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Abstract

Background Body wasting and cachexia change body composition and organ function, with effects on drug pharmacokinetics.
The aim of this study was to investigate how cancer and cancer cachexia modify liver metabolism and renal drug elimination in rats.

Methods Nine male Wistar-Han rats received a single oral dose of midazolam and propranolol (markers of hepatic metabo-
lism), and 10 rats received single intravenous dose of iohexol, a marker of glomerular filtration rate. After drug delivery, mul-
tiple dried blood samples were obtained within 2 h post-dose to evaluate drug pharmacokinetic profiles. After baseline
sampling (DO), rats were injected with tumour cells. Drug application and blood sampling were repeated when rats developed
tumours (Day 5—D5), and when rats were severely cachectic (Day 10—D10). Clearance (CL) and volume of distribution (Vd) of
drugs were assessed with non-linear mixed effects modelling. Weight and body composition were measured on DO and D10
and were related to pharmacokinetic parameters.

Results All three drugs showed non-significant trend towards increased CL and Vd on D5. On D10, midazolam and propranolol
CL and midazolam Vd significantly decreased from baseline (—80.5%, —79.8%, and —72.0%, respectively, P < 0.05 for all). lohexol
CL decreased by 29.8% from baseline value on D10, which was related to body weight loss (Pearson’s r=0.837, P=0.019).

Conclusions Hepatic metabolism and renal drug elimination are significantly reduced in cachexia, which could increase risk
of dose-related adverse events.
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Introduction

With the progression of chronic diseases like cancer, chronic
obstructive pulmonary disease, and chronic heart failure,
wasting and cachexia may occur. Cachexia is a syndrome of in-
voluntary weight loss due to lean and fat tissue wasting and is
an independent predictor of impaired survival.® The cause of
cachexia is not entirely recognized, but disrupted metabolic
pathways, inflammation, and abnormal neuro-hormonal sig-
nalling seem to be involved.?

Chronic pharmacotherapy is a mainstay of chronic disease
management, usually with a fixed therapeutic pattern
throughout natural history of the disease. Single exception

to this is chemotherapy, where guideline-driven dosing actu-
ally is adjusted to body weight, parameters of body
composition, and organ function.® In a clinical setting, the
target daily dose for the treatment of chronic disease may
not be equally safe and efficient once a patient develops
body wasting with or without cachexia.

Pharmacokinetics of drugs may be altered in cachexia as
suggested in recent systematic review.® Absorption of orally
administered drugs can change due to cachexia-related
changes in intestinal mucosa.>® Distribution of drugs may
change due to decreased amount of fat and lean tissue and
altered concentrations of proteins that bind drugs in plasma
(hypoalbuminemia, increased alpha-1 acid glycoprotein).’
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The expression and function of drug metabolic enzymes may ad-
just to altered conditions, caused by cachexia, which may lead to
changed metabolism of drugs. Finally, the renal function may be-
come impaired and slow the excretion of drugs and their metab-
olites. Nevertheless, there is a lack of studies that would assess
the impact of cachexia on drug pharmacokinetics,* and the effect
of cachexia on renal function has not been evaluated adequately.

With regard to lack of clinical and experimental data about
pharmacokinetics of drugs in cachexia, drug pharmacokinetics
in a rat model of cancer cachexia was investigated. Addition-
ally, changes in hepatic metabolism and renal function
through pharmacokinetics of midazolam, propranolol, and
iohexol were analysed. Midazolam, a low hepatic excretion
drug, is considered to be a reliable marker of intrinsic hepatic
metabolism and reflects both function and expression of
cytochrome CYP3A4.2 Propranolol is more readily metabolized
in the liver and is, due to high hepatic extraction, a marker of
hepatic blood flow, when given intravenously, but a more
prominent marker of cytochrome CYP2D6 activity when given
orally.? lohexol is excreted only via glomerular filtration and is
therefore a marker of renal function.’® We aimed to provide
the insight into changes in hepatic metabolism and renal ex-
cretion of drugs in cachexia by comparing pharmacokinetics
of these three drugs in healthy rats, rats with cancer, and rats
with cancer cachexia.

