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Abstract
Purpose  Lenalidomide is used widely in B-cell malignancies for its immunomodulatory activity. It is primarily eliminated 
via the kidneys, with a significant proportion of renal elimination attributed to active processes. Lenalidomide is a weak 
substrate of P-glycoprotein (P-gp), though it is unclear whether P-gp is solely responsible for lenalidomide transport. This 
study aimed to determine whether the current knowledge of lenalidomide was sufficient to describe the pharmacokinetics 
of lenalidomide in multiple tissues.
Methods  A physiologically based pharmacokinetic model was developed using the Open Systems Pharmacology Suite to 
explore the pharmacokinetics of lenalidomide in a variety of tissues. Data were available for mice dosed intravenously at 
0.5, 1.5, 5, and 10 mg/kg, with concentrations measured in plasma, brain, heart, kidney, liver, lung, muscle, and spleen. P-gp 
expression and activity were sourced from the literature.
Results  The model predictions in plasma, liver, and lung were representative of the observed data (median prediction error 
13%, − 10%, and 30%, respectively, with 90% confidence intervals including zero), while other tissue predictions showed 
sufficient similarity to the observed data. Contrary to the data, model predictions for the brain showed no drug reaching 
brain tissue when P-gp was expressed at the blood–brain barrier. The data were better described by basolateral transporters 
at the intracellular wall. Local sensitivity analysis showed that transporter activity was the most sensitive parameter in these 
models for exposure.
Conclusion  As P-gp transport at the blood–brain barrier did not explain the observed brain concentrations alone, there may 
be other transporters involved in lenalidomide disposition.
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Introduction

The oral immunomodulatory drug, lenalidomide, has 
become extensively used in multiple myeloma, myelodys-
plastic syndromes, and mantle cell lymphoma [1]. This is 
largely attributed to the medication’s mechanism of action 
being well suited for the treatment of B-cell malignancies. 
By binding to cereblon, lenalidomide causes antiprolifera-
tive and antiangiogenic effects via downstream signalling 
[2, 3] while also increasing activity of immune effector cells 
[4, 5]. While lenalidomide’s mechanism of action is theo-
retically suitable for treating B-cell malignancies, it also 
has shown promise in the treatment of patients with central 
nervous system tumours [6–9]. The use of lenalidomide 
is complicated in chronic lymphocytic leukaemia (CLL), 
where the disease-specific side effect of tumour flare may 
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occur. This is characterised by an increase in circulating 
CLL B cells and the potential for life-threatening tumour 
lysis syndrome [10]. As a result, lenalidomide is currently 
not recommended in patients with CLL outside of con-
trolled clinical trials.

Lenalidomide elicits its effects in both the plasma and 
tissues, where cancer cells aggregate. In B-cell malignan-
cies, these tissues are typically the spleen, bone, and lymph 
nodes of the patient [11–13]. In these tissues, tumour cells 
are able to interact with a microenvironment that becomes 
a sanctuary for the cancerous cells. By inhibiting cytokine 
production, upregulating tumour suppressor genes, and 
activating cell apoptosis pathways, lenalidomide is able 
to increase the tumoricidal activity of the tumour cells 
[14–16]. The main grade 3/4 toxicities of lenalidomide 
are fatigue, neutropenia, and thrombocytopenia [17–20]. 
Plasma concentrations of lenalidomide correlate with the 
occurrence and severity of haematological toxicities, with 
the area under the concentration–time curve (AUC) being a 
significant predictor for thrombocytopenia and being asso-
ciated with neutropenia [21]. No significant relationship has 
been established between maximum concentrations (Cmax) 
and toxicity [22].

The basic pharmacokinetics of lenalidomide are well 
covered in the literature. The molecule distributes moder-
ately into tissues and is cleared quickly, having an apparent 
volume of distribution of 75–125 L and an apparent clear-
ance of 12 L/h in young healthy volunteers. In addition, it 
binds moderately with plasma proteins, with protein binding 
ranging from 22.7 to 29.2% [23]. Lenalidomide has a high 
bioavailability (> 90%) and is given orally once daily [24], 
with a typical cycle involving 21 days of dosing with 7 days 
off [18–20].

