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tissue is several times higher in vitro than in vivo. In con-
sequence, when extrapolating from in vitro to in vivo liver 
toxicity, it is important to consider non-intended in vitro/in 
vivo differences in the tissue concentration which may 
occur due to a low protein content of the medium.

Keywords  In vitro–in vivo extrapolation · Reverse 
dosimetry · Role of protein binding in modeling

Introduction

In vitro methods have been increasingly used to character-
ize pharmacological and toxicological properties of sub-
stances. This development is in part driven by the societal 
demand to respect animal protection in scientific research 
as much as possible (Directive 2010/63/EU on the pro-
tection of animals used for scientific purposes, European 
Commission, 2010, updating the Directive 86/609/EEC, 
Commission, 1986). The use of non-animal testing (e.g., 
read across strategies, available in vitro and in silico meth-
ods) has been repeatedly asked in many regulations in the 
European Union (EU), including the REACH (Registra-
tion, Evaluation, Authorization and Restriction of CHemi-
cals) legislation; it is stipulated to avoid animal experi-
ments whenever possible (Annex XI of Regulation (EC) 
No. 1907/2006, REACH).

In the past, identification of properties and hazard has 
been the focus of in  vitro studies (Bessems et  al. 2014). 
With the legislation banning animal testing for cosmetics 
and avoiding animal studies whenever possible, in  vitro 
studies with the only aim of hazard assessment are not an 
option anymore. However, data are requested to enable risk 
assessment which requires deriving a dose–response rela-
tionship from in vitro toxicological studies. In this context, 

Abstract  A physiologically based human kinetic model 
(PBHKM) was used to predict the in vivo ibuprofen dose 
leading to the same concentration–time profile as measured 
in cultured human hepatic cells (Truisi et al. in Toxicol Lett 
233(2):172–186, 2015). We parameterized the PBHKM 
with data from an in  vivo study. Tissue partition coef-
ficients were calculated by an algorithm and also derived 
from the experimental in vitro data for the liver. The pre-
dicted concentration–time profile in plasma was in excel-
lent agreement with human experimental data when the 
liver partition coefficient was calculated by the algorithm 
(3.01) demonstrating values in line with findings obtained 
from human postmortem tissues. The results were less 
adequate when the liver partition coefficient was based 
on the experimental in vitro data (11.1). The in vivo doses 
necessary to reach the in  vitro concentrations in the liver 
cells were 3610 mg using the best fitting model with a liver 
partition coefficient of 3.01 compared to 2840 mg with the 
in vitro liver partition coefficient of 11.1. We found that this 
difference is possibly attributable to the difference between 
protein binding in vivo (99.9 %) and in vitro (nearly zero) 
as the partition coefficient is highly dependent on protein 
binding. Hence, the fraction freely diffusible in the liver 
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it is important to translate the in vitro concentration–effect 
information into in vivo dose–effect relationship. This is a 
crucial step for using the latter information for quantitative 
risk assessment.

In addition, several authors in the past years have given 
examples that in the in  vitro system, the concentration to 
which cells are exposed is different from the nominal con-
centration (Gülden et al. 2001; Gülden and Seibert 2003). 
Hence, in a recent review it is recommended measuring 
the concentration–time course in the in vitro system and to 
determine corresponding in vitro kinetics for the identifica-
tion of the actual toxic concentration in the in vitro system 
and its relevance in the in vivo context (Adler et al. 2011; 
Groothuis et al. 2015). Indeed, the use of in vitro toxicity 
data for the risk assessment of a chemical highly depends 
on the relevance of the in vitro-derived data and the pos-
sibility for the in vitro–in vivo extrapolation (Kramer et al. 
2015). It has been shown that differences between in vitro 
effects and those observed in vivo may exist in drug devel-
opment where the need has become evident to improve 
prediction to avoid high attrition rates in the late process 
(e.g., Smith et al. 2010). Recently, we have described dis-
crepancies of carcinogen-induced gene expression altera-
tions in rat liver and cultivated hepatocytes comparing the 
in vivo with the in vitro results. Those discrepancies were 
explained by the different concentration–time courses 
in  vitro and in  vivo (Schug et  al. 2013), emphasizing the 
necessity to measure the in vitro biokinetics as indicated by 
Kramer et al. (2015).

