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Chapter 10

The impact of obesity on the
pharmacokinetics of drugs in
adolescents and adults:

Summary, conclusions and
perspectives






Summary, conclusions and perspectives

SUMMARY AND CONCLUSIONS

In the last three decades, worldwide prevalence rates of overweight (BMI > 25 kg/m?)
and obesity (BMI > 30 kg/m?) have increased substantially for both adults and children .
Obesity and morbid obesity (BMI > 40 kg/m?) are associated with several (patho)physi-
ological changes, such as an increase in both fat and lean body mass, increased cardiac
output and blood volume and increased glomerular filtration rate. In addition, obesity
can have an influence on the activity of hepatic enzymes responsible for metabolism of
drugs and the expression or activity of renal transporters, responsible for tubular secre-
tion and reabsorption of drugs. These physiological changes can all have an impact on
the pharmacokinetic (PK) parameters of drugs, thereby potentially necessitating the
adaptation of dosing regimens. Despite the increased number of obese patients and
the increased use of pharmacotherapy in these patients, evidence based dosing guide-
lines are largely lacking, particularly for morbidly obese adults and obese children and
adolescents. For both these populations, particularly PK studies are needed to provide
a basis for evidence based dosing guidelines. Ultimately these studies may also provide
insight in the physiological changes caused by obesity.

As a first step, Chapter 2 provides a literature overview of pharmacometric studies in
the obese adult population. In this overview, we report published equations quantify-
ing obesity related changes for the primary PK parameters total body clearance and
volume of distribution. Based on this overview, it can be concluded that a large number
of body size descriptors (i.e. total body weight [TBW], lean body weight [LBW], BMI,
ideal body weight [IBW] or %IBW) in different equations (i.e. linear, power or allometric)
are available to characterize the influence of obesity on PK parameters. Moreover, the
model equations also include a large number of other covariates, such as creatinine
clearance, serum creatinine, age or sex, resulting in complex equations. The included
studies varied largely in degree of obesity, obesity definitions, age and race. Except
for CYP3A-mediated clearance, which seems to decrease with obesity, most meta-
bolic and elimination pathways seem to increase with obesity or remain unchanged.
The parameter volume of distribution was found to increase or remain unchanged as
well, even though there was limited information to identify the exact relation with the
different weight measures. As more than half of the included pharmacometric models
were not adequately internally validated, five evaluation criteria were proposed for the
evaluation of the covariate model in the obese population, in line with the approach
for paediatric covariate models by Krekels et al. >. From this overview, we can conclude
that more pharmacometric studies in obese individuals should be performed before
evidence based dosing guidelines for specific drugs can be developed. For these future
studies, suggestions for the design of these studies were made, i.e. stratification for body
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weight to structure the wide range in body weights, inclusion of non-obese patients
in the analysis, and restrictions in age (a non-elderly population) and race to prevent a
biased covariate analysis. In addition, we advise to focus on model drugs that represent
a metabolic or elimination pathway to aid the development of physiologically based PK
models for the (morbidly) obese population in these future studies.

Chapter 3 focussed on the current knowledge of the physiological changes in obesity
and the resulting changes in drug disposition. From the small number of studies includ-
ed in this review on drug absorption, it seems that drug absorption is rather unaltered,
although this may be a premature conclusion warranting further study. Distribution is
reported to be highly variable in obese patients and difficult to predict, particularly for
lipophilic drugs. For example, no influence of obesity on volume of distribution of pro-
pofol, a highly lipophilic drug, was identified. Changes in clearance are typically found to
be smaller than in volume of distribution, and can be predicted on the basis of reported
changes in the involved metabolic or elimination pathways. For renal clearance higher
or similar values can be anticipated in obese subjects. For clearance mediated by liver
blood flow, higher values in obese individuals were reported for a small number of high
extraction ratio drugs. Finally, Chapter 3 reported that very limited pharmacokinetic
and dosing information is available for obese children. Particularly in children where
dosing guidelines are typically expressed in mg/kg, evidence on the influence of obesity
is needed as this mg/kg dosing algorithm may potentially lead to an overdose in obese
individuals. In these studies in obese children, attention should be paid to the interrela-
tion between growth, age and obesity that may exist in this population, as with increas-
ing age body weight may increase as a result of growth, obesity or both. To address this
issue, a covariate model in obese adolescents is proposed in which total body weight
is divided in weight resulting from growth and development and from obesity-related
changes. This distinction between these different weight measures can be further ex-
plored in future pharmacokinetic studies in the (obese) paediatric population.