Materials and methods
Animals and cachexia model

Male Wistar-Han rats (n =19, mean body weight =223 g) were
housed in an SPF (specific-pathogen-free) facility undera 12 h
light/dark cycle with food and water provided ad libitum. On
the first day of experiment (DO), rats were injected intra-
peritoneally with 10% Yoshida AH-130 tumour cells, as de-
scribed previously.'* After 5days (D5), rats developed large
tumours, and after 10days (D10), rats were severely
cachectic.”?

Experimental design

Rats were divided into two groups: in Group A (n=10) 100 pL
of iohexol solution (Omnipaque 300®), containing 64.7 mg of
iohexol, was administered intravenously to each rat, and in
Group B (n=9), each rat received 200 pL of midazolam and
propranolol solution via gavage. In Group A, blood samples
were collected 20, 30, and 60 min after application, while in
group B blood samples were taken at 10, 20, 30, 60, 90, and
120 min post-dose. On the first day (DO0), after blood sampling
was completed, rats were injected with tumour cells. The pro-
cedure of single dosing and blood sampling was repeated
5 days after tumour inoculation (D5) and 10 days after (D10).

Single sample dosing strategy was used in order to avoid the
influence of drugs on development of cancer and cachexia.

On DO and D10, rats were weighted and nuclear magnetic res-
onance spectroscopy was performed to assess body composition
of each rat. After the withdrawal of the last sample on D10, the
rats were euthanized. Study protocol and study procedures were
approved by the local animal ethics committee.

Substances and solutions

Omnipaque 300°® parenteral solution, containing iohexol in
concentration of 647 mg/mL, was purchased from GE
Healthcare, AS, Norway. Propranolol hydrochloride was
obtained from Fluka-Sigma Aldrich, Buchs, Switzerland, and
Midazolam Torrex parenteral solution 5mg/mL from Chiesi
Pharmaceuticals GmbH, Austria. Propranolol was dissolved
in midazolam 5mg/mL solution to obtain concentration
2.5mg/mL of propranolol. 200 uL of prepared solution was
administered to each rat in Group B via gavage, which equaled
to 1 mg of midazolam and 0.5 mg of propranolol per each rat.
Applied doses were preliminary determined to obtain the
desired concentration range of the drugs in blood.*®

Dried blood sampling and sample analysis

Before collection of each blood sample, rats were anaesthe-
tized with isoflurane. Approximately 100 uL of blood was
taken from jugular vein with a needle (wetted with 0.1 M
EDTA solution) and collected to an Eppendorf safe-lock tube
(Enfield, Connecticut, USA) containing 2 uL 0.1 M EDTA. The
collected blood was gently mixed by hand. Three blood spots
of 20 uL were pipetted onto Whatman 903 Protein Saver
Cards (Whatman, UK). The cards were allowed to dry for
24h at room temperature before storage in a dark place.
Dried blood spot samples were extracted and analysed with
liquid chromatograph coupled to a mass spectrometer as de-
scribed previously.*®

Body weight and body composition measurement

Body composition was determined with nuclear magnetic res-
onance spectroscopy (EchoMRI-700, Echo Medical Systems,
Houston, TX). Lean mass and fat mass in grams were deter-
mined for each rat. This system provided the information on
fat and lean mass with the accuracy of 2g. On D10, body
weight and body composition were determined only after
the tumour was removed from the rat.