The main excretion pathway for lenalidomide is the kid-
neys, with unchanged lenalidomide in the urine accounting 
for 84% of the dose within 24 h [25]. The renal clearance of 
lenalidomide exceeds glomerular filtration rate by approxi-
mately twofold, suggesting that renal secretion occurs and 
is responsible for at least 50% of renal elimination. This 
active transport appears to be due, at least in part, to lena-
lidomide being a weak substrate of P-glycoprotein (P-gp) 
[26]. No other renal transporters have been identified that 
transport lenalidomide. Hydrolysis and metabolism, though 
very minor, are thought to comprise the remaining propor-
tion of lenalidomide elimination, with metabolism occurring 
through hydroxylation and acetylation [27].

The pharmacokinetics of lenalidomide have been exten-
sively studied in plasma. Multiple population pharma-
cokinetic models exist in literature that describe the inter-
individual variability of lenalidomide, with renal function 
explaining some of the variability observed in lenalidomide 
clearance [28, 29]. Drug kinetics in other tissues are lack-
ing in comparison. Brain kinetics have been studied, with 

the brain exposure of lenalidomide found to be consistently 
lower than its chemical analogue thalidomide. While tha-
lidomide often has concentrations in cerebrospinal fluid that 
are ~ 50% of plasma, lenalidomide has a relative exposure to 
plasma of ~ 10% in non-human primate and human brains 
[30, 31]. Previous work by Rozewski et al. found that brain 
tissue concentrations in mice are 0.9–2.3% of plasma con-
centrations [32]. This work also identified relatively high 
lenalidomide exposure in the spleen when normalising AUC 
to organ perfusion rate.

Having knowledge around tissue pharmacokinetics, 
particularly in tissues where lenalidomide has tumoricidal 
effects or causes toxicity, could provide further insight into 
the tissue-specific pharmacodynamics of the drug. Devel-
opment of PBPK models can be an effective strategy for 
characterising and predicting tissue-specific exposures of 
drug and linking these exposures to local pharmacodynamic 
effects. This is done by representing drug kinetics in one 
or more organs, and these organ sub-models are subse-
quently connected to describe the kinetics of the “whole 
body” [33]. The objective of this study was to determine 
whether the current knowledge of lenalidomide could suf-
ficiently describe its pharmacokinetics in multiple tissues. 
This would be achieved by developing a PBPK model using 
this knowledge and evaluating its ability to describe con-
centrations in the plasma, brain, kidney, heart, lung, spleen, 
liver, and muscle. This manuscript is part of a larger body 
of work investigating the effectiveness of the extrapolation 
of lenalidomide kinetics in mice to other species, including 
humans, to help define the utility of PBPK modelling for 
this class of drugs.

Materials and methods

Preclinical data set

The data used for development of the model were collected 
in a preclinical study described previously [32]. The study 
involved dosing ICR (Institute of Cancer Research) mice 
at 8–10 weeks of age with lenalidomide. Mice were given 
lenalidomide by intravenous bolus injection and were 
dosed by body weight at 0.5, 1.5, 5, and 10 mg/kg. Ani-
mals were euthanised and samples collected at the times 2, 
10, 20, 45, 60, 90, 180, 300, and 480 min, with 4–5 mice 
used per timepoint. Tissue samples included plasma, liver, 
lung, heart, spleen, kidney, hind limb muscle, and brain. 
Plasma concentrations were determined using established 
LC–MS/MS methods [34]. Care for the animals and experi-
ments performed upon animals were approved and compli-
ant with the Institutional Animal Care and Use Committee 
guidelines.
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Software and model specification

PBPK modelling was conducted using the open source soft-
ware PK-Sim® and MoBi® from the Open Systems Pharma-
cology Suite (Bayer) version 7.2.1 [35]. PK-Sim® parameter 
optimisation was performed using the software’s in-built 
Monte Carlo algorithm. During optimisation, observed data 
below the LLOQ were handled using the M6 method as out-
lined by Beal [36]. Briefly, the first data point below the 
LLOQ was replaced with a value of half the LLOQ, with the 
later timepoints being removed from the analysis. Processing 
of data for input into PBPK software and creation of figures 
from software output was performed using R v3.3.3 [37].