In this thesis we studied the pharmacokinetics of various drugs in obese adolescents
and morbidly obese adults. For obese adolescents we studied the pharmacokinetics of
the CYP3A substrate midazolam and the renally eliminated drug metformin. In morbidly
obese adults we also studied midazolam, together with acetaminophen, which is me-
tabolized by glucuronidation, sulphation and CYP2E1-mediated oxidation. Finally, for
midazolam a combined analysis was performed to study simultaneously the influence
of age and obesity on midazolam clearance in obese adolescents and morbidly obese
adults.
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Studies in obese adolescents

In this thesis, we evaluated the influence of obesity on the pharmacokinetics of mid-
azolam and metformin in adolescents. To address the previously mentioned issue of
the interrelation between age and obesity in obese adolescents, the covariate model
proposed in the literature review of Chapter 3 was further explored. In this so called
(over)weight covariate model or excess weight model, total body weight is divided in
developmental weight (WTo age and lengtn) @nd excess body weight (WTe.ss), with total
body weight = WTo, age and tength + W Texcess-

In Chapter 4, the pharmacokinetics of the CYP3A substrate midazolam and its
metabolites were studied in obese adolescents. Midazolam is a commonly used lipo-
philic benzodiazepine for preoperative sedation in paediatric anaesthesia because of
its potent sedative, amnesic and anxiolytic properties. It is used as a CYP3A probe drug,
since it is extensively metabolized by CYP3A to its metabolites >. CYP3A is an important
metabolic enzyme system as it is responsible for the primary metabolism of 25% of all
drugs . In this study, 19 overweight and obese patients with a mean total body weight
(TBW) of 102.7 kg (62-149.8 kg), BMI of 36.1 kg/m’(24.8-55 kg/m?) and age of 15.9 years
(range 12.5-18.9 years) received 2 or 3 mg intravenous midazolam. In the model for
midazolam and metabolites, peripheral volume of distribution of midazolam (154 L (RSE
of 11.2%)) increased substantially with TBW (P < 0.001), while a positive trend was found
between midazolam clearance (0.66 L/min (8.3%)) and TBW or lean body weight (LBW) °.
The (over)weight covariate model showed that the increase in peripheral volume could
be explained by excess body weight (WT,ss) instead of body weight related to growth
(WTtor age and length)- TO conclude, the pharmacokinetics of midazolam and its metabolites
in overweight and obese adolescents showed a marked increase in peripheral volume
of distribution without a significant influence on clearance. The findings may imply a
need for a higher initial infusion rate upon initiation of a continuous infusion in obese
adolescents to decrease the time to reach steady state.

In Chapter 5, the pharmacokinetics of metformin in overweight and obese children
and adolescents are described. Metformin is a biguanide compound which is registered
for the treatment of type 2 diabetes mellitus in paediatric patients above 10 years. Even
though a large increase in metformin prescriptions in children and adolescents was ob-
served in the Netherlands between 1998 and 2011 ¢, the pharmacokinetics of metformin
is not extensively studied in this population. For metformin, active tubular secretion is
the primary route of renal elimination conducted by organic cation transporters (OCT)
and human multidrug and toxin extrusion transporters (MATE) "'°. In this study, 22 over-
weight and obese adolescents with a mean TBW of 79.3 kg (range 54.7-104.9 kg), BMI of
29.1 kg/m* (22.9-39.3 kg/m?) and age of 15.9 years (11.1-17.5) participated in the study.
In these patients receiving 500 or 1000 mg oral metformin twice daily for 37 weeks as
part of a randomized controlled placebo study ', blood samples were collected over 8
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hours post-dose during an oral glucose tolerance test (OGTT). In the covariate analysis,
we found that oral clearance (CL/F) of metformin (1.17 L/min (RSE of 6%)) significantly
increased with TBW (P < 0.01). More specifically, oral clearance increased with both
developmental weight (WTro age and lengt) @Nd excess body weight (WTeyc.ss) for which an
excess weight covariate model was proposed in which WT,; 4ge and length SCaled allometri-
cally to the power of 0.75 and the influence of WT,,.ss was estimated separately. The oral
clearance of metformin in overweight and obese adolescents that we reported (1.17 L/
min) is higher than literature values obtained in non-obese children (0.55 L/min) "> and
similar to values found in adults (1.3 L/min) . This increase may potentially be explained
by increased tubular secretion of metformin resulting from an increased activity of renal
transporters in obese adolescents.

Studies in morbidly obese and non-obese adults

To place the results of morbidly obese patients in perspective, a pharmacometric analysis
of the influence of obesity on the PK of a drug preferably includes data from non-obese
patients as well. For midazolam, these non-obese adults are, apart from the combined
pharmacometric analysis on the influence of obesity, first described as part of a separate
study in Chapter 6. This study was designed to detect the 24-hour variation in the PK
parameters of the CYP3A substrate midazolam. Oral (2 mg) and intravenous (1 mg) mid-
azolam was administered in a semi-simultaneous manner (separated by 2.5 hours) at six
different time points throughout a 24-hour period in 12 healthy volunteers. In the analy-
sis, 24-hour variation was identified for oral bioavailability (0.28 (RSE of 7.1%)) which was
best parameterized using a cosine function with an amplitude of 0.04 (17.3%) and a
peak at 12:14 in the afternoon. The absorption rate constant was 1.4 (4.7%) times higher
when midazolam was administered at 14:00. Clearance (0.38 L/min (4.8%)) showed only
a minor 24-hour variation parameterized as a cosine function with an amplitude of 0.03
L/min (14.8%) and a peak at 18:50. Based on the model, it was shown that the time of
dosing hardly affects time concentration profiles after intravenous administration, while
after oral dosing the concentrations are higher during the day compared to the night,
reflecting considerable 24-hour variation in intestinal processes.