Data analysis

Pharmacokinetic modelling
Pharmacokinetic data were analysed using a non-linear mixed
effects modelling approach as implemented in NONMEM

Journal of Cachexia Sarcopenia Muscle 2015; 6: 45-52
DOI: 10.1007/jcsm.12012



Drug liver metabolism and renal elimination in cancer cachexia

47

(version 7.2; ICON Plc, Dublin, Ireland). Model building
steps were managed by PsN (version 3.5.3, http://psn.
sourceforge.net) and Xpose (version 4.4.0, http://xpose.
sourceforge.net). Fortran subroutines were compiled with
the Intel Visual Fortran compiler (version 11.0, Intel, Santa
Clara, CA). The structural models investigated were one- and
two-compartment models with first-order elimination as im-
plemented in ADVAN1/TRANS2 and ADVAN3/TRANS4 sub-
routines for intravenous dosing of iohexol, and ADVAN2/
TRANS2 and ADVAN4/TRANS4 for oral dosing of midazolam
and propranolol. The estimated parameters were volume of
distribution and clearance (Vd and CL, respectively, in case
of a one-compartment model) and volumes of the central
and peripheral compartment and distribution and elimination
clearances (V1, V2, Q, and CL, respectively, in case of a two-
compartment model). With oral dosing, additionally, first-
order absorption rate constant was estimated. As the
absolute bioavailability (F) cannot be estimated with oral dos-
ing alone, the structural parameters were reported as Vd/F
and CL/F or V1/F, V2/F, CL/F, and Q/F.** Random effects in-
corporating inter-animal and inter-occasion (DO vs. D5 vs.
D10) variability were included as exponential terms assuming
log-normal parameter distributions. Residual variability was
described by additive and proportional error models.
Parameters were estimated using the first-order conditional
estimation method with interaction between the two levels
of random effects. For each substance, the modelling strategy
aimed at a final model with minimal structural and variability
parameters needed to adequately describe the data. The
model adequacy was evaluated by standard diagnostic plots
of predicted vs. observed concentration and weighted resid-
uals vs. observed concentration or time. Additional criteria
were convergence of minimization, the number of significant
digits more than three, a successful covariance step, and
gradients in the final iteration in the range between 103
and 10°. Alternative models were compared by the likeli-
hood ratio test. The criterion for selection of a model was
a change in minimum value of the objective function of at
least 3.84 per one additional parameter, corresponding to
P <0.05.

The influence of cachexia was estimated as a categorical
covariate using the following models: P;s=P;o*(1+D;s) and
P;10=Pio * (1+D;10), where P;q, P; 5, and P; 1 are the baseline
(D0), Day 5, and Day 10 values of the parameter of interest,
respectively, while D;s and D; o are relative changes (%) in
parameter values. Significance of the effect of cachexia
on pharmacokinetics was judged by the likelihood ratio test
(a decrease of the objective function value of at least 3.84
per one additional parameter, corresponding to P < 0.05).
Additionally, 95% confidence intervals were calculated from
parameters’ standard errors reported by NONMEM, and the
influence of cachexia was considered significant if the 95%
confidence intervals of the relative change (D;s and/or D; 10)
excluded the value of 0.

Statistical analyses

Paired sample t-test was used to compare body weight and
body composition between DO and D10. Linear regression
was used to correlate differences in CL and Vd with differ-
ences in body weight, lean mass, and fat mass that occurred
between DO and D10. P-value of <0.05 was considered statis-
tically significant. All statistical analyses were performed by
SPSS version 21 (SPSS Inc., Chicago, IL).

Results

Out of 19 included animals, 15 completed the study (Figure 1).
One rat did not develop a tumour on D5 and three rats died
before D10. From DO to D10, rats from both groups experi-
enced significant loss of body weight, lean mass, and fat
mass, with exception of lean mass loss in Group A, which
did not reach statistical significance (Figure 2).

