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Abstract

Background and Objectives Acute inflammation caused by infections or sepsis can impact pharmacokinetics. We used
a model-based analysis to evaluate the effect of acute inflammation as represented by interleukin-6 (IL-6) levels on drug
clearance, focusing on renal glomerular filtration rate (GFR) and cytochrome P450 3A4 (CYP3A4)-mediated metabolism.
Methods A physiologically based model incorporating renal and hepatic drug clearance was implemented. Functions cor-
relating IL-6 levels with GFR and in vitro CYP3A4 activity were derived and incorporated into the modeling framework. We
then simulated treatment scenarios for hypothetical drugs by varying the IL-6 levels, the contribution of renal and hepatic
drug clearance, and protein binding. The relative change in observed area under the concentration-time curve (AUC) was
computed for these scenarios.

Results Inflammation showed opposite effects on drug exposure for drugs eliminated via the liver and kidney, with the effect
of inflammation being inversely proportional to the extraction ratio (ER). For renally cleared drugs, the relative decrease
in AUC was close to 30% during severe inflammation. For CYP3A4 substrates, the relative increase in AUC could exceed
50% for low-ER drugs. Finally, the impact of inflammation-induced changes in drug clearance is smaller for drugs with a
larger unbound fraction.

Conclusion This analysis demonstrates differences in the impact of inflammation on drug clearance for different drug types.
The effects of inflammation status on pharmacokinetics may explain the inter-individual variability in pharmacokinetics in
critically ill patients. The proposed model-based analysis may be used to further evaluate the effect of inflammation, i.e., by
incorporating the effect of inflammation on other drug-metabolizing enzymes or physiological processes.

1 Introduction

Acute severe inflammation can alter drug exposure [1, 2]
in patients and thereby potentially impact drug efficacy
and toxicity, especially for drugs with narrow therapeutic
windows, e.g., antimicrobials [3] and immunosuppressants
[4]. Studies in critically ill or septic patients, where acute
inflammation is often present, show large inter-individual
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variability [5] in pharmacokinetics, e.g., clearance and
distribution volume [6]. Several clinical pharmacokinet-
ics studies investigating patient populations suffering from
acute inflammation by empirically employing popula-
tion pharmacokinetics modeling approaches have found
that increased levels of inflammatory biomarkers such
as C-reactive protein (CRP) or interleukin-6 (IL-6) may
contribute to the observed variability in pharmacokinetics
[7]. However, various other population studies in simi-
lar patients have failed to identify relationships between
inflammatory biomarkers and variability in pharmacoki-
netic parameters [8]. A systematic investigation of the
effect of inflammation on pharmacokinetics in patients is
complicated by differences in health state between and
within patients, as well as practical limitations in study
designs.
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Acute inflammation is associated with an increase in
drug exposure for drugs metabolized mainly through
cytochrome P450 3A4, while drug exposure is decreased
for drugs cleared through renal glomerular filtration,
whereas the extent of these effects is driven by both
drug- and system-specific properties.

Physiologically based modeling enables evaluation of the
impact of inflammation on pharmacokinetics by consid-
ering multiple biological processes through the integra-
tion of experimental data from various sources, and may
support the rational design of drug treatments during
acute inflammation.

The effects of inflammation on pharmacokinetics
processes include alterations in the activities of vari-
ous drug-metabolizing enzymes and transporters [9],
plasma protein expression and drug—protein binding
[10], and kidney function [11, 12]. Most of these effects
have been studied in vitro or in animal and/or in healthy
volunteers[13]. Scaling the contribution of such isolated
effects to the observed pharmacokinetics of drugs during
different levels of inflammation is not trivial. Moreo-
ver, depending on the drug’s properties, e.g., its plasma
protein binding, lipophilicity, or blood-plasma ratio, the
effect of inflammation-induced changes may lead to dif-
ferent effects on pharmacokinetics. Given the variable
and inconclusive results of patient studies [8, 14, 15],
there is a need to develop further insight into the likely
effect of inflammation on drugs with different pharma-
cokinetic properties. This would allow for the identifica-
tion of the types of drugs for which dosing adaptations
and/or prospective clinical studies may be warranted.
Physiologically based pharmacokinetic models could be
used to integrate and scale experimentally derived data
on inflammation-induced effects on pharmacokinetic
parameters in a mechanistic manner [16], incorporating
both drug- and biological-system-specific parameters, to
facilitate the derivation of expected pharmacokinetics
profiles in patients [17].