Using the same semi-simultaneous study-design of Chapter 6, Chapter 7 described
the pharmacokinetics of midazolam in morbidly obese patients in a combined analysis
with data from the healthy volunteers from Chapter 6 (10:00 hour administration time,
n=12). In this study, 20 morbidly obese patients participated with a mean TBW of 144
kg (range 112-186 kg) and a mean BMI of 47 kg/m’ (range 40-68 kg/m?). All patients re-
ceived 7.5 mg of midazolam orally and 5 mg intravenously (separated by 159 = 67 min).
The covariate analysis showed that clearance (0.36 L/min (4%)) was similar in morbidly
obese patients compared to healthy volunteers. However, oral bioavailability was higher
in morbidly obese patients compared to healthy volunteers (60% (13%) vs. 28% (7%),
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respectively) (P < 0.001). Central and peripheral volumes of distribution increased sub-
stantially with body weight (both P < 0.001). In conclusion, in morbidly obese patients,
systemic clearance of midazolam is unchanged, while oral bioavailability and volume
of distribution are increased. Given the large increase in volumes of distribution, dose
adaptations for intravenous midazolam should be considered.

In Chapter 8 the pharmacokinetics of acetaminophen and its metabolites (glucuro-
nide, sulphate, cysteine and mercapturate) in morbidly obese and non-obese patients
are reported. Acetaminophen is mainly metabolized via glucuronidation and sulpha-
tion, while the minor pathway through CYP2E1 is held responsible for hepatotoxicity. In
obese patients, CYP2E1 activity is reported to be induced, thereby potentially worsening
the safety profile of acetaminophen. In this study, 20 morbidly obese patients (median
TBW of 140.1 kg (range 106-193 kg) and BMI of 45.1 kg/m?” (40-55.2 kg/m?) and 8 non-
obese patients (TBW of 69.4 kg (53.4-91.7 kg) and BMI of 21.8 kg/m” (19.4-27.4 kg/m?))
received 2 g of intravenous acetaminophen. In morbidly obese patients, the median
AUC, ¢, of acetaminophen was significantly lower (P = 0.009), while the AUCygy, ratio of
the glucuronide, sulphate and cysteine metabolite to acetaminophen were significantly
higher (P = 0.043, 0.004 and 0.010, respectively). In the model, acetaminophen CYP2E1-
mediated clearance (cysteine and mercapturate) increased with LBW (0.0185 L/min
(15%), P < 0.01). Moreover, an accelerated formation of the cysteine and mercapturate
metabolites was found with increasing LBW (P < 0.001). Glucuronidation clearance (0.219
L/min (5%)) and sulphation clearance (0.0646 L/min (6%)) also increased with LBW (P <
0.001). In conclusion, obesity leads to lower acetaminophen concentrations and earlier
and higher peak concentrations of acetaminophen cysteine and mercapturate. While
a higher dose may be anticipated to achieve adequate acetaminophen peak and AUC
concentrations, this requires further study in terms of efficacy and safety.

Combined populations of obese adolescents and morbidly obese adults

CYP3A is known to be influenced by age, inflammation and obesity '*'®. As clearance
is typically lower in (non-obese) children compared to (non-obese) adults, allometric
scaling with a factor of 0.75 on the basis of body weight is often applied '**". Particularly
for (lean) adolescents there is agreement on this approach *. However, this approach
that uses body weight as a proxy for size, may be questionable in obese adolescents.
Chapter 9 may give an appropriate answer to this question. In this chapter, the clear-
ance of the CYP3A substrate midazolam was studied in obese adolescents and morbidly
obese adults in a combined analysis. Data from studies in 19 overweight and obese
adolescents (Chapter 4) and 20 morbidly obese adults (Chapter 7) were analysed. The
population mean of midazolam clearance was significantly higher in obese adolescents
compared to morbidly obese adults (0.71 (7%) vs. 0.44 (11%) L/min, P < 0.01). Moreover,
in obese adolescents clearance increased mainly with WTecess (= TBW - Wi, age and tength) fOr
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which a model was proposed with 0.75 allometric scaling on the basis of WTto age and length
and a separate function for WT,,.s,. In conclusion, a higher midazolam clearance in obese
adolescents compared to morbidly obese adults was reported. We hypothesize that the
higher midazolam clearance in obese adolescents is explained by less obesity-induced
suppression of CYP3A activity, and the increase with WT,,. is explained by increased
liver flow. The approach characterizing the influence of obesity in the paediatric popula-
tion may be of value for use in future studies in obese adolescents.

PERSPECTIVES

Can doses for obese adolescents be predicted on the basis of data obtained in
morbidly obese adults?

Since pharmacokinetic studies in obese children are largely lacking, various reviews
conclude when dosing information is not available for obese children, data can be ex-
trapolated from obese adults as long as the effects of growth and development on the
pharmacokinetics relevant to the child’s age are considered . However, the results of
Chapter 5 and 9 of this thesis show that the prediction of changes in clearance in obese
adolescents may be more complex.

In Chapter 5 we showed that the oral clearance of metformin in obese adolescents
(1.17 L/min) is similar to values reported in healthy adults and type 2 diabetes mellitus
patient (T2DM) adults (1.3 L/min) " and lower compared to obese adults (1.5 L/min,
calculated by dose/AUC) *%. Although these results may be expected, the fact that similar
results were obtained for obese adolescents and T2DM patients may be somewhat sur-
prising given the fact that the adolescents are at a lower stage of growth and develop-
ment and the T2DM adults may suffer from a certain level of obesity. In any case, the fact
that oral clearance was higher in obese adolescents compared to non-obese children
2 and comparable to healthy adults and T2DM adult patients ">, may lead to an advice
to increase the maximum recommended dose of 2 g of metformin for children to the
maximum dose in adults (i.e. 3 g per day) in case of insufficient clinical response.