The process by which the in  vitro concentration–time 
course is then translated into the in vivo situation is called 
‘reverse dosimetry’ or quantitative in vitro–in vivo extrap-
olation (QIVIVE; Bessems et  al. 2014). In this regard, 
in  vitro biokinetic studies complementing toxicity test-
ing were recently reported from an EU FP7 Project (Pre-
dict IV) on a number of model compounds among which 
are amiodarone (Pomponio et al. 2015a, b), cyclosporin A 
(Bellwon et al. 2015) and ibuprofen (Truisi et al. 2015).

In this paper, we report on the quantitative in  vitro–in 
vivo extrapolation starting with ibuprofen concentra-
tion–time data in the supernatant and in hepatic cells in an 
in vitro model with primary human liver cells as reported in 
Truisi et al. (2015).

Materials and methods

We used a physiologically based human kinetic model 
(PBHKM) representing the features relevant for simulat-
ing the concentration–time profile of ibuprofen in blood 
and tissues of an adult male. The details of the basic model 
and the physiological parameters used to represent a male 
individual have been described elsewhere (Abraham et al. 

2004; see Table 1). The model includes eight organs/tissues 
as well as arterial and venous blood (Fig.  1). The organs 
are connected via blood flows, and the circulation system is 
closed via the lung and the heart. 

Ibuprofen is a nonsteroidal anti-inflammatory drug with 
a low molecular weight (molecular weight 206.27 mol/g), 
and tissue membranes do not represent a significant barrier 

Table 1   Parameters of the PBHKM used

a  Greenblatt et al. (1984)
b  Calculated according to Schmitt (2008)
c  Calculated from the in vitro data in Truisi et al. (2015)
d  Cristofoletti and Dressman (2014)

Physiological dataa, b Standard Alternatives

Cardiac output (Qc) (l/h) 390

Body weight (bw) (kg) 73 79a (for model evaluation)

Blood flow through the organs (l/h)

 Adipose tissue 19.5

 Liver 99.5

 Brain 46.8

 Kidney 74.1

 Muscle 65.8

 Other organs 65.5

 Skeleton 7.8

 Skin 10

Organ volumes (l)

 Adipose tissue 18.2

 Liver 1.8

 Brain 1.45

 Kidney 0.31

 Muscle 0.4 bw

 Vessel-rich tissue 3.8

 Skeleton 9.3

 Skin 0.037 bw

Substance-specific data

 Molecular mass (g/mol) 206.29

Partition coefficients

 Fat/blood 0.52

 Liver/blood 3.01b 11.1c

 Brain/blood 2.9

 Kidney/blood 2.42

 Muscle/blood 0.31

 Other tissue/blood 3.01b 11.1c

 Skeleton/blood 0.32

 Skin/blood 0.78

Clearance (l/h) 0.06 kg bwa 3.6c

Absorption half-life 
(min)d

20

Extent of absorption (% of 
the dose)d

100

Protein binding (%)d 99.9
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to distribution of ibuprofen as indicated by its in vivo vol-
ume of distribution of 0.17 l/kg bw (Greenblatt et al. 1984). 
Hence, its distribution is best described by perfusion rate-
limited kinetics. Ibuprofen is highly protein bound (99 %; 
Cristofoletti and Dressman 2014) which is relevant for the 
partitioning between blood and tissues.

The rate of change of concentration is described by 
the equation VT

d

dt
CT = QT(CA − CVT ) in non-metaboliz-

ing tissues and by VT
d

dt
CT = QT(CA − CVT )− RAM in 

metabolizing tissues, where VT denotes the volume of tis-
sue T, CT the concentration in tissue T, QT the blood flow 
through tissue T, and CA the concentration in the arterial 
blood. CVT =

CT

PT
 describes the concentration in the venous 

blood leaving the tissue, with PT as the tissue: blood parti-
tion coefficient. Excretion of ibuprofen (RAM) was mod-
eled by metabolism in the liver via constant clearance. 
Other tissue compartments were regarded as non-metabo-
lizing. Input was by the oral route (Fig. 1).