In the current analysis, we applied a physiologically
based modeling approach to systematically explore inflam-
mation-induced effects on drug clearance. As a proof-of-
concept study, we focussed on elimination through glomer-
ular filtration (GFR) and/or through hepatic cytochrome
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P450 3A4 (CYP3A4) metabolism, which are considere
two major clinically relevant drug elimination pathways .

2 Methods

A physiologically based modeling framework was estab-
lished by first deriving functions relating inflammation-
associated reported IL-6 levels to CYP3A4 activity and
GFR, as IL-6 has been suggested to be the most impor-
tant inflammatory cytokine when considering the effect of
cytokine modulators on the pharmacokinetics of small drug
molecules [18]. These functions were incorporated in mech-
anism-based equations for hepatic and renal drug clearance.
Simulations were then performed for different drug types, by
varying IL-6 level, the extent of renal or CYP3A4-hepatic
clearance, and protein binding, to evaluate the resulting
changes in drug exposure. The workflow is summarized in
Fig. 1.

2.1 Effect of Inflammation on CYP3A4 Activity
and GFR

To investigate the effect of inflammation on drug exposure,
IL-6 levels were used as an inflammation indicator. We
digitized data from previously published studies character-
izing CYP3A4 activity in relation to IL-6 levels in human
hepatocytes [19, 20]. For GFR, we used a healthy volunteer
endotoxemia study [12], which described the relationship
between GFR and IL-6 levels. The data from these studies
were digitized using PlotDigitizer (version 3.1.5) (Fig. S1 in
the Supplementary Information). Nonlinear and linear rela-
tionships were fitted to describe the relationships between
IL-6 and CYP3A4 activity (Eq. 1) and GFR (Eq. 2), respec-
tively. The fitting was performed using the “optim” and “Im”
functions in the statistical software R (version 4.2.1).

Imax
M 100%

Cs
I+ ([ILs]

CYP3A4 activity (%) ([IL6]) = 100% —

()
GFR ([IL6]) = GFR,,, + a - [IL6] )

Here, I, represents the maximum inhibitory effect of IL-6
on CYP3A4 activity as a percentage, ICs is the IL-6 con-
centration ([IL6]) that achieves half of the maximum effect,
and y is the Hill coefficient. GFR,,. is the average GFR in
healthy volunteers, while the constant a represents the slope

factor between IL-6 plasma levels and the increase in GFR.
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Fig. 1 Schematic representation
of the physiologically based
modeling workflow developed
to investigate the effects of
inflammation on drug exposure.
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2.2 Hepatic CYP3A4-Mediated Clearance

The intrinsic clearance (CL;,) associated with inflammation
was calculated by relating the relative change in CYP3A4
activity for different IL-6 levels to the basal in vitro CL;
value. The latter value was derived based on the metabolic
enzyme activity and scaled by microsomal protein per gram
of liver and human liver weight [21]. The extrapolation from
in vitro CL,,, to in vivo hepatic clearance was performed
using a dispersion liver model [22] (Egs. 3—6), which has
been reported to more accurately predict hepatic clearance
of drugs for which the hepatic route is dominant, while it
provides equivalent clearance predictions to the well-stirred
models for other drugs [23].

CLye, = (Qy - ER) - BP 3)
4da

ER=1-
(1 + a)z . e(a—l)/Z-DN — (1 — a)z . e_(a+1)/2'DN (4)

a=+/1+4 Dy-Ry 5)

_ (fu/BP)- CLiy
- On

Here, CL,, is the hepatic plasma clearance, Qy is the
hepatic blood flow, which is nearly 25% of the cardiac
output (Q,) [24], ER is the hepatic extraction ratio, and
BP is the blood to plasma ratio. Oy and BP were assumed
to be constant. ER was derived using the dispersion model,
where the axial dispersion number (D)) was estimated to

Ry (6)

be 0.27 for microsomal data [23]. The efficiency num-
ber (Ry) was a measure of the removal rate of solutes by
hepatocytes [25] and was derived from the scaled unbound
fraction in plasma (f,), the in vitro CL,,,, and the hepatic
blood flow.

2.3 Total Body Clearance

The total body clearance (CL) was defined as the sum of
the hepatic plasma clearance and renal plasma clearance
(Eq. 7). The hepatic clearance was exclusively based on
the CYP3A4-mediated metabolism and the renal clear-
ance was based on the GFR-mediated elimination of the
unbound drug (Eq. 8):

CLhep’ (ﬁ:lfh =1
cL=4crL. (s = 0) ™
CLyey + ClLie, (i y = 0.5)

CLre =fu - GFR (8)

where f 1, is the index of composition of total body clear-
ance related to the hepatic clearance, and CL,, is the renal
plasma clearance, which was derived from the production
of the unbound fraction and the GFR.