Mean pharmacokinetic profiles of investigated drugs are
presented in Figure 3. Pharmacokinetic variability was more
pronounced with oral dosing of midazolam and propranolol
compared with intravenous dosing of iohexol (data not
shown). For all three compounds, pharmacokinetics was most
adequately described by a one-compartment model and a
proportional model of residual variability. Pharmacokinetic
parameters are summarized in Table 1. Because of rapid ab-
sorption and limited data in the absorption phase, we were
not able to estimate the variability in the absorption rate.
Consequently, the effect of cachexia on absorption rate had
to be fixed to 0. With midazolam, we were able to estimate
the typical value of absorption rate, while with propranolol,
the absorption rate had to be fixed to an arbitrary value of
1 min~. This assumption was tested with a sensitivity analy-
sis of the final model. Without intravenous pharmacokinetic
data for midazolam and propranolol, it was not possible to es-
timate the absorbed fraction (F) after oral dosing. Conse-
quently, clearance and distribution volume are reported as
CL/F (apparent oral clearance) and Vd/F (apparent volume
of distribution after oral dosing). Inter-occasion variability of
CL/F (150% and 170% for midazolam and propranolol, respec-
tively) and Vd/F (190% and 160% for midazolam and propran-
olol, respectively) was generally in the range of inter-animal
variability. Consequently, inter-animal variability was not in-
cluded in the final model as suggested by Karlsson and
Sheiner.®® With the final model for midazolam, the covariance
step was not successful (Table 1, Model 1). A non-significant
increase in CL/F and Vd/F on D5 was therefore fixed to 0 to
obtain the precision of the parameter estimates (Table 1,
Model 2).

Pharmacokinetics of iohexol was much less variable, with
inter-occasion variability of 20% (CL) and 12% (Vd). However,
again, inter-animal variability was in the same range and was
therefore not included in the model.
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Figure 1 Study flow chart. DO, day of tumour inoculation; D5, 5 days after tumour inoculation; D10, 10 days after tumour inoculation; M, midazo-

lam; P, propranolol.
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Midazolam

Typical midazolam CL/F on DO was 463 mL/min, and typical
Vd/F was 32.7 L (Table 1). Both parameters slightly increased
from DO to D5, but the change was not significant. On D10,
however, a significant reduction of 80% from baseline CL/F
value and more than 70% from baseline Vd/F value was ob-
served. The decrease in midazolam CL/F and Vd/F was not
related to change in body weight, fat mass, or lean mass.

Propranolol

Typical propranolol CL/F on DO was 177 mL/min, and typical
Vd/F was 6.14 L (Table 1). Similarly as with midazolam, CL/F
and Vd/F non-significantly increased on D5. Propranolol
CL/F decreased significantly by almost 80% from baseline
value on D10, while Vd/F did not change significantly. Simi-
larly as with midazolam, the change in CL/F and Vd/F be-
tween DO and D10 was not associated with any of the
measured parameters of body composition.

lohexol

In healthy rats, typical iohexol CL was 4.59 mL/min and Vd
was 128 mL (Table 1). Similar was observed for CL and Vd
on D5 as with midazolam and propranolol. On D10, iohexol
CL decreased significantly by ~30% from the baseline value.
The decrease in iohexol CL was related to loss of body weight
(Pearson’s r=0.837, P=0.019; Figure 4).

Discussion

We have shown a transient elevation of hepatic metabolism
and renal elimination of drugs at cancer stage, which rapidly
deteriorated once cachexia evolved. The changes were not re-
lated to changes in body composition, although the reduction
in renal function was associated with loss of body weight.

Because the influence of cancer on drug pharmacokinetics
has already been investigated to some extent,'® we tried to
separate the influence of cancer and cancer cachexia by
observing pharmacokinetics of drugs on two different
occasions—5 days after tumour inoculation, when tumour is
fully grown but there are no signs of cachexia yet, and at
D10, when rats had lost more than 15% of baseline body
weight and were severely cachectic.***” All comparisons of
pharmacokinetic parameters were compared intra-animal,
which is one of the main advantages of this study.

Drug clearances measured in this study are higher than
reported previously for rats, because we measured whole
blood clearances instead of plasma clearances.*®**° Midazo-
lam and propranolol have a blood-to-plasma concentration
ratio lower than one that results in higher blood clearances
when compared with plasma.?%*!