For calculation of the partition coefficient (PT) the 
algorithm of Schmitt (2008) was used. This algorithm is 
based on physiological considerations concerning the fac-
tors influencing the partitioning between the molecules in 
plasma and in the cell considering that it is the concentra-
tion of the unbound fraction in plasma water and in the 
intracellular water which is in equilibrium. Binding to 
plasma proteins can be considered as substance concentra-
tion independent as the number binding sites on the main 
plasma protein albumin is infinitively large, compared to 
the molar concentration of the drug or chemical in question 
as long as the plasma albumin concentration remains in the 

normal range. There are exceptions when binding occurs to 
specific plasma proteins, which is not known for ibuprofen 
which is bound to albumin only. Also for the binding of a 
substance in a given tissue, it can generally be assumed to 
be determined by unspecific binding and the partition coef-
ficients can be considered concentration independent in the 
concentration range which is of biological relevance. The 
main constituents in the cell which contribute to the bind-
ing are proteins and lipids, whereby it is to be distinguished 
between neutral lipids and phospholipids, the latter being 
further subdivided into those which possess an overall neu-
tral head group with two oppositely charged moieties, and 
those carrying only the negative charge of the acidic phos-
phate group. It is also important to consider that only the 
uncharged fraction of the molecules can freely diffuse and 
this can be taken into consideration the different pH in the 
plasma and intracellular and applying the Hendersen–Has-
selbalch equation.

The algorithm developed by Schmitt (2008) uses for 
every tissue the tissue-specific composition for water, pro-
teins, neutral lipids and phospholipids and considers pH 
dependency. The algorithm captures only physical processes 
of the distribution which depend on the physicochemical 
properties of the drug or chemical in question. The algo-
rithm does not capture a transport process by transporter 
proteins against a concentration gradient. However, the pre-
dictions using the algorithm are similar to the experimen-
tal results as shown in the publication (Schmitt 2008). The 
algorithm is also recommended as one of the helpful and 
usable tools for prediction of partition coefficient between 
blood and tissues in report on a joint EPAA–EURL ECVAM 
ADME workshop (Bessems et al. 2014). Details on concept 
and the formulas used are found in Schmitt (2008). The 
tissue/blood partition coefficients were calculated using 
logP = 2.23 (Hansch et al. 1995) and a pKa of 4.5, and a 
nonprotein-bound fraction of 0.01 (see Table 1).

In an alternative approach, the concentration in the 
cell lysate and the supernatant as reported by Truisi et al. 
(2015) was used to calculate the liver tissue/blood partition 
coefficient, whereby cell lysate and the supernatant were 
taken to represent the liver tissue and the blood, respec-
tively. The concentrations per well, as given in the refer-
ence, were transformed to concentrations in µM taking into 
consideration the well volume of 2 ml for the supernatant 
and a cell volume of 8 µl for the cell lysate and a number of 
2 × 106 cell per well (see supplementary material in Truisi 
et  al. 2015). The ratio was calculated for the concentra-
tions at the different time points, where measurements were 
done, and the mean of the ratios was taken. In a similar 
way, the ratio of the concentrations in the hepatic cells and 
the supernatant was calculated for primary rat hepatocyte 
cultures and for Hepa RG cell cultures.

Fig. 1   Structure of the model
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In order to evaluate what influence the protein binding 
would have on the calculated distribution between liver tis-
sue and blood, we calculated the liver tissue/blood partition 
coefficient by setting the nonprotein-bound fraction of ibu-
profen on values between 0.01 and 1.0.

The clearance was (1) taken from Greenblatt et  al. 
(1984) who performed an in  vivo study in human volun-
teers and (2) calculated from the publication of Truisi et al. 
(2015) (see Table 1). The oral absorption half-life was esti-
mated to be 20 min, using data published by Cristofoletti 
and Dressman (2014). The extent of absorption by the oral 
route was set to 100 % (Cristofoletti and Dressman 2014).

Simulation was performed using MATLAB (version 
R2015b). As results of the simulation, we obtained the con-
centration–time profiles.