2.4 Drug Properties and Simulation Scenarios

A panel of hypothetical drugs with drug-specific properties
covering realistic ranges was evaluated (Table 1). The values
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of in vitro CL;, included ranged between 0.5 and 189 ml/min/
kg, which were based on a previous study examining hepatic
metabolism [26] for a panel of drugs representing a broad
variety of structures, including basic, acidic, and neutral com-
pounds. IL-6 was evaluated for the clinically relevant range
of 0-2500 pg/mL. Other important drug-specific properties
like f; , and f, were set to range between 0 or 0.01 and 1,
respectively.

A standard unit dose was given of each hypothetical drug.
Drug exposure was represented by the area under the concen-
tration-time curve (AUC) derived from the dose and total body
clearance (Eq. 9):

F - Dose
AUC = o ©)
where F is the bioavailability (assumed to be 1), and we
assumed a standard unit dose of 1.

Concentration—time profiles generated using one-compart-
ment models for intravenously (Egs. 10 and 13) and orally
(Egs. 11-13) administered drugs were used to evaluate the
inflammation-associated alterations in maximum drug con-
centration (C,,,,) and time to maximum concentration (7,,,,,).

For i.v.-bolus-administered drugs,

F.Liuetal.
dc, =—k -C, (11
dt a a
dc
p pr—

—L =k G-k C, (12)

CL
k=—

v (13)

where C, is the plasma drug concentration, C, is the drug
concentration at the absorption site, k, is the absorption rate
constant, k is the elimination rate constant, and V is the
volume of distribution.

2.5 Evaluation of Effects

The simulated exposure metrics for all simulated hypotheti-
cal drugs were grouped into several categories for compari-
son purposes. ER was grouped into low (ER < 0.3), interme-
diate (0.3—-0.7), or high ER (ER > 0.7). Clearance pathways
were simplified into three classes according to the value of
Je1_n» namely the kidney (f; , = 0), hybrid (f;4 , = 0.5), and

dc, liver (fy , = %) elimination Pathways. I"rotein binding ()
— =—k-C (10)  was grouped into the following categories: 0.01, 0.25, 0.5,
dr P
0.75, and 1.

For orally administered drugs, The inflammatory effects on drug exposure were assessed
by comparing the relative changes in the AUC under differ-
ent IL-6 levels with respect to AUC under no inflammation
(Eq. 14).

Tablg 1 Physiological and drug- Parameter (unit) Description Value Reference
specific parameters and values
used in this study 0., (mL/min) Cardiac output 5500 27
Oy (mL/min) Hepatic blood flow rate 1375 [24]
GFR,,,, (mL/min/1.73 m?) (Iohexol-derived) glomerular filtration rate 113 [28]
BW (kg) Body weight 70 -
BP Blood to plasma ratio 1 -
Dy Dispersion number 0.27 [23]
i Fraction unbound in plasma 0.01, 0.25,0.5, —
0.75, 1
AR Index of total body clearance related to 0,05,1 -
hepatic clearance
CL;,, (mL/min/kg BW) In vitro intrinsic clearance 0.5-189 [26]
IL6 (pg/mL) Interleukin-6 levels in plasma 0-2500 [12]
Hypothetical drug
Dose Standard dose 1 -
F Bioavailability 1 -
k, Absorption rate constant 1
Vy Volume of distribution 1 -
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AUC under inf lammation . 100%

(14)
All the above-mentioned parameters and the values they
were set to are shown in Table 1.

Relative change in AUC (%) = - -
AUC under no inf lammation

3 Results

3.1 Quantifying Inflammation Effects on CYP3A4
Activity and GFR

The relationship between IL-6 level and CYP3A4 activ-
ity was quantitatively characterized using a sigmoid model
with an estimated maximum inhibition of 73.26% and a half-
maximal inhibitory concentration of 43.65 pg/mL, while
the correlation between IL-6 level and increase in GFR was
described using a linear function with a slope factor that
was estimated to be 0.016. All the estimated parameters and
standard errors are shown in Table 2. The developed models
described observations accurately (Fig. S1).

3.2 Elimination route

We calculated the hepatic ER category based on Eq. (4)
for each hypothetical drug with or without inflammation.
Importantly, the ER was found to be impacted by the
extent of inflammation due to the negative relationship
between CL;; and inflammation (Figs. 2, S2-S5). Conse-
quently, the ER category was not treated as fixed, and a
transition between categories was observed for drugs in all
three investigated elimination pathway classes, i.e., renal,
hybrid, and hepatic.