Midazolam clearance was not significantly affected by
cancer, which suggests that the function of cytochrome
CYP3A4 remains unchanged in cancer but decreases by 80%
from the baseline value when cachexia develops. Previous
studies of CYP3A4 activity in patients with cancer have con-
flicting results. Some observe no influence of cancer on
CYP3A4 activity,16 while others observed reduced midazolam
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Figure 2 Changes in body weight and body composition from DO to D10 (mean, standard deviation). DO, day of tumour inoculation; D10, 10 days

after tumour inoculation; ** P < 0.01, ***P < 0.001.
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clearance, which was more related to inflammation state of
the patients than different genetic polymorphisms of
cytochrome.?>%® Our study in an animal model enabled us to
observe influence of cancer in a regulated environment—all
animals were observed in the same stage of cancer (5days
after tumour inoculation) when no signs of cachexia were pres-
ent yet. Moreover, the influence of enzyme polymorphism was
ruled out, because pharmacokinetic parameters were com-
pared intra-individually. Such regulated conditions are
impossible to be achieved in a clinical study with patients,
and consequently, different stages of cancer and variety of clin-
ical management could have influenced the results as available
in the literature.

Other studies that have investigated the effect of cancer on
midazolam metabolism and cytochrome expression in rats
were mainly conducted after more than 15days following
tumour inoculation.?** These studies showed reduced
midazolam metabolism and cytochrome P450 expression,
which is in line with our results in cancer cachexia. However,
we believe that the distinction between cancer and cancer
cachexia is important and could, in part, explain the conflict-
ing results from clinical studies. In clinical practice, this would
translate to the need for more cautious dosing of drugs in
cancer patients with wasting and cachexia because they are
more likely to be at an increased risk of modified drug
metabolism with potentially relevant clinical implications.
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Figure 3 Mean pharmacokinetic profiles of midazolam, propranolol,
and iohexol on DO, D5, and D10. DO, day of tumour inoculation, D5,
5 days after tumour inoculation; D10, 10 days after tumour inoculation.
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The clearance of propranolol was also impaired in
cachexia. Intravenously given propranolol is a direct marker
of hepatic blood flow, while orally administered propranolol
reflects both hepatic blood flow and cytochrome func-
tion.*®2® The reduction in propranolol clearance on D10 thus
suggests that both perfusion of liver and cytochrome CYP2D6
function were reduced in cachexia. Previous studies have
shown increased liver blood flow in rats with cancer, which
again could be attributable to transient but non-significant
increase in propranolol clearance on D5.%” Of interest is also
a trend of non-significant increase in apparent volume of
distribution after oral dosing on D10, which is contrary
to the significant decrease observed with midazolam. A
well-stirred model of the first-pass hepatic metabolism

suggests that bioavailability of propranolol is dependent on
the cytochrome function (intrinsic clearance) and liver blood
flow. A trend of increase in Vd/F therefore suggests that in ca-
chexia, a decreased cytochrome CYP2D6 function indicated
by a decreased oral clearance is accompanied by reduced
hepatic perfusion.

This is the first study in rats to directly assess the influence of
cachexia on renal function. Renal function in rats with cancer
was investigated before, but the results are conflicting.?®°
Some studies showed no decline in creatinine clearance or
glomerular filtration rate (GFR) in cancer,’®*® while others
observed aggravation of renal function.3° Interestingly, the study
of Rettori et al. showed an increase in creatinine clearance in
moderate clinical phase of cancer that rapidly deteriorated in
the terminal phase of illness.>® Same was observed in our study,
where iohexol clearance slightly increased on D5 and significantly
decreased on D10. The decrease in renal function between DO
and D10 was related to weight loss, therefore suggesting that
rats with more pronounced weight loss are more prone to
deterioration of renal function in cancer cachexia.

