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ABSTRACT

Introduction Rising prevalence of obesity confronts clinicians with dosing problems in
the (extreme) overweight population. Obesity has great impact on key organs that play
a role in the pharmacokinetics (PK) and pharmacodynamics (PD) of drugs, however the

ultimate impact of these changes on how to adapt the dose may not always be known.

Areas covered In this review, physiological changes associated with obesity are discussed.
An overview is provided on the alterations in absorption, distribution, drug metabolism
and clearance in (morbid) obesity focusing on general principles that can be extracted
from pharmacokinetic studies. Also, relevant pharmacodynamics considerations in obesity

are discussed.

Expert opinion Over the last two decades, increased knowledge is generated on PK and PD
in obesity. Future research should focus on filling in the knowledge gaps that still remain,
especially in connecting obesity-related physiological changes with changes in PK and/or
PD and vice versa. Ultimately, we can use this knowledge to develop physiologically based
PK and PD models on the basis of quantitative systems pharmacology principles. Moreover,
efforts should focus on thorough prospective evaluation of developed model-based doses

with subsequent implementation of these dosing recommendations in clinical practice.



INTRODUCTION

Since the 1980s, the global prevalence of obesity, which is defined as a body mass index (BMI) >
30 kg/m2, has increased alarmingly [1]. In 2015, more than 100 million children and 600 million
adults were estimated to be obese worldwide [2]. In 2014, nationwide representative surveys in
the United States showed that 35-40% of the adult population met the criteria for obesity [3].

Recently, several leading medical associations classified obesity as a disease [4].

Obesity and in particular morbid obesity is known to influence several physiological processes
such as gut permeability, gastric emptying, cardiac output, liver- and renal function [5]. As a
consequence, pharmacokinetic (PK) properties of drugs may be altered in (morbidly) obese
patients [6-8]. In addition, the pharmacodynamics (PD) of drugs may be different in obesity. For
instance, benzodiazepines or opioid analgesics may have a more pronounced effect in obesity
because of the increased incidence of obstructive sleep apnoea (OSA) in obese individuals.
As aresult, for different reasons adjusted doses may be necessary in obese patients. Although
the number of publications on this topic is increasing over the last decades, evidence on PK,
PK/PD and drug dosing strategies for specific drugs in obesity remains scarce, particularly for

morbidly obese patients.

An important strategy for characterizing drug PK/PD profiles in special populations such
as the obese is a model-based approach in which nonlinear mixed effect modelling has
been instrumental [9]. With this approach PK and/or PD is modelled on a population level,
while concurrently quantifying the inter-individual variability. Subsequently, it is assessed
how patient-specific characteristics (covariates) can (partially) explain observed differences
between patients. The fact that this approach can adequately deal with limited data makes
it particularly suited for application in PK/PD of special populations such as neonates and

children, but also for other special populations such as the obese.

Ideally, pharmacological and physiological knowledge obtained from different drugs and
studies is integrated to identify drug-specific and system-specific properties that can be
employed to guide drug dosing in the future [9]. To aid in this concept, this review aims to
give an overview of the different physiological changes in obesity and to provide an update
of the current knowledge on the influence of these changes in (morbid) obesity on different

PK and/or PD parameters.
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OBESITY-RELATED PHYSIOLOGICAL CHANGES

Obesity is defined as a body mass index (BMI) > 30 kg/m? with morbid or severe obesity
generally being defined as a BMI > 40 kg/m? or a BMI > 35 kg/m*with comorbidities [10]. It has
become widely accepted that obesity is characterized by a chronic low-grade inflammation
state of adipose tissue [11]. Together with significant anatomical and physiological alterations,
this could influence the PK and/or PD of drugs.

In obesity, gut wall permeability as well as gastric emptying has been reported to be accelerated
with obesity [12-14]. To provide nutrients and oxygen to the excess tissue, blood volume,
capillary flow and cardiac output also increase in obese patients [15-17]. With this enhancement
in cardiac output, liver blood flow is expected to increase with flow into the liver as the fraction
of cardiac output remains stable [15]. However, due to non-alcoholic fatty liver disease (NAFLD)
resulting in steatosis or steatohepatitis (NASH) together with sinusoidal narrowing, liver
blood flow might decline over time, particularly in morbidly obese individuals [18,19]. Total
protein concentrations and serum albumin seem to be unaltered by obesity, while alpha 1-acid
glycoprotein (AAG) seems to be elevated in morbidly obese patients, although contradicting
studies exist regarding the latter [20,21]. Effects of obesity on pulmonary function have been
well established. Lung volumes, especially the residual capacity and expiratory reserve volume,
are negatively correlated with BMI [22,23]. Furthermore, obesity is associated with asthma and
can lead to OSA or obesity hypoventilation syndrome (OHS) [24]. The effect of obesity on renal
function appears ambiguous, since some studies report an increase in glomerular filtration rate
(GFR), while others show that severe overweight is strongly correlated with chronic kidney
disease (CKD) [25-27]. It is now generally believed that during the lifespan of an obese patient,
renal clearance is initially enhanced by a compensatory hyperfiltration and hyperperfusion,
though eventually declines as a result of a constantly elevated intra-glomerular pressure [25,27].

An overview of physiological changes associated with obesity is shown in Figure 1.
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Figure 1. Summary of physiological changes in obesity and corresponding effects on PK parameters.
1 increases with obesity, v decreases with obesity, ¢ can either increase or decrease with obesity, &
unaltered with obesity. AAG alpha 1-acid glycoprotein, GFR Glomerular Filtration Rate, 7BW total body
weight.

BODY SIZE DESCRIPTORS

Beside total body weight (TBW) in (morbidly) obese patients, other body size descriptors
have been proposed to guide drug dosing (Table 1). Lean body weight (LBW) or fat free mass
(FFM) globally represents bone tissue, muscles, organs and blood volume and was reported
to relate well with renal function in obesity [28,29]. Strictly, in contrast to FFM, LBW does
include a small fraction of adipose tissue (cellular membrane lipids) and therefore does not
always exactly correspond to FFM. However, in relation to TBW, this portion is generally small
(3-5%) and therefore these two descriptors can in general be used in the same way [29]. LBW
or FFM is commonly calculated using the Janmahasatian method, taking into account TBW,
height and gender [29]. Since the introduction of this formula, LBW is increasingly being
proposed as a body size descriptor in obesity pharmacology, especially for renally cleared drugs
[30]. However, as LBW also takes gender into account with higher LBW in males compared
to females even when TBW is the same, it should be realized that the use of this descriptor
leads to substantially higher dosages in males compared to females, even in case of similar
body weights [29]. Therefore, when conducting a PK study, both genders should be included
in sufficient amount as gender is a driver in the calculation of LBW. Besides TBW and LBW,
other body size descriptors such as ideal body weight (IBW) or adjusted body weight have
occasionally been proposed to guide drug dosing for specific drugs [31-33], even though to date
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there seems limited interest in these scalars. BMI, widely used in defining and quantifying
obesity, as a descriptor of body shape and not body composition, also seems less suitable for
use as body size descriptor for drug dosing in the obese [34]. Finally, estimated body surface
area (BSA) is traditionally used when dosing cancer chemotherapy [35]. From this overview,
it seems that each body size descriptor has its own (dis)advantages for application in drug
dosing in obesity, while no body size descriptor has been shown to be universally applicable for
prediction of PK parameters in obesity [36]. Besides the body side descriptor, also the scaling
factor is of relevance when relating parameters to weight. While one may anticipate a linear
(scaling factor of 1) or allometric (scaling factor of 0.75) function between TBW and clearance,
assuming that obese individuals differ only in being larger than normal weight individuals, this
seems a considerable simplification [34]. In this respect it is also important to realize that for
instance LBW and BSA relate in a nonlinear manner to TBW [6]. As a consequence, the use of
another descriptor will influence the value of the exponent or scaling factor. Moreover, even
though an increase in a certain parameter or dose may be anticipated for obese individuals,
plasma clearance or volume of distribution is not always reported to increase or might even

decrease, implying a zero or negative value for the scaling factor [6,7].

Table 1. Body size descriptors with corresponding formula’s.

Body size descriptor Formula Reference

Total body weight (TBW) - B

Body Mass Index (BMI) TBW (kg) (37]
BMI (kg/m*) = ———=
HT? (m")
Body Surface Area (BSA) BSA (m?) = 0.007184 x TBW (kg)®#*x HT (m)°7* (38]
Ideal Body Weight (IBW) IBW (male, kg) = 49.9 + 0.89 x (HT (cm)-152.4) (39]

IBW (male, kg) = 49.9 + 0.89 x (HT (cm)-152.4)

Adjusted Body Weight (ABW)  ABW (kg) = IBW + F x (TBW - IBW) [40]

F = drug specific correction factor (generally 0.3-0.6)

Lean Body Weight (LBW) 27 x10% xTBW (k [29]
Y § LBW (male, kg) = 927210 (kg)
6.68 x 103+216 xBMI (kg/m?)

