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BACKGROUND AND PURPOSE

Despite the increasing importance of biomarkers as predictors of drug effects, toxicology protocols continue to rely on the
experimental evidence of adverse events (AEs) as a basis for establishing the link between indicators of safety and drug
exposure. Furthermore, biomarkers may facilitate the translation of findings from animals to humans. Combined with a
model-based approach, biomarker data have the potential to predict long-term effects arising from prolonged drug exposure.
Here, we used naproxen as a paradigm to explore the feasibility of a biomarker-guided approach for the prediction of
long-term AEs in humans.

EXPERIMENTAL APPROACH

An experimental toxicology protocol was set up for evaluating the effects of naproxen in rats, in which four active doses were
tested (7.5, 15, 40 and 80 mg-kg™). In addition to AE monitoring and histology, a few blood samples were also collected for
the assessment of drug exposure, TXB, and PGE; levels. Non-linear mixed effects modelling was used to analyse the data and
identify covariate factors on the incidence and severity of AEs.

KEY RESULTS

Modelling results showed that besides drug exposure, maximum PGE; inhibition and treatment duration were also predictors
of gastrointestinal ulceration. Although PGE, levels were clearly linked to the incidence rates, it appeared that ulceration
severity is better predicted by measures of drug exposure.

CONCLUSIONS AND IMPLICATIONS

These results show that the use of a model-based approach provides the opportunity to integrate pharmacokinetics,
pharmacodynamics and toxicity data, enabling optimization of the design, analysis and interpretation of toxicology
experiments.

Abbreviations

AUC, area under the concentration versus time curve; CAOC, cumulative area over biomarker concentration versus
time profile; Cuax, maximum drug concentration over the period of 24 h; Cyn, maximum biomarker inhibition over
the period of 24 h; CWRES, conditional weighted residuals; Imax, maximum biomarker inhibition; IPRED, individual
prediction; NOAEL, no-observed adverse-effect level; NSAID, nonsteroidal anti-inflammatory drug; OBS, observed
concentration or levels; PD, pharmacodynamics; PK, pharmacokinetics; PKPD, pharmacokinetic-pharmacodynamic;
PRED, population prediction; SCM, stepwise covariate method
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Tables of Links

COX-1
COX-2

Arachidonic acid PGE2
Naproxen TXB2

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

A key purpose of preclinical general toxicity and safety phar-
macology studies is to support the safe dose selection in
humans. In particular, the need to understand the risks asso-
ciated with long-term drug exposure falls within the remit of
these two disciplines. However, despite the availability of a
mixture of acute, midterm and chronic toxicity data prior
to drug approval, the identification of long-term risks often
happens in phase IV post marketing surveillance.

Ideally, earlier identification of potential risks would
enable the use of evidence-based risk mitigation strategies. In
order to achieve this goal, well-designed, integrated experi-
mental protocols are needed in which time-dependent physi-
ological changes arising from repeated exposure to a drug are
characterized. Such an objective may be hampered by the use
of traditional, empirical toxicology protocols, as they render
the extrapolation of findings across species and across mol-
ecules rather difficult, preventing accurate translation of the
pharmacological properties to man (Bai et al., 2013; Della
Pasqua, 2013). Among other things, differences in sensitivity
and target organ specificity continue to represent drawbacks
for most clinical pathology parameters traditionally used for
monitoring organ integrity both during preclinical toxico-
logical assessment and clinical safety testing (Connelly and
Bridges, 1991). Clearly, efforts are required to ensure the
availability of tissue- and mechanism-specific data for accu-
rate interpretation of acute and long-term safety findings.

In this context, biomarkers can be of great relevance, as
they offer the possibility to discriminate between acute and
chronic treatment effects. Over the last few years, several
novel toxicity biomarkers have emerged as sensitive tools for
detection, monitoring, quantification and prediction of
safety and toxicity (O’Brien, 2008; Xie et al., 2013). Neverthe-
less, little attention has been given to the possibility of evalu-
ating safety and toxicity using a mechanism-based approach
whereby adverse events are assessed taking into account the
underlying  pharmacokinetic-pharmacodynamic  (PKPD)
properties of the molecule (McGonigle and Ruggeri, 2014). In
the current investigation, we show therefore how PKPD mod-
elling can be used to unravel the relationship between
chronic drug exposure, pharmacodynamic effects, and overt
symptoms and signs. The concept is illustrated by the corre-
lation between naproxen concentrations, inhibition of PGE,
and TXB, and gastric ulceration in rats.