The structure used in model development was based on 
a mean individual, using the default PK-Sim mouse model 
scaled to a weight of 30 g (Fig. 1). A summary of the dif-
ferential equations used can be found in Supplemental Mate-
rial 1. The physicochemical properties of lenalidomide were 
sourced from DrugBank [38, 39]. Potential physiological 
processes were specified before model development. These 
processes included: renal elimination including secretion, 

transport via P-gp transporters or other unspecified trans-
porters, and non-renal elimination. For parameters such 
as fraction unbound, where no literature values existed for 
mice, human values were used in their place [23, 26, 27]. 
The active transporter responsible for secretion was defined 
using expression data of the Abcb1a and Abcb1b genes in 
mice [40] responsible for production of transporters analo-
gous to P-gp in humans (Supplementary Table 1). The trans-
porters were located basolaterally in most tissues (Fig. 1c) 
while being in the apical membrane of the kidney to repre-
sent renal secretion. Liver P-gp transporters were located 
basolaterally, to prevent apical transport of the drug to the 
gallbladder.

Michaelis–Menten-type kinetics were used to describe 
transporter kinetics, with parameters sourced from the lit-
erature [26]. The Vmax parameter could not be used, as it 
was provided in nmol/m2/min with no protein concentration 
provided for the P-gp in the test environment. As a result, 
only the in vitro Km value (802 µmol/L) could be used in the 
model. Vmax for 1 µmol/L of P-gp transporters was estimated 
during model development, thus making Vmax equal to the 

Fig. 1   Schematic of the model 
components of the base PK-
Sim® mouse model. The physi-
ologically based pharmacoki-
netic model structure is shown 
including a tissue compartments 
that make up the whole body, 
b compartments that make up 
each blood vessel and c the 
compartments that make up 
each tissue
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transporter rate constant, kcat. Table 1 presents the param-
eters used to develop the model, excluding the parameters 
provided as a part of the base PK-Sim® model.

The non-renal component of lenalidomide’s elimination 
was modelled using first-order kinetics, which could repre-
sent Michaelis–Menten kinetics in the linear portion of the 
curve (well below Km). As there was no way to differentiate 
hydrolysis from metabolism due to the lack of metabolism 
kinetic data, they were represented as a single process during 
model development. The combined non-renal elimination 
was represented by the relatively slow rate of elimination 
that is known to occur directly in plasma (8 h half-life) [27]. 
The elimination rate constant of drug loss in the plasma 
was estimated during model development. In addition, the 
elimination rate constant in each tissue was estimated to be 
relatively higher or lower than the plasma elimination rate 
constant.

Model development

The model was developed in a stepwise fashion. This 
began with modelling simple processes to describe whole-
body pharmacokinetics, which could then be evaluated to 
determine which aspects of the model required increased 

complexity. The first model used a simple first-order pro-
cess to move drug from the kidney plasma to the urine, to 
determine if predictions of tissue concentrations could be 
made using plasma clearance values from the literature. The 
plasma clearance implemented in the model was sourced 
from earlier analysis of the observed plasma concentrations 
[32]. The renal elimination was then split into two processes, 
glomerular filtration and secretion from kidney cells. Glo-
merular filtration was assumed to be unimpaired. Secretion 
was implemented using the gene expression data for P-gp 
transporters defined during model specification, model-
ling both the renal secretion in the kidney and the efflux by 
P-gp in the tissues. Various P-gp transporter configurations 
were tested in the brain, specifically changing the location 
(blood–brain barrier vs. basolateral as defined in Fig. 1c) and 
the level of expression in the tissue.