Evaluation of PBHKM was performed by comparing 
the simulation results with plasma concentration–time data 
obtained in an elderly volunteer after oral intake of a single 
dose of 600 mg ibuprofen as reported by Greenblatt et al. 
(1984). In this evaluation process, we used the hepatic par-
tition coefficient calculated by the algorithm of Schmitt 
(2008) and alternatively determined the coefficient by 
using the experimental in vitro data. Accordingly, we used 
alternatively in vivo data and in vitro data for the calcula-
tion of clearance data (Table 1).

To determine the in vivo dose generating the same con-
centration–time profile as in the in vitro study for both the 
concentrations in the supernatant and in the liver cells, we 
simulated the concentration–time profile in an iterative pro-
cess using different doses. For scaling the dose, we took the 
concentrations measured at different time intervals in the 
supernatant and the human hepatic cells from the publica-
tion of Truisi et al. (2015). The decision for the optimized 
dose was made by comparing the sum of squared (SSQ) 
differences in each observation from the predicted concen-
tration–time profile of different doses and taking the dose 
with the lowest SSQ, respectively. In a second series, we 
determined the dose which best fitted the concentrations in 
the human hepatic cells because this is the relevant metric 
related to hepatic toxicity measured at different time inter-
vals (Truisi et al. 2015).

Results

Model evaluation

In the evaluation step, we first used the tissue/blood parti-
tioning coefficient calculated by the algorithm of Schmitt 
(2008) of 3.01, the in  vivo protein binding of 99  % with 
a fraction of non-protein-bound (fu) ibuprofen of 0.01 and 
the in vivo clearance published by Greenblatt et al. (1984) 
of 0.06  kg  bw (L/h) (corresponding to 79  ml/min). We 

predicted the concentration–time profile in the blood and in 
the liver for the 600 mg dose and body weight of 79 kg as 
reported for the volunteer (presented in Fig. 1 in the publi-
cation of Greenblatt et al. 1984). To evaluate the goodness 
of the prediction, we compared the simulated concentra-
tion–time profile in blood with the concentration–time data. 
Figure 2a illustrates the outcome which confirms the valid-
ity of the PBHKM and the parameters we have applied. 

Using in vitro data instead of in vivo data

In a second step, we used the ratio of the in vitro concentra-
tion in the hepatic cell lysate and in the supernatant as the 
partition coefficient of liver tissue/blood for the modeling 
which is 11.1. The simulated concentration–time profile did 
not fit well with the experimental data (Fig. 2b). Compar-
ing the SSQs for the distance between experimental and 
modeled data demonstrated clearly that the simulation with 
the calculated liver tissue/blood partitioning coefficient fit-
ted the experimental data better.

It is to be noted that the ratio of the in vitro concentra-
tion in the hepatic cell lysate and in the supernatant is 24.1 
for primary rat hepatocyte cultures and 6.6 for Hepa RG 
cell cultures.

When we evaluated the influence of the nonprotein-
bound fraction (fu) on the in silico predicted liver/blood 
partition coefficient, it became obvious that with increas-
ing fu, the liver/blood partition coefficient increased. For 
example, for a fu of 0.01, the ratio was 3, for fu of 0.035, 
the ratio was 10, and in the case that no protein binding was 
present (fu = 1), the ratio was 296.

Concerning the clearance, the results did not differ 
noticeable when we used the in  vitro clearance instead 
of the in  vivo value (not shown) which was anticipated 
because the clearance values were similar.

