MDZ (26 ±7 vs 16 ±7 L/h) were observed in the patients with severe
obesity compared to non-obese subjects. Volume of distribution (Vd) was higher (43 ±14 vs
13 ±11 L, P < 0.001) and elimination half-life (t1/2) was prolonged (9 ±2 vs 4 ±1 hours, P <
0.001) in the patients with severe obesity. The 3-week low calorie diet induced a mean weight
loss of 7.2 ±2.0 kg (4.9 ±1.1%) in the patients with severe obesity. The absolute
bioavailability of MDZ was not significantly changed after the diet. However, a significantly
higher oral area under the curve-ratio (AUC-ratio) of 1-OH MDZ/MDZ was observed after
the diet (0.29 ±0.17 before vs 0.33 ±0.10 after diet). No other significant changes were
detected in the pharmacokinetics of MDZ prior to and after the low calorie diet.
Conclusion: In patients with severe obesity, both the absolute bioavailability and CL of MDZ
is found to be higher compared to non-obese subjects. A higher bioavailability might be due
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to a reduced intestinal CYP3A activity in these patients, but this warrants further
investigation. MDZ Vd was found to be larger in the patients with obesity, leading to a
prolonged t1/2. A moderate weight loss following a 3-week low calorie diet, did not impact the
pharmacokinetics of MDZ in patients with severe obesity. However, the oral AUC-ratio of 1OH MDZ/MDZ was increased after the diet, suggesting that the intestinal pre-systemic
CYP3A activity might increase following weight loss. Further research is needed to
understand the full influence of body weight and weight reduction on the pharmacokinetics of
MDZ and CYP3A activity in patients with severe obesity.
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Introduction

1 Introduction
1.1 Interindividual variability in drug response
In a population, the same dose of a drug can give very different drug responses between
individuals. Drug response is determined by both the pharmacokinetics (PK) and the
pharmacodynamics of a drug. Pharmacokinetics is the study of how the concentration of a
drug changes as it moves through the body, while pharmacodynamics is the study of the effect
of a drug in the body. Reasons for the differences in responsiveness to a given dose of a drug
are manifold and include genetic, environmental, physiological and disease related factors.
Interindividual variability in drug response is a major challenge in clinical practice, especially
for drugs with narrow therapeutic windows and individualized treatment is often necessary for
various drugs.

1.1.1 Pharmacokinetic variability
Drug absorption, distribution, metabolism and excretion (ADME) are processes of
pharmacokinetics (Buxton and Benet 2011). For systemically acting drugs, pharmacokinetics
describes the relationship between the systemic exposure of a drug and its dose with time
(Rowland et al. 2011). The plasma concentration-time profile of a drug is dependent on
ADME and can be used to determine the total systemic exposure (area under the
concentration-time curve, AUC) of a drug (Rowland et al. 2011). Bioavailability (F) is a
measure of the amount of unchanged drug that reaches the systemic circulation after
absorption and can vary considerably between individuals. Bioavailability will be covered in
greater detail in the next section (1.1.2). Volume of distribution (Vd) is a measure of the
extent of drug distribution and is dependent on many factors including tissue size, tissue
permeability, plasma protein binding, and the affinity of drugs for the tissue compartment
(Buxton and Benet 2011). Vd differs between drugs and between individuals in a population.
Total systemic clearance (CL) can be described as the volume of plasma cleared of drug per
unit time. CL is an important measure of drug elimination and variability in this
pharmacokinetic parameter can have great clinical consequences (Rowland et al. 2011).
Genetics, age, weight, gender, drug/food interactions and disease are all factors affecting
ADME, leading to interindividual variability in drug pharmacokinetics (Lin 2007, Rowland et
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al. 2011). Understanding the factors affecting pharmacokinetics and how they impact the
different pharmacokinetic parameters is crucial to optimize drug therapy.

1.1.2 Bioavailability
The bioavailability of a drug is defined as the fraction or percent of the administered dose that
reaches the systemic circulation unchanged. Drugs for oral administration need to enter the
systemic circulation before they can reach their site of action and interact with target cells to
create a response. After intake of an oral dose, a fraction of the dose is absorbed (FA) from the
gastrointestinal lumen (GI) and permeates through the cells in the intestinal membrane. In the
GI wall, the drug is subject to intestinal pre-systemic metabolism and excretion by drug efflux
transporter (e.g. P-plycoprotein) back into the lumen. The fraction that escapes the presystemic elimination in the GI wall (FG), enters the portal vein and reaches the liver for
further pre-systemic metabolism and biliary excretion. Finally, the fraction of the dose
escaping the pre-systemic liver elimination (FH), enters the systemic circulation. The presystemic metabolism occurring in the gut and liver is also known as first-pass metabolism,
and the total loss of drug during its first passage through these tissues is known as first-pass
loss (Figure 1) (Rowland et al. 2011). Oral systemic bioavailability, F, can thus be
mathematically expressed as:
𝐹 = 𝐹𝐴 ∙ 𝐹𝐺 ∙ 𝐹𝐻
Factors that may affect FA are physiological properties such as the integrity of the GI tract,
intestinal motility, pH and surface area and physicochemical properties of the drug such as
solubility and lipophilicity (Rowland et al. 2011, El-Kattan and Varma 2012). The expression
and activity of drug metabolizing enzymes in gut and liver affects FG and FH and can
substantially influence oral bioavailability, especially for drugs that undergo extensive firstpass metabolism.
After intravenous (IV) administration, the entire dose reaches the systemic circulation and
thus bioavailability is complete. The absolute bioavailability of an oral drug can be
determined by comparing the doses and the systemic exposures (AUC) after oral and
intravenous administration (see section 2.3.1) (Rowland et al. 2011).
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Figure 1. An oral dose needs to enter the gastrointestinal (GI) lumen, be absorbed through the GI wall and undergo first-pass
elimination, before entering the systemic circulation. The fraction entering the systemic circulation unchanged (FA · FG · FH)
is the oral bioavailability (F) of the drug. For an intravenous (IV) dose, the entire dose enters the systemic circulation and F is
complete (100%). FA = fraction absorbed into GI wall, FG = fraction escaping intestinal first-pass elimination in the GI wall,
FH = fraction escaping hepatic first-pass elimination in the liver, PGP = P-glycoprotein.

1.2 Drug metabolism
Before a drug can be excreted by the kidneys, a series of biotransformations or metabolism
often occur. Drug metabolism is carried out by drug metabolizing enzymes and occurs mainly
in the liver, but also in the gut and kidney among other organs (Rowland et al. 2011). These
drug metabolizing enzymes catalyse reactions transforming the drugs into more hydrophilic
substances (metabolites) and are divided into phase I and phase II enzymes. In phase I
metabolism, polar functional groups (e.g. -OH, -SH and -NH2) are generally inserted to the
parent drug. In phase II metabolism, conjugation reactions couple polar groups such as
glucuronate, acetate or sulphate to the parent drug or metabolite from phase I metabolism
(Buxton and Benet 2011). A drug frequently undergoes metabolism by several competing
pathways. Phase I and phase II metabolism often occur in sequence, but they also occur
separately (Rowland et al. 2011).

1.2.1 Cytochrome P450 system
The cytochrome P450 (CYP) system is the most important family of drug metabolizing
enzymes in the body (Guengerich 2008). CYP enzymes are hemoproteins bound to the
membrane of endoplasmic reticulum in the cells, and they are classified as phase I enzymes
3
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(Buxton and Benet 2011, Gonzalez et al. 2011). These enzymes play a large role in the
oxidative metabolism of many xenobiotics (drugs, chemicals) as well as endobiotics (steroids,
fatty acids, prostaglandins) and are a source of variability in drug pharmacokinetics and
response (Gonzalez 1990). CYP enzymes are named based on their gene family (a number),
subfamily (a letter) and gene number (Nelson et al. 1996). To this day, 57 functional CYP
genes have been identified in human, but only a dozen of enzymes belonging to the CYP1, 2
and 3 families are responsible for the metabolism of the majority of drugs (Wilkinson 2005,
Zanger and Schwab 2013). Interindividual differences in the activity of CYP enzymes can
lead to considerable variations in the systemic exposure of drugs metabolized via these
enzymes.

1.2.2 CYP3A subfamily
The CYP3A subfamily of enzymes are important in drug metabolism as they are found in
great amounts in organs involved in drug disposition such as the liver, gastrointestinal tract
and kidney. They are the most abundant CYP enzymes in the liver and in the small intestine,
accounting for approximately 40% and 82% of total amount of CYP enzymes in liver and
intestine, respectively (Shimada et al. 1994, Paine et al. 2006). The CYP3A isoenzymes have
a broad and overlapping substrate specificity and they play a major role in the metabolism of
many clinically used drugs today (Guengerich 2005, Zanger and Schwab 2013). The two most
important CYP3A isoforms are CYP3A4 and CYP3A5, but other isoforms include CYP3A7
and CYP3A43 (Westlind et al. 2001, Guengerich 2005). The clinical significance of the latter
two is not well studied, but they probably contribute less to the CYP3A metabolic activity in
human adults, as CYP3A7 have been found mainly in fetus and CYP3A43 has shown
relatively low expression in liver and other organs (Lacroix et al. 1997, Westlind et al. 2001,
Zanger and Schwab 2013).