In contrast, in Chapter 9, a higher midazolam clearance compared to morbidly obese
adults was found in obese adolescents. From the perspective that PK values for obese
adolescents can be predicted from obese adults taking into account growth and de-
velopment, these results are highly unexpected since lower values would have been
anticipated. With respect to this CYP3A substrate, it is hypothesized that another aspect,
i.e.the duration of obesity, seems to be of relevance concerning these populations. From
Chapter 7, we know that the previously reported lower CYP3A protein expression or

29-32 31,33-35

activity caused by an increased inflammation state , is probably counteracted

by a higher liver volume and/or liver blood flow in morbidly obese patients, resulting in
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a similar midazolam clearance compared to non-obese individuals *°. This hypothesis is
supported by the results of a follow-up study in these morbidly obese patients one year
after bariatric surgery when these patients had an average weight loss of 44.5 + 10.2 kg
7 In this study, patients after bariatric surgery showed a 1.7 higher midazolam clearance
compared to values before their surgery *’. This increase was explained by the recovery
of hepatic CYP3A activity due to a decreased inflammation status after bariatric surgery
while liver size and/or flow remained yet unchanged *'. This was confirmed by a semi-
physiologically based pharmacokinetic model (PBPK) including the 1-OH-midazolam
metabolite, where the intrinsic hepatic clearance of midazolam was 1.5 times higher
in patients after bariatric surgery compared to morbidly obese patients before their
surgery, tested against different hepatic flow scenarios **. As such, the higher total mid-
azolam plasma clearance in obese adolescents compared to morbidly obese adults, can
in our opinion, be explained by the hypothesis that the CYP3A activity in obese adoles-
cents is not (yet) suppressed to the same extent as in morbidly obese adults. Therefore it
seems that the duration of obesity influences the extent of (patho)physiologic changes
caused by obesity, in this case inflammatory processes in the liver.

An interesting question to consider would be whether the changes in glucuronida-
tion, sulphation and CYP2E1-mediated oxidation we reported in Chapter 8 for acet-
aminophen in morbidly obese adults would also apply to obese children. In Chapter 8
we showed that all three metabolic pathways of acetaminophen, i.e. glucuronidation,
sulphation and CYP2E1 oxidation, increased with obesity. Non-alcoholic fatty liver
disease (NAFLD) may be the underlying cause of the increased CYP2E1 oxidation and
sulphation of acetaminophen in morbidly obese patients **°. Considering the above
hypothesis that the duration of obesity may influence the (patho)physiological changes
caused by obesity, it is possible that NAFLD may not have the same impact on metabolic
pathways in obese children as in morbidly obese adults, since NAFLD exists for a shorter
time period or is not as severe as in morbidly obese adults. Moreover, the influence of
obesity on glucuronidation, sulphation and CYP2E1 oxidation is in contrast with its
influence on CYP3A oxidation (i.e. induction vs. suppression), which is another reason
why it is difficult to predict how glucuronidation, sulphation and CYP2E1 oxidation may
change in obese adolescents vs. obese adults. Clinical studies in obese children and
adolescents in which the different metabolites are evaluated both in plasma and urine
to prevent identifiability issues *' should provide the answers to these questions. Based
on the results of Chapter 9, we conclude that the (patho)physiologic changes in obese
adolescents may differ from those in morbidly obese adults resulting in a different influ-
ence on the pharmacokinetics of a drug in obese adolescents vs. morbidly obese adults.
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How to analyse pharmacokinetic data in obese children and adolescents?

As outlined in the previous paragraph, clinical studies and subsequent pharmacometric
analyses are crucial to determine the right dose for obese children and adolescents. The
evaluation of the influence of weight on the pharmacokinetics in obese children and
adolescents may be complicated by the interrelation between growth, age and obesity
2 Moreover, the influence of a kg of excess weight in children on pharmacokinetic pa-
rameters may not be equal to a kg of weight due to growth and development. Therefore,
when analysing pharmacokinetic data in obese adolescents, it is important to consider
the distinction between developmental weight (i.e. weight related to growth and devel-
opment) and excess weight and to evaluate how these covariates each influence the PK
parameters.

In the Chapters 5 and 9 we proposed an excess weight covariate model in which total
body weight of obese adolescents was considered to be composed of two parts, i.e.
developmental weight (WTo age and lengtn) @and excess body weight (WTe.ss), which are
calculated by:

WTfor age and length = BMIwithout overweight X |ength2 (Eq 1)
Wexcess = TBW — W, age and length (Eq 2)

in which BMlyithout overweight 1S the BMI derived from the BMI for age CDC growth chart at a
BMI z score of 0 together with the age of the patient * and TBW the total body weight of
the patient. In addition, relative WT,,..s; Was calculated by:

%WTexcess = (WTexcess / WTforage and Iength) x100% (Eq 3)

Using this approach the relation between WTi,, age and length, W Texcess and %W Teycess and the
pharmacokinetic parameter is visualized first. In case a trend is observed for the phar-
macokinetic parameter clearance and WTo age and length iN Obese adolescents, allometric
scaling with an exponent of 0.75 can be applied for WTt, age and length (Equation 4) as is
generally applied for scaling from adults to adolescents 2. An advantage of this ap-
proach is that data from non-obese adolescents are not necessarily needed and results
of (non-obese or 70 kg) adults can be used instead. Afterimplementation of the function
for WTtor age and lengthy the influence of WTe,cess On clearance can subsequently be estimated
using a separate function (Equation 5).