Dose finding

To determine the dose which would lead to the same 
in vivo concentrations in humans in plasma and liver as in 
the in vitro experiment in the supernatant and the hepatic 
cells, we used the in vitro clearance and the in vitro hepatic 
tissue: supernatant partition coefficient. It is obvious that 
the concentration–time profile up to 3 h was in line with the 
experimental data, whereas the last data point (at 24 h) was 
higher than estimated by the prediction (Fig. 3). It should 
be mentioned that the data point at 24  h is characterized 
by high uncertainty as it represents the mean value of three 
measurements of which two measurements were below 
the level of detection (Truisi et al. 2015). We changed the 
dose in steps of 10  mg given into the human system and 
compared the SSQs for the different doses. The dose which 
gave the lowest SSQ was 2340 mg (Table 2). 
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It should be noted that the dose of 2340 mg was found 
with the in  vitro partition coefficient between hepatic 
cells and supernatant of 11.1 which is 3.67-fold higher 
than the validated calculated value of 3.01. Therefore, 
we have undertaken dose optimization by targeting the 
concentration in the liver, the target for toxicity by using 
(1) the same parameters as in the validation step (tissue/
blood partitioning coefficient calculated by the algorithm 
of Schmitt 2008), the in vivo protein binding of 99 % with 
an unbound fraction (fu) of 0.01 and the in vivo clearance 
published by Greenblatt et al. (1984)) and (2) the in vitro 
clearance and the in vitro hepatic tissue: supernatant par-
tition coefficient. The dose with the lowest SSQ was 
3610  mg for the situation (1) and 2340  mg for situation 
(2), the same dose as found when the concentrations in 
both the supernatant and in the liver cells were used for 
scaling (Fig. 4a, b).

Discussion

The current paper describes the reverse dosimetry for ibu-
profen for which measured concentration–time data were 
available from an in  vitro study in a human hepatic cell 
model.

In a first step, the PBHKM, we had constructed, was 
assessed by comparing the modeled plasma concentration–
time profile with data from an in  vivo pharmacokinetic 
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Fig. 2   a Model-based simulated concentration–time profile in blood 
and liver compared to experimental in vivo data taken from the liter-
ature to assess the performance of the model. Condition: hepatic tis-
sue/blood partition coefficient calculated by the algorithm of Schmitt 
(2008) of 3.01; clearance of 0.06 kg bw L/h calculated from in vivo 
data (Greenblatt et  al. 1984) compared with the blood concentra-
tion–time data of one volunteer taken from Fig. 1 in Greenblatt et al. 
(1984). b Model-based simulated concentration–time profile in blood 
and liver compared to experimental in vivo data taken from the litera-
ture to assess the performance of the model. Condition: hepatic tissue/
blood partition coefficient of 11.1 derived from the in vitro data (con-

centration in human hepatic cells/concentration in the supernatant); 
clearance of 3.6  l/h calculated from the in  vitro concentration–time 
data (Truisi et al. 2015) compared with the blood concentration–time 
data of one volunteer taken from Fig.  1 in Greenblatt et  al. (1984). 
The concentration–time profile in blood is in better agreement with 
the experimental data if the hepatic tissue/blood partition coefficient 
is 3.01 (as calculated by the algorithm of Schmitt 2008). The dose 
was 600 mg and the weight of the subject 79 kg as in Greenblatt et al. 
(1984). Solid orange line predicted concentration in the arterial blood; 
dashed blue line predicted concentration in the liver; blue dots concen-
trations over time measured in a human volunteer (color figure online)
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Fig. 3   Optimized dose in reverse dosimetry with optimization for 
concentrations both in the supernatant (small black symbols) and in 
the human hepatic cells (large blue symbols) using the in vitro param-
eters. Condition: hepatic tissue/blood partition coefficient of 11.1 
derived from the in vitro data (concentration in human hepatic cells/
concentration in the supernatant); clearance of 3.6 L/h calculated from 
the in vitro concentration–time data (Truisi et al. 2015). Solid orange 
line predicted concentration in the arterial blood; dashed blue line pre-
dicted concentration in the liver; small black dots concentrations over 
time measured in the supernatant; large blue dots concentrations over 
time measured in human hepatic cells (color figure online)
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experiment in humans. The modeling outcome showed 
an excellent conformity with the experimental data. This 
established confidence in the model when using a parti-
tion coefficient between hepatic tissue and blood calculated 
by an algorithm based on physicochemical properties of 
chemicals and the tissue composition (Schmitt 2008) and 
by using in vivo clearance data (Greenblatt et al. 1984). It 
was interesting to note that the partitioning between hepatic 
tissue and blood was different when calculated by the 
algorithm of Schmitt (2008) compared to calculating the 
partitioning using the in vitro data of Truisi et  al. (2015). 
Using in  vitro partition coefficient calculated as the cell/
supernatant ratio to predict the concentration–time profile 
in vivo turned out not to be in conformity with the experi-
mental in vivo data. In addition, the relevance of the value 

calculated by an algorithm for the partitioning between 
liver tissue and blood was supported by postmortem data 
obtained in a human subject who committed suicide with 
an overdose of ibuprofen (Kunsmann and Rohrig 1993). In 
this subject, the ratio between the ibuprofen concentrations 
measured in the liver and in the blood of the arteria femo-
ralis was 2.7.