9.27 x103 xTBW (kg)
8.78 x 103+244 xBMI (kg/m?)

LBW (female, kg) =
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INFLUENCE OF OBESITY ON PHARMACOKINETIC
AND PHARMACODYNAMIC PARAMETERS

Obesity and drug absorption

After oral ingestion of a drug, the absorption from the intestine is determined by the rate of
absorption (k) and the total amount of drug absorbed (bioavailability, or F). F is dependent
upon fraction absorbed (F ) and gut and hepatic (first pass) metabolism (Fg andI,). Since it is
known that, in obesity, gut permeability increases and gastric emptying is accelerated, while
CYP-mediated gut and or liver metabolism might also be affected, it is plausible that obesity
influences overall oral absorption [712-14,41]. Although beyond the scope of this review, we
know that in addition to obesity itself, also diet and bariatric surgery might greatly affect PK
in terms of rate and/or extend of drug absorption. Therefore, obese individuals are prone to

changesinFork,

The classic approach to quantify F is by obtaining data after both oral and intravenous (IV)
administration of a drug within the same subjects on separate occasions. However, since this
method requires an experimental setting and a washout period, only few such studies have been
done in the obese population [42—47]. In these studies, regarding cyclosporine, dexfenfluramine,
midazolam, moxifloxacin, propranolol and trazodone, no significant differences were observed
in bioavailability or (if reported) rate of absorption between obese and lean subjects, although

for propranolol], a trend towards a higher bioavailability was observed [45].

Another method to determine oral bioavailability is via a semi-simultaneous design, in which
F can be studied in a single occasion [48,49]. A disadvantage of this approach is that absorption
has to be virtually complete before the TV formulation is administered, which may be difficult
to predict in obese patients. Nevertheless, a semi-simultaneous study design can provide
useful information on drug absorption in morbidly obese patients as was demonstrated for
midazolam [50]. In this trial, morbidly obese subjects undergoing bariatric surgery received
midazolam orally, followed by an IV dose after 150 minutes. In this study, a higher F in the
obese group (60% vs. 28%) was found. The increase in F was hypothesized to be related to a
decreased gut CYP3A4 activity and/or an increased gut blood flow or permeability [44,50].
Notably, in contrast to the earlier mentioned ‘classic approach’ studies, where some included
obese subjects with average body weights of <120 kg, the latter midazolam study included
patients with mean body weight of 144 kg (range 112 - 186 kg). Therefore, it might be possible

that alterations in F are only significant in severely obese individuals.
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In addition to these results, studies on orally administered levothyroxine and acetaminophen
found a delay in time to peak concentration (T, )in morbid obesity compared to lean subjects
[51,52]. In contrast, for morphine, similar absorption rates were found in morbidly obese
patients in comparison to what is found in healthy volunteers [53,54]. It should however be
noted that T isalso determined by elimination clearance and therefore does not necessarily
represent drug absorption rate. Unfortunately, in these studies no data were obtained after IV
administration, hence no definite conclusions can be drawn upon bioavailability of these drugs.
Despite this limitation, the authors of the acetaminophen study do relate the fact that they
found a lower area-under-the-curve (AUC) in the obese population to a lower bioavailability.
It can however not be excluded that the lower AUC is caused by an augmented drug clearance

rather instead of hampered bioavailability, which was reported later in another study [55].

Since morbidly obese patients are characterized by an excess of (subcutaneous) adipose tissue,
one could hypothesize that drug absorption from parenteral forms such as intramuscular or
subcutaneous injection might be altered as well in obese patients. Only few studies have assessed
drug absorption in these situations. Enoxaparin was investigated in a study in moderately obese
(mean TBW 100 kg, range 78 — 144 kg) and non-obese volunteers [56]. Participants received
enoxaparin subcutaneously once daily for four consecutive days and once intravenously with a
washout period of at least seven days in between. No difference in F was observed between obese
and non-obese individuals. In another study, twelve moderately obese Chinese women (BMI 28.2-
32.8 kg/m?) and twelve non-obese women (BMI 19.8 — 22.0 kg/m?) were given an intramuscular
and subcutaneous injection with a fixed dose of 10.000 IU of human chorionic gonadotropin
with a four week interval [57]. In this population, the AUC was substantially lower in the obese
group with both routes of administration. While this may be caused by a decreased absorption
in obesity, another explanation could be an increased clearance in the obese individuals. In
addition, in two other studies a delayed absorption in obese patients was seen for subcutaneous
administered insulin lispro, but not for nadroparin [58,59]. For nadroparin, also an increase
in apparent clearance with body weight was reported which may not only be the result of
an increase in clearance but could theoretically also be due to a decrease in (subcutaneous)
bioavailability. However, as in this study no information was available upon IV administration

of nadroparin, we cannot distinguish between the two explanations.

With respect to drug absorption, it seems that the evidence on the effect of (severe) obesity is
limited. Despite an apparent increase in gut permeability and possible decrease in gut CYP3A4
metabolism in obesity, only for midazolam an increased bioavailability was reported [50].
Since in the midazolam study severely obese patients were studied, it could be speculated that
bioavailability is only significantly increased in case of extreme obesity. The drug absorption
rate or bioavailability from subcutaneous injections seems to be unaltered in obesity, however

there is not yet enough evidence to draw firm conclusions.
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Obesity and drug distribution
Volume of distribution (V,) is an important theoretical PK parameter defining the peak
concentration (C ) after each dose of a drug, and, together with drug clearance, determines

the elimination half time of a drug. The first is of particular significance for choosing the

optimal loading dose, the latter for time to reach steady state in a multiple dosage regimen.

In morbidly obese patients, changes in V, might depend on several drug properties, such as
the lipophilicity of the drug, ionization properties, blood:plasma ratio and protein binding
[60,61]. As such, lipophilicity alone does not necessarily predict the change in V, [5,60]. In
theory, lipophilic compounds are expected to easily diffuse into adipose tissue, and therefore
V, is expected to increase with TBW for these drugs. This principle is illustrated in study
with diazepam [62]. In this study in six moderately obese and five normal weight subjects,
this highly lipophilic drug shows a dramatic increase in V, with increasing body weight. On
the contrary, hydrophilic drugs are expected to be restricted to aqueous compartments such
as blood and extracellular water. Since the volume of these compartments does not linearly
increase with TBW, V,/TBW is expected to decrease for these drugs. This is delineated by
ranitidine, a hydrophilic drug, in which one study showed that V,/TBW decreased in obese
subjects [63]. However, as stated earlier, lipophilicity does not necessarily predict changes in V,
[5]. For example, propofol and digoxin, both (highly) lipophilic drugs, do not show an increase
in V, in obese patients [64,65]. In addition, it has been shown that the V, of vancomycin, which
is a water-soluble drug, shows a strong linear increase with TBW [66,67]. As such, lipophilicity
should be considered only one of the drug properties to consider when predicting changes in

volume of distribution related in obesity.

Concerning serum protein concentrations in obesity, albumin and total protein concentrations
seem to be unaltered between lean and obese subjects, although AAG, which is particularly
important in binding basic drugs, could be elevated in morbid obese patients [20]. Differences
in protein binding in relation to PK parameters such as V, or CL in obese and non-obese
patients have been assessed in studies concerning alprazolam, cefazolin, daptomycin,
lorazepam, midazolam, oxazepam, propranolol and triazolam [21,44,68—71]. In these studies,
unbound concentrations appeared unchanged in morbidly obese patients. In addition to
unbound fractions, the study with daptomycin also reported serum albumin concentrations,
which were unaltered in morbid obesity [70]. In the propranolol study, albumin concentrations
were reduced, with AAG serum concentrations unaltered [21]. While the latter is in contrast
with what was reported earlier [20], this explains the unchanged protein binding for
propranolol, which is mainly AAG-bound. In a study regarding clindamycin in obese children,
V, decreased with increasing AAG and albumin serum concentrations [72]. Unfortunately,
unbound clindamycin concentrations were not measured, so it remains unclear whether free

concentrations were influenced [72].
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Another important aspect of drug distribution in morbidly obese individuals concerns
tissue penetration. This can be especially relevant for antibiotics used for localized
infections or perioperative prophylaxis, where sufficient tissue concentrations need to
be achieved in order to be effective. To measure concentrations at the target site, it is
for instance possible to measure drug concentrations in the epithelial lining fluid for
pulmonary penetration or in interstitial fluid (ISF) using microdialysis techniques [73,74].
Drug concentrations in the ISF are measured by inserting a probe, which is continuously
perfused with a physiological solution, in the tissue of interest. A major advantage of this
method is that it enables us to measure the unbound (pharmacologically active) drug on
multiple time-points. This is in contrast with the classic approach that uses tissue biopsy
specimens, which are homogenized before measurement of drug concentrations. As a
consequence, overall drug concentrations are determined, thereby mixing up intra- and
extracellular concentrations, and both bound and unbound concentrations, instead of the
pharmacologically active, unbound, drug concentration only. Since most anti-infective
drugs are distributed exclusively to the intra- or extracellular space, PK studies employing

this technique should be interpreted with caution [75,76].