The addition of non-renal elimination was also evalu-
ated during model development. The elimination rate 
constant per 1 µmol/L for the non-renal elimination was 
determined by isolating the plasma compartment of the 
venous blood (Fig. 1b). The PK-Sim® model and param-
eters were imported into MoBi® to facilitate changes to the 
model structure and development of the isolated plasma 
model. The elimination rate constant was estimated such 

Table 1   Final parameter values 
used in lenalidomide PBPK 
models

a Partition coefficients calculated as specified by Willmann et al. [46]
b Physicochemical properties sourced from Drugbank [38]
c Human fraction unbound sourced from Revlimid® product information [23]
d Km value for human P-gp sourced from Tong et al. [26]
e Estimated using the half-life of lenalidomide in plasma as an initial estimate

Parameter Value (95% confidence intervals)

Partition coefficients Calculated by PK-Sim®a

Cellular permeability Calculated by PK-Sim®a

Physicochemical propertiesb

  Molecular weight 259.26 g/mol
  Lipophilicity (logP) − 0.4
  Solubility (at pH 7) 2330 mg/L
  Acidic pka 10.75
  Basic pka 2.77

Fraction unboundc 0.7
Glomerular filtration rate fraction 1.00
Abcb1a transporter
  Transporter concentration 1.00 µmol/L
  Michaelis constant (Km)d 802 µmol/L

Hydrolysis
  Elimination rate constante 0.00206 min−1

Estimated parameters–final transport model
  Maximum rate of reaction (Vmax) 29800 (22,800–36,900) µmol/L/min

Estimated parameters–final hydrolysis model
  Maximum rate of reaction (Vmax) 29,100 (22,600–35,600) µmol/L/min
  Relative extent of hydrolysis (Brain) 7.40 (2.00–12.8)
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that the half-life of the drug in the plasma was 8 h. Using 
this elimination rate constant, different whole-body mod-
els were evaluated. These models differed in the extent and 
location of the non-renal elimination. Non-renal elimina-
tion was tested in all tissues, with the extent of the elimi-
nation being estimated relative to its activity in plasma.

The suitability of the model processes and parameters 
was determined by comparing predictions from simula-
tions with the mean pooled preclinical data for each dose 
and tissue. This comparison was undertaken assuming a 
proportional error model. For tissues where the observed 
data were not represented well by the model predictions, 
a single-tissue model was created for further refinement 
of the model. This allowed the rate of drug flowing into 
the tissue to be fixed, ensuring that concentrations moving 
into the tissue were representative of the observed plasma 
concentrations. By providing an accurate description of 
the concentrations flowing into the tissue, misspecification 
of tissue parameters had no influence upon the evaluation 
of tissue-specific processes for both renal and non-renal 
elimination. These individual tissue models were used to 
adjust elimination and protein expression parameters to 
obtain a better description of observed data in specific 
tissues.

For detailed analysis of data from single organs, sin-
gle-tissue models were created by importing PK-Sim® 
simulations into MoBi® and altering the compartments, 
so that only arterial blood, venous blood, and the tissue 
of interest were present. While other tissue compartments 
were removed from the model, all model parameters pro-
vided by PK-Sim® remained the same. As the model was 
not recirculatory, a forcing function was used to con-
trol the amount of drug that entered the tissue, and the 
kinetics of the drug in other organs and plasma could be 
ignored. Parameter estimates were determined for a sum 
of exponential equation that represents the venous blood 
concentrations. These estimated values were set as global 
parameters within MoBi® and used to provide arterial con-
centrations as the forcing function. During development 
of single-tissue models, parameter values for elimination 
pathways were empirically approximated.

Once the model sufficiently predicted the concentration 
profiles described by the preclinical data, it was optimised 
to identify parameter estimates that provided better predic-
tions of observed tissue concentrations. Single-tissue model 
parameters were then used to update the whole-body model 
in PK-Sim®. These updated parameters underwent further 
optimisation to ensure parameter values from the single-
tissue models were appropriate for the whole-body model. 
Parameters were optimised individually to avoid problems 
with identifiability. Final models were assessed and com-
pared using a log-likelihood function, goodness-of-fit plots, 
and physiological plausibility.