CLnon-obese adolescent = CL70 kg adult X (WTfor age and Iength/ 70)0'75 (Eq 4)

CL(obese) adolescent — CLnon-obese adolescent T (Z X WTexcess) (Eq 5)
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in which CLonobese adolescent FEPresents the clearance estimate of adolescents without
overweight with CLyg kg 2dur representing the population clearance of a 70 kg adult,
WTtor age and length FEPresenting developmental weight for adolescents according to
Equation 1 and 0.75 being the scaling factor that was previously proposed by the US
FDA for scaling clearance in (non-obese) adolescents 2. CL opese) adolescent FEPresents the
individual clearance estimates of (obese) adolescents; Z represents the linear relation-
ship between clearance estimates of adolescents without overweight (CL,on-obese adolescent)
and the change in clearance with WTe,cess.

Using this approach it was found that the increase in midazolam clearance in obese ado-
lescents with TBW seemed to be mainly explained by WT,,.; with a less obvious trend with
WTorageandlength (Figure 3, Chapter 9). However, as allometric scaling from (non-obese) adults
to adolescents is generally accepted %, the latter may result from the limited data available
and therefore the model scaling W T, age andlength t0 the power of 0.75 and a separate function
for WTeeess Was applied. The increase of clearance with WT,,.s is most likely explained by an
increase in liver flow that can be anticipated with increasing weight in obese adolescents
and which may be of relevance for midazolam clearance as it is an intermediate extraction
ratio drug. For metformin, it was found that the increase in oral clearance of metformin
with TBW in obese adolescents was explained by both WT, »ge andength aNd WT ecess (Figure 3,
Chapter 5). In agreement with the model used for midazolam, WT to age and ength Was allometri-
cally scaled on the basis of 70 kg to the power of 0.75, after which the influence of WTeycess
on clearance was estimated. Both excess weight models resulted in a similar description
of the data in comparison with the final model using one weight measure (i.e. TBW) only.
It can be anticipated however, that the model distinguishing between WT,; »ge and tength and
WTexess May have more predictive value when more (extreme) individuals are concerned.

When comparing the results of the midazolam excess weight model of Chapter 9 with
the results of Chapter 4, where midazolam concentrations together with its metabolites
in obese adolescents were analysed, some differences are found. First, in Chapter 4, an
increase in peripheral volume of distribution of midazolam in obese adolescents was
found which was explained by WT,,...**. Moreover, in the regular covariate analysis of
Chapter 4 only a positive trend between clearance of midazolam to 1-OH-midazolam
and TBW or LBW could be identified (P < 0.01), but did not fulfil the criteria of the back-
ward deletion step (P < 0.001) *. This difference may perhaps be explained by a statistical
difference between a metabolite model (Chapter 4) and parent model (Chapter 9), since
a metabolite model has more variability and as a result less power. From these results,
it seems that these type of analyses with data from a small number of individuals with
varying characteristics (i.e. degree of obesity and age) may benefit from more data from
clinical studies together with approaches to characterize obesity in relation to growth
and development as we propose here.
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The excess weight covariate model we applied in Chapters 5 and 9 was previously used in
a slightly different approach by Bartelink et al. ** for busulfan in under-, normal and over-
weight children, adolescents and adults (median age of 4 (0.1-35) years). In this model,
the body weight of each patient was considered to be composed of body weight related
to growth (body weight-for-age, BW;, .4.) and body weight related to under- or over-
weight (body weight Z score, BW, o) . In our model, we used Wty age and tengtn instead of
BW/er ages Since the influence of length is thought to be of more relevance for adolescents.
Moreover, in contrast to Bartelink et al. who included very young children (median age
of 4 (0.1-35) years), we could use 0.75 allometric scaling for WTo, age and ength @s We included
adolescents only for which this 0.75 allometric scaling approach is generally accepted *.

The excess weight covariate model we propose here may provide guidance on how
to analyse data in obese children or adolescents for clearance in future paediatric stud-
ies. This is particularly of relevance because of the increased prevalence of childhood
obesity. When analysing paediatric PK data, it is important to check whether obese
individuals are part of the studied population. In that case, a distinction needs to be
made between developmental weight and overweight upon which an evaluation needs
to be performed on how these different covariates each influence the pharmacokinetic
parameters. For adolescents, the model then can be simplified by application of 0.75 al-
lometric scaling for WTto, age and lengths Whiile this may be controversial for younger children.
In conclusion, the excess weight covariate model may provide insight into the extent of
the influence of the different weight covariates on the pharmacokinetic parameters and
can be used for evidence based dosing guidelines in obese children and adolescents.
Until then, more clinical studies in obese children are needed for which our approach
may be of use for the pharmacometric analysis.