So far, studies regarding tissue penetration in morbid obesity using microdialysis have been
done for cefazolin, cefuroxime and ciprofloxacin [69,77,78]. Ciprofloxacin was administered
as a single IV bolus dose to twelve obese subjects (mean weight 122 + 22.6 kg) and twelve
normal weight controls, after which ciprofloxacin concentrations were measured in plasma
and ISF of skeletal muscle and subcutaneous tissue [77]. Plasma concentrations of ciprofloxacin
were significantly higher in the obese, while ISF concentrations were similar. The authors
conclude that, to yield adequate concentrations in peripheral tissue, ciprofloxacin should be
dosed on actual body weight, although it is unclear whether the resulting high (peak) plasma
concentrations might lead to increased side effects. Besides, fluoroquinolones are primarily
used in pulmonary infections or urinary tract infections. Since tissue penetration in these
organ systems may be different from subcutaneous tissue, future research should focus on
whether the same hampered tissue penetration also applies for these organ systems [79].
For cefazolin, which is commonly used as a prophylactic agent during surgery, a study using
microdialysis techniques showed that in morbidly obese patients (mean weight 140 kg, range
107-175 kg) cefazolin concentrations in the ISF of the subcutaneous tissue were significantly
lower after a single 2 g IV dose compared to non-obese patients [69]. Subsequent Monte
Carlo simulations demonstrated a reduced probability of target attainment for obese patients
with a BMI>40 kg/m? with specifications for different minimal inhibitory concentrations
and duration of surgery. As a consequence, the Dutch guidelines for perioperative antibiotic
prophylaxes prescribe for morbidly obese patients a single dose of 3 g cefazolin instead of 2 g
[80]. Lastly, a microdialysis study in six obese patients (109-140 kg) showed that cefuroxime

distributed extensively into ISF in muscle and subcutaneous tissue and seems to yield adequate

36 | Chapter2



concentrations for common pathogens such as Staphylococcus aureus, but not for Escherichia coli
[78]. Unfortunately, no control group was included in this study, so no definite conclusions can

be made upon changes in tissue penetration in obese versus non-obese individuals.

In conclusion, it is evident that changes in volume distribution are difficult to predict
upfront based on drug properties such as lipophilicity alone, and that ionization properties,
blood:plasma ratio and protein binding need to be taken into account as well. Protein serum
concentrations seem unaltered in obese, with the exception of AAG which is reported to
be elevated in some studies. Nonetheless, it has not been shown that this leads to relevant
pharmacokinetic changes yet. Lastly, differences in tissue penetration between obese and non-
obese individuals can be significant. Until now, this has been studied for several antibiotics. In
studies regarding cefazolin and ciprofloxacin, tissue penetration was significantly reduced. As
a result, higher dosages and/or increased frequency of dosing might be necessary even when

this leads to higher plasma concentrations.

Obesity and drug clearance
As clearance impacts the maintenance dose of drugs, it is generally considered as the PK

parameter with the greatest impact for clinical applications.

The liver forms the main organ responsible for drug metabolism, where enzymes are responsible
for modification and conjugation of drugs (phase I and II reactions, respectively). It is noted
that these reactions can also take place in other tissues such as plasma, kidneys or the gut wall.
Hepatic drug metabolism is dependent on intrinsic liver clearance (Cl, ), which is determined
by enzyme activity and transporters in the liver. Together with hepatic blood flow (Q,) and
protein binding (f ), Cl  determines the hepatic plasma clearance (Figure 2). Variation in these
parameters may more or less influence the hepatic plasma clearance of a drug depending on its
hepatic extraction ratio. The extraction ratio depicts the efficiency of an organ to clear a drug
from the circulating blood. High extraction ratio drugs typically have a clearance independent
of enzyme capacity or plasma protein binding and depend primarily on hepatic blood flow. In
contrast, the clearance of low or intermediate extraction ratio drugs is mainly dependent of

the intrinsic metabolizing capacity of the liver (Figure 2).

In obesity, the prevalence of liver abnormalities is extremely high and in patients undergoing
bariatric surgery, can exceed over 9o% [81]. Abnormal fat deposition and inflammation in the
liver results in a range of conditions from steatosis to NASH and can influence hepatic enzyme
and drug transporter expression and/or activity as well as liver blood flow. With respect to the
influence of obesity on hepatic blood flow, different scenarios can be hypothesized. While it
is known that cardiac output increases with obesity, one study showed that liver blood flow

increases with liver blood flow being a percentage of cardiac output [15]. This was confirmed
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with studies on propofol and fentanyl, where an increased clearance with increasing TBW
was seen [64,82—-84]. Since both drugs are high extraction drugs, changes in clearance are
expected to represent changes in liver blood flow. However, due to fatty liver disease, liver

microcirculation was shown to decrease in animal models [19].

Hepatic plasma
clearance (Cl)

Blood flow
Q)

Intrinsic clearance
()

int’

out

Extraction ratio (E)

T

Hepatic plasma q ba xf, I
= X|——————————

clearance (Cl) h I Q,+Cl, xf, |

|

\

Fraction
unbound (f )

N - - - —

Figure 2. Overview of processes involved in hepatic metabolism. Intrinsic clearance (Cl, ) is influenced by
enzyme activity and transporters in the liver. Together with the fraction unbound (f ) and hepatic blood
flow (Q,), Cl,  determines the hepatic plasma clearance (Clp). The extent to which Clp is influenced by
variation in these parameters depends on the extraction ratio E, with high extraction ratio drugs mainly

being influenced by Q,, and medium to low extraction ratio drugs mainly being influenced by CI,_ .

When considering Cl_, hepatic drug metabolism is generally divided into phase I and phase
IT reactions. Phase I reactions are mediated by enzymes, the most important being the
cytochrome P450 system. About 50% of all metabolized drugs are metabolized by CYP3A4,
which is primarily present in hepatocytes and the gut wall. Midazolam is primarily metabolized
by CYP3A and generally considered a probe for CYP3A enzyme activity. Several animal and in
vitro human studies showed a reduced CYP3A4 activity related to obesity or NAFLD [85-88].
It has been hypothesized that low-grade inflammation decreases expression of pregnane X
receptor (PXR) and constitutively activated receptor (CAR) resulting in less expression of
certain CYP enzymes, including CYP3A4 [89]. However, in morbidly obese patients, midazolam
plasma clearance appeared to be unchanged when compared to healthy volunteers [44,50].
Since midazolam is considered a medium-to-high extraction ratio drug, it might be possible
that reduced CYP3A4 activity is compensated by an increased liver size or liver blood flow. A
follow-up study in the same study population one year later showed that, after weight loss,
midazolam clearance exceeded clearance in the non-obese population. To explain this, it was
hypothesized that CYP3A4 activity is restored, thereby surpassing the expected reduction in

liver size after bariatric surgery [90].

38 | Chapter2



Besides CYP3A, other CYP enzymes are involved in phase I drug metabolism, albeit to a much
smaller extent. Orally administered chlorzoxazone, which is a probe drug for CYP2E), has a
higher metabolic clearance (CL/F) in obese patients compared to non-obese subjects [91].
Unfortunately, the number of participants in this study was small and chlorzoxazone was
not administered TV, so CL could not be assessed apart from F. An increase in CYP2E1 activity
might be likely as this was also seen in another study where acetaminophen was administered
intravenously in obese patients [55]. In contrast to CYP3A4 and CYP2E1, no significant impact
of obesity on CYP1A2 activity was seen in a study regarding caffeine, which is metabolized via
this enzyme. In this study, where caffeine was administered in an oral dose of 200 mg to obese

and non-obese subjects, CL/F was comparable in both groups [92].