Sensitivity analysis

To calculate the sensitivity of pharmacokinetic metrics 
(AUC​0-inf, Cmax) to changes in model parameters, a local sen-
sitivity analysis was conducted on the model that best repre-
sented the data. This involved the calculation of a sensitivity 
index (S) that shows the relative change in the pharmacoki-
netic metric when a parameter is altered. Model simulations, 
where parameter i was perturbed from its original value (xi) 
by a variation factor (k), were completed. The difference 
between pharmacokinetic metric j in the new simulation 
(fj) and the old simulation was subsequently calculated. As 
demonstrated in Eq. 1, the sensitivity of a pharmacokinetic 
metric was defined as the ratio of the relative change in the 
metric (Δfj /fj) and the relative variation of the model param-
eter (Δpi /pi). Model parameters were perturbed by n dif-
ferent variation factors (n = 4, k = 1/1.1, 1/1.05, 1.05, 1.1). 
The average sensitivity was calculated from the sensitivities 
determined from each variation factor:

where Si,j was the sensitivity index value of metric j to 
changes in parameter i, fj was the value of metric j, and pi 
was the parameter value for parameter i.

Results

Preclinical data set

The pharmacokinetic data obtained from the previous pre-
clinical study in 170 mice were stratified into four different 
dose groups. Each mouse provided concentration samples 
for eight tissues, with 4–5 mice providing the concentrations 
for one timepoint [32]. Of the 1360 concentration samples, 
14.3% were below the LLOQ. Half of these missing values 
were a result of all brain concentrations from the 0.5 and 
1.5 mg/kg dose levels being below the LLOQ. The LLOQ 
values for: plasma, brain, muscle, and heart tissue were 
0.3 nM; lung tissue was 1 nM; liver, spleen, and kidney tis-
sue were 10 nM.

Early model development

When using the literature value for total clearance in mice 
as a first-order process representing renal clearance, plasma 
concentrations were predicted well by the model. Due to 
the simplicity of its description of physiological processes, 
the model failed to describe concentrations in the heart, 

(1)Si,j =

∑n

k

Δkfj

Δkpi
.

pi

fj

n



1078	 Cancer Chemotherapy and Pharmacology (2019) 84:1073–1087

1 3

muscle, kidney, and brain. The brain concentrations had the 
worst predictions, with Cmax of lenalidomide in the brain 
predicted to be 1000-fold less than concentrations in plasma. 
Predictions also showed that lenalidomide was retained in 
the brain (particularly in the intracellular space), declining at 
an imperceptible rate despite plasma concentrations falling 
more than 1000-fold over the same period (Fig. 2a).

This was contrary to the observed data, which contained 
concentrations typically 100-fold less than plasma and was 
cleared from the tissue at a similar rate to plasma, produc-
ing a much lower AUC. When using glomerular filtration 
and P-gp mediated transport in all tissues governed by gene 
expression data from either Abcb1a or Abcb1b, the model 
predicted that no drug would enter the brain (Fig. 2b). The 
heart, muscle and kidney were also poorly predicted. As a 
result, single-tissue models were developed for the brain, 
heart, muscle and kidney to estimate P-gp abundance in 
these tissues.

Single‑tissue models

A single-tissue model was developed for the brain. This 
resulted in the development of two competing models that 

provided an adequate representation of brain pharmacoki-
netics. Both models were based on an original brain model, 
where P-gp transporters were located in the blood–brain bar-
rier. Given that cytochrome P450 enzymes are present in the 
brain [41], it was hypothesised that reactions responsible 
for lenalidomide’s non-renal elimination (e.g., degradation, 
acetylation, and hydroxylation) may also occur in the brain. 
Because of this hypothesis, P-gp expression was removed 
from the brain, and drug metabolism was added in its place 
to create the first model. This resulted in improvements to 
the objective function and goodness-of-fit plots, while AUC 
(74% of observed AUC) and Cmax (16% of observed Cmax) 
showed modest changes when compared to predictions 
using no P-gp expression or hydrolysis in the brain (142% 
and 15% of observed value, respectively). The addition of 
drug metabolism specifically prevented retention of lena-
lidomide in the brain. The best predictions were achieved 
when metabolic activity in the brain was 7.4 times larger 
than in plasma.