1.3 Variability in CYP3A
CYP3A4 and CYP3A5 show large variability in both expression and activity among
individuals in a population (Lamba et al. 2002). Factors affecting CYP3A4 and CYP3A5
activity include genetics, drug and nutrition interactions and various disease states.
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1.3.1 CYP3A4
CYP3A4 is normally abundantly expressed in the human liver, but the population variability
is extremely high, with reports from both in vitro and in vivo studies showing large
interindividual variability in the expression and activity of CYP3A4 (Westlind et al. 1999,
Ozdemir et al. 2000, Lamba et al. 2002, Lin et al. 2002). In the intestinal enterocytes,
CYP3A4 is the predominantly expressed CYP enzyme contributing substantially to the firstpass metabolism of orally administered drugs (Paine et al. 2006).
Many allelic variants of CYP3A4 have been identified and almost all seem to express
functional CYP3A4 (Zanger and Schwab 2013). However, a single-nucleotide polymorphism
in intron 6, the CYP3A4*22 allele, has been associated with a reduced expression and activity
of CYP3A4 (Elens et al. 2011, Wang et al. 2011). Wang et al. (2011) studied 235 patients, of
whom 22 patients were CYP3A4*22 carriers, and a reduced statin dose was required in these
patients to achieve the same lipid lowering effect, indicating that CYP3A4 activity was also
reduced. To date, no other relationship between genetic polymorphism and CYP3A4 activity
has been clearly demonstrated and no single genetic factor has been able to explain the high
CYP3A4 variability (Klein and Zanger 2013).
Instead, CYP3A4 activity is found to be largely affected by environmental factors such as
drug and food interactions. Grapefruit juice is a well-known inhibitor of CYP3A4. In a study
including ten male volunteers, it was observed that the systemic exposure of CYP3A4
substrate diltiazem was higher after intake of grapefruit juice compared to after intake of
water (Christensen et al. 2002). Other inhibitors of CYP3A4 include some macrolide
antibiotics (e.g. clarithromycin and erythromycin) and inducers of CYP3A4 include
rifampicin and St John’s Wort (Anzenbacher and Anzenbacherova 2001, Markowitz et al.
2003, Chen and Raymond 2006).
Gender and age seems to have some effect on CYP3A4 activity and clinical studies have
shown that women metabolize some CYP3A substrates more quickly than men (Cotreau et al.
2005). However, only a small difference in clearance was observed between men and women
when clearance was adjusted for body weight. CYP3A4 activity might also be reduced in the
elderly as age has been associated with a reduced clearance of CYP3A4 substrates (Cotreau et
al. 2005, Rowland et al. 2011).
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Other factors that may contribute to the variability in CYP3A4 activity are disease-states
involving immunological response and the release of cytokines, both of which have been
shown to reduce CYP3A4 activity (Christensen and Hermann 2012). One potential
mechanism for this reduced activity is through a suppression of CYP3A4 transcription
regulated by the ligand-dependent transcription factor pregnane X receptor (PXR) and nuclear
factor kappa B (NF-κB) (Gu et al. 2006). Cytokines have been found to induce the production
of NF-κB (Gu et al. 2006). Upon activation, NF-κB translocates into the nucleus and interacts
with retinoid X receptor alpha (RXRα) to disrupt binding of the PXR·RXRα complex to
regulatory DNA sequences which control CYP3A4 expression (Figure 2) (Gu et al. 2006).

Cytokines

NF-κB
RXR
NF-κB

RXR

PXR

PXR

promoter

CYP3A4
gene

Activated transcription

promoter

CYP3A4
gene

Stop in transcription

Figure 2. NF-κB is induced by cytokines and disrupts the PXR·RXRα complex from binding to the response element in the
CYP3A4 promoter, leading to a suppression of CYP3A4 expression. NF-κB = nuclear factor kappa B, PXR = pregnane X
receptor, RXRα = retinoid X receptor alpha. Modified from Gu et al. (2006).

1.3.2 CYP3A5
CYP3A5 is polymorphically expressed in only a small fraction of Caucasians, but to a larger
degree in Africans and African Americans (Kuehl et al. 2001). Only individuals with the
CYP3A5*1 allele, express functional CYP3A5 enzymes, whereas several deficient alleles
exist, the most common being CYP3A5*3 (Kuehl et al. 2001, Zanger and Schwab 2013). In
some individuals with the CYP3A5*1 allele, the amount of CYP3A5 expressed in the liver
can be comparable to that of CYP3A4 (Lin et al. 2002). For these individuals, CYP3A5 could
make a substantial contribution to drug metabolism, especially if the individual also has a low
expression of CYP3A4. Some drugs, such as tacrolimus, have shown preferential metabolism
by CYP3A5 over CYP3A4 (Dai et al. 2006). CYP3A5 activity and expression is thus highly

6

Introduction

affected by genetic polymorphism, and probably less prone to induction and inhibition
compared to CYP3A4 (Yu et al. 2004, Roberts et al. 2008).

1.4 Midazolam
To obtain information about specific enzyme activity and how it relates to phenotype in vivo,
enzyme-specific drug probes are often used. The systemic clearance of the ideal drug probe
should correlate with the intrinsic clearance by the specific enzyme (Kirwan et al. 2010).
Midazolam (MDZ) is a short acting benzodiazepine used as a sedative and intravenous
anaesthetic and has been found to be a reproducible drug probe for in vivo hepatic and
intestinal CYP3A activity following intravenous and oral administration (Thummel et al.
1994, Thummel et al. 1996, Gorski et al. 1998, Kirwan et al. 2010).

1.4.1 Pharmacokinetics of midazolam
Elimination of MDZ is primarily via CYP3A metabolism in the liver to the major active
metabolite, 1-hydroxymidazolam (1-OH MDZ), and minimally to the inactive metabolites 4OH MDZ and 1,4-OH MDZ (Figure 3) (Nordt and Clark 1997). These metabolites are then
conjugated by uridine diphosphate (UDP)-glucuronosyltransferase (UGT) enzymes and
excreted by the kidney as inactive glucuronides (Figure 3). Only a very small fraction is
excreted as unchanged MDZ (Heizmann et al. 1983, Reves et al. 1985). After oral
administration, MDZ undergoes extensive first pass metabolism in both liver and intestines.
Interindividual variability in oral bioavailability of MDZ has been observed with reported
values ranging from around 15% to 70% (Heizmann et al. 1983, Greenblatt et al. 1984).
Rogers et al. (2003) surveyed 24 investigations using intravenous MDZ and various study
procedures in healthy subjects and found CL values between 16 to 48 L/h (mean 28 L/h). For
the same 24 studies, they calculated the extraction ratios of MDZ, and found values ranging
from 0.32 to 0.96 (mean 0.55). Normal t1/2 for MDZ after intravenous administration is
reported to be around 1.5-3.5 hours in young healthy individuals (Heizmann et al. 1983,
Greenblatt et al. 1984). However, it has been found to be prolonged for the elderly (around 56 hours) and in individuals with obesity (around 8 hours) (Greenblatt et al. 1984). MDZ is a
lipophilic drug, highly bound to plasma protein (94-96%), predominantly albumin, and mean
Vd is reported between 1.7 and 2.7 L/kg, with the higher Vd seen in individuals with obesity
(Greenblatt et al. 1984).
7
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Figure 3. Structure and metabolic pathways of midazolam. Phase I metabolism via CYP3A enzymes to the main active
metabolite 1-OH midazolam, and minimally to 4-OH midazolam and 1,4-OH midazolam. Phase II metabolism via UDPglucuronosyltransferase (UGT) enzymes to glucuronide conjugates.

1.4.2 Midazolam as CYP3A probe
MDZ has several characteristics making it suitable as an in vivo CYP3A probe substrate.
MDZ is almost exclusively metabolized by CYP3A and is not a substrate for P-glycoprotein
(Takano et al. 1998, Chung et al. 2006). It can be administered intravenously to assess the
hepatic CYP3A activity and orally to study the combined intestinal and hepatic CYP3A
activity (Streetman et al. 2000, Chung et al. 2006). The excellent safety profile of MDZ,
especially in the doses required for study, is crucial for an in vivo drug probe. In addition, the
short half-life of MDZ adds to the safety profile and allows for easy estimation of AUC and
other pharmacokinetic parameters or variables (Chung et al. 2006, Fuhr et al. 2007, Kirwan et
al. 2010). However, MDZ is by no means a perfect CYP3A probe substrate. Weaknesses
include the high plasma protein binding and a variable extraction ratio (Rogers et al. 2003,
Kirwan et al. 2010). Despite these weaknesses, MDZ is one of the most reliable and wellstudied probe substrates for CYP3A activity and the excellent safety profile and enzyme
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specificity of MDZ, makes it the preferred drug probe for CYP3A activity in vivo (Streetman
et al. 2000, Fuhr et al. 2007, Kirwan et al. 2010).