Non-selective nonsteroidal anti-inflammatory drugs
(NSAIDs), such as naproxen, act by blocking COX, which
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catalyses the rate-limiting step in the formation of pros-
tanoids from arachidonic acid (Chakraborti etal., 2010).
From a pharmacological perspective, various investigations
have shown that both COX-1 and COX-2 are either consti-
tutive or inducible in specific areas of the stomach of animals
and humans (Morita, 2002; Coruzzi et al., 2007) (Figure 1).
Hence, it can be anticipated that some balance between the
activities of either isoform may be required for normal physi-
ological function. Continuous COX-1 inhibition following
prolonged administration of non-selective COX inhibitors is
known to induce gastrointestinal (GI) adverse effects, espe-
cially ulceration and haemorrhagic bleeding (Loftin et al.,
2002; Whittle, 2004; Wallace, 2008; Takeuchi, 2012). Unfor-
tunately, at present, the dose selection of COX inhibitors
disregards whether maximum, long-lasting blockade of either
enzyme systems is strictly required for anti-inflammatory,
analgesic response and how its pharmacology relates the
observed adverse events (Huntjens et al., 2006). These con-
siderations become essential when evaluating the side effects
associated with long-term use of COX inhibitors, which
include gastric and cardiac adverse events (Solomon et al.,
2004; Schneeweiss et al., 2006).

In spite of known interspecies differences that exist in
Gl-related morbidity (Kargman et al., 1996), we hypothesize
that the characterization of the relationship between markers
of COX inhibition and adverse events enables the prediction
of safety windows for chronic treatment with selective and
non-selective COX inhibitors. In fact, various studies provide
further evidence of a multistage pathogenic mechanism for
NSAID enteropathy by which the topical action of NSAIDs
may initiate mucosal damage (Jackson et al., 2000; Halter
et al., 2001), which is then converted to macroscopic damage
by the concomitant inhibition of COX, with decreased
mucosal PGs, presumably because of their effect on the
microvasculature (Fornai et al., 2014).

In a previous investigation, we have shown how safety
biomarkers can be used in conjunction with general toxicity
protocols to predict the safety window in humans using an
empirically derived safety threshold (Sahota et al., 2014a).
However, safety thresholds such as the no-observed adverse-
effect level (NOAEL) have many statistical and experimental
limitations (Dorato and Engelhardt, 2005; Sahota efal.,
2014b). Here we demonstrate that the use of a mechanism-
based approach enables one to explore different parameteri-
zations of biomarker response and drug exposure, facilitating
the identification of potential (causal) factors associated
with the overall treatment risk. In contrast to traditional
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Figure 1

(Upper panel) Diagrammatic presentation of the processes underlying ulcer healing and factors affecting it. In the intact mucosa, COX-1 is the
predominant COX isoform in the Gl tract. In contrast, during wound healing, the expression of COX-2, rather than COX-1, is strongly increased
in the repair zone. (Lower panel) Gastric effects of non-selective and COX-2-selective NSAIDs in normal or damaged gastric mucosa. The different
effects of non-selective or selective COX-2 inhibition are explained by differences in COX-2 tissue expression (printed with permission from Halter

et al., 2001; Coruzzi et al., 2007).

extrapolation methods such as allometric scaling, which
relies primarily on the point estimates of safe exposures, the
use of hierarchical models can account for the variability in
drug elimination or differences with respect to physiological,
biochemical (e.g. expression of drug-metabolizing enzymes)
and other time-variant factors (e.g. disease). These time-
variant factors are increasingly more important as chronic
interventions are common across most therapeutic areas.

Methods

The present investigation is based on a previously published
general toxicity study in rats by Sahota et al. (2014a), with the
non-selective COX inhibitor naproxen. A detailed description
of the study design, strain of rats, sample collection, and
analysis and PKPD modelling can be found in Sahota et al.
(2014a).

Summary of study design
Three different treatment durations were investigated (1, 2
and 4 weeks). Rats were given daily doses of naproxen by

p-o. gavage. The initial protocol was aimed at evaluating
four cohorts per treatment duration at dose levels of 0, 15, 40
and 80 mg-kg'-day ' naproxen. However, the proposed dose
levels had to be modified during the experimental phase as all
animals receiving 80 mg-kg™ in the 1 week cohort suffered
from moderate weight loss. Subsequent experiments for the 2
week and 1 month cohorts were therefore performed with
7.5, 15 and 40 mg-kg™" doses.

Satellite animals received identical doses to the toxicology
groups and were used to measure plasma drug concentration
(PK) and biomarker (PD) data, namely TXB, and PGE,. Briefly,
the biomarker data were obtained from whole blood ex vivo
assays using LPS and aspirin for the analysis of PGE,, whereas
as a stimulus clotted blood was used for the assessment of
TXB,. These protocols provide evidence of the pharmacologi-
cal effects of COX inhibitors on COX-1 and COX-2 activity
respectively. An optimized composite sampling scheme was
used and sampling took place on days 1, 7, 14 and 28. Details
regarding sample analysis can be found in Sahota et al.
(2014a). Endpoints in toxicology groups included adverse
events, GI histology and terminal PK and PD measurements.
Animals in the toxicology groups were Kkilled at the end of
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their treatment period (1, 2 and 4 weeks). An overview of the
study protocol is depicted in Figure 2. For each treatment
duration, four groups were tested each of which received four
different dose levels (n = 8 animals per dose level in the
toxicology group and n = 24 animals per dose level in the
satellite arm). This resulted in an experimental protocol with
96 animals in the toxicology group and 96 animals in the
satellite group.