Given the potential pathophysiological effects of obesity on the human body, duration of obesity
might also be an important factor in hepatic metabolism. This is illustrated by the results on a
study on midazolam in obese adolescents and obese adults where in obese adolescents, mean
midazolam clearance was higher compared to obese adults [93]. These results are surprising
as body weights were similar in these two populations. Particularly because in (non-obese)
adolescents typically lower clearance values may be assumed for which 0.75 allometric scaling
on the basis of body weight is relatively undebated [94,95]. Therefore, the larger clearance in
obese adolescents was explained by the lack of suppression of CYP3A in view of the relative
short duration of obesity compared to obese adults. Similar results were found for clearance
of fentanyl (a high extraction ratio drug for which liver blood flow is relevant) which appeared
larger in obese adolescents compared to literature values in obese adults which may aim at
less liver changes with respect to liver flow in obese adolescents compared to obese adults
[96]. Finally, a strong positive correlation was found between the severity of hepatic steatosis
and increase in CYP2F1-mediated metabolic clearance of chlorzoxazone, which adds to this

hypothesis [91].

Phase II conjugation reactions generally seem to be elevated in morbid obesity, as can
be illustrated by studies performed with low-to-medium extraction ratio drugs such as
acetaminophen, oxazepam and lorazepam [55,71]. When glucuronidation and sulfation of
acetaminophen in morbidly obese patients were studied together with data from healthy
volunteers in a meta PK analysis, a significant increase in both of these pathways was found
[55). Also in the studies regarding oxazepam and lorazepam, of which excretion is primarily

dependent on glucuronidation, drug clearance markedly increased in the obese population [71].

However, recent studies on morphine which is also mainly glucuronidated showed somewhat
surprising results. In these studies, higher morphine glucuronide concentrations were seen in
obese compared to non-obese as well in NASH patients [97-99]. Two of these studies showed

similar morphine concentrations together with increased glucuronide concentrations, which
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indicated no significant increase in glucuronidation, but instead a decrease in clearance of
glucuronides [98,99]. As discussed earlier, the lack of increase in glucuronidation clearance
may be explained by the fact that morphine is a medium-to-high extraction ratio drug,
assuming liver blood flow was unchanged in these populations. A decreased elimination
clearance of morphine glucuronides in both obese and NASH patients might be explained by
the involvement of drug transporters such as multidrug resistance proteins (MRP) 2 and 3. It
was shown in rat models that NASH, commonly associated with obesity, influences transporter
expression [100]. These specific transporters are responsible for the transport of bile acids,
anionic drugs and hepatically derived metabolites (such as glucuronides) from hepatocytes
to the blood plasma (MRP3) or hepatocytes to the bile (MRP2) [101]. The results from the
morphine studies led to the conclusion that elimination of glucuronides is possibly decreased
due to a suppression of MRP2 and upregulation of MRP3 in obese patients [98,99].

Over the last years, increasing evidence is generated on altered drug transporter function in
obesity. Despite the fact that literature is still scarce, most knowledge has been generated
on transporter activity in NASH, a condition that is common in the obese population [81]. In
addition to earlier described changes in MRP2 and MRP3, studies suggest that NASH might
also influence the functionality of other drug transporters such as organic anion transporting
polypeptides (OATP) and organic anion transporters (OAT), which play an important role in
uptake of several drugs such as statins or angiotensin-converting enzyme (ACE)-inhibitors

such as enalapril [102,103].

In conclusion, based on the provided examples, it is clear that predicting drug clearance in
obesity for hepatically metabolized drugs is challenging. In general, enzyme activity of CYP2E1
and phase II metabolism seems to increase, while CYP3A4 activity seems to decrease and
CYP1A2 is likely to be unaffected. However, for translating these results into overall plasma
clearance, several factors should be taken into account, such as drug properties like extraction
ratio, liver size, duration of obesity and an additional influence from transporters (see also

Figure 2).

Regarding renal drug clearance, the relationship between obesity and kidney function is
complex, since obesity is associated with an enhanced renal function, but also an important

risk factor for the development of CKDs [25,104].

In clinical practice, GFR is often estimated using creatinine clearance (CL_) as a surrogate
estimate. In these situations, estimated GFR (eGFR) is calculated by imputing serum creatinine
in a formula together with other patient characteristics such as race, age, gender or body
weight. Nowadays, mostly the modification of diet in renal disease (MDRD) and the CKD and
epidemiology (CKD-EPI) formulas are employed, of which the latter has the advantage that
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it is also accurate in renal functions above 60 mL/min/1.73m? [105]. However, these methods
express eGFR normalized to BSA (mL/min/1.73 m?), and tend to overestimate the GFR in
patients with a large body weight when corrected for BSA and expressed as absolute eGFR
in mL/min [106,107]. This is also the case with the Cockcroft-Gault (CG) formula, which uses
TBW to estimate CL_. For example, calculation of CL  using CG formula with TBW in morbidly
obese subjects overestimated clearance with +107.4 mL/min compared to CL_ measured with
24-h urine collection [106]. Recently, several studies suggest to use LBW in the CG formula to
adequately estimate GFR in obese patients [106—-108]. This seems plausible, since it was shown

that LBW normalizes changes in GFR in obese patients [28].

Asaconsequence of an enhancement in GFR, it might be expected that drug excretion increases
in obesity when renal drug excretion is dependent upon GFR. For instance, gentamicin,
tobramycin and vancomycin, almost exclusively excreted unchanged via urine, showed an
increased clearance in morbidly obese patients [40,66,67]. In contrast, this influence of obesity
on drug clearance was not seen for cefazolin or fluconazole, both renally excreted drugs that
showed similar total drug clearances in morbidly obese subjects [69,109]. However, fluconazole
was studied in a group of obese and non-obese critically ill patients with no differences in
CL,, within these groups [109]. In the study regarding cefazolin, even though renal function
was anticipated to be unaffected, no CL  or eGI'R values were reported while in addition the
sampling time may have been too short to pick of changes in clearance [69]. An increase in
renal excretion in obese is also consistently seen in several studies on oseltamivir and its active
metabolite oseltamivir carboxylate, both undergoing active renal tubular secretion besides
GFR-mediated clearance [110—112], indicating that tubular secretion might also be augmented
in obese. This was supported by studies regarding procainamide, metformin and ciprofloxacin,
drugs that undergo active tubular secretion, where an increase in clearance was seen in obese
patients or with increasing body weight [113-115]. These drugs are partly excreted via the
organic cation transporters (OCT) drug transporter system, which might be enhanced in NASH
or obesity. Although a trend in increased OCT2 renal expression was seen in a mouse study,
this hypothesis remains uncertain [116]. In another study, clearance of lithium was shown to be
enhanced in obesity, even though no difference in CL  was found [n17]. The authors conclude
that an increase in lithium clearance could be explained by an impaired tubular reuptake of

lithium in overweight patients.

In summary, despite an initial increase in GFR in overweight patients, renal drug clearance
does not necessarily increase. This might be explained by the fact that on the longer term,
GFR might actually decrease in obesity. Another possibility is that studied patients might
have a reduced renal function due to comorbidities such as sepsis. The distinction between
glomerular and tubular processes in renal excretion is difficult. However, it appears that, in

general, tubular secretion is enhanced in obesity.
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A summary of relevant physiological changes in obesity and corresponding effects on PK

parameters is shown in Figure 1.

Obesity and pharmacodynamic changes

While much pharmacological research in obesity focusses on drug PK, this might not necessarily
suffice for translation to an optimized drug dosing regimen. More evidence shows that PD
changes, ie. a difference in drug efficacy or toxicity even when corrected for PK differences,
play an important role as well. For example, adipocytes secrete adipokines such as leptin, which
reduces macrophage and T-cell differentiation and activity [118]. It has been demonstrated
that due to this cross talk between adipose tissue and the immune system, several infectious
diseases in obese patients are associated with a worse outcome compared to the normal weight
population. It can be hypothesized that not only PK changes of antimicrobial drugs (leading
to lower plasma concentrations) but also changes in drug effectiveness (due to changes in the
immune system) could underlie a worsened outcome from infections [118]. An interesting example
of the relevance of changes in the PD is depicted by the intravenous anesthetic propofol. The
PK/PD profile of propofol was investigated in twenty morbidly obese patients, based on propofol
blood concentrations and bispectral index monitoring [64]. Clearance increased allometrically

with an exponent of 072, but similar maximal effect (E ) or propofol concentrations at half-