We evaluated possible causes for this finding and found 
that a plausible explanation might be a difference in the pro-
tein binding and hence the fraction of unbound ibuprofen. 
Only the nonprotein-bound, free concentration is in equi-
librium with the free concentration in the tissue (Pelkonen 
et  al. 2008; Smith et  al. 2010). Between the in  vivo situ-
ation and the experimental conditions in  vitro, there is a 
difference in the protein content in the blood, in particular 

Table 2   In vitro cytotoxicity data from literature

Cell line 50 % inhibition of cell growth in 
culture (mM)

Concentration with 10 % cytotox-
icity (mM)

References

L, of mouse subcutaneous tissue 
origin

0.89 Mukaide and Kameyama (1975a)

Embryonic skin and muscle from 
humans

0.7 Mukaide and Kameyama (1975b)

EK 12 0.63 Mukaide and Kameyama (1975c)

EL 0.61 Mukaide and Kameyama (1975c)

Primary rat hepatocytes 0.1 Truisi et al. (2015)

Primary human hepatocytes 1 Truisi et al. (2015)
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Fig. 4   Comparison of the outcome for reverse dosimetry for the tar-
get organ liver using the in silico parameters versus using the in vitro 
parameters for the modeling. a Optimized dose in reverse dosim-
etry with optimization for concentrations in the target organ of tox-
icity (liver). Condition: hepatic tissue/blood partition coefficient 
of 3.01 calculated by the algorithm of Schmitt (2008); clearance of 
0.06 kg bw calculated from in vivo data (Greenblatt et  al. 1984). b 
Optimized dose in reverse dosimetry with optimization for concen-
trations in the target organ of toxicity (liver). Condition: hepatic tis-

sue/blood partition coefficient of 11.1 derived from the in vitro data 
(concentration in human hepatic cells/concentration in the superna-
tant); clearance of 3.6 l/h calculated from the in vitro concentration–
time data (Truisi et al. 2015). Solid orange line predicted concentra-
tion in the arterial blood; dashed blue line predicted concentration in 
the liver; small black dots concentrations over time measured in the 
supernatant; large blue dots concentrations over time measured in 
human hepatic cells (color figure online)
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albumin which is the binding protein for ibuprofen, and the 
content of protein in the media used for the in vitro cultiva-
tion (Williams’ E medium and the GeltrexTM, which was 
applied in serum-free culture media). The influence of a 
lower protein binding in plasma/cultivation medium on the 
partition coefficient was shown with the theoretical calcula-
tions using the Schmitt algorithm and showed an increasing 
tissue/cellular concentration with decreasing protein bind-
ing and an increase in the free fraction in plasma. Thus, the 
data support the notion that the lower protein concentration 
and the higher nonprotein-bound, free concentration in the 
medium in  vitro is the underlying cause for the observed 
in vitro–in vivo difference.

In the in  vitro experiment, the concentration in the 
human liver cells was 11-fold higher than the concentra-
tion in the supernatant. In human hepatocytes, Truisi et al. 
(2015) reported cytotoxic response (TC10, the concentra-
tion at which 10  % cell death was measured) to occur at 
about 1 mM. In the same study, the TC10 for rat hepato-
cytes was tenfold lower (100 µM) which is similar to other 
cells of rat origin which had the same sensitivity (Mukaide 
and Kameyama 1975a, b, c; Table 2). When we calculated 
the ratio of the concentration in rat hepatocytes, the super-
natant a value of 24.1 resulted. Hence, the intracellular 
concentration in rat hepatic cells is twice the concentra-
tion in human hepatocytes and explains the lower TC10 for 
rat hepatocytes compared to the human hepatocytes. Both 
results show the importance to consider the influence of 
the free fraction in the medium for the concentration in the 
cells when performing in vitro toxicity testing.