1.5 Obesity
The prevalence of obesity is increasing worldwide and estimates from the World Health
Organization (WHO), show that in 2014, more than 1.9 billion adults were overweight and
over 600 million had obesity (WHO 2016). In Norway, the large epidemiological study
HUNT3 (The Nord Trøndelag Health Study) showed that the prevalence of obesity and severe
obesity increased from 1984 to 2008 (Midthjell et al. 2013). Body Mass Index (BMI) is
commonly used to classify overweight and obesity. A person with BMI ≥ 30 kg/m2 is usually
considered to have obesity and a BMI > 40 kg/m2 or BMI ≥ 35 kg/m2 with obesity related
comorbidity can be classified as severe obesity. Table 1 presents WHO recommended
classifications of BMI and obesity grades. Drugs are frequently used for the treatment of
various obesity-related comorbidities such as type 2 diabetes mellitus, hypertension and
dyslipidemia. Patients with obesity are considered to have an altered physiology compared to
non-obese subjects and the pharmacokinetics of various drugs may be influenced.
Table 1. Body mass index (BMI) classifications as
recommended by the World Health Organization.

BMI (kg/m2)
< 18.5
≥ 18.5 and < 25.0
≥ 25.0 and < 30.0
≥ 30.0
≥ 30.0 and < 35.0
≥ 35.0 and < 40.0
≥ 40.0

Classification
Underweight
Normal weight
Overweight
Obesity
Obesity class I
Obesity class II
Obesity class III

1.5.1 Physiological changes associated with obesity
The physiological properties of patients with obesity differ from those of the non-obese
population. In addition to a higher total body weight and increased fat mass, obesity and
severe obesity is also associated with a higher lean body weight or fat free mass (FFM),
which is the weight devoid of adipose tissue. In individuals with obesity, the increase in fat
mass is higher than the increase in lean body weight per kg of total body weight (Morrish et
al. 2011). Blood volume, cardiac output and capillary flow are also increased to supply the
excess body mass with oxygen and nutrients (Knibbe et al. 2015). Organ size is increased, but
9
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does not seem to increase linearly with total body weight (Young et al. 2009, Morrish et al.
2011). Fat accumulation in the liver and non-alcoholic steatohepatitis is common in patients
with severe obesity (Brill et al. 2012). Patients with obesity have reduced levels of
adiponectin, a protein involved in regulating glucose level and fatty acid breakdown (Lihn et
al. 2005). Low levels of adiponectin have been implicated to be one factor causing insulin
resistance and fatty liver (Grundy 2006). In addition, obesity is also associated with an
increased inflammation state (Monteiro and Azevedo 2010).

1.5.2 Inflammation state in obesity
Inflammation is normally caused by injury or infection and is often resolved after some time,
once the trauma has been neutralized or removed. Many patients with obesity suffer from
what is termed as a chronic low grade inflammation, because it is of a different nature than
the typical inflammation (Gregor and Hotamisligil 2011). This inflammation state is primarily
triggered and sustained by the excess adipose tissue in individuals with obesity (Greenberg
and Obin 2006, Gregor and Hotamisligil 2011). Adipose tissue function as an endocrine
organ, secreting cell signalling molecules (cytokines) known as adipokines (Ouchi et al.
2011). The excess adipose tissue in patients with severe obesity leads to an increased
production of proinflammatory adipokines such as tumor necrosis factor alpha (TNFα) and
interleukin-6 (IL-6) among other cytokines (Monteiro and Azevedo 2010). As mentioned
earlier (section 1.3.1), proinflammatory cytokines play a role in the transcription of CYP3A4
through PXR and NF-κB. It has therefore been hypothesized that the chronic inflammation
state with a higher cytokine activity in patients with obesity, might cause a lower expression
of CYP3A4 enzymes in these patients (Ulvestad et al. 2013, Brill et al. 2014).

1.5.3 Pharmacokinetic changes associated with obesity
Drug dosing based solely on total body weight is recognized to be an inadequate solution as it
does not consider body composition (Morrish et al. 2011). In order to optimize drug therapy
for the obese population, it is important to understand the influence of obesity on drug
absorption, distribution and elimination (metabolism and excretion).
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Absorption
Obesity has been reported to accelerate gastric emptying of solids, increase splanchnic blood
flow and increase gut permeability, which could all influence absorption rate and oral
bioavailability (Knibbe et al. 2015). In a review, Knibbe et al. (2015) identified only a few
studies who have compared the absolute bioavailability of drugs between subjects with
obesity and non-obese subjects after both oral and intravenous administration. One study
found a trend towards a higher absolute bioavailability (35% vs 27%) of propranolol in 6
subjects with obesity compared to 6 non-obese subjects, but the difference was not significant
(Bowman et al. 1986). In a study of the drug trazodone, no difference in the absolute
bioavailability (81% vs 84%) between 23 individuals with obesity and 23 normal-weight
volunteers was observed (Greenblatt et al. 1987). Another study by Greenblatt et al. (1984),
found a similar absolute bioavailability (40% vs 42%) of MDZ in 20 subjects with obesity
compared to 20 control subjects. These studies also found no significant differences in the
Cmax and Tmax values after oral administration, indicating that the rate of absorption is not
affected by obesity. It is unclear whether this lack of difference in drug absorption is due to a
lack of studies or whether it reflects the actual truth (Knibbe et al. 2015). Oral drug absorption
is a complex process affected by many factors, some of which are mentioned in 1.1.2, and the
exact influence of obesity on drug absorption is not fully explained (Martinez and Amidon
2002, Morrish, Pai et al. 2011).

Distribution
The distribution of drugs into various tissues is dependent on the physicochemical properties
(e.g. molecular weight, lipophilicity and plasma protein binding) of the drug and the tissues’
physical and chemical properties (Knibbe et al. 2015). In individuals with obesity, changes in
Vd may be affected by factors such as increased adipose tissue, reduced tissue perfusion,
increased blood volume and increased cardiac output and blood flow (Morrish et al. 2011,
Knibbe et al. 2015). Tissue distribution is affected by the lipophilicity of the drug and in
individuals with obesity, it is generally thought that Vd is increased for lipophilic drugs.
However, some lipophilic drugs have shown no alteration and some have even shown
decreased Vd (after normalization with total body weight) with obesity (Jain et al. 2011). Vd
of hydrophilic drugs is generally seen to be reduced or unchanged in individuals with obesity
(Jain et al. 2011). The degree of plasma protein binding is also important for drug distribution
as only the unbound drug can pass through cell membranes. Albumin is the most important
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plasma protein, and binding to plasma albumin is not seen to be altered in patients with
obesity (Abernethy et al. 1984). Data on plasma alpha 1-acid glycoprotein binding have
shown contradictory results, with no change and both reduced and increased binding being
reported (Benedek et al. 1984, Cheymol et al. 1987, Derry et al. 1995). The influence of
obesity on drug distribution seems to be highly drug specific and difficult to predict (Hanley
et al. 2010, Jain et al. 2011).

Elimination/clearance
Most drugs are primarily eliminated by renal excretion and/or biotransformation by liver
enzymes and total CL of a drug is the sum of both renal CL and hepatic CL (Rowland et al.
2011). CL is largely controlled by physiology and appears to be less influenced by
physicochemical properties of the drug compared to Vd (Hanley et al. 2010).
Renal CL is regulated by glomerular filtration rate (GFR), tubular secretion and tubular
reabsorption (Rowland et al. 2011). Obesity is associated with an increased kidney size and
increased GFR. In a study, Chagnac et al. (2008) compared the GFR of individuals with
severe obesity with normal weight adults using inulin CL and found a higher mean GFR and
renal plasma flow in the subjects with obesity. The higher GFR was however not proportional
to the higher total body weight in these individuals, and it has been proposed that this is due
to the kidney size being more related to lean body weight, rather than total body weight
(Morrish et al. 2011). Studies on subjects who had undergone weight loss surgery, found a
decline in GFR over a period with substantial weight loss after the surgery (Navarro-Diaz et
al. 2006, Serpa Neto et al. 2009, Saliba et al. 2010). The decline in GFR did not occur in
proportion to total body weight, supporting the idea of renal CL being related to lean body
weight. The influence of obesity on tubular secretion and reabsorption is not entirely clear and
is difficult to measure (Brill et al. 2012). As such, the effect of obesity on renal CL is not
entirely obvious, but GFR seems to be higher in individuals with obesity (Morrish et al.
2011).
Hepatic CL is mainly determined by the activity of drug metabolising enzymes in the liver,
liver blood flow and the fraction of unbound drug in blood (Rowland et al. 2011). In
individuals with obesity, hepatic CL may be altered due to changes in liver blood flow, fatty
infiltration in the liver or other changes such as the increased inflammation state (see 1.4.2)
(Brill et al. 2012). Increased liver blood flow could lead to an increase in the CL of high
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extraction drugs, but studies on high extraction drug in subjects with obesity have been
inconclusive (Brill et al. 2012). The effect of obesity on hepatic CL is found to differ between
specific metabolic or elimination pathways (Brill et al. 2012). A previous study indicated that
expression of CYP3A4 in liver and small intestine and oral CL (CL/F) of the CYP3A4
substrate atorvastatin lactone decreased with increasing BMI (Ulvestad et al. 2013). Other
studies have also shown a reduced or a trend towards a reduced CL of different CYP3A4
substrates in subject with obesity compared to non-obese individuals (Abernethy et al. 1984,
Flechner et al. 1989).
Although various pharmacokinetic studies have been conducted in patients with overweight
and obesity, few studies have been done in patients with severe obesity and the influence of
obesity on ADME is not always clearly explained. This highlights the need to understand
more about the impact of obesity and severe obesity on drug pharmacokinetics and the
activity of drug metabolizing enzymes.