How to achieve safe and effective acetaminophen dosing for morbidly obese
patients?

In Chapter 8 we found an increased total body clearance of acetaminophen in morbidly
obese patients, which could be explained by an increase in all three metabolic pathways,
i.e. glucuronidation, sulphation and oxidation (mainly CYP2E1). In addition, also an ac-
celerated formation of the CYP2ET-mediated metabolites (cysteine and mercapturate)
was found in morbidly obese patients. As beside the increased total clearance, also an
increased volume of distribution for acetaminophen was reported, both acetaminophen
peak concentrations and area under the plasma concentration-time curves (AUCs) were
substantially lower in morbidly obese patients. This implies that, when peak concentra-
tions and/or AUC are predictive for the analgesic effect of acetaminophen, the acetamino-
phen dose should be increased in morbidly obese patients. However, as stated in Chapter
8, when elevating the dose, the question is whether the earlier and higher formation of
CYP2E1-mediated metabolites may contribute to acetaminophen hepatotoxicity in the
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obese population. When considering the different clearance values from Chapter 8, the
glucuronidation and sulphation clearances are increased to a greater extent than CYP2E1-
mediated clearance, resulting in a larger proportion of glucuronidation and sulphation
clearance in relation to total clearance in morbidly obese patients than in non-obese
patients, and a lower proportion of CYP2E1-mediated clearance (Table 2, Chapter 8). This
implies that the fraction of the dose that is metabolized through the potentially toxic
CYP2E1 pathway is slightly lower in morbidly obese patients compared to non-obese
patients. Figure 1 illustrates these findings by showing the results of simulations on the
basis of the final model of Chapter 8 upon a multiple dosing regimen of 1 g every 6 hours
in a non-obese patient and different morbidly obese patients (n=3). Figure 1 shows that
upon multiple dosing, acetaminophen, acetaminophen glucuronide and cysteine and
mercapturate concentrations are overall lower in the obese, while sulphate concentra-
tions are rather similar. This plot also shows that the higher cysteine and mercapturate
concentrations that are initially observed after the first dose do not remain at this higher
level. This figure should however be considered with care because even though extensive
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sampling was performed until 8 hours post-dose, only one sample was obtained at 24
hours after multiple dosing. Moreover, for this figure, it is emphasized that concentrations
of metabolites are not only determined by the fraction of the dose eliminated through
the specific pathway, but also by the volume of distribution of the metabolite, and the
elimination clearance of the metabolite, which all may change with obesity. Finally, the
metabolites are — as far as we know - all inactive, while for the potentially toxic pathway
through CYP2ET, it is anticipated that not the concentrations of these metabolites deter-
mine the hepatotoxicity, but the percentage of the dose metabolised by CYP2E1.

The relevance of the contribution of the different pathways was illustrated by Xie et al.
who suggested, based on different studies, that patients with a higher glucuronidation
capacity might have more protection against liver injury after acetaminophen overdose
. A study with Gilbert’s syndrome patients showed a decreased proportion of gluc-
uronidation and an increased proportion of oxidation of acetaminophen, which might
imply an increased risk of liver injury after acetaminophen overdose in these patients ¥
In addition, another study showed that the prevalence of polymorphisms in UGT, that
results in a higher glucuronidation capacity of acetaminophen, was lower in acute liver
failure patients after unintentional acetaminophen overdose than in patients with acute
liver failure from other causes **. As such, it seems that a higher glucuronidation capac-
ity is protecting indirectly against liver injury, since a higher glucuronidation clearance
together with an increased total clearance may lead to a decreased CYP2E1 fraction of
total clearance. As morbidly obese patients showed a slightly lower CYP2E1 fraction,
the risk of liver injury does, theoretically, not need to be increased in morbidly obese
patients, even though morbidly obese patients have a higher CYP2ET metabolism.

Given the fact that both the acetaminophen peak concentrations and AUC values
seem about two times lower in severely obese patients compared to non-obese pa-
tients, a higher dose may be warranted in the obese population. In a prospective study

4930 an individualized dosing scheme

as a follow up to an initial population PK study
of acetaminophen in morbidly obese patients is to be studied aiming for similar acet-
aminophen concentrations in morbidly obese patients compared to non-obese patients.
Based on the results of Chapter 8, model based simulations showed that morbidly obese
patients with a LBW < 65 kg should receive the regular dose of 1 g four times daily, while
morbidly obese patients with a LBW of 65-95 kg should receive 1.5 g of acetaminophen
per dose and patients with a LBW > 95 kg 2 g of acetaminophen to achieve similar acet-
aminophen plasma concentrations as non-obese patients. Figure 2 shows the results of
this individualized dosing scheme of acetaminophen on the basis of LBW, that resulted
as most predictive parameter for the pharmacokinetics of acetaminophen in Chapter
8. The four non-obese and four morbidly obese patients in this figure represent the
extremes in LBW of the dataset for the female and male patients (i.e. the lowest and

highest LBW for both female and male non-obese and morbidly obese patients).
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Figure 2 Population predicted acetaminophen (left upper graph), acetaminophen glucuronide (right up-
per graph), acetaminophen sulphate (left lower graph) and acetaminophen cysteine & mercapturate (right
lower graph) concentrations over time in four non-obese patients (dotted lines 36.5, 42.2, 59.5, 66.3 kg
LBW, two female and two male) and four morbidly obese patients (long dash lines two females of 50.5, 67.2
kg LBW and solid lines two males 89 and 96.2 kg LBW). The four non-obese patients and morbidly obese
patient of 50.5 kg LBW received 1 g of acetaminophen four times daily, the morbidly obese patient of 67.2
kg and 89 kg LBW received 1.5 g of acetaminophen per dose and the morbidly obese patient of 96.2 kg LBW
received 2 g of acetaminophen four times daily to reach similar acetaminophen concentrations across the
entire population of morbidly obese and non-obese individuals.