The experimental procotol was approved by the
DEC (Dierexperimentencommissie), i.e., the Animal Experi-
mentation Committee of the University of Leiden, The
Netherlands. The protocol procedures were in agreement
with the ARRIVE guidelines for reporting experiments involv-
ing animals (Kilkenny et al., 2010; McGrath et al., 2010) as
well as with the Dutch regulations regarding the use of
animals for scientific research, as defined by the Legislation
on Animal Experiments (Wet op Dierproeven), currently in
force in the Netherlands.

Histology

Histological evaluation of the stomach was performed to
establish a correlation between acute and long-term adverse
events. Immediately after the rats had been killed, the stom-
achs were removed and cut open along the greater curvature
and then washed with warm saline. The inner surface was
photographed to allow the quantification of the area covered

1 week

1 mg-kg™ .

3mgkg™ .

10 mg-kg™ .
© oc10204 1152 8 2;

Time (h)

. DMPK (group 1)

© Samples (DMPK)

@ Toxicology (group 2)

72? Samples (toxicology)

. Satellite (group 3)

. Samples (satellite)

Figure 2

Placebo

7.5 mg-kg™

15 mg-kg™

40 mg-kg™

by haemorrhagic ulceration, which was determined under a
dissecting microscope. Gastric ulceration was measured in
terms of incidence and severity (percentage stomach surface
area affected by ulceration). The software Image J version 1.43
(Abramoft et al., 2004) was used to calculate ulcer area and
total stomach surface area. The person who performed the
ulceration measurement was blinded as to animal identifica-
tion and treatment group.

PKPD model

Naproxen concentrations and biomarker data were analysed
by non-linear mixed effects modelling, as implemented
in NONMEM version 7.2.0. Further details of the model
building, diagnostics and results of the PK and PKPD
analysis are reported elsewhere (Sahota et al., 2014a). Briefly,
the PK of naproxen in plasma was best described by a one-
compartment model with first-order absorption, first-order
elimination and non-linear dose-dependent bioavailability.
Weight was included as a significant covariate on clearance
and volume of distribution. The PKPD models for both bio-
markers, PGE, and TXB, were characterized by direct sigmoid
Imax models. Parameter values, precision estimates and
goodness-of-fit diagnostics are shown in Supporting Informa-
tion Table S1. Model-predicted biomarker levels were used as
input (independent variables) in the analysis of adverse
events.

1week 2weeks 4 weeks

@

—— T "

time

Schematic representation of the design of the experimental protocol. The use of an integrated approach allowed the combination of additional
data from (standard) pharmacokinetic experiments (DMPK experiments). Animals were assigned to different groups according to treatment
duration and dose level. Treatment duration varied between 1, 2 and 4 weeks. For each treatment duration, four groups were tested each of which
received four different dose levels (n = 8 animals per dose level in the toxicology group and n = 24 animals per dose level in the satellite arm, i.e.
3 animals per sampling time point). DMPK = drug metabolism and pharmacokinetic experiments including serial blood sampling.
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Data analysis

Final model parameters describing the incidence of gastric
ulceration and percentage gastric area affected were per-
formed via the numerical integration routine ADVAN13 in
NONMEM 7.2.0 using FOCE with Laplacian estimation. Con-
vergence was determined by successful minimization and
completion of the covariance step. All fitting procedures were
performed on a computer (AMD-Athlon XP-M 3000+)
running under Windows XP with a FORTRAN compiler
(Compagq Visual Fortran, version 6.1). Data processing, man-
agement and graphical display were performed in R (R
Development Core Team, 2014). Model diagnostics and vali-
dation were performed according to graphical and statistical
criteria. Goodness-of-fit plots including observed (OBS)
versus individual prediction (IPRED), OBS versus population
prediction (PRED), conditional weighted residuals (CWRES)
versus time, and CWRES versus OBS were used for diagnostic
purposes (Hooker et al., 2007).

Given the purpose of the study was to discriminate
between acute and long-term effects of naproxen, different
parameterizations were considered to describe the observed
drug effects during the course of treatment. Predicted expo-
sure and biomarker levels for each individual animal were
calculated from the final PKPD model using post hoc empirical
Bayes estimates (using MAXEVAL = 0). Details of the calcula-
tion methods are described in Table 1.