1.6 The COCKTAIL study
The COCKTAIL study is an ongoing non-randomised clinical trial performed at the Morbid
Obesity Center (MOC), Vestfold Hospital Trust, Tønsberg, Norway in collaboration with
AstraZeneca and the School of Pharmacy, University of Oslo. The aim of the study is to
investigate the impact of body weight, low calorie diet and gastric bypass surgery (GBP) on
drug bioavailability, cardiovascular risk factors and metabolic biomarkers. A cocktail
approach using different drugs targeting specific CYP enzymes and drug transporters is used
to investigate pharmacokinetic properties and potential changes in drug enzymes and/or
transporter function (Table 2). MDZ is one of the 6 drugs included in the cocktail and is used
as a probe substrate to investigate CYP3A activity in vivo in patients with severe obesity and
in non-obese subjects.
Table 2. The drug cocktail in the COCKTAIL study

Drug

Probe substrate for

Caffeine

CYP1A2

Losartan

CYP2C9

Omeprazole

CYP2C19

Midazolam

CYP3A

Rosuvastatin

OATP1B1

Digoxin

P-glycoprotein
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1.6.1 Study design
The study design of the COCKTAIL study is presented in Figure 4. A total of 100 patients
will be included: 40 patients scheduled for GBP (G group), 40 patients for a 6-week very low
calorie diet (VLCD, D group) and 20 control subjects for cholecystectomy (C group). In the G
and D group, patients with severe obesity are included and in the C group, non-obese subjects
are included.
Patients with severe obesity from both the G and the D group go through a 3-week low calorie
diet (LCD, < 1200 kcal/day) prior to GBP or switching to a very low calorie diet (VLCD, <
800 kcal/day). The patients are administered the drug cocktail and will undergo a 24-hour
pharmacokinetic investigation on four different occasions: 3 weeks before surgery/VLCD
(Baseline 1), the day before surgery/VLCD (Baseline 2) as well as 6 weeks and 2 years after
surgery/VLCD. The subjects included in the C group serve as a control group and will only
undergo one pharmacokinetic investigation on the day before a scheduled cholecystectomy.
The study has been evaluated by the Regional Committee for Medical Research ethics, Health
region southeast (2013/2379) and registered at ClinicalTrials.gov prior to study start and was
performed in accordance with the Helsinki declaration as well as ICH GCP guidelines.

Figure 4. Study design of the COCKTAIL study. Four 24-hour pharmacokinetic (PK) investigations will be performed in
patients with severe obesity from the G and D group. Subjects from the C group will only be subjected to one 24-hour PK
investigation (Baseline 2). G = gastric bypass patients, D = diet patients, C = cholecystectomy (control) patients, LCD = low
calorie diet, VLCD = very low calorie diet
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1.7 Aim
Obesity is an increasing global health problem and is associated with various comorbidities.
Patients with severe obesity frequently use drugs in treatment of these obesity related
diseases. However, the influence of body weight and excess adipose tissue on drug
disposition and drug metabolizing enzymes such as the CYP3A enzymes is not fully
understood and may challenge drug dosing in this patient population.
The COCKTAIL study is an ongoing clinical study that investigates and compares the effect
of gastric bypass surgery and low calorie diet on key CYP enzymes and drug transporters.
MDZ, a probe substrate for CYP3A activity, is one of the six drugs analysed in this study.
The aim of this thesis was to investigate the effect of body weight and weight reduction on
CYP3A activity in vivo in patients with severe obesity and non-obese subjects using data from
the COCKTAIL study. First, the pharmacokinetics of MDZ, especially focusing on the
absolute bioavailability, was compared between patients with severe obesity and non-obese
subjects, then MDZ pharmacokinetics was evaluated before and after a 3-week low calorie
diet in the patients with severe obesity.
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2 Materials and methods
2.1 Patients
The patients included in this thesis were all participants in the COCKTAIL study. In this
analysis, 10 patients from the G group and 5 patients from the D group were combined to one
group and will throughout this thesis be referred to as the group of patients with severe
obesity. Nine subjects from the C group were also included in this analysis and will be
referred to as the non-obese subjects throughout this thesis. All patients were 18 years of age
or older and had a stable body weight during the last 3 months before inclusion. Participation
in the study required informed consent of the patient and included patients had the
opportunity to withdraw from the study at any time. Patients were excluded if they used
medications and/or other factors affecting the drug cocktail.

2.1.1 Study procedure
Two 24-hour pharmacokinetic investigations were performed on the group of patients with
severe obesity. The first investigation was at baseline (Baseline 1) and the second was after 3
weeks on a low calorie diet (< 1200 kcal/day, Baseline 2). The procedure was identical for
both occasions. The patients were instructed to not take any medications or food which either
inhibit or induce CYP-enzymes and had to fast from 22:00 the night before each study day.
MDZ oral syrup (1.5mg) was given in the morning (9:00) on the investigation day, followed
by an intravenous MDZ dose (1.0 mg) 4 hours later. Blood samples were collected at 0, 1.25,
0.5, 1, 1.5, 2, 3, 4 ,4.25, 4.5 ,5 5.5, 6, 8, 10, 12, 23 and 24 hours after administration of the
oral dose (Table 3) and patients were supplied with a venflon to ease sample collection and to
limit the number of venipunctures. All samples were drawn in K2-EDTA vacutainer tubes on
ice, centrifuged for 10 minutes at 4°C (1800 g), plasma was decanted into Cryovials and then
frozen within 1 hour at -70°C. The non-obese subjects were subjected to only one 24-hour
pharmacokinetic investigation, and the procedures were identical to the one described above.
Table 3. Midazolam (MDZ) was administered both orally and intravenously and 18 blood samples were collected over 24
hours on each investigation day.
Oral
Intravenous
Dose (MDZ)
1.5 mg
1.0 mg
1
2
3
4
5
6 7 8
9
10
11
12
13 14 15
16
17
18
Sample (n)
Sampling times (hours)
0 0.25 0.5 1 1.5 2 3 4 4.25 4.5 5 5.5 6
8 10 12 13 24
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2.2 Drug assay
In the plasma samples from the patients, MDZ and its major metabolite 1-OH MDZ were
analysed using a validated high performance liquid chromatography tandem mass
spectrometry (LC-MS/MS) method (Le 2016). Lists of materials, equipment and solutions
used in this analysis are in the appendix.

2.2.1 Sample preparation
Liquid-liquid extraction
Liquid-liquid extraction (LLE) was used as sample preparation. The samples were thawed in
room temperature and then vortexed for about 10 seconds each, prior to extraction. Deuterated
MDZ (MDZ-d6) was added (25 µL from a 50 ng/mL stock solution in methanol) as internal
standard (IS) into 5 mL Eppendorf tubes and evaporated to dryness, before 250 µL of the
plasma was added. At alkaline pH, the azepine ring of MDZ is closed and the molecule
becomes non-soluble in water (Lauber et al. 1994). A 0.5 M ammonia solution was therefore
added at a 1:1 ratio (250 µL) to raise pH and 1000 µL of ethyl acetate was used as extraction
solvent. The sample was then mixed for 10 minutes on a sample mixer (Invitrogen
Hulamixer™) and centrifuged for 10 minutes on 2500 G. Extraction with ethyl acetate was
carried out twice and the organic phase was collected onto new 5 mL Eppendorf tubes after
each time, then evaporated to dryness using N2 gas and heat (60°C). Finally, the samples were
reconstituted in 50 µL mobile phase A (0.05 M ammonium acetate buffer, pH 4.4), vortexed
and transferred to micro inserts in vials for LC-MS/MS injection.

Dilution of samples
Samples with a higher concentration of MDZ than the upper limit of the calibration curve
(ULOQ, 20 ng/mL), were diluted up to a factor of 5. Dilution integrity was demonstrated by
analysing samples with an analyte concentration above the ULOQ and then diluting these
samples with blank plasma.
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2.2.2 LC-MS/MS analysis
From the reconstituted samples, 20 µL was injected onto the LC-MS/MS apparatus (Dionex
Ultimate 3000 coupled to a LTQ XL, Thermo Scientific). Chromatographic separation was
done by high performance liquid chromatography (HPLC) using a BioBasic-8 C8 column
(50x1mm, 3 µm, Thermo) protected with a guard column (BioBasic-8 Guard, 10x1 mm, 5
µm, Thermo).
Gradient elution was performed with mobile phase A and mobile phase B (5% methanol in
acetonitrile) as presented in Table 4. The first 2 minutes went to waste.
Table 4. Gradient elution for HPLC in the separation of analytes.