239



Chapter 10

When LBW is indeed used to guide dosing in morbidly obese patients when it is the
most predictive covariate in the model, it is important to realize that LBW is influenced
by weight, gender and height *'. As a consequence men will have a higher LBW than
women with the same height and body weight (Figure 3). Figure 3 shows that for instance
only women with a height above 1.70 m and a body weight above 160 kg, reach a LBW of
70 kg. As a consequence, morbidly obese men are more prone to receive a higher dose
of acetaminophen than morbidly obese women when dosing on LBW. This is further
illustrated by Figure 4 in which the results on total clearance of acetaminophen (CL,) for
the obese and non-obese individuals of Chapter 8 are presented with indication of their
gender. This figure shows that morbidly obese women have the same LBW and CL,as
non-obese men (Figure 4a), while having a higher TBW (Figure 4b). Morbidly obese men
have a substantially higher LBW and CL,, than morbidly obese women (Figure 4a), with
only a limited difference in TBW (Figure 4b). The figure also illustrates the finding that
LBW was more predictive for clearance than TBW (Chapter 8).

Female Male

A1°°‘ — Height 1.80 m A1°°‘ — Height 1.90 m
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Figure 3 Lean body weight °' vs. total body weight of various heights for females (left graph) and males
(right graph).

The proposed individualized dosing scheme should be evaluated in a multiple dosing
scheme (every 6 hours) for 3 days in morbidly obese patients. In our opinion, the higher
dose of 1.5 or 2 g is justified as in a study with non-obese patients (n=37), AST and ALT
levels did not exceed the upper limit of the reference range (< 1 time ULN) after three
days administering 4, 6 or 8 g of acetaminophen per day *. In the prospective study,
acetaminophen and metabolite concentrations (glucuronide, sulphate and cysteine
and mercapturate) and liver function markers (AST, ALT, PT, bilirubin, creatinine, y-GT)
should be measured each day until three days after the last acetaminophen dose. This
prospective study will provide answers to the remaining question of Chapter 8 whether
itis possible to increase the dose of acetaminophen in morbidly obese patients in terms
of safety of acetaminophen in this group.
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Figure 4 Total clearance of acetaminophen (CL,,) vs. lean body weight (a) and total body weight (b) for
non-obese (grey figures) and morbidly obese patients (black figures) including females (circles) and males
(squares) of Chapter 8.

Although AST and ALT are commonly used to determine liver injury after acetaminophen
overdose, the use of these liver function markers to measure the safety of acetamino-
phen has some disadvantages. Changes in AST and ALT levels may not per se be specific
for acetaminophen induced liver injury as changes in AST and ALT can, for example, also
occur with a wide range of liver pathologies, myocardial damage or extreme exercise
>335 Also in Chapter 8, we encountered slightly higher AST and ALT levels in our morbidly
obese population, both before and after bariatric surgery in comparison to non-obese
patients. Another disadvantage of AST and ALT is the delay in appearance in serum,
since increases in serum are not usually observed until 12 hours after acetaminophen
ingestion with an interval of at least 24 hours to confidently exclude the development
of liver injury %,

Recently, a considerable amount of studies has been conducted in the search for
the ultimate biomarker to identify liver injury after acetaminophen overdose at the
earliest possible time point “***%, Potential biomarkers are microRNA-122 (miRNA-122),
high-mobility group box-1 (HMGB1) and keratin-18 (K-18). It is also thought that ac-
etaminophen protein adducts (APAP protein adducts) could be a rational and useful
biomarker for acetaminophen induced liver injury. APAP protein adducts are formed
during acetaminophen metabolism when NAPQI covalently binds to cytosolic and mito-
chondrial proteins leading to hepatocellular necrosis **. A study in mice showed that the
concentration of APAP protein adducts increased rapidly after acetaminophen overdose
and peaked before the ALT peak °'. However, in a recent study with overdose patients,
APAP protein adduct concentrations were measured at the beginning of the study, but
the peak was observed around the time of peak ALT *. Protein adducts are, based on
these results, probably not eligible as an early marker for the clinic to detect liver injury.