Ulceration model. Because each histological examination was
performed once per animal, no between-subject variability
could be estimated. All random effects are therefore
accounted for with the residual variability structure. Never-
theless, both the incidence and the severity of ulceration
were considered during modelling. Incidence was modelled
as the probability of occurrence of ulceration, U;; at the time
of killing, t;, and severity was modelled as PER,.q;;, the %
gastric surface area affected, when ulceration is observable at
the time of assessment.

Table 1

Calculation of biomarker response and exposure variables

Parameter name
Area under drug concentration versus time profile

Area above biomarker concentration versus time profile

Time under threshold (80% inhibition)

Cumulative area under drug concentration versus time profile

Cumulative area over biomarker concentration versus time profile

Maximum drug concentration over 24 h period
Maximum biomarker inhibition over 24 h period

A logit transformation was used to describe the incidence
of stomach ulcers. The general equation describing the inci-
dence of ulcers is given by equation 1:

EXP(6,+Y 6,C0Vi )
C1+EXP(0,+ ) 0,+COVi)

P(U;,;=1) M

where P(U;;) represents the probability of the presence of
ulceration in individual i at time £. COV;j is the K" covariate
value for individual i and time ;. ©; is a parameter governing
the baseline logit probability and ©y is the coefficient of the
K™ covariate relationship.

For technical reasons, the severity of ulceration (i.e. per-
centage gastric surface area affected) was log transformed. The
base model did not include any covariates on response. As
shown in equations 2 and 3, two fixed effect model param-
eters were used, 6; and 6,, which represent the typical values
of the logit of the probability of ulceration and the severity of
ulceration respectively.

P(Ui’i :1):1E‘Xﬂ )
+ EXP(06,)

PER _ 0, lf U,"/‘ :0 (3)
predi) = {ez, ifU;; =1

10g (PER ps,i,j) = 108 (PER req i j) + €i,j 4)

where PERgpsi; and PERyeq,;,; represent observed and predicted
percentage ulceration, respectively, in individual i at time .
g, is the random effect describing residual variability with
mean O and estimated standard deviation.

Covariates. To explore the relationship between drug expo-
sure, biomarkers and adverse events over the course of
treatment, different secondary pharmacokinetic and pharma-
codynamic parameters expressing systemic exposure and
pharmacological activity were explored as covariates on the
logistic model parameters using the stepwise covariate

Symbol Calculation
t
AUC [ Gt
t-24
AOC ‘
BC,(0)- | BC,at
t=24
t
TUT J.1Bcp<15c,,(0)dt
0
t
CAUC Jcpdt
0 t
cAOC Bcp(O)—J'Bcpdt
0
Cwmax max({Cy(s) : t—24 <s< t})
Cumin min({BCy(s) : t—24 <s< t})

Individual-predicted naproxen concentrations and biomarker levels are denoted by C,(t) and BC.(t) respectively.
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method (SCM) in PsN (Lindbom et al., 2005). The variables
defined in Table 1, in addition to body weight and age, were
tested as potential influential factors on the incidence and
severity of ulceration. Time measured in days (DAY) was also
tested as a covariate and as a surrogate for time-dependent
effects such as healing, tolerance or other mechanisms
influencing ulceration incidence and/or severity. For the per-
centage gastric area affected, PER, the specification of the
covariate relationship was based on the diagnostic plots of
the base model. Linear, exponential and hyperbolic (sigmoid
Enmax) functions were considered during covariate model build-
ing. A hockey stick function was also tested to describe tox-
icity only manifesting above a threshold exposure/biomarker
level. The linear relationship is described by equation 5:

PER _ {O, if U,',,' =0
P8y +(Os.0p * (COV — median(COV))), if Uy =1

©®)
where 6, is population prediction and 6. is the slope of
relationship between parameter and (centred) covariate.

Likewise, an exponential relationship was also evaluated
as described by equation 6:

PER _ Or lf U,'/jZO
Predi] =, # exp(Osiop * (COV — median(COV))), if Uy; =1
(6)

Because data were sparse and maximum effect may not have
been reached, the maximum effect was fixed to 100% during
the evaluation of the sigmoid En.x function, as shown in
equation 7:

01 lf U,",- = O
100 COVY (7)

PERprﬁd,i,i = —  ifU;,; =1
COVsOY +COvY ’ ij

2

where y is an estimated Hill coefficient and COVs, is the
covariate value required to achieve 50% of maximum effect.

Covariate relationships were centred by the median value
of the covariate so that in this case PER,.q;j = 6., as in the
base model. To facilitate covariate testing, COVs, was repa-
rameterized to be a factor 6 of the median covariate value
(equation 8).

COVsyt = Omedian * (COV) 8)

As shown in equation 9, the hockey stick function was imple-
mented according to the following function:

6y,if U;; =0 and COV <Opugesy

PERea,ij =4 01 +(Os.0pr # (COV — Orppies ), )
if U,‘/,‘ =1land COV ZeTHRESH

where 6, is population prediction and 6y, is the slope of
relationship between parameter and (centred) covariate, and
Oruresu 1S the threshold value of the covariate where toxicity
begins.