The second model removed the P-gp transporters from 
the blood–brain barrier and included unspecified basolateral 
transporters intracellularly, which provided similar estimates 
of Cmax (14% of observed) and poorer estimates of AUC 

Fig. 2   Lenalidomide concentration–time profiles in brain tissue for 
different PK-Sim® models. The dots represent observed data from the 
preclinical data set. The lines represent the predicted concentrations. 
The colours of the lines and dots correspond to the dosages in the leg-
end. The dashed line represents the lower limit of quantification. The 
model for each pane are a no P-gp expression in the brain, b P-gp 

expression in the brain according to Yue et al. (lack of apparent curve 
due to predictions being effectively zero), c brain elimination with no 
P-gp expression in the brain (best objective function), and d unspeci-
fied transport located basolaterally at the intracellular wall with no 
P-gp expression in the brain
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(31.3% of observed) as compared to the values above. This 
decreased the entry of lenalidomide into the intracellular 
compartment in the brain, counteracting the retention in this 
compartment observed in the original brain model. The pre-
dictions underestimated the observed brain tissue concentra-
tions and were inferior to the predictions by the blood–brain 
barrier model with drug elimination in the brain.

Single-tissue models were also developed for the heart, 
kidney, and muscle. Error associated with predictions for 
the heart and kidney were reduced (1.91–1.80 and 1.29–1.02 
reduction in median proportional prediction error, respec-
tively) through adjusting P-gp expression, using the Abcb1a 
gene expression as a baseline. The estimation of parameters 
that reduced the prediction error in the muscle tissue was dif-
ficult due to the observed concentrations not increasing with 
doses of lenalidomide above 1.5 mg/kg. This non-linearity 
in the distribution of lenalidomide to muscle could not be 
explained through adjusting P-gp expression or non-renal 
elimination. In the whole-body model, changes in P-gp 
activity in muscle resulted in poor predictions in other tis-
sues, due to a dramatic shift of drug from the high-volume 
muscle (30% of total volume) into other tissues. It was con-
cluded that the non-linearity seen in the observed muscle 
tissue data could not be reasonably represented with the cur-
rent knowledge of lenalidomide in the literature. As a result, 
only parameter changes from heart, kidney, and brain single-
tissue models were incorporated into the whole-body model.

Development of final model

Based on the results of early modelling in single-tissue 
models, two hypotheses were tested to improve the mod-
el’s description of lenalidomide pharmacokinetics. These 
hypotheses were based on the two single-tissue brain mod-
els developed in early modelling. The first hypothesis was 
that non-renal elimination was responsible for the removal 

of lenalidomide from the brain (“Hydrolysis model”). The 
second hypothesis was that intracellular efflux transporters 
were responsible for the removal of lenalidomide from the 
brain (“Transport model”). Both were modelled with P-gp 
abundance as determined during single-tissue modelling 
(Supplementary Table 1) and assumed no significant P-gp 
transport at the blood–brain barrier. In addition, P-gp trans-
porter expression was removed from intestinal mucosa, as 
they were not necessary in the context of an intravenous 
model. Each of these hypotheses were tested alone, but also 
under the conditions of non-renal elimination occurring in 
all tissues or in plasma (Table 2).

Hydrolysis model

The best model under this hypothesis consisted of non-renal 
elimination in the brain only. The addition of non-renal elim-
ination to tissues other than the brain did not improve the 
objective function and resulted in worsening of diagnostic 
plots. Non-renal elimination in the brain was estimated to 
occur at a rate 7.4 times higher than in plasma (Table 1). 
While this model had the lowest objective function value 
of all models tested, it was not favoured due to the unlikely 
physiological assumption that non-renal elimination was 
occurring to such a great extent localised only in the brain.

Transport model

The model with the lowest objective function using unspeci-
fied transporters situated basolaterally at the intracellular 
wall also included non-renal elimination from the plasma. 
The non-renal elimination used the values from the litera-
ture for in vitro plasma and provided a modest improve-
ment in objective function over modelling the transporters 
alone (Table 1). As seen with the “Hydrolysis model”, mod-
elling non-renal elimination in all tissues resulted in poor 

Table 2   Objective function for final tested models in PK-Sim

a Objective function value was calculated as AIC and was computed externally from PK-Sim
b Due to predictions in the brain being effectively zero the sum of the log-likelihood for brain concentrations exceeded the largest possible float-
ing point value of the computer used for analysis