According to the validated human model, the in vivo con-
centration in the liver is threefold higher than in the blood and 
fourfold lower compared to the concentration in the human 
hepatic cells in vitro. In the modeling using the in vitro con-
ditions (hepatic cell/supernatant 11) and optimized for the 
in vitro liver concentration–time profile, the dose of 2.340 mg 
ibuprofen fits to the hepatic cell concentrations. When we 
parametrized the model with the in silico predicted liver/
blood partition coefficient, the dose of 3.610  mg ibuprofen 
was necessary to reach the in  vitro hepatic cell concentra-
tions. This is a about a 1.5-fold higher dose.

When comparing the two doses of 2340 and 3610  mg 
with clinical data, the daily therapeutic doses of 1200 mg 
up to 2400  mg given in three divided doses indicate that 
a dose-dependent toxicity is not expected at 2340 mg but 
could occur at 3610  mg. There are several reports in the 
literature on liver toxicity caused by ibuprofen for which 
the underlying mechanism remains unclear (Douros et  al. 
2015). Judged from the clinical findings, a direct toxic 
effect seemed less likely, since overdose did not lead 
to hepatic injury and was responsible for only minimal 
ALT elevation (Friis and Andreasen 1992). Two cases of 
liver injury with ibuprofen were clearly characterized by 

a delayed response and clinical signs of cholestasis and 
immunological responses (Alam et al. 1996; Elkrief et al. 
2007).There are three case reports on suicidal attempts. In 
one case, severe liver toxicity has been observed requiring 
liver transplantation. In this case, the dose was 9600  mg 
(Laurent et  al. 2000), and in the second case, 20,000  mg 
ibuprofen was ingested with occurrence of acute liver 
toxicity (Lee and Finkler 1986). In the third case, the 
total dose is less clear, but could be up to an intake of 
90,000 mg over a period of 2 weeks without obvious liver 
toxicity (Kunsmann and Rohrig 1993). Hence, the dose of 
2340 mg is within the therapeutic range and is less likely to 
be predictive of liver toxicity in vivo in humans. However, 
3610 mg which represents one-third of the toxic response 
in the case reported by Laurent et  al. (2000) might be a 
conservative estimate for a low toxic dose.

In summary, our work shows that QIVIVE modeling 
can be performed with reliable results. When performing 
reverse dosimetry, several points have to be taken into con-
sideration. The in  vitro clearance might be different from 
the in vivo clearance. We have shown this feature in a for-
mer study causing prolonged exposure and effects in vitro 
which were not observed in  vivo (Schug et  al. 2013). In 
the current study, we have shown that there may be dif-
ferences in the tissue/blood partitioning in vitro compared 
to the in vivo situation for which we identified the differ-
ent protein content of human blood and the culture media 
resulting in a difference in the unbound concentration as 
the most probable underlying cause for a higher intracellu-
lar concentration with related toxicological response. As it 
is the nonprotein-bound concentration in the blood or in the 
culture medium which is in equilibrium with the nonpro-
tein-bound intracellular or tissue concentration, the protein 
content in the culture medium influences the intracellular 
concentration. The results of this study on the importance 
of the free fraction in the cultivation medium can be gen-
eralized for substances with a high protein binding and a 
low nonprotein-bound fraction in plasma. Ibuprofen with a 
protein binding of 99 % and a free fraction of 0.01 is a par-
adigmatic substance in this respect. In these cases, it should 
be understood that a serum-free medium is not a perfect 
surrogate for blood.

The measurements in vitro are crucial to more precisely 
predict the dose necessary in vivo to reach the concentra-
tion and the effect in the target tissue. In particular, as this 
report shows, measurements of intracellular concentra-
tions in the target tissue are a must to be able to correctly 
extrapolate the in vitro toxicological findings. Thus, when 
applying reverse dosimetry (QIVIVE) to reach the same 
effect in vivo as seen in vitro, it is necessary to know the 
time course of the concentration in the cells relevant for 
toxicity and not only the concentration–time course in the 
supernatant.
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