The potential of miRNA-122, HMGB1 and K18 to serve as a biomarker for acetamino-

phen induced liver injury was investigated in patients with established liver injury *"%,
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but also in patients at first presentation to the hospital after acetaminophen overdose
8, MiRNAs are small non-protein coding RNA species involved in posttranscriptional
gene product regulation **. MiRNA-122 is highly liver specific and plays an important
role in the physiology of the liver ****, The release of miRNA-122 from hepatocytes after
acetaminophen overdose is probably biphasic. Early after overdose, it is released in exo-
somes by active mechanisms from the hepatocytes aiming for hepatocyte proliferation
and regeneration. Later on, in the phase of hepatocellular necrosis, it may be released in
a similar mechanism as ALT and AST, when cell membrane integrity is lost *°. In addition
to miRNA-122, HMGB1 and K-18 are also high potential biomarkers for acetaminophen-
induced hepatotoxicity. HMGB1 is a chromatin-binding protein and is passively released
by cells undergoing necrosis and works as a damage-associated molecular pattern
(DAMP) molecule, alerting the immune system to dying cells **. A hyper-acetylated form
of HMGBI1 is actively secreted by monocytes and macrophages functioning as an inflam-
matory mediator %2, K-18 is an intermediate filament protein expressed in epithelial cells
of the liver, responsible for cell structure. During apoptosis, cleavage of K-18 occurs for
structural rearrangement of cells. Cleaved K-18 fragments are released from apoptotic
cells, while full length K-18 is passively released form necrotic cells ** **.

In patients with established acetaminophen induced liver injury, increased levels
of HMGBT1, K-18 and miRNA-122 were found in comparison with healthy controls and
overdose patients without liver injury and correlated with peak serum ALT levels (P <
0.01-0.0001) *’%* Elevated total and acetylated HMGBT, full length K-18 and a lower per-
centage of cleaved K18 were associated with patients that had a worse prognosis or
died or required liver transplant compared to patients who survived (P < 0.05-0.001) ¢
In a study in patients in which ALT activity was still normal at first presentation to the
hospital after a single overdose of acetaminophen, mi-RNA-122, HMGB1 and full length
K-18 could accurately distinguish between patients with and without acute liver injury
early in time *%. The importance of the early rise of miRNA-122, HMGB1 and K-18 after
overdose is described in a case report, where a patient did not receive acetylcysteine
treatment based on the Rumack-Matthew nomogram after acetaminophen overdose
(acetaminophen concentration was 107 mg/L at 4.5 h) and returned to the hospital 43
hours after overdose . Retrospectively, at 4.5 hours after overdose, miRNA-122 was
elevated 50 fold above the upper limit of normal (ULN) and HMGB1 and K-18 8 fold .

Above studies suggest that miRNA-122, HMGB1 and K-18 are promising markers for
early detection of liver injury and should therefore be further studied to confirm at
which time after acetaminophen overdose the biomarker is able to predict liver injury,
the sensitivity for excluding injury and establishing whether there is a quantitative
relationship between biomarker level and outcome **. In addition, the development of
quick point of care tests performed in the standard hospital laboratory are needed **.
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Hence, to answer the question whether it is possible to increase the dose of acet-
aminophen in morbidly obese patients thereby to reach similar acetaminophen
concentrations as in non-obese patients, the above described biomarkers and liver
function markers should be considered in a prospective study. In this prospective study,
according to Figure 2, morbidly obese patients should receive an individualized dosing
scheme based on LBW with morbidly obese patients < 65 kg LBW receiving a dose of 1
g of acetaminophen, morbidly obese patients with a LBW between 65 and 90 kg 1.5 g
and patients with LBW > 90 kg 2 g of acetaminophen 4 times daily. In this study, both
efficacy and safety measures should be implemented.

In conclusion, with this thesis we aimed to contribute to existing gaps in knowledge re-
garding the development of evidence based dosing in obese adolescents and morbidly
obese adults. Studies in morbidly obese patients showed that glucuronidation, sulpha-
tion and CYP2E1-mediated oxidation of acetaminophen is increased. That implies that,
in order to achieve similar acetaminophen concentrations in morbidly obese patients
compared to non-obese patients, an individualized dosing scheme of acetaminophen
based on LBW should be explored with adequate monitoring of existing and novel bio-
markers for liver toxicity. Surprisingly, CYP3A midazolam clearance was similar to non-
obese adults, probably because the obesity related suppression of CYP3A activity in the
liver is counteracted by increase liver size and/or liver flow. Moreover, obese adolescents
showed a higher CYP3A midazolam clearance compared to morbidly obese adults. We
hypothesized that CYP3A activity in obese adolescents was not (yet) suppressed to the
same extent as in morbidly obese adults. The duration of obesity thereby seems a factor
to consider asitis of influence on the (patho)physiological changes of obesity. Metformin
clearance in obese adolescents was similar to literature values of type 2 diabetes adults
implying that if necessary similar doses compared to adults may be appropriate. The
studies described in this thesis also indicate that data of morbidly obese adults can-
not be extrapolated to obese children with only taking growth and development into
account. This underscores the importance of conducting pharmacokinetic studies in
obese adolescents and children. For the pharmacometric analysis of the data of these
future paediatric studies, we have proposed an excess weight covariate model to study
the influence of obesity on pharmacokinetic parameters in children, by dividing total
body weight in developmental body weight (WTo age and length) @nd excess body weight
(WTereess)- Using this approach both the influence of size resulting from development/
growth (i.e. WTr age and length) @and size resulting from obesity (WTecess) can be separately
studied and accounted for. Moreover, this approach can be used for scaling for adults to
(obese) adolescents. Ultimately these efforts should lead to evidence based guidelines
in both obese adults and obese adolescents.
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