maximum effect (ESO) were observed for obese individuals when compared to literature values
of lean subjects. In contrast, a more recent Chinese PD study showed similar results on PK, with
an increased clearance in morbid obesity, but a reduction in E, for obese individuals [82]. The
authors hypothesize that this might be caused by an increased sensitivity of the brain to propofol.
Also, differences in co-medication might underlie these differences, even though both obese and
non-obese patients underwent similar gastrointestinal surgery. For reasons of changes in PD,
the authors advise LBW-based dosing of propofol, where lower plasma concentrations yield
similar sedative effects [82]. Another example of a PD study was done with the neuromuscular
blocking agent atracurium, for which in a PK study a similar V, and Cl in obese and non-obese
patients was found [119]. Whether atracurium should be dosed on TBW or IBW was investigated
in a subsequent PD study [33]. In this study, twenty morbidly obese patients (range 112 - 260
kg) were randomized to receive either atracurium dosed on TBW or IBW. The PD endpoint,
ie. time to recovery of the neuromuscular blockade, was significantly prolonged in the TBW
group. It was concluded that atracurium should be dosed on IBW, since this gave full recovery
after 60 minutes, allowing conditions for adequate intubation and no antagonists would be
needed [33]. A last example of a possible difference in PD in obese can be found in the use of
hypnosedative agents. As stated earlier in this review, obesity is associated with OSA. In theory,
hypnosedative agents such as benzodiazepines or opioid analgesics could worsen OSA-related
symptoms by reducing effective breathing Despite the fact that deleterious effects of these drugs
on parameters such as apnoea-hypopnoea index or oxygen saturation are still under debate,

caution is advised when sedative drugs are used in obese patients with OSA [120,121].
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To conclude, only few studies have been done including PD parameters in morbid obesity. To
be able to adequately translate PK models into dosing regimens for certain pharmacological
domains, for example anaesthetics, antibiotics or sedatives, more research is warranted on PD

of these drugs in obesity.

EXPERT OPINION

Since the prevalence of obesity is appallingly increasing, physicians and pharmacists are
increasingly confronted with drug dosing problems in (severely) overweight patients.
Fortunately, more evidence on PK and to a lesser extent on PD in morbid obesity is generated,
particularly in the last two decades. However, as we showed in this review, we are still unsure
what the exact effect of obesity is for many drugs. This relates to the fact that there is a lack of
specific and quantitative information on obesity related changes in physiological parameters
like hepatic blood flow, gastric permeability and enzyme and transporter activity. It is clear that
translation of a single drug property into a subsequent effect on a PK parameter, as has been
tried with lipophilicity and volume of distribution, is not adequate and tends to oversimplify

the matter.

Despite more insight in the changing metabolic and elimination pathways associated with
obesity, there are still gaps in our current knowledge. The lack of studies that simultaneously
investigate oral and TV administered drugs in both obese and non-obese individuals makes it
difficult to determine the effect of obesity on oral bioavailability. Also, only a few studies report
unbound concentrations of drugs, so information on the influence of obesity on protein binding
is limited. More insight is needed in the pathophysiological changes that accompany with
severe or prolonged obesity with respect to the liver, liver blood flow, (hepatic) transporters,
gut metabolism and perfusion. Taken together, one of the major challenges nowadays in
the field of obesity-PK/PD is to gather quantitative information on these parameters for the
development of physiologically based PK models in which various drug and patient properties
can be integrated. With such models, PK/PD and ultimately drug dosing of other drugs can
be predicted for individual patients. This ‘quantitative systems pharmacology’ approach is
currently an important, rising field in PK/PD research [122]. With this approach, quantitative
PK and physiological information is incorporated that can be applied to predict the PK and/
or PD for new or existing drugs to yield appropriate dosing recommendations. Until then,
assumptions and simplifications have to be employed in these models where current evidence
is inconclusive, which is the case in several domains in obesity, as we have shown in this
review. Therefore, future research should focus on filling in these knowledge gaps to aid in

the development of quantitative systems pharmacology models.
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A second challenge is the implementation of dose recommendations for obese patients in
clinical practice. Most PK studies conclude with dosing recommendations based on the
developed PK/PD model, but implementation of these recommendations is often overlooked.
Depending on the strength of the underlying evidence and the type of drug, this can be either
done in a clinical study, or by implementing the dose recommendations in daily practice
with close monitoring of relevant outcomes and drug levels by therapeutic drug monitoring
(prospective evaluation). One example from our own research group was the prospective
validation of an amikacin dose regimen based on an earlier developed neonatal PK/PD model
[123]. The use of this regimen yielded adequate peak and through concentrations across the
entire neonatal population in a prospective study where only limited sampling was applied
[124]. Another example is the successful implementation of a cefazolin dose regimen in the
Dutch guidelines for perioperative antibiotic prophylaxes as mentioned elsewhere in this
review [69,80]. Regarding implementation, dilemmas may rise especially for drugs known to
be toxic when high plasma concentrations are reached but where current evidence suggests
they should be dosed on TBW. An example is vancomycin, where studies recommend dosing
based on TBW to reach adequate drug exposure in the obese as both V, and Cl increase.
However, high peak concentrations of vancomycin may increase the risk of nephrotoxicity.
Therefore, physicians are generally reluctant to prescribe doses > 4000 mg/day in morbidly
obese patients, and as a consequence morbidly obese patients might initially be undertreated

for infectious diseases.

In conclusion, over the last two decades, more and more knowledge is gained on obesity
pharmacology. Future research should focus on filling in the knowledge gaps, especially in
connecting obesity-related physiological changes with changes in PK/PD for specific drugs.
Ultimately, we can use this knowledge in development of physiologically based PK/PD models
using quantitative systems pharmacology approaches. In addition, researchers must also focus
on prospective evaluation of developed models, and implementation of subsequent dosing

recommendations in clinical practice.

44 | Chapter 2



REFERENCES

Flegal KM, Carroll MD, Kuczmarski RJ, Johnson CL. Overweight and obesity in the United States:
prevalence and trends, 1960-1994. Int J Obes Relat Metab Disord. 1998;22:39—47.

GBD 2015 Obesity Collaborators. Health Effects of Overweight and Obesity in 195 Countries over 25
Years. N Engl ] Med. 2017;377(1):13—27.

Flegal KM, Kruszon-Moran D, Carroll MD, Fryar CD, Ogden CL. Trends in obesity among adults in
the United States, 2005 to 2014. JAMA. 2016;315(21):2284—91.

Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, et al. 2013 AHA/ACC/TOS
Guideline for the management of overweight and obesity in adults. ] Am Coll Cardiol. 2014;63(25):2985—
3023.

Jain R, Chung SM, Jain L, Khurana M, Lau SWJ, Lee JE, et al. Implications of obesity for drug therapy:
limitations and challenges. Clin Pharmacol Ther. 2011,90(1):77-89.

Knibbe CAJ, Brill MJE, Van Rongen A, Diepstraten J, van der Graaf PH, Danhof M. Drug disposition
in obesity: Toward evidence-based dosing. Annu Rev Pharmacol Toxicol. 2015;55(1):149-67.

Brill MJE, Diepstraten J, Van Rongen A, Van Kralingen S, Van den Anker JN, Knibbe CAJ. Impact
of obesity on drug metabolism and elimination in adults and children. Clin Pharmacokinet.
2012;51(5):277-304.

Hanley MJ, Abernethy DR, Greenblatt DJ. Effect of obesity on the pharmacokinetics of drugs in
humans. Clin Pharmacokinet. 2010;49(2):71-87.

Krekels EHJ, van Hasselt JGC, van den Anker JN, Allegaert K, Tibboel D, Knibbe CAJ. Evidence-based
drug treatment for special patient populations through model-based approaches. Eur J Pharm Sci.
2017;109S(May):S22—6.

Clinical guidelines on the identification, evaluation, and treatment of overweight and obesity in
adults--The evidence report. National Institutes of Health. Obes Res. 1998;6 Suppl 2:51S-209S.
Wellen KE, Hotamisligil GS. Obesity-induced inflammatory changes in adipose tissue. J Clin Invest.
2003;112(12):1785-8.

Cardoso-Junior A, Coelho LGV, Savassi-Rocha PR, Vignolo MC, Abrantes MM, de Almeida AM, et al.
Gastric emptying of solids and semi-solids in morbidly obese and non-obese subjects: an assessment
using the 13C-octanoic acid and 13C-acetic acid breath tests. Obes Surg. 2007;17(2):236—41.

Teixeira TFS, Souza NCS, Chiarello PG, Franceschini SCC, Bressan J, Ferreira CLLE, et al. Intestinal
permeability parameters in obese patients are correlated with metabolic syndrome risk factors. Clin
Nutr. 2012;31(5):735—40.

Xing J, Chen JDZ. Alterations of gastrointestinal motility in obesity. Obes Res. 2004;12(11):1723-32.
Alexander JK, Dennis EW, Smith WG, Amad KH, Duncan WC, Austin RC. Blood volume, cardiac
output, and distribution of systemic blood flow in extreme obesity. Cardiovasc Res Cent Bull.
1962,1:39—44.

Lemmens HJM, Bernstein DP, Brodsky JB. Estimating blood volume in obese and morbidly obese
patients. Obes Surg. 2006;16(6):773—6.