Covariates were incorporated into the model by stepwise
forward inclusion. A significance level of P < 0.01 was used for
inclusion, which represented a drop of at least 6.63 units in
the objective function for each additional parameter. A final
evaluation of the statistical significance of all factors identi-
fied during the previous step was performed by subtracting
each covariate individually (backward elimination). The final
structural model (i.e., fixed effects model) included only
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those covariates whose subtraction resulted in a decrease of at
least 6.63 units in the objective function (P < 0.01). Finally, to
investigate model uncertainty, a bootstrap SCM was per-
formed using the bootscm option in PsN to estimate covariate
inclusion probabilities (i.e. to estimate model specification
uncertainty).

Model validation. The performance of the ulceration models
was assessed by numerical and visual predictive checks. To
that purpose, 1000 data sets were simulated with the final
model parameter estimates. The mean and the 95% confi-
dence intervals were calculated and displayed for the inci-
dence and percentage gastric area affected. Validation
procedures also included normalized prediction distribution
errors, which are based on the assumption that the normal-
ized (de-correlated) prediction distribution errors (discrepan-
cies) are normally distributed (Comets etal., 2008). One
hundred data sets were simulated using the final model,
which was then tested for the assumption of normality of the
prediction distribution errors.

Results

In total, 80 histological examinations were performed on
toxicology group animals. These revealed gastric ulceration at
all dose levels except for placebo, where no adverse events
were observed. As a consequence, no NOAEL could be
obtained for any of the treatment durations (Figure 3).

It should be noted that despite an initial protocol design
with dose levels up to 80 mg-kg™', dose levels of naproxen had
to be reduced for the 2 week and 1 month cohorts for ethical
reasons. This was due to moderate weight loss observed in all
animals receiving 80 mg-kg' in the 1 week cohort. The
animals in this cohort were immediately killed. The final
protocol was therefore modified for the 2 week and 1 month
cohorts, which received lower doses (7.5, 15 and 40 mg-kg™).
Histological examinations were performed on these animals
and terminal blood samples taken. No other adverse events
were observed.

Logistic models for gastric ulcerations

Empirical analysis of these data revealed some peculiarities in
the data, in that there was no significant dose-response until
week 4. In fact, due to the significantly negative parameter 0,
(in Table 2), the data revealed a possible negative dose-
response relationship before week 4. Moreover, the incidence
of ulcers was much lower in the week 4 cohort than in shorter
treatment durations. Exploratory evaluation of the relation-
ship between naproxen exposure and biomarker levels
instead of dose did not provide further evidence of an appar-
ent relationship.

After an initial attempt to describe the data without the
use of covariates, a clear model misspecification was
observed. As shown in Figure 3, the apparent negative dose—
toxicity relationship for week 1 and week 2 was not replicated
by the final model predictions. An overview of the parameter
estimates for the final model is summarized in Table 2,
whereas Figure 4 shows the model specification uncertainty,
as determined by the results of the bootstrap procedure.
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Figure 3

Plots of the observed and predicted ulcer incidence (top) and severity (bottom). Dots in the upper panel show observed percentage of total
animals in each cohort manifesting Gl toxicity. Ulcer severity was measured as % of stomach area affected by ulceration. The shaded area depicts
the 95% uncertainty in population prediction of the model (dashed lines depict the 50th percentile). The model was unable to describe the
apparent negative dose-response trend observed after short treatment durations (i.e. 1 and 2 weeks), indicating that time-independent,
long-lasting or irreversible processes may appear only after long-term treatment.

British Journal of Pharmacology (2015) 172 3861-3874 3867




T Sahota et al.

Table 2

Logistic model estimates describing ulcer incidence and severity

Parameter

logit(P(Uij = 1)) = 61 + 6,*IMAXpqe,;j + 65*DAY,
6
()
6;

PERyreq,i,j = {
A
Os
Os

Residual variability (proportional error)

01 +(Bs.0pe * (CAUC x5 — Orpipesri))

o, if U;,; =0 and COV <Orpes
if U;,; =1and COV >0rres

Value SEM
-0.226 0.305
0.042 64.8%
-0.066 0.022
0.21% 17.2%
149.9 74%
94.3% 13%
78% 16%

| Incidence
1004
Model Covariate Parameter Value
11 |MAXPGE Bs\upe 0.083
DAY Bs\ups -0.082
754 12 IMAXpge Bsi0pe 0.048
13 none
14 CMAX Bsi0pe 35
50+
25+

Figure 4

Model selection probability (%)

Severity
100 Model Covariate Parameter Value
S1  CAOCrxs  Bivesn 0.95
Bsi0pe 53
S2 CAOCne  Oresn 0.94
Bgi0pe 4.4
759 IMAXpge  Ouope 6.3
S3 CAOCtxs  Oinvesn 0.91
Bsiope 53
DAY Bsope  —1.7
sS4 IMAXpge Bsiope 8.1
50
S5 AUC Bsiope 2.6

254
OI.---
S1 S2 S3 S4 S5

Model specification uncertainty. Bars indicate model selection probability as determined by the bootstrap SCM ordered from most to least
probable. Only the top five most probable models are displayed. A wider, flatter distribution reflects high model specification uncertainty (i.e. two
or more different models may be indistinguishable). The overlaid table in the inset shows numerical details of model selection probability.