Time (min)

% Mobile phase A

% Mobile phase B

Flow rate (µL/min)

0

77

23

40

12

40

60

40

13

10

90

40

14

77

23

40

14.2

77

23

80

19

77

23

80

21

77

23

40

Retention times of MDZ, MDZ-d6 and 1-OH MDZ were around 6 minutes. The total analysis
time per sample was 21 minutes. Detection was performed by tandem mass spectrometry
(MS/MS). The detector was operated in the positive electrospray ionization mode and
configured in the selective reaction monitoring mode.
MDZ and 1-OH-MDZ met precision and accuracy recommendation (< 15% deviation) at all
concentrations of both intra- and inter-day accuracies. The lower limit of quantification
(LLOQ) for MDZ and 1-OH MDZ was 0,1 ng/mL. ULOQ was set to the highest
concentration of the calibration curve for both MDZ and 1-OH MDZ (20 ng/mL).

Calibration curve, quality control and determination of sample concentration
To determine the concentration of analytes in the unknown samples, a calibration curve for
both MDZ and 1-OH MDZ was included in each analytical run. Both the calibration curve
and quality control (QC) samples were prepared by spiking plasma from healthy individuals
with MDZ and 1-OH MDZ, then extracted using the same LLE method as the patient samples
(described in 2.2.1). Eight concentration levels were used for the calibration curve, ranging
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from 0.1 to 20 ng/mL (0.1 – 0.25 – 0.5 – 1 – 2.5 – 5 – 10 –20 ng/mL). For 1-OH MDZ, two
calibration curves were used. The first calibration curve ranged from 0.1 ng/mL to 5 ng/mL,
and the second ranged from 0.1 ng/mL to 20 ng/mL. The first curve was used to determine the
lowest concentrations (< 5 ng/mL) and the whole curve was used to determine concentrations
above 5 ng/mL. QC samples were spiked independently from the calibration standards at 3
concentration levels (0.25 – 5 – 20 ng/mL) and were analysed before, in the middle and after
each run. IS was added to a concentration of 5 ng/mL in all the samples, including patient
samples.
To quantify the unknown analyte concentrations, linear regression was performed of the peak
height ratio of analytes and IS as a function of analyte concentration. For the calibration curve
of MDZ, origin was forced and a 1/x2 weighting index was used. For 1-OH MDZ, origin was
ignored and the weighting index was 1/x. Calculations were done by software (QuanBrowser
Thermo Xcalibur version 3.0.63) using the calibration curve parameters and the following
equation:
𝑥=

𝑦−𝑏
,
𝑎

where x is the analyte concentration, y is the peak height ratio analyte/IS and a is the slope.
For the MDZ calibration curve, b = 0 (origin forced) and for the 1-OH MDZ calibration
curve, b is the y intercept of the calibration curve.
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2.3 Data analysis
2.3.1 Pharmacokinetic analysis
Non-compartmental methods were used to determine the pharmacokinetics of MDZ and 1OH MDZ in each patient. Plasma concentrations were plotted against time and AUC for both
the oral and intravenous dose were calculated using the linear trapezoidal rule (Eq. 1):
𝑛

𝐴𝑈𝐶0−𝑡𝑛 = ∑
𝑖=0

𝐶𝑖 + 𝐶𝑖 + 1
∙ ∆𝑡,
2

(1)

where ∆t = ti+1 - ti and tn = sampling time (hours) of the n sample (see Table 3 from 2.1.2).
Through extrapolation of the concentration-time curve from tn to infinity (∞), AUCtn -∞ was
estimated (Eq. 2):
∞

∞

𝐴𝑈𝐶𝑡𝑛 −∞ = ∫ 𝐶𝑛 ∙ 𝑒
𝑡𝑛

= 𝐶𝑛 [0 −

−𝑘𝑒𝑙 (𝑡−𝑡𝑛 )

𝑒 −𝑘𝑒𝑙(𝑡−𝑡𝑛 )
d𝑡 = 𝐶𝑛 [
]
−𝑘𝑒𝑙
𝑡

1
𝐶𝑛
,
]=
−𝑘𝑒𝑙
𝑘𝑒𝑙

𝑛

(2)

where Cn is the measured plasma concentration in the n sample and kel is the elimination rate
constant estimated from the slope of the semi logarithmic concentration–time curve using at
least 3 observations in the terminal phase. The total systemic exposures of both MDZ and 1OH MDZ for the oral dose (AUCoral ) were calculated by adding the estimated AUC4-∞ to
AUC0-4 . When estimating the total AUC of MDZ for the intravenous dose (AUCiv ), the initial
plasma concentration of MDZ after intravenous administration (C4) was extrapolated using
the residual method. The amount remaining from the oral dose (AUC4-∞ ) was also adjusted
for, as the intravenous dose was administered before the oral dose had been fully eliminated
(Eq. 3):
𝐴𝑈𝐶𝑖𝑣 = (𝐴𝑈𝐶4−24 + 𝐴𝑈𝐶24−∞ ) − 𝐴𝑈𝐶4−∞

(3)

When calculating AUCiv of 1-OH MDZ, no initial concentration needed to be estimated and
the 23- and 24-hour samples were not included as the concentrations of 1-OH MDZ in these
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samples were below LLOQ. Absolute bioavailability, F, of MDZ was determined using the
following equation (Eq. 4):
𝐹=

𝐴𝑈𝐶𝑜𝑟𝑎𝑙 𝐷𝑜𝑠𝑒𝑖𝑣
∙
,
𝐴𝑈𝐶𝑖𝑣 𝐷𝑜𝑠𝑒𝑜𝑟𝑎𝑙

(4)

where Doseiv is the intravenous dose (1.0 mg) and Doseoral is the oral dose (1.5 mg) of MDZ
administered. The maximum plasma concentration (Cmax) and the time to Cmax (tmax) were
reported as actually measured values. CL was estimated by dividing Doseiv with AUCiv and
the elimination half-life (t1/2) was calculated from kel (Eq. 5):
𝑡1/2 =

ln 2
𝑘el

(5)

The apparent Vd was estimated by dividing CL with kel and the initial Vd was estimated by
dividing the intravenous dose of MDZ with the extrapolated C4 of MDZ after intravenous
administration. The AUC-ratios of 1-OH MDZ/MDZ were found by dividing AUC1-OH MDZ
with AUCMDZ for the oral and intravenous dose.

2.3.2 Statistical analysis
All variables and parameters were tested for normality using the Shapiro Wilk’s test. Data
were then ln-transformed when appropriate and analysed using the Student’s paired t-test for
paired data and Welch’s two sample t-test for unpaired data. Tmax was analysed using
Wilcoxon’s signed rank test for paired data and Wilcoxon’s rank sum test for unpaired data.
Results are expressed as mean ±standard deviation for normal data and median (range) for
non-normal data unless otherwise specified. Differences were considered statistically
significant if P values were < 0.05. Microsoft Excel (2017) and R (version 3.3.2) were used
for all statistical analyses.
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3 Results
3.1 Patients
A total of 24 subjects were included in this analysis, 15 patients with severe obesity and 9
subjects in the non-obese group. All 15 patients in the obese group had a BMI above 35 kg/m2
and all completed the 3-week low calorie diet. The non-obese group included one patient with
a BMI of 34.6 kg/m2, but the rest of the patients in this group were normal to overweight with
BMIs ranging between 18.5 to 29.9 kg/m2. The demographics of all subjects at baseline are
summarized in Table 5.
The mean total body weight of the patients with severe obesity was almost twice as high as
the mean total body weight of the non-obese subjects (P < 0.001) and mean fat mass was
245% higher (P < 0.001) in the patients with severe obesity. Mean BMI, waist-hip ratio, fat
percentage, fat free mass (FFM) and muscle mass (MM) were all also significantly higher in
the patients with severe obesity (Table 5). The subjects in both groups had a similar age and
height, but the non-obese group had a lower portion of male subjects compared to the group
of patients with severe obesity (Table 5).
Table 5. Demographics of patients with severe obesity and non-obese subjects at baseline.