Opposite effects of inflammation on the relative change in
AUC were found in the hepatic and renal elimination path-
ways, whilst these effects were larger for drugs with a low
ER than for drugs with a higher ER (Figs. 2, S2-S5). For
drugs primarily eliminated renally, a relative decrease in
AUC of close to 30% was observed in cases of severe inflam-
mation (IL-6 levels of 2500 pg/mL). For drugs primarily
eliminated hepatically, relative changes in AUC were posi-
tively correlated with inflammation, with an increase of over
50% for low-ER drugs observed during severe inflammation.

Table 2 Parameter estimates for the models (Egs. 1, 2) describing the relationships between interleukin-6 (IL-6) level and cytochrome P450 3A4
(CYP3A4) activity and between IL-6 level and glomerular filtration rate (GFR)

Parameter (unit) Description Estimate (SE)
Iax (%) Maximum inhibitory effect on CYP3A4 activity 73.26 (0.30)
ICs, (pg/mL) IL-6 levels achieving half of maximum CYP3A4 effect 43.65 (1.11)
y (=) Hill coefficient of CYP3A4 0.59 (0.01)

a (mL/min/1.73 m*pg/mL) GEFR slope factor in the linear function 0.016 (0.001)

SE standard error of the estimate, /L interleukin
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Effects of inflammation on the AUCs of drugs eliminated
by hybrid pathways (e.g., both hepatic and renal elimina-
tion) were more complex. In the less severe stages of inflam-
mation (IL-6 < 1000 pg/ml), the inflammation-induced
decrease in hepatic metabolism is the main driver of changes
in AUC. When inflammation became severe (IL-6 > 1000
pg/ml), the impact of changes in GFR increases to the point
where it can even (partially) reverse the increase in AUC by
metabolism. Therefore, the relative increase in AUC became
smaller and is even associated with a decreased AUC for
high-ER drugs (Figs. 2, S2-S5).

To further assess the effect of inflammation on drug expo-
sure, additional drug concentration—time profiles were gen-
erated for the hypothetical drugs after oral administration.
Similarly, opposing effects were found for drugs eliminated
through hepatic or renal pathways. For renally eliminated
drugs, both C,,, and T,,,, decreased with increasing sever-
ity of inflammation, while for hepatically eliminated drugs,
both C,,, and T,,,, increased with inflammation (Figs. 3,
S3). For hybrid pathways, the gradual increases in C,,,, and
T .ax Observed in cases of less severe inflammation (e.g., at
IL-6 levels of less than 1000 pg/mL) were partially reversed
in more severe inflammation states. The changes in C,,,
and T, caused by inflammation were greater for lower-ER

drugs than for higher-ER drugs (Figs. 3, S6).
3.3 Protein Binding

The unbound fraction was identified as important media-
tor of inflammation effects on drug exposure. The relative

changes in AUC were smaller for drugs with larger unbound
fractions (Figs. 4, S7-S8). This effect was less pronounced
for high-ER drugs since the main factor limiting clearance
for this type of drug is blood flow, which is assumed to be
stable in inflammation.

4 Discussion

In this study, we used a physiologically based modeling
approach incorporating relationships between inflammation
and CYP3A4-mediated hepatic metabolism and between
inflammation and GFR-mediated renal excretion to inves-
tigate the effect of inflammation on drug exposure. We
demonstrated how the influence of inflammation on drug
exposure was different for different ER categories, protein
binding properties, and elimination pathways.

In our analysis, we have quantified the correlation
between IL-6 concentration and CYP3A4 expression based
on experimental data from published in vitro studies. As
large variability has been observed between donors and/or
studies regarding the effects of inflammation on CYP3A4
activity [29], pooled data from different in vitro studies with
various experimental designs were included to estimate
parameters (e.g., I, and ICs;). Systematic studies of the
effects of inflammation on other drug-metabolizing enzymes
are, moreover, scarce and diverse [19, 30]. As such, our find-
ings should not be extrapolated to other cytochrome P450
(CYP) enzymes.

Fig.3 Concentration—time

s Low ER drug Intermediate ER drug High ER drug
profiles of orally administered 0.6
hypothetical drugs with only P
. o
total body clearance affected in 0.4 2
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For hepatically cleared drugs, we focused on CYP3A4, a
clinically important drug-metabolizing enzyme. Our results
suggest that for drugs cleared through CYP3A4-mediated
hepatic metabolism, exposure increases with increased lev-
els of inflammation. This prediction is qualitatively in line
with clinical data [9, 31, 32], where the plasma levels of the
CYP3A4-cleared drugs clindamycin [31] and quinine [32]
have been observed to increase in patients with inflamma-
tion. Notably, CYP3A4 enzymes are primarily located in the
liver, but are also present at the small intestine [33], which
could influence the bioavailability of orally administered
drugs. However, in this study, we disregarded the possible
effects on bioavailability to focus on hepatic metabolism.