The wide, flat distribution reflects high model specification
uncertainty (i.e. two or more different models may be indis-
tinguishable). In addition, stepwise model building com-
bined with bootstrap methods showed a possible negative
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correlation between the incidence of ulceration and treat-
ment duration, indicating an acute effect dissipating over
time (Figure 5). By contrast, upon incorporation of this time-
dependent effect into the final model, the overall fit
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Figure 5

Visual predictive checks. The upper panel depicts the prediction distribution for the incidence of ulcers by dose level. Observed incidence is
highlighted by the red lines whereas dashed lines represent the 90% prediction intervals (Pls). Of the eight groups, one would expect on average
one group to fall beyond the 90% Pls, which is in line with the observed results. Ulcer incidence is determined as the observed percentage of total
animals manifesting Gl toxicity. The lower panel shows ulceration severity against predicted normalized exposure for different variables of interest
(AOC = area above biomarker concentration vs. time profile; CAUC = cumulative area under the concentration vs. time profile). The shaded area
represents the 95% PI; dots depict the actual data. PK = naproxen concentrations.
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Differences in the sensitivity of explanatory variables describing the relationship between drug exposure/biomarker levels and adverse events as
determined by the incidence of ulcers and ulceration severity. Dashed lines represent the median profile of simulated values using the final model,
whereas shaded area represent the 95% prediction intervals. See text for details on the units of the independent variables (x-axis). Based on
statistical criteria, it appears that maximum inhibition of PGE, was the best predictor of adverse event incidence. However, cumulative TXB,
inhibition was found to be the best explanatory variable for the severity of ulceration. Given the degree of model uncertainty, a note of caution

is required before assigning clinical meaning to these covariates.

improved (Figure 6). Cyax and AUC were shown not be the
primary drivers of toxicity, although these parameters may be
considered indirectly correlated with risk.

Discussion and conclusions

Model-based evaluation olf safety
pharmacology and toxicology data

Current practices in toxicology and safety pharmacology rely
on the concept of thresholds of drug exposure (e.g. NOAEL)
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as a proxy for the risk of adverse events, which are treated in
a mechanism- and time-independent manner. The disadvan-
tage of such an approach is that long-term toxicity can
become conflated with acute toxicity, which in turn could be
mitigated or related to entirely different physiological mecha-
nisms (Blantz, 1996; Dom et al., 2012). Another hurdle to
overcome in the assessment of risk is that general toxicity
studies are not designed to characterize the relationship
between drug exposure and toxicity, but rather to explore the
boundary between therapeutic and toxic exposures (Josa
et al., 2001). As such, data can be uninformative with respect
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to understanding the causal factors and underlying mecha-
nisms associated with unwanted pharmacological effects.
Clearly, these inefficiencies in experimental protocol design
also violate the principle of the 3 Rs (reduction, refinement
and replacement) and ultimately contribute to biased conclu-
sions about the long-term benefit-risk ratio of an intervention
(Balls, 1994). By contrast, the use of a model-based approach
provides the opportunity to integrate safety and toxicity data
and assess in a strictly quantitative manner the contribution
of influential factors, namely drug exposure and biomarkers
of pharmacological activity to potential adverse events
(Danhof et al., 2005; 2008; Bai et al., 2013).

From a methodological perspective, general toxicology
studies represent a challenge for model-based analysis
because sparse pharmacokinetic data derived from satellite
animals need to be linked to adverse event data, which are
also typically sparse. In addition, lack of individual exposure
profiles often prevents further evaluation of the role of rel-
evant physiological or pathophysiological measures, such as
biochemistry, haematology or biomarker data as influential
covariates on treatment outcome. Typical experimental pro-
tocols in toxicology research yield therefore less informative
data sets, as compared with studies aimed at the characteri-
zation of PKPD relationships, which are now commonly used
in early drug development (Knight, 2007).