Herrera MF, Deitel M. Cardiac function in massively obese patients and the effect of weight loss. Can
J Surg. 1991,34(5):431-4.

OngJP, Elariny H, Collantes R, Younoszai A, Chandhoke V, Reines HD, et al. Predictors of nonalcoholic
steatohepatitis and advanced fibrosis in morbidly obese patients. Obes Surg. 2005;15(3):310—5.
Farrell GC, Teoh NC, Mccuskey RS. Hepatic microcirculation in fatty liver disease. Anat Rec Adv
Integr Anat Evol Biol. 2008;291(6):684-92.

Influence of obesity on drug pharmacokinetics and pharmacodynamics | 45




20.

21.

22,
23.

24.

25,

26.

27.

28.

20.

30.

3L

32.

33

34.

35

36.

37

38.

39.

40.

41.

Benedek IH, Fiske WD, Griffen WO, Bell RM, Blouin RA, McNamara PJ. Serum alpha 1-acid glycoprotein
and the binding of drugs in obesity. Br J Clin Pharmacol. 1983;16(6):751-4.

Cheymol G, Poirier JM, Barre J, Pradalier A, Dry J. Comparative pharmacokinetics of intravenous
propranolol in obese and normal volunteers. J Clin Pharmacol. 1987;27(11):874—9.

Jones RL, Nzekwu M-MU. The effects of body mass index on lung volumes. Chest. 2006;130(3):827-33.
Rubinstein I, Zamel N, DuBarry L, Hoffstein V. Airflow limitation in morbidly obese, nonsmoking
men. Ann Intern Med. 1990;112(11):828—-32.

Davis G, Patel JA, Gagne DJ. Pulmonary considerations in obesity and the bariatric surgical patient.
Med Clin North Am. 2007;91(3):433—42.

Ribstein J, du Cailar G, Mimran A. Combined renal effects of overweight and hypertension. Hypertens
(Dallas, Tex 1979). 1995;26(4):610—5.

Kasiske BL, Crosson JT. Renal disease in patients with massive obesity. Arch Intern Med.
1986;146(6):1105-9.

Kovesdy CP, Furth S, Zoccali C, World Kidney Day Steering Committee. Obesity and kidney disease:
Hidden consequences of the epidemic. Physiol Int. 2017;,104(1):1-14.

Janmahasatian S, Duffull SB, Chagnac A, Kirkpatrick CMJ, Green B. Lean body mass normalizes the
effect of obesity on renal function. Br J Clin Pharmacol. 2008;65(6):964-5.

Janmahasatian S, Duffull SB, Ash S, Ward LC, Byrne NM, Green B. Quantification of lean bodyweight.
Clin Pharmacokinet. 2005;44(10):1051-65.

Han PY, Duffull SB, Kirkpatrick CM]J, Green B. Dosing in obesity: a simple solution to a big problem.
Clin Pharmacol Ther. 2007;82(5):505-8.

Meyhoff CS, Lund J, Jenstrup MT, Claudius C, Serensen AM, Viby-Mogensen J, et al. Should dosing
of rocuronium in obese patients be based on ideal or corrected body weight? Anesth Analg.
2009;109(3):787-92.

Schwartz SN, Pazin GJ, Lyon JA, Ho M, Pasculle AW. A controlled investigation of the pharmacokinetics
of gentamicin and tobramycin in obese subjects. J Infect Dis. 1978;138:499—505.

Van Kralingen S, Van De Garde EMW, Knibbe CAJ, Diepstraten ], Wiezer MJ, Van Ramshorst B, et al.
Comparative evaluation of atracurium dosed on ideal body weight vs. total body weight in morbidly
obese patients. Br J Clin Pharmacol. 2013;71(1):34—40.

Eleveld DJ, Proost JH, Absalom AR, Struys MMRF. Obesity and allometric scaling of pharmacokinetics.
Clin Pharmacokinet. 2011;50(11):751—6.

Griggs JJ, Mangu PB, Anderson H, Balaban EP, Dignam JJ, Hryniuk WM, et al. Appropriate chemotherapy
dosing for obese adult patients with cancer: American Society of Clinical Oncology clinical practice
guideline. J Clin Oncol. 2012;30(13):1553—61.

Green B, Duffull SB. What is the best size descriptor to use for pharmacokinetic studies in the obese?
Br J Clin Pharmacol. 2004;58(2):119—33.

Keys A, Fidanza F, Karvonen MJ, Kimura N, Taylor HL. Indices of relative weight and obesity. ] Chronic
Dis. 1972;25(6):329-43.

Du Bois D, Du Bois EF. A formula to estimate the approximate surface area if height and weight be
known. 1016. Arch Intern Med. 1916;(17):863—71.

McCarron M, Devine B. Gentamicin therapy. Drug Intell Clin Pharm. 1974;8:650-5.

Bauer LA, Edwards WAD, Dellinger EP, Simonowitz DA. Influence of weight on aminoglycoside
pharmacokinetics in normal weight and morbidly obese patients. Eur J Clin Pharmacol. 1983;24:643-7.
Ulvestad M, Skottheim IB, Jakobsen GS, Bremer S, Molden E, Asberg A, et al. Impact of OATP1B1,
MDR1, and CYP3A4 expression in liver and intestine on interpatient pharmacokinetic variability of
atorvastatin in obese subjects. Clin Pharmacol Ther. 2013;93(3):275-82.

| Chapter2



42.

43

44.

45.

46.

4.

48.

49.

50.

52.

53

54.

55

56.

57

58.

59

Flechner SM, Kolbeinsson ME, Tam J, Lum B. The impact of body weight on cyclosporine
pharmacokinetics in renal transplant recipients. Transplantation. 1989;47(5):806-10.

Cheymol G, Weissenburger J, Poirier JM, Gellee C. The pharmacokinetics of dexfenfluramine in obese
and non-obese subjects. Br J Clin Pharmacol. 1995;39(6):684—7.

Greenblatt DJ, Abernethy DR, Locniskar A, Harmatz JS, Limjuco RA, Shader RI. Effect of age, gender,
and obesity on midazolam kinetics. Anesthesiology. 1984;61(1):27—-35.

Bowman SL, Hudson SA, Simpson G, Munro JE Clements JA. A comparison of the pharmacokinetics
of propranolol in obese and normal volunteers. Br J Clin Pharmacol. 1986;21(5):529-32.

Greenblatt DJ, Friedman H, Burstein ES, Scavone JM, Blyden GT, Ochs HR, et al. Trazodone kinetics:
effect of age, gender, and obesity. Clin Pharmacol Ther. 1987;,42(2):193—200.

Kees MG, Weber S, Kees F Horbach T. Pharmacokinetics of moxifloxacin in plasma and tissue of
morbidly obese patients. ] Antimicrob Chemother. 2011;,66(10):2330-5.

Karlsson MO, Bredberg U. Estimation of bioavailability on a single occasion after semisimultaneous
drug administration. Pharm Res. 1989;6(9):817—-21.

Bredberg U, Karlsson MO, Borgstrom L. A comparison between the semisimultaneous and the stable
isotope techniques for bioavailability estimation of terbutaline in humans. Clin Pharmacol Ther.
1992;52(3):239-48.

Brill MJE, Van Rongen A, Houwink API, Burggraaf J, Van Ramshorst B, Wiezer RJ, et al. Midazolam
pharmacokinetics in morbidly obese patients following semi-simultaneous oral and intravenous
administration: A comparison with healthy volunteers. Clin Pharmacokinet. 2014;53(10):931—41.

Lee WH, Kramer WG, Granville GE. The effect of obesity on acetaminophen pharmacokinetics in
man. J Clin Pharmacol. 1981;21(7):284-7.

Michalaki MA, Gkotsina MI, Mamali I, Markantes GK, Faltaka A, Kalfarentzos F, et al. Impaired
pharmacokinetics of levothyroxine in severely obese volunteers. Thyroid. 2011;21(5):477-81.
Lloret-Linares C, Hirt D, Bardin C, Bouillot J-L, Oppert J-M, Poitou C, et al. Effect of a Roux-en-Y gastric
bypass on the pharmacokinetics of oral morphine using a population approach. Clin Pharmacokinet.
2014;53(10):919-30.

Hoskin PJ, Hanks GW, Aherne GW, Chapman D, Littleton P, Filshie J. The bioavailability and
pharmacokinetics of morphine after intravenous, oral and buccal administration in healthy
volunteers. Br J Clin Pharmacol. 1989;27(4):499—505.