For hepatically cleared drugs with a high ER (>0.7), the
change in hepatic clearance is mainly limited by hepatic
blood flow. For drugs with a low ER (<0.3), hepatic clear-
ance is limited by protein binding and changes in intrin-
sic clearance. We assumed that the hepatic blood flow was
stable while incorporating CYP3A4-mediated effects of
inflammation into intrinsic clearance. Therefore, inflamma-
tion generally has a lower impact on drug exposure for drugs
with a high ER compared to drugs with a low ER. Previous
clinical data showed an observation of a significant increase
in total liver blood flow in patients during early sepsis [34],
while another study reported no significant increase in total
liver blood flow in critically ill patients compared to con-
trol groups in the first 5 days after admission [35]. Due to
this inconsistency in reported results related to the effect of

inflammation on hepatic blood flow, its clinical relevance is
currently unclear and might be limited.

For predominantly renally cleared drugs, we found that
drug exposure can be decreased during severe inflammation.
This observation is in line with previously reported clinical
data for beta-lactams [36] and aminoglycosides [37, 38],
where the inflammation-induced reduction in drug expo-
sure could impact the efficacy of the antibiotic treatment,
and a prolonged infusion [36] and a higher dose [37] were
therefore recommended in patients with sepsis. Notably, in
our study, we only evaluated the effect of inflammation on
glomerular filtration, while ignoring active processes like
tubular secretion and reabsorption. Quantitative data on
the effect of inflammation on such processes are currently
lacking but could be included in this framework once they
become available.

We have demonstrated the impact of the level of plasma
protein binding for different drugs: the inflammation
affected the relative change in drug exposure less with a
larger unbound fraction, especially for high-ER drugs. In
our analysis, we assumed plasma protein levels, and there-
fore the unbound fraction, to be unaffected by inflammation.
This assumption can be disputed, as inflammatory states are
known to be associated with altered protein levels, especially
in moderate inflammation or the early stage of sepsis [39].
Unfortunately, the relationship between the two main plasma
proteins, human serum albumin and al-acid glycoprotein,
and inflammation levels could not be characterized due to
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the current lack of sufficient quantitative data. Conducting
further studies that systematically characterize the effects of
inflammation on plasma protein levels would aid in deriv-
ing a mechanistic model of protein-specific protein binding
which can be integrated into the current model framework.

Our work demonstrates how a physiologically based mod-
eling workflow can help to quantitatively evaluate the effects
of inflammation on body clearance and ultimate drug expo-
sure, considering common differences in drug- and system-
specific parameters. This model-based analysis demonstrates
the importance of an integrative evaluation of multiple phys-
iological processes [40] to understand the ultimate impact of
inflammation on drug clearance, which is not possible using
in vitro experimental assays alone. Still, large knowledge
gaps currently exist regarding the effect of inflammation
on such physiological processes, e.g., drug-metabolizing
enzymes and transporters, organ blood flows, and dynamic
plasma protein levels. Available data are, moreover, highly
variable in terms of methodologies and data quality, indicat-
ing the need for a more systematic and consistent approach
to in vitro studies of the effect of inflammation.

The focus of our analysis is on acute inflammation effects,
with IL-6 used as a marker for inflammation. Our findings
should not be directly extrapolated to various chronic inflam-
matory conditions [41]. Systematic experimental and clini-
cal studies to evaluate to what extent our predictions can
be extrapolated to a chronic inflammatory condition rep-
resent a potential next step. Furthermore, extending them
to other more long-term inflammatory markers, such as
CRP, could expand the applicability of the framework and
provide deeper insight into the effects of inflammation on
pharmacokinetics.

Although the current study evaluated hypothetical drugs
only, ultimately, a physiologically based pharmacokinetic
modeling framework could also be used to derive predictions
of the impact of inflammation on drug exposure for spe-
cific drugs and to rationally derive dose adjustments, which
would potentially be informed by inflammation-associated
biomarkers measured in individual patients.

5 Conclusion

In conclusion, the developed physiologically based modeling
workflow demonstrated, as a proof of concept, a pronounced
impact of inflammation on drug exposure for drugs primar-
ily cleared through hepatic CYP3A4 metabolism or through
renal glomerular filtration. Further experimental data
incorporating the effects on inflammation on other drug-
metabolizing enzymes, transporters, and plasma proteins are
needed to obtain more generalized insights into the effects
of inflammation on drug pharmacokinetics. Ultimately, the
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developed framework may support the rational design of
optimized and/or individualized drug treatments in patients.
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