Demographics

Patients with severe obesity

Non-obese subjects

n = 15
8/7

n=9
7/2

45.4 ±7.3

46.0 ±13.5

0.90

Total body weight (kg)

145.6 ±19.4

73.2 ±12.6

< 0.001

Height (cm)

175.3 ±7.8

168.4 ±11.2

0.13

BMI (kg/m2)

47.4 ±6.5

25.8 ±3.8

< 0.001

Waist-hip ratio

0.96 ±0.10

0.87 ±0.07

0.011

Fat percentage (%)

49.2 ±4.6

28.2 ±8.8

< 0.001

Fat mass (kg)

71.7 ±12.1

20.8 ±7.8

< 0.001

FFM (kg)

74.0 ±12.0

52.4 ±10.6

< 0.001

MM (kg)

41.7 ±6.9

40.4 ±6.3

< 0.001

Gender (female/male)
Age (years)

p-value

Values are expressed as mean ±standard deviation or number of patients, unless otherwise specified.
Data were analysed using Welch’s two sample t-test.
Abbreviations: BMI body mass index, FFM fat free mass, MM muscle mass
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3.2 Comparison with non-obese subjects
3.2.1 Pharmacokinetics of midazolam
All central pharmacokinetic data of MDZ in the patients with severe obesity and the nonobese subjects at baseline are shown in Table 6. The mean absolute bioavailability of MDZ
was 159% higher (P < 0.001), mean systemic CL was 68% higher (P < 0.001) while mean
oral AUC0-∞ was 51 % higher (P = 0.043) and the mean intravenous AUC4-∞ was 85% lower
(P < 0.001) in the patients with severe obesity compared to the non-obese subjects. The mean
intravenous Cmax of MDZ was observed to be 283% lower (P < 0.001) and the mean initial Vd
of MDZ was 239% higher (P < 0.001), while mean Vd was 260% higher (P < 0.001) for the
patients with severe obesity compared to the non-obese group. The oral Cmax of MDZ was
similar and was reached at a median of 0.5 hours after oral administration in both patient
groups. The mean MDZ t1/2 was observed to be 121% longer for the patients with severe
obesity compared to the non-obese group (P < 0.001) (Table 6).
The intravenous plasma concentration-time profile of MDZ showed a bi-exponential decline.
Figure 5 presents the mean plasma concentration-time profiles of MDZ after both oral and
intravenous administration in the patients with severe obesity and the non-obese subjects.
Table 6. Pharmacokinetic data of midazolam in patients with severe obesity and non-obese subjects at baseline.

Patients with severe obesity
n = 15

Non-obese subjects
n=9

p-value

AUC0-∞ oral (ng t/mL)

20.4 ±7.3

13.5 ±7.2

0.043

AUC4-∞ IV (ng t/mL)

40.8 ±10.4

75.3 ±27.2

< 0.001

CL (L/h)

26.1 ±6.9

15.5 ±7.2

< 0.001

F (%)

33.9 ±10.2

13.1 ±7.5

< 0.001

Initial Vd (L)

42.7 ±13.8

12.6 ±10.6

< 0.001

Vd (L)

338.0 ±70.1

94.0 ±53.1

< 0.001

Cmax oral (ng/mL)

5.0 ±1.8

5.8 ±2.4

0.64

Cmax IV (ng/mL)

17.4 ±5.7

66.7 ±34.5

< 0.001

0.5 (0.5-1.0)

0.5 (0.50-0.53)

0.79

9.3 ±2.2

4.2 ±1.3

< 0.001

MDZ

Tmax oral (h, median (range))
t1/2 (h)

Values are expressed as mean ±standard deviation or number of patients, unless otherwise specified.
All data except Tmax were analysed using Welch’s two sample t-test. Tmax was analysed using Wilcoxon’s rank sum test.
Abbreviations: AUC area under the curve, CL systemic clearance, F absolute bioavailability, Vd volume of distribution, Cmax maximum
plasma concentration, Tmax time to reach Cmax, t1/2 elimination half-life, MDZ midazolam, 1-OH MDZ 1-hydroxymidazolam.
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Figure 5. Mean plasma concentrations-time profiles of midazolam (MDZ) following oral (above) and intravenous (IV)
(below) administration at baseline in patients with severe obesity compared to non-obese subjects. Data presented as mean
±standard deviation.

3.2.2 Pharmacokinetics of 1-OH midazolam
All central pharmacokinetic data of 1-OH MDZ in the group of patients with severe obesity
and the non-obese group are presented in Table 7. The mean oral AUC-ratio of 1-OH
MDZ/MDZ was 48% lower in the patients with severe obesity compared to the non-obese
subjects (P = 0.015), while the mean intravenous AUC-ratio of 1-OH MDZ/MDZ showed no
significant difference between the two groups. A tendency towards a higher oral Cmax of 1-OH
MDZ was observed (P = 0.07) and the mean intravenous Cmax was 50% higher (P = 0.019) in
the non-obese group compared to the patients with severe obesity. The mean AUC of 1-OH
MDZ following both oral and intravenous administration were slightly higher in the nonobese group, while mean CL of 1-OH MDZ was lower, but the differences were not
significant (Table 7).
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Figure 6 shows the mean plasma concentration-time profiles of 1-OH MDZ in both groups
after oral and intravenous administration. The concentrations of 1-OH MDZ in the 23- and
24-hour samples were below LLOQ (0.1 ng/mL) and were excluded from the analysis. After
oral administration, the plasma concentrations and the AUC of 1-OH MDZ were higher than
after the intravenous administration (Figure 6 and Table 7).
Table 7. Pharmacokinetic data of 1-hydroxymidazolam in patients with severe obesity and non-obese subjects.

Patients with severe obesity
n = 15

Non-obese subjects
n=9

p-value

AUC0-∞ oral (ng t/mL)

4.0 ±2.3

5.3 ±2.8

0.28

AUC4-∞ IV (ng t/mL)

2.9 ±1.3

3.4 ±1.3

0.28

413.9 ±161.1

341.3 ±156.3

0.28

Cmax oral (ng/mL)

1.3 ±0.7

2.3 ±1.2

0.07

Cmax IV (ng/mL)

0.8 ±0.3

1.2 ±0.5

0.019

0.5 (0.5-1.0)

0.5 (0.5-1.0)

0.50

5.0 ±2.3

3.9 ±1.8

0.19

AUC-ratio oral

0.21 ±0.12

0.41 ±0.12

<0.001

AUC-ratio IV

0.07 ±0.03

0.05 ±0.03

0.14

1-OH MDZ

CL (L/h)

Tmax oral (h, median (range))
t1/2 (h)
Ratios of 1-OH MDZ/MDZ

Values are expressed as mean ±standard deviation or number of patients, unless otherwise specified.
All data except Tmax were analysed using Welch’s two sample t-test. Tmax was analysed using Wilcoxon’s rank sum test.
Abbreviations: AUC area under the curve, CL systemic clearance, Cmax maximum plasma concentration, Tmax time to reach Cmax,
t1/2 elimination half-life, MDZ midazolam, 1-OH MDZ 1-hydroxymidazolam.
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3.3 Effect of low calorie diet
3.3.1 Changes in weight and body composition
The 3-week low calorie diet produced a significant reduction in total body weight, BMI, fat
percentage, fat mass, FFM and MM in the patients with severe obesity (Table 8). The waisthip ratio showed no significant change following the low calorie diet (Table 8).
Table 8. Weight and body composition of patients with severe obesity at baseline and after 3-week low calorie diet.

Variable

Baseline

After low calorie diet

% Change

p-value

n = 15
145.6 ±19.4

n = 15
138.5 ±18.3

4.9 ±1.1%

< 0.001

BMI (kg/m2)

47.4 ±6.5

45.1 ±6.3

4.9 ±1.1%

< 0.001

Waist-hip ratio

0.96 ±0.10

0.95 ±0.11

1.4 ±3.8%

0.15

Fat percentage (%)

49.2 ±4.6

48.1 ±4.9

2.1 ±3.0%

0.018

Fat mass (kg)

71.7 ±12.1

66.8 ±12.5

7.0 ±3.5%

< 0.001

FFM (kg)

74.0 ±12.0

71.4 ±10.8

3.3 ±2.8%

< 0.001

MM (kg)

41.7 ±6.9

40.4 ±6.3

3.0 ±2.7%

< 0.001

Total body weight (kg)

Values are expressed as mean ±standard deviation or number of patients, unless otherwise specified.
Data were analysed using Student’s paired t-test.
Abbreviations: BMI body mass index FFM fat free mass, MM muscle mass

3.3.2 Effect on the pharmacokinetics of midazolam
Interindividual variability was observed among the patients and the 3-week low calorie diet
produced a variable effect on the pharmacokinetics of MDZ. The mean plasma concentrationtime profiles of MDZ before and after low calorie diet are shown in Figure 7. The change in
absolute bioavailability of MDZ following the low calorie diet, ranged from a 67.8% decrease
to a 59.3% increase in the individual patients, and the mean reduction of 3.7 ±14.7% was not
significant (P = 0.14). The individual changes in oral AUC0-∞ and intravenous AUC4-∞ was
also variable, and no significant differences in the mean values were observed before and after
the low calorie diet. No significant changes were detected in any other pharmacokinetic
parameters or variables of MDZ following the diet. All pharmacokinetic data of MDZ at
baseline and after the 3-week low calorie diet in the patients with severe obesity are presented
in Table 9.
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Table 9. Pharmacokinetic data on midazolam in patients with severe obesity at baseline and after 3-week low calorie diet.