An important aspect of our analysis was therefore to show
that without major modification to existing general toxicity
protocols, it is possible to explore and eventually elucidate
the causal relationship between drug administration, expo-
sure, and the incidence and severity of adverse events asso-
ciated with chronic therapy. In addition to the integrated
analysis of pharmacokinetic, pharmacodynamic and toxicity
data, here we have highlighted that the lack of NOAEL (due
to the presence of adverse events at all tested dose levels) has
not prevented us from further characterizing the exposure—
adverse event relationships. The main modifications con-
sisted of the additional collection of biomarker data from
animals and the choice to treat histological observations as a
continuous data type. The incorporation of biomarkers into
the assessment of long-term toxicity enabled us to further
understand time dependencies and nonlinearities in down-
stream effects related to the primary pharmacological target
(Huntjens et al., 2010).

Mechanism-based analysis of long-term
safety and toxicology data

The present analysis suggested that the ulcerative effect is
acute and diminishes with sustained long-term exposure. In
addition, Cyxx and AUC were not selected features of the final
model, although these parameters may be indirectly corre-
lated with risk. Our attempt to establish a relationship
between drug exposure/biomarker levels and adverse events
revealed clear differences in the sensitivity of explanatory
variables used to describe the incidence of ulcers and ulcera-
tion severity. Out of tested relationships, the maximum inhi-
bition of PGE, (IMAXysr) was the best predictor of adverse
event incidence, with the bootstrap SCM showing low model
uncertainty. On the other hand, cumulative TXB, inhibition
(CAOCixs) was found to be the best explanatory variable for
the severity of ulceration (Figure 6). Other physiologically
plausible explanatory factors such as maximum PGE, inhibi-

tion or DAY (treatment duration) were found to be fraught
with significant model uncertainty. Physiologically, it is plau-
sible that the ulcerative effect of naproxen primarily reflects
the blockade of tissue damage repair by COX-2 (Brzozowski
et al., 2001), whereas the severity of ulcerations may poten-
tially be linked to the antiplatelet (i.e. COX-1 dependent)
prostanoid inhibition in the GI tract (Capone et al., 2007).

PKPD relationships as a translational factor
for the evaluation of risk in humans

It is important to emphasize that for the GI toxicity, animal
data are not easily translated to humans. In humans, it is still
unclear what clinical end point is best related to the inhibi-
tion of prostanoid biosynthesis in the GI tract and which
isozyme is involved. The results of randomized clinical trials
together with the knowledge of the impact of the different
drugs on COX-1 and COX-2 activity at therapeutic doses
(using human whole blood assays ex vivo) suggest therefore
that gastroduodenal lesions develop as a consequence of per-
sistent, moderate inhibition of mucosal COX-1 activity in a
large proportion of exposed patients, while bleeding compli-
cations occur as a result of transient, high-grade inhibition
of platelet COX-1 in a very small percentage of exposed
patients.

Randomized clinical trials with coxibs versus traditional
NSAIDs have focused mainly on three classes of clinical end
points (Rostom et al., 2007; Higuchi et al., 2009). First, GI
symptoms such as dyspepsia, which have a poor signal-to-
noise ratio and for which the COX-1 dependence of the
signal is uncertain. In addition, these symptoms also fail to
correlate with the presence of detectable GI lesions. Second,
endoscopically detectable lesions, which are largely COX-1
dependent and have a favourable signal-to-noise ratio.
However, it remains uncertain whether they are reliable pre-
dictors of serious GI complications. Third, serious GI compli-
cations (i.e. perforation, ulcer and bleeding; perforation,
obstruction and bleeding). These measures have an uncertain
signal-to-noise ratio because of lack of adequately sized
placebo-controlled studies. Moreover, the haemorrhagic
nature of the most prevalent component of these combined
endpoints makes it likely that they reflect primarily GI com-
plications related to inhibition of platelet by COX-1.

Taking into account the points mentioned above, it
becomes clear that the relationship between chronic expo-
sure and the incidence and severity of adverse events should
be considered a critical but not sufficient requirement to
predict safety and toxicity in humans. Therefore, PKPD
models need to be parameterized in such a way that it is
possible to discriminate between drug-specific and system-
specific parameters. Understanding of pharmacokinetic dif-
ferences in conjunction with detailed information on
potential system-specific differences, such as varying meta-
bolic capacity, is sine qua non conditions to translate and
accurately interpret safety findings (Zuideveld et al., 2007;
Chain et al., 2013). Even when estimation of such parameters
may be impractical, inferences can be made about their mag-
nitude. Undoubtedly, a mechanism-based approach is likely
to yield more reliable predictions than the currently accepted
use of empirical cover or safety margin which disregard any
possible pharmacological basis for both observed and unob-
served adverse events. In fact, the role of COX inhibition in
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the characterization of NSAID-induced adverse events was
recently investigated by Mass6 Gonzélez et al. (2010), who
describe the relationship between the degree of inhibition of
whole blood COX-1 and COX-2, the maximum plasma con-
centration (Cmax) of individual NSAIDs, and relative risk of
upper GI bleeding/perforation in humans. Drugs that have a
long half-life or slow-release formulation and/or correlate
with profound and coincident inhibition of both COX
isozymes were found to be associated with a greater risk of
upper GI bleeding/perforation.