Studies of chemotherapy-related toxicity suggest that
patients with lower muscle mass are at higher risk for toxicity
either due to changed pharmacokinetics and/or due to higher
susceptibility of sarcopenic patients to chemotherapy
adverse events.>! In our study, changes in pharmacokinetic
parameters between DO and D10 were not related directly
to changes in body composition. This may suggest that the
observed changes in pharmacokinetics are not primarily
caused by loss of lean and fat mass. However, a part of the
administered drug could have distributed into the tumour
on D10, which had to be removed prior to body composition
measurement. This could have masked the effect of body
composition on D10 pharmacokinetics.

Similar trends in hepatic and renal function were observed,
which could be in part related to changes in cardiac output in
cancer and cancer cachexia or to natural history of disease.
Increased cardiac output was observed in patients with
cancer, and in rats, a slight increase in cardiac function was
noted in early stages of cancer.**3? This could, in part, be
responsible for a transient rise in propranolol and iohexol
clearance on D5. On the other hand, cardiac function was
shown to be severely impaired in cancer cachexia®® and could
contribute to decreased renal and hepatic blood flow thereby
affecting propranolol and iohexol elimination.

Limitations

Modest study sample and some inter-animal variability in
measured drug concentrations could be the cause that not
all of the observed changes in pharmacokinetic parameters
reached statistical significance. Moreover, pharmacokinetics
of midazolam and propranolol were measured in the same
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Table 1. Pharmacokinetic parameters of midazolam, propranolol, and iohexol on DO and percentage change on D5 and D10 (mean, standard error)

DO D5 % change from DO D10 % change from DO

Midazolam—Model 12

CL/F 463 mL/min +5.15 —-80.0

Vd/F 32.7L +11.4 —-70.4

Ka 0.892 min™" NA NA
Midazolam—Model 2

CLF 474 (107) mL/min 0 (fixed) —80.5 (6.42)°

Vd/F 345 (6.51)L 0 (fixed) -72.0 (6.51)b

Ka 0.892 (0.238) min " NA NA
Propranolol

CL/F 177 (141) mL/min +57.6 (126) —-79.8 (19.9)b

Vd/F 6.14 (3.25)L +1040 (1091) +104 (230)

Ka 1 min~" (fixed) NA NA
lohexol

CL 4.59 (0.29) mL/min +7.62 (9.41) —29.8 (9.46)°

Vvd 0.128 (0.0118)L +33.2 (19.7) —-11.4 (18.4)

CL, clearance; DO, day of tumour inoculation; D5, 5 days after tumour inoculation; D10, 10 days after tumour inoculation; F, absorption
fraction; Ka, absorption rate constant; NA, not applicable; Vd, volume of distribution.

@Covariance step not successful (standard errors are not estimated).

bSignificant change from DO at a = 0.05.

Figure 4 Correlation between weight loss and decrease in renal func-
tion from DO to D10. DO, day of tumour inoculation; D10, 10 days after
tumour inoculation.
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group of rats. Although these two substances do not interact
at the level of metabolism, individual characteristics of the
animals within group could have influenced the observed
trends in substance pharmacokinetics, which did not differ
relevantly. Additionally, both drugs were administered orally,
and thus, the potential changes in absorption fraction were
impossible to be differentiated from changes in clearance
and volume of distribution. Finally, we cannot clearly
delineate the potential propranolol-induced effects on liver
blood flow from changes in cytochrome function. Without
information in cancer or cachectic rats and with no clear
signal in healthy rats,>® we believe that a single propranolol
administration could not change liver blood flow to an

extent that could significantly influence pharmacokinetic
parameters.

Conclusions

We demonstrated that renal function and hepatic clearance
are reduced in a rat model of cancer cachexia, modifying
major metabolic and elimination routes of pharmacotherapeutic
agents. In clinical practice, this could translate to higher concen-
trations and potentially to higher risk of side effects and toxicity
in subjects who develop body wasting and cachexia. With
significant prevalence of cachexia in chronic disease and very lim-
ited data in the literature, further investigation in animal models
and longitudinal studies in patients is warranted.
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