Baseline
n = 15

After low calorie diet
n = 15

p-value

AUC0-∞ oral (ng t/mL)

20.4 ±7.3

17.6 ±5.9

0.14

AUC4-∞ IV (ng t/mL)

40.8 ±10.4

40.1 ±9.3

0.85

CL (L/h)

26.1 ±6.9

26.3 ±6.5

0.85

F (%)

33.9 ±10.2

30.2 ±10.0

0.28

Initial Vd (L)

42.7 ±13.8

39.3 ±17.0

0.40

Vd (L)

338.0 ±70.1

331.6 ±17.0

0.58

Cmax oral (ng/mL)

5.0 ±1.8

5.2 ±2.2

0.70

Cmax IV (ng/mL)

17.4 ±5.7

21.0 ±8.5

0.19

0.5 (0.5-1.0)

0.5 (0.5-1.0)

0.16

9.3 ±2.2

8.7 ±2.4

0.34

MDZ

Tmax oral (h, median (range))
t1/2 (h)

Values are expressed as mean ±standard deviation or number of patients, unless otherwise specified.
All data except Tmax were analysed using Student’s paired t-test. Tmax was analysed using Wilcoxon’s signed rank test.
Abbreviations: AUC area under the curve, CL systemic clearance, F absolute bioavailability, Vd Volume of distribution, Cmax maximum
plasma concentration, Tmax time to reach Cmax, t1/2 elimination half-life, MDZ midazolam, 1-OH MDZ 1-hydroxymidazolam.
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Figure 7. Plasma concentration-time profiles of midazolam (MDZ) following oral (above) and intravenous (IV) (below)
administration at baseline and after the 3-week low calorie diet (LCD). Data presented as mean ±standard deviation.

27

Results

3.3.3 Effect on the pharmacokinetics of 1-hydroxymidazolam
The mean oral AUC-ratio of 1-OH MDZ/MDZ was significantly increased (P = 0.022)
following the low calorie diet (Table 10). A trend towards a higher oral AUC0-∞ and oral Cmax
was observed. No significant changes to the intravenous AUC-ratio of 1-OH MDZ/MDZ or
any other pharmacokinetic parameters and variables for 1-OH MDZ were observed after the
low calorie diet (Table 10). The mean plasma concentration time profiles for 1-OH MDZ
were similar on baseline and after the low calorie diet (Figure 8).
Table 10. Pharmacokinetic data of 1-OH MDZ in patients with severe obesity at baseline and after 3-week low calorie diet.

Baseline
n = 15

After low calorie diet
n = 15

p-value

AUC0-∞ oral (ng t/mL)

4.0 ±2.3

4.83 ±2.33

0.18

AUC4-∞ IV (ng t/mL)

2.9 ±1.3

2.5 ±0.9

0.53

413.9 ±163.1

435.1 ±168.8

0.53

Cmax oral (ng/mL)

1.3 ±0.7

1.5 ±0.5

0.09

Cmax IV (ng/mL)

0.8 ±0.3

0.9 ±0.2

0.10

0.5 (0.5-1.0)

0.5 (0.5-1.0)

0.14

5.0 ±2.3

5.0 ±2.6

0.90

AUC-ratio oral

0.21 ±0.12

0.27 ±0.11

0.023

AUC-ratio IV

0.07 ±0.03

0.07 ±0.02

0.66

1-OH MDZ

CL (L/h)

Tmax oral (h, median (range))
t1/2 (h)
Ratios of 1-OH MDZ/MDZ

Values are expressed as mean ±standard deviation or number of patients, unless otherwise specified.
All data except Tmax were analysed using Welch’s two sample t-test. Tmax was analysed using Wilcoxon’s rank sum test.
Abbreviations: AUC area under the curve, CL systemic clearance, Cmax maximum plasma concentration, Tmax time to reach Cmax,
t1/2 elimination half-life, MDZ midazolam, 1-OH MDZ 1-hydroxymidazolam.
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Figure 8. Plasma concentration-time profiles of 1-hydroxymidazolam (1-OH MDZ) following oral (left) and intravenous
(IV) (right) administration of MDZ at baseline and after the 3-week low calorie diet (LCD). The concentrations of 1-OH
MDZ were below LLOQ (0.1 ng/mL) in the 23- and 24-hour samples. Data presented as mean ±standard deviation.
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4 Discussion
In this analysis, the pharmacokinetics of the CYP3A substrate MDZ was evaluated following
both oral and intravenous administration in patients with severe obesity. In order to
investigate the potential influences of body weight and weight reduction on CYP3A activity,
MDZ pharmacokinetics was compared to non-obese subjects and before and after a 3-week
low calorie diet. The results show that both the absolute bioavailability and CL of MDZ were
significantly higher in the patients with severe obesity compared to the non-obese group. The
3-week low calorie diet induced a mean weight loss of 7.2 ±2.0 kg. There were no changes in
the absolute bioavailability or CL associated with this moderate weight loss. However, a
significant increase in the oral AUC-ratio of 1-OH MDZ/MDZ was observed.

4.1 Comparison with non-obese subjects
Only a few studies have compared the absolute bioavailability of MDZ in patients with
obesity. In this analysis, a 158% higher mean absolute bioavailability (34 ±10% vs 13 ±8%)
of MDZ in 15 patients with severe obesity (146 ±19 kg) compared to 9 non-obese subjects (73
±13 kg) was observed. Likewise, Brill et al. (2014) found a 114% higher bioavailability (60
±13% vs 28 ±7%) of MDZ in 20 subjects with severe obesity (144 ±22 kg) compared to 12
healthy volunteers (76 ±9 kg). However, Greenblatt et al. (1984) observed no difference in
absolute bioavailability of MDZ (42% vs 40%) between subjects with obesity (117 ±8 kg) and
normal weight individuals (66 ±2 kg). The lack of difference in absolute bioavailability in the
study of Greenblatt et al. (1984) may be due to the lower body weight of the subjects with
obesity in their study compared to the present analysis and the study of Brill et al. (2014). The
variability in the oral bioavailability of MDZ observed between subjects and between the
studies could be due to interindividual variability in CYP3A activity. Furthermore, the study
procedures and the doses administered were dissimilar, and could contribute to the variable
observations regarding MDZ bioavailability.
A higher bioavailability in subjects with obesity observed in the present analysis and in the
study by Brill et al. (2014) could be attributed to a reduced pre-systemic CYP3A metabolism
in subjects with severe obesity compared to non-obese subjects. The higher oral systemic
exposure of MDZ observed in the patients with severe obesity also points towards a lower
pre-systemic metabolism in these patients. The similar oral Cmax observed between the two
29

Discussion

groups could be due to a high distribution of MDZ out of the plasma compartment and into
adipose tissue in the patients with severe obesity. After oral administration of MDZ, T max
values were similar for the patients with severe obesity and the non-obese group, indicating
that the rate of absorption does not change with obesity. Adding the fact that this analysis also
showed a lower oral AUC-ratio of 1-OH MDZ/MDZ in the patients with severe obesity, a
lower pre-systemic CYP3A metabolism leading to both a lower metabolite formation and a
higher absolute bioavailability of MDZ, seems like a plausible explanation. The possibly
reduced pre-systemic CYP3A activity in patients with severe obesity could in part be
explained by the chronic inflammation state with a higher activity of TNFα and IL-6 among
other cytokines, found to inhibit the expression of CYP3A enzymes (Morgan et al. 2008, Brill
et al. 2015).
The total systemic CL of MDZ was interestingly found to be 68% higher in the patients with
obesity compared to the non-obese subjects in this analysis. As MDZ is eliminated mainly via
the liver after intravenous administration, a higher total CL in patients with obesity would
indicate a higher hepatic CL. This seems counterintuitive, considering the higher
bioavailability found in the patients with severe obesity. In addition, the study conducted by
Ulvestad et al. (2013) found indications of downregulated CYP3A4 expression in both
intestines and liver with increasing BMI. A higher hepatic CL of MDZ found in the patients
with severe obesity, could be due to a higher hepatic CYP3A activity but could also be due to
an increased liver blood flow or a larger fraction unbound drug in plasma. Plasma protein
binding has not been found to change with obesity. Thus, the fraction unbound drug does not
seem to explain this apparent difference in CL between the two groups. MDZ has shown
variable extraction ratios, and an increased hepatic blood flow could in theory affect the CL of
high extraction drugs. Studies on high extraction drugs in subjects with obesity have been
inconclusive, and as MDZ have shown variable extraction ratios and is considered an
intermediate extraction drug, it is difficult to predict how this could affect the hepatic CL of
MDZ in patients with obesity (Rogers et al. 2003, Brill et al. 2012). In their study, Brill et al.
(2014) observed no difference in CL between subjects with obesity and healthy non-obese
subjects. However, both the doses and the formulations of MDZ administered were different
between the two subject groups. Additionally, the patients with severe obesity underwent
surgery during their study. Greenblatt et al. (1984) also found similar CL between subjects
with obesity and healthy volunteers, but variable doses were used and as mentioned, the body
weights of the subjects with obesity in their study were lower compared to this analysis. One
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of the advantages of this analysis is that the data were obtained from the COCKTAIL study, a
controlled trial, in which the doses and study procedures were exactly the same for the
patients with severe obesity and the non-obese subjects. Though, it may also be important to
note that the non-obese subjects in this analysis are patients scheduled for cholecystectomy
and can therefore not be considered as “healthy” individuals. The CL values found for the
subjects with severe obesity in this analysis, were comparable to the CL values found in the
study of Greenblatt et al. (1984) and Brill et al. (2014). Considering that Brill et al. (2014) and
Greenblatt et al. (1984), both found similar CL values between subjects with obesity and
healthy volunteers, it is possible that the CL and pharmacokinetics of MDZ in these
cholecystectomy patients, differ from that in normal healthy subjects. However, more patients
need to be included in order to elucidate this finding.
Considering the combined increase in bioavailability and CL of MDZ revealed in the patients
with severe obesity compared to the non-obese patients in the current study, it is likely that a
reduced intestinal CYP3A activity may be the main contributor to the observed increased
bioavailability. The lower oral AUC-ratio of 1-OH MDZ/MDZ found in the patients with
severe obesity, indicates a reduced combined intestinal and hepatic CYP3A activity.
However, no significant difference found in the intravenous AUC-ratio of 1-OH MDZ/MDZ
between the subject groups suggests that the hepatic CYP3A activity is not altered and the
higher total CL in the patients with severe obesity, suggests that the hepatic CYP3A activity is
at least not decreased in these patients compared to the non-obese patients. It is therefore
possible that the relative importance of pre-systemic hepatic CYP3A metabolism for oral
bioavailability of MDZ might be lower than previously expected. As MDZ is thought to be
completely absorbed after oral administration, the fraction absorbed, FA, is unlikely to be
affected by obesity. The increased bioavailability found in the patients with severe obesity in
the present study could be the result of a reduced intestinal CYP3A activity, leading to a
higher fraction escaping the GI wall elimination, FG. Assuming that the fraction escaping
hepatic first-pass elimination, FH, is of less importance, FG would then be the main
determinant of MDZ bioavailability.
A higher MDZ Vd in patients with severe obesity was also found in this analysis and could be
explained by the higher fat content in patients with obesity. As MDZ is a lipophilic drug, it
readily distributes into the excess adipose tissue of the patients with severe obesity. The high
distribution of MDZ explains the lower Cmax after intravenous administration observed in the
31