Van Rongen A, Vilitalo PAJ, Peeters MYM, Boerma D, Huisman FW, van Ramshorst B, et al. Morbidly
obese patients exhibit increased CYP2E1-mediated oxidation of acetaminophen. Clin Pharmacokinet.
2016;

Sanderink G-J, Le Liboux A, Jariwala N, Harding N, Ozoux M-L, Shukla U, et al. The pharmacokinetics
and pharmacodynamics of enoxaparin in obese volunteers. Clin Pharmacol Ther. 2002;72(3):308-18.
Chan CCW, Ng EHY, Chan MMY, Tang OS, Lau EYL, Yeung WSB, et al. Bioavailability of hCG
after intramuscular or subcutaneous injection in obese and non-obese women. Hum Reprod.
2003;18(11):2294-7.

Diepstraten J, Janssen EJH, Hackeng CM, van Dongen EPA, Wiezer RJ, van Ramshorst B, et al.
Population pharmacodynamic model for low molecular weight heparin nadroparin in morbidly obese
and non-obese patients using anti-Xa levels as endpoint. Eur J Clin Pharmacol. 2015;71(1):25-34.
Rassard PAB, Gagnon-Auger M, du Souich P, Baillargeon J-P, Martin E, Brassard P, et al. Dose-
dependent delay of the hypoglycemic effect of short-acting insulin analogs in obese subjects with a

pharmacokinetic and pharmacodynamic study. Diabetes Care. 2010;33(12):0-5.

Influence of obesity on drug pharmacokinetics and pharmacodynamics | 47




60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73

74.

75

76.

77

78.

48

Berezhkovskiy LM. On the accuracy of estimation of basic pharmacokinetic parameters by the
traditional noncompartmental equations and the prediction of the steady-state volume of distribution
in obese patients based upon data derived from normal subjects. ] Pharm Sci. 2011;,100(6):2482-97.
Hinderling PH. Red blood cells: a neglected compartment in pharmacokinetics and pharmacodynamics.
Pharmacol Rev. 1997;49(3):279-95.

Abernethy DR, Greenblatt DJ, Divoll M, Shader RI. Prolonged accumulation of diazepam in obesity.
J Clin Pharmacol. 1983;23(8-9):369—76.

Davis RL, Quenzer RW, Bozigian HP, Warner CW. Pharmacokinetics of ranitidine in morbidly obese
women. DICP. 1990;24(11):1040-3.

Van Kralingen S, Diepstraten J, Peeters MYM, Deneer VHM, van Ramshorst B, Wiezer R], et al.
Population pharmacokinetics and pharmacodynamics of propofol in morbidly obese patients. Clin
Pharmacokinet. 2011;50(11):739-50.

Abernethy DR, Greenblatt DJ, Smith TW. Digoxin disposition in obesity: Clinical pharmacokinetic
investigation. Am Heart J. 1981,102(4):740—4.

Adane ED, Herald M, Koura F. Pharmacokinetics of Vancomycin in Extremely Obese Patients with
Suspected or Confirmed Staphylococcus aureus Infections. Pharmacother ] Hum Pharmacol Drug
Ther. 2015;35(2):127-39.

Blouin RA, Bauer LA, Miller DD, Record KE, Griffen WO. Vancomycin pharmacokinetics in normal
and morbidly obese subjects. Antimicrob Agents Chemother. 1982;21:575-80.

Abernethy DR, Greenblatt DJ, Divoll M, Smith RB, Shader RI. The influence of obesity on the
pharmacokinetics of oral alprazolam and triazolam. Clin Pharmacokinet. 2017,9(2):177-83.

Brill MJE, Houwink API, Schmidt S, Van Dongen EPA, Hazebroek EJ, Van Ramshorst B, et al. Reduced
subcutaneous tissue distribution of cefazolin in morbidly obese versus non-obese patients determined
using clinical microdialysis. ] Antimicrob Chemother. 2014;69(3):715-23.

Pai MP, Norenberg JP, Anderson T, Goade DW, Rodvold KA, Telepak RA, et al. Influence of morbid
obesity on the single-dose pharmacokinetics of daptomycin. Antimicrob Agents Chemother.
2007;51(8):2741-7.

Abernethy DR, Greenblatt DJ, Divoll M, Shader RI. Enhanced glucuronide conjugation of drugs in
obesity: studies of lorazepam, oxazepam, and acetaminophen. J Lab Clin Med. 1983;101(6):873—80.
Smith MJ, Gonzalez D, Goldman JL, Yogev R, Sullivan JE, Reed MD, et al. Pharmacokinetics of
clindamycin in obese and nonobese children. Antimicrob Agents Chemother. 2017;,61(4):1-12.
Brunner M, Derendorf H, Miiller M. Microdialysis for in vivo pharmacokinetic/pharmacodynamic
characterization of anti-infective drugs. Curr Opin Pharmacol. 2005;5(5):495-9.

Rodvold KA, George JM, Yoo L. Penetration of anti-infective agents into pulmonary epithelial lining
fluid: focus on antibacterial agents. Clin Pharmacokinet. 2011;,50(10):637—-64.

Marchand S, Chauzy A, Dahyot-Fizelier C, Couet W. Microdialysis as a way to measure antibiotics
concentration in tissues. Pharmacol Res. 2016;111:2017.

Mouton JW, Theuretzbacher U, Craig WA, Tulkens PM, Derendorf H, Cars O. Tissue concentrations:
do we ever learn? ] Antimicrob Chemother. 2008;61(2):235-7.

Hollenstein UM, Brunner M, Schmid R, M M, Muller M. Soft tissue concentrations of ciprofloxacin
in obese and lean subjects following weight-adjusted dosing. Int J Obes Relat Metab Disord.
2001;25(3):354-8.

Barbour A, Schmidt S, Rout WR, Ben-David K, Burkhardt O, Derendorf H. Soft tissue penetration of
cefuroxime determined by clinical microdialysis in morbidly obese patients undergoing abdominal
surgery. Int J Antimicrob Agents. 2009;34(3):231-5.

| Chapter2



79

8o.

81

82.

83.

84.

8s.

86.

87.

88.

89.

90.

9l

92.

93

94.

95

96.

Zeitlinger MA, Traunmiller F, Abrahim A, Miller MR, Erdogan Z, Miiller M, et al. A pilot study
testing whether concentrations of levofloxacin in interstitial space fluid of soft tissues may serve as
a surrogate for predicting its pharmacokinetics in lung. Int ] Antimicrob Agents. 2007;29(1):44—50.
Stichting Werkgroep Antibiotica Beleid (SWAB). Guideline: Perioperative antibiotic prophylaxis. 2017;
Machado M, Marques-Vidal P, Cortez-Pinto H. Hepatic histology in obese patients undergoing
bariatric surgery. ] Hepatol. 2006;45(4):600-6.

Dong D, Peng X, Liu J, Qian H, Li J, Wu B. Morbid obesity alters both pharmacokinetics and
pharmacodynamics of propofol: Dosing recommendation for anesthesia induction. Drug Metab
Dispos. 2016;44(10):1579-83.

Diepstraten J, Chidambaran V, Sadhasivam S, Blussé van Oud-Alblas HJ, Inge T, van Ramshorst B,
et al. An integrated population pharmacokinetic meta-analysis of propofol in morbidly obese and
nonobese adults, adolescents, and children. CPT pharmacometrics Syst Pharmacol. 2013;2:€73.
Ingrande J, Brodsky JB, Lemmens HJM. Lean body weight scalar for the anesthetic induction dose of
propofol in morbidly obese subjects. Anesth Analg. 2011;113(1):57-62.

Yoshinari K, Takagi S, Yoshimasa T, Sugatani J, Miwa M. Hepatic CYP3A expression is attenuated in
obese mice fed a high-fat diet. Pharm Res. 2006;23(6):1188-200.

Kolwankar D, Vuppalanchi R, Ethell B, Jones DR, Wrighton SA, Hall SD, et al. Association between
nonalcoholic hepatic steatosis and hepatic cytochrome P-450 3A activity. Clin Gastroenterol Hepatol.
2007;5(3):388-93.

Ghose R, Omoluabi O, Gandhi A, Shah P, Strohacker K, Carpenter KC, et al. Role of high-fat diet in
regulation of gene expression of drug metabolizing enzymes and transporters. Life Sci. 2011;,89(1—
2):57—-64.

Woolsey SJ, Mansell SE, Kim RB, Tirona RG, Beaton MD. CYP3A activity and expression in nonalcoholic
fatty liver disease. Drug Metab Dispos. 2015;43(10):1484-90.

Banerjee M, Robbins D, Chen T. Targeting xenobiotic receptors PXR and CAR in human diseases.
Drug Discov Today. 2015;20(5):618—28.

Brill MJ, Van Rongen A, Van Dongen EP, Van Ramshorst B, Hazebroek EJ, Darwich AS, et al. The
pharmacokinetics of the CYP3A substrate midazolam in morbidly obese patients before and one year
after bariatric surgery. Pharm Res. 2015;32(12):3927-36.