Whereas the experimental results for naproxen seem to
concur with the conclusions drawn by Mass6 Gonzalez et al.
(2010), formal extrapolation of our findings requires further
information on system-specific properties, including poten-
tial differences in gastric mucosa susceptibility to ulceration
and expression and activity of isozymes during maintenance
and repair processes. Rats appear to be more susceptible to GI
toxicity than humans and show gender-specific differences in
ulceration, so any prediction without correcting for such
differences is therefore likely to overestimate risk (Urushidani
etal., 1978; Lanza et al., 1979). In addition, we have shown
that multiple models with different explanatory variables
meet the statistical criteria used for fitting procedures. These
apparently conflicting findings can be interpreted as model
uncertainty due to design or even imprecision in parameter
estimation. On the other hand, these same results can also be
considered hypotheses generating (i.e., they shed light into
the possible or even plausible combination of mechanisms
underpinning the causal path(s) between drug exposure and
toxicity). This latter aspect is essential for extrapolating data
from animals to humans. In fact, in a study performed by
Huntjens et al. (2006), the authors conclude that the main
determinant of the primary anti-inflammatory, analgesic
effect is the degree of target engagement at the tested dose
ranges, as defined by the inhibition of PGE, and TXB..

Potential limitations

Unfortunately, our investigation is just a first step into the use
of a pharmacologically based approach to the evaluation of
adverse events. This work does not address differences
between the occurrence of adverse events in animals versus
humans. This is a weakness that applies to any analysis of
these data regardless of whether it is based on PKPD model-
ling or traditional safety thresholds (e.g. NOAEL). We antici-
pate that to address this limitation, systematic, integrated
analysis of drug effects in vitro, in animals and humans is
required. Such an analysis implies access to data from differ-
ent doses and compounds, so that one can discriminate
between drug- and system-specific properties.

We also wunderstand that establishing correlations
between clinical and preclinical data would be useful to
support claims about the predictive value of the approach.
However, this would also imply establishing the sensitivity
and specificity of the endpoints, including a range of com-
pounds, rather than a single drug. Our initial intent was
therefore to show that any attempt to translate or predict
drug effects in humans requires careful consideration of the
PKPD relationships of the adverse events of interest. In addi-
tion, we realize that the logistic models proposed here are
empirical in nature, but we believe that such a parameteriza-
tion may not necessarily undermine its use prospectively.
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Fully mechanistic models (i.e. systems biology type of
models) will be possible only for known targets and mol-
ecules which have already been widely tested. For novel
chemical and biological entities, understanding of the
mechanisms underlying adverse events is very limited, and in
most cases unknown at the time safety pharmacology and
toxicology protocols are implemented. This issue will remain
even when modelling techniques are applied (Nyman et al.,
2012). The difference, however, is the possibility to identify
drug- (CL, Vd) or system-specific properties (e.g. ICsy, Inax)
that can be generalized and/or scaled across species. The
merit of this work is therefore to show that markers of phar-
macological activity can be treated as explanatory variables
for adverse events. These findings can be used in conjunction
with allometrically scaled pharmacokinetic data to explore
the implications of such effects in humans.

The current manuscript is a first step towards a more
pharmacologically based approach for the evaluation of tox-
icity. The limitations of the modelling exercise presented here
are mostly due to the nature of the data package available
during (early) preclinical evaluation (i.e. the types of experi-
mental protocols currently used in safety pharmacology and
general toxicology). We acknowledge that the absence of
ulcerations in vehicle-treated animals and the lack of addi-
tional cohorts with lower exposure levels may represent a
weakness in our investigation. True baseline rates for ulcera-
tion could not be factored into the analysis, nor was it pos-
sible to accurately establish the adverse event rates at lower
doses. We also recognize that adopting a different modelling
approach to link the probability of adverse effect with the
time course of the selected biomarkers and unobserved tissue
repair mechanisms may provide further insight into the
drivers of toxicity, more specifically ulceration and bleeding
(Motsko et al., 2006). However, this approach would require a
much more labour-intensive protocol design, including
destructive sampling at different intervals to ensure sufficient
data are available on the time course of biomarkers and tissue
repair status.

In summary, the findings of this study demonstrate the
feasibility and potential benefits of a model-based approach
for the evaluation of chronic safety pharmacology and tox-
icity. The present work has shown that even for relatively
frequent adverse events, model uncertainty can be significant
and therefore one should quantify it. This probably arises
from the fact that toxicity studies are generally designed
to find safety windows and not to explore the entire
exposure-adverse event profile. Moreover, the availability of
PKPD relationships may allow us to make inferences about
untested doses and dosing regimens, providing an opportu-
nity for risk mitigation, even before obtaining experimental
clinical data.
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