Discussion

patients with obesity. A higher intravenous MDZ bolus dose is therefore necessary to achieve
the same initial plasma concentration in patients with severe obesity compared to non-obese
subjects. The initial Vd was lower than the apparent Vd in all subjects and can be explained by
the high initial distribution of MDZ leading to the bi-exponential decline seen after
intravenous administration. A high disposition of MDZ from the bloodstream and into tissue
would also lead to a longer t1/2 in individuals with obesity and may cause a prolonged effect
of MDZ. This analysis found t1/2 to be more than doubled (9 vs 4 hours) for the patients with
obesity compared to the non-obese group. As the CL of MDZ in patients with severe obesity
was found to be 68% higher compared to the non-obese patients in this analysis, the
prolonged t1/2 could be explained by the almost 4 times as high Vd in the patients with obesity
compared to the non-obese subjects. In the studies by Greenblatt et al (1984) and Brill et al.
(2014), they also found a longer t1/2 and a higher Vd in subjects with obesity compared to nonobese individuals.

4.2 Effect of low calorie diet
In addition to investigating the potential difference in the CYP3A activity between patients
with severe obesity and non-obese subjects, the pharmacokinetics of MDZ was evaluated
before and after a moderate weight loss following a 3-week low calorie diet in patients with
severe obesity. This is important because it cannot be assumed that the body composition and
drug disposition are the same between a patient with former obesity and a normal weight
individual who has never suffered from obesity. Based on the hypothesis that CYP3A activity
decreases with increasing body weight, a substantial weight loss could in theory reverse the
downregulation of CYP3A enzymes in patients with obesity (Ulvestad et al. 2013). The
design of the present study allowed for the comparison of the effect of weight loss on the
pharmacokinetics of MDZ in patients with severe obesity and MDZ pharmacokinetics in nonobese subjects. The weight loss achieved after the 3-week low calorie diet was relatively low,
only around a 5% reduction, and was mainly due to a loss in fat mass, but this might still give
indications of whether a weight loss could affect CYP3A activity in vivo.
No significant changes in the pharmacokinetic parameters and variables of MDZ was found
after the 3-week low calorie diet, but a significant increase in the oral AUC-ratio of 1-OH
MDZ/MDZ, indicating an increased pre-systemic CYP3A activity was observed following the
diet. The increase in the ratio was the result of a trend towards a lower oral AUC of MDZ and
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a trend towards a higher oral 1-OH MDZ AUC after the low calorie diet. The change in
absolute bioavailability of MDZ was not significant after the diet, but a slight trend towards a
reduction could be seen. Total systemic CL of MDZ and intravenous AUC-ratio of 1-OH
MDZ/MDZ was found to be unchanged, and so the hepatic CL does not seem to change after
a moderate weight loss in the patients with severe obesity. This supports the hypothesis that
mainly the intestinal CYP3A activity is reduced with obesity. The moderate weight loss was
neither enough to produce any significant differences in the intravenous Cmax, Vd or t1/2, but
slight trends were seen towards a higher intravenous Cmax, lower Vd and shorter t1/2. The
weight loss did produce variable effects on the individual patients in this analysis, but it is
possible that the observed trends will become even more evident as more patients are
included.
A greater weight loss is probably needed in order to produce significant changes to the
pharmacokinetics of MDZ. The COCKTAIL study will continue to include more patients and
will investigate the effect of a 6-week very low calorie diet on MDZ pharmacokinetics to
provide more insight into the influence of a substantial weight loss on CYP3A activity in vivo.
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5 Conclusion
In conclusion, both the absolute bioavailability and CL of MDZ were found to be higher in
the patients with severe obesity compared to the non-obese subjects. The higher
bioavailability might be caused by a reduced pre-systemic intestinal CYP3A activity, but this
warrants further investigations. The higher CL observed, was in contrast to other studies and
should also be further elucidated. Oral Cmax and Tmax of MDZ was similar between subject
groups, indicating no difference in absorption rate. A lower MDZ Cmax after intravenous
administration and a longer t1/2 was observed due to a higher initial and apparent Vd in the
patients with severe obesity. Following a moderate weight loss, no significant differences in
absolute bioavailability or CL of MDZ were observed in the patients with severe obesity.
However, indication of an increased intestinal pre-systemic CYP3A activity after weight
reduction was observed due to a significantly higher oral AUC-ratio of 1-OH MDZ/MDZ
after the 3-week low calorie diet.
Further research is needed to understand more about the influence of body weight and weight
reduction on the pharmacokinetics of MDZ and in vivo CYP3A activity in patients with
severe obesity. The relative importance of intestinal and hepatic CYP3A activity for the oral
bioavailability of MDZ and other drugs should also be investigated.
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Chemicals
Chemicals

Manufacturer

1-OH-midazolam

Sigma-Aldrich, MO, USA

4-OH-midazolam

Sigma-Aldrich, MO, USA

Acetonitrile (Hyper grade for LC-MS)

Merck, Darmstadt, Germany

Ammonia 25% (NH3) (Suprapur)

Merck, Germany

Acetic acid 100% (CH3COOH) (Suprapur)

Merck, Germany

Ethyl acetate > 99,7% (C4H8O2) (Chromasolv)

Sigma-Aldrich, MO, USA

Methanol (CH3OH) (Hyper grade for LC-MS)

Merck, Germany

Midazolam

Sigma-Aldrich, St. Louis, MO, USA

Midazolam-d6 (internal standard)

Toronto Research Chemicals, Ontario, Canada

Nitrogen gas (N2)

AGA Progas AS, Oslo, Norway

Equipment
Equipment

Manufacturer

Aquasil C18, 100 x 1 mm, 3 μm

Thermo Scientific, IL, USA

Auto-injector

Dionex Ultimate 3000, Thermo Scientific, USA

BioBasic-8, 50 x 1 mm, 3 μm (LC-column)

Thermo Scientific, IL, USA

BioBasic-8 Guard, 10x1 mm, 5 μm (pre-column)

Thermo Scientific, IL, USA

Corning centrifuge tubes

Corning Inc., MA, USA

Data system

«Chromeleon Xpress» and «Xcalibur», Thermo
Scientific

Detector

LTQ XL, Thermo Scientific, USA

Dri-block (DB3D)

Technie, Staffordshire, UK

Eppendorf tubes (2 mL and 5 mL)

Eppendorf AG, Hamburg, Germany

Heraeus Megafuge 16R-centrifuge

Thermo Scientific, IL, USA

Invitrogen HulaMixer

Thermo Scientific, IL, USA

Micro inserts

VWR International, Germany

Vials

VWR International, Germany

pH-meter Beckman 50

Beckman Instruments Inc., Fullerton, CA, USA

Vacuum pump

Vacuubrand, Wertheim, Germany

Whirlmixer MS 3 Basic

IKA Works INC., Wilmington, NC, USA
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Solutions
Mobile phase A: 0.05M ammonium acetate buffer, pH 4.4
Acetic acid (100%)

1,6 mL

Acetonitrile

25 mL

Ammonia (25%)

0,7 mL

MQ water

475 mL

Mobile phase B: 95% acetonitrile, 5% methanol
Acetonitrile

475 mL

Methanol

25 mL

0,5 M ammonium hydroxide (NH4OH), pH = 11,8
Ammonia (25%)

1 mL

MQ water

49 mL
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