Emery MG, Fisher JM, Chien JY, Kharasch ED, Dellinger EP, Kowdley K'V, et al. CYP2E1 activity before
and after weight loss in morbidly obese subjects with nonalcoholic fatty liver disease. Hepatology.
2003;38(2):428-35.

Caraco Y, Zylber-Katz E, Berry EM, Levy M. Caffeine pharmacokinetics in obesity and following
significant weight reduction. Int J Obes Relat Metab Disord. 1995;19(4):234-9.

Van Rongen A, Vaughns JD, Moorthy GS, Barrett JS, Knibbe CAJ, van den Anker JN. Population
pharmacokinetics of midazolam and its metabolites in overweight and obese adolescents. Br J Clin
Pharmacol. 2015;80(5):1185-96.

FDA. Food and drug administration, Center for Drug Evaluation and Research, Advisory Committee
for Pharmaceutical Science and Clinical Pharmacology (ACPS-CP) meeting. March 14, 2012.

Calvier EAM, Krekels EHJ, Valitalo PAJ, Rostami-Hodjegan A, Tibboel D, Danhof M, et al. Allometric
scaling of clearance in paediatric patients: When does the magic of 075 fade? Clin Pharmacokinet.
2017;56(3):273-85.

Vaughns JD, Ziesenitz VC, Williams EF, Mushtaq A, Bachmann R, Skopp G, et al. Use of fentanyl in
adolescents with clinically severe obesity undergoing bariatric surgery: A pilot study. Paediatr Drugs.
2017,19(3):251-7.

Influence of obesity on drug pharmacokinetics and pharmacodynamics | 49




97.

08.

99.

100.

101

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

13.

14.

Lloret-Linares C, Luo H, Rouquette A, Labat L, Poitou C, Tordjman J, et al. The effect of morbid obesity
on morphine glucuronidation. Pharmacol Res. 2017,118:64-70.

de Hoogd S, Valitalo PAJ, Dahan A, van Kralingen S, Coughtrie MMWW, van Dongen EPAA, et al.
Influence of Morbid Obesity on the Pharmacokinetics of Morphine, Morphine-3-Glucuronide, and
Morphine-6-Glucuronide. Clin Pharmacokinet. 2017;56(12):1577-87.

Ferslew BC, Johnston CK, Tsakalozou E, Bridges AS, Paine MF, Jia W, et al. Altered morphine
glucuronide and bile acid disposition in patients with nonalcoholic steatohepatitis. Clin Pharmacol
Ther. 2015,97(4):419-27.

Dzierlenga AL, Clarke JD, Hargraves TL, Ainslie GR, Vanderah TW, Paine MF, et al. Mechanistic basis of
altered morphine disposition in nonalcoholic steatohepatitis. ] Pharmacol Exp Ther. 2015;352(3):462—
70.

van der Schoor LWE, Verkade HJ, Kuipers F, Jonker JW. New insights in the biology of ABC transporters
ABCC2 and ABCC3: impact on drug disposition. Expert Opin Drug Metab Toxicol. 2015;11(2):273-93.
Fisher CD, Lickteig AJ, Augustine LM, Oude Elferink RPJ, Besselsen DG, Erickson RP, et al. Experimental
non-alcoholic fatty liver disease results in decreased hepatic uptake transporter expression and
function in rats. Eur J Pharmacol. 2009;613(1-3):119—27.

Ali ], Slizgi JR, Kaullen JD, Ivanovic M, Niemi M, Stewart PW, et al. Transporter-mediated alterations
in patients with NASH increase systemic and hepatic exposure to an OATP and MRP2 substrate. Clin
Pharmacol Ther. 2017;

Chagnac A, Herman M, Zingerman B, Erman A, Rozen-Zvi B, Hirsh J, et al. Obesity-induced glomerular
hyperfiltration: its involvement in the pathogenesis of tubular sodium reabsorption. Nephrol Dial
Transplant. 2008;23(12):3946-52.

Levey AS, Inker LA. Assessment of glomerular filtration rate in health and disease: A state of the art
review. Clin Pharmacol Ther. 2017;102(3):405-19.

Demirovic JA, Pai AB, Pai MP. Estimation of creatinine clearance in morbidly obese patients. Am J
Heal Syst Pharm. 2009;66(7):642-8.

Pai MP. Estimating the glomerular filtration rate in obese adult patients for drug dosing. Adv Chronic
Kidney Dis. 2010;17(5):53-62.

Lim WH, Lim EM, McDonald S. Lean body mass-adjusted Cockcroft and Gault formula improves the
estimation of glomerular filtration rate in subjects with normal-range serum creatinine. Nephrology.
2006;11(3):250—6.

Alobaid AS, Wallis SC, Jarrett P, Starr T, Stuart J, Lassig-Smith M, et al. Effect of obesity on the
population pharmacokinetics of fluconazole in critically ill patients. Antimicrob Agents Chemother.
2016;60(11):6550—7.

Chairat K, Jittamala P, Hanpithakpong W, Day NPJ, White NJ, Pukrittayakamee S, et al. Population
pharmacokinetics of oseltamivir and oseltamivir carboxylate in obese and non-obese volunteers. Br
J Clin Pharmacol. 2016;81(6):1103-12.

Thorne-Humphrey LM, Goralski KB, Slayter KL, Hatchette TE Johnston BL, McNeil SA. Oseltamivir
pharmacokinetics in morbid obesity (OPTIMO trial). ] Antimicrob Chemother. 2011;66(9):2083-91.
Jittamala P, Pukrittayakamee S, Tarning J, Lindegardh N, Hanpithakpong W, Taylor WR], et al.
Pharmacokinetics of orally administered oseltamivir in healthy obese and nonobese Thai subjects.
Antimicrob Agents Chemother. 2014;58(3):1615-21.

Christoff PB, Conti DR, Naylor C, Jusko WJ. Procainamide disposition in obesity. Drug Intell Clin
Pharm. 1983;17(7-8):516—22.

Allard S, Kinzig M, Boivin G, Sérgel F, LeBel M. Intravenous ciprofloxacin disposition in obesity. Clin
Pharmacol Ther. 1993;54(4):368-73.

50 | Chapter2



115.

16.

17.

18.
19.

120.

121

122.

123.

124.

Bardin C, Nobecourt E, Larger E, Chast F Treluyer J-M, Urien S. Population pharmacokinetics of
metformin in obese and non-obese patients with type 2 diabetes mellitus. Eur J Clin Pharmacol.
2012;68(6):961-8.

More VR, Slitt AL. Alteration of hepatic but not renal transporter expression in diet-induced obese
mice. Drug Metab Dispos. 2011;39(6):992-9.

Reiss R a, Haas CE, Karki SD, Gumbiner B, Welle SL, Carson SW, et al. Lithium pharmacokinetics in
the obese. Clin Pharmacol Ther. 2015;71(12):1501-8.

Huttunen R, Syrjanen J. Obesity and the risk and outcome of infection. Int ] Obes. 2013;37(3):333—40.
Varin F, Ducharme J, Theoret Y, Besner JG, Bevan DR, Donati F. Influence of extreme obesity on
the body disposition and neuromuscular blocking effect of atracurium. Clin Pharmacol Ther.
1990;48(1):18-25.

Jullian-Desayes I, Revol B, Chareyre E, Camus P, Villier C, Borel J-C, et al. Impact of concomitant
medications on obstructive sleep apnoea. Br J Clin Pharmacol. 2017;83(4):688-708.

Mason M, Cates CJ, Smith I. Effects of opioid, hypnotic and sedating medications on sleep-disordered
breathing in adults with obstructive sleep apnoea. Cochrane database Syst Rev. 2015;(7):CDo1109o0.
Goulooze SC, Krekels EHJ, van Dijk M, Tibboel D, van der Graaf PH, Hankemeier T, et al. Towards
personalized treatment of pain using a quantitative systems pharmacology approach. Eur J Pharm
Sci. 2017;

De Cock RFW, Allegaert K, Schreuder MF, Sherwin CMT, de Hoog M, van den Anker JN, et al.
Maturation of the glomerular filtration rate in neonates, as reflected by amikacin clearance. Clin
Pharmacokinet. 2012;51(2):105-17.

Smits A, De Cock RFW, Allegaert K, Vanhaesebrouck S, Danhof M, Knibbe CAJ. Prospective evaluation
of a model-based dosing regimen for amikacin in preterm and term neonates in clinical practice.
Antimicrob Agents Chemother. 2015;59(10):6344—51.

Influence of obesity on drug pharmacokinetics and pharmacodynamics | 51