Model hypothesis 1 Model hypothesis 2 Objective func-
tion valuea

Final model

No P-gp transport at Blood–brain barrier Hydrolysis occurs only in brain tissue 501,847 No
Basolateral transport at intracellular wall of brain cells Hydrolysis occurs only in plasma 539,332 Yes
Basolateral transport at intracellular wall of brain cells No hydrolysis 547,080 No
No P-gp transport at Blood–brain barrier Hydrolysis occurs only in brain tissue and plasma 582,819 No
Basolateral transport at intracellular wall of brain cells Hydrolysis occurs in all tissues 637,015 No
No P-gp transport at Blood–brain barrier No hydrolysis 681,771 No
No P-gp transport at Blood–brain barrier Hydrolysis occurs in all tissues 750,453 No
P-gp transport at Blood–brain barrier (literature values) No hydrolysis NAb No
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predictions. As the “Transport model” had the best balance 
of objective function value, goodness-of-fit, and physiologi-
cal plausibility, it was chosen as the final model.

Evaluation

Table 1 outlines the final optimised parameters for the best 
models for both the “Hydrolysis model” and “Transport 
model”. Both models could predict concentrations for most 
tissues, as shown in Fig. 3, but differed in their predictions 
of brain concentrations (Fig. 2c, d). At later timepoints, the 
models performed less favourably for all tissues, where con-
centrations were closer to the LLOQ. This is also seen in 
diagnostic plots when comparing observed concentrations 
to the predicted concentrations, where observed concentra-
tions were higher than predicted concentrations at lower 
values (Fig. 4). The weighted residuals of the predictions 
also showed increased error at lower concentrations and 
later timepoints (Supplementary Figures 1 and 2), but were 
acceptable at earlier timepoints, where concentrations were 
not as close to the LLOQ. Table 3 shows the prediction met-
rics for the model. It shows that plasma, liver, and lung tis-
sue had relatively low prediction error and were able provide 
accurate estimates of AUC. The heart, kidney, and spleen 
tissue had poorer performance, but still had 90% confidence 
intervals that included 0% prediction error. The brain and 
muscle tissue concentrations were systematically under- and 
over-predicted, respectively.

Sensitivity analysis

The sensitivity analysis investigated the impact of model 
parameters on pharmacokinetic metrics AUC​0-inf and Cmax. 
It was performed on the more plausible model, using baso-
lateral transporters in the brain and non-renal elimination 
occurring in plasma only. Figure 5 illustrates the relative 
changes of these metrics in each tissue for the 10 most 
influential parameters. The AUC was sensitive to both the 
activity and expression of P-gp transporters, as well as the 
physiological parameters of the kidney. The AUC of concen-
trations in the brain were sensitive to parameters involved 
with the P-gp transporters and non-renal elimination. It is 
likely that non-renal elimination parameters would be influ-
ential in any tissue, where they are present. Cmax in the liver 
and kidney was most affected by P-gp model parameters, 
with no substantial effects from other estimated parameters.

Discussion

The physiologically based pharmacokinetic models pre-
sented described lenalidomide concentrations in mouse 
plasma and tissues after intravenous administration. The 

model development process has shown that the current 
knowledge of lenalidomide pharmacokinetics is insufficient 
to describe lenalidomide concentrations in the brain. The 
speculative final model suggests that lenalidomide is rela-
tively unaffected by P-gp-like transporters at the blood–brain 
barrier, instead suggesting that the presence of unspecified 
transporters at the cellular wall plays a more important 
role in the entry of lenalidomide into the brain. Although 
adequately represented here as a single unspecified efflux 
transporter at the cellular wall, this may indeed be the net 
action of several efflux and influx transport processes located 
at the both blood–brain barrier and/or the cellular wall of 
brain cells.

The final model accurately described early lenalidomide 
concentrations in tissues and became less accurate at later 
timepoints. This may be a result of concentrations at later 
times being close to the LLOQ, thus being subject to greater 
random variability or increased censoring. However, it could 
also represent the distribution of lenalidomide that is not 
explained when utilising the PK-Sim® mouse model. The 
prediction of concentrations in the brain tissue was a limi-
tation of the final model, as it was not clearly superior to 
predictions of other candidate models (Fig. 2), with its selec-
tion over those candidate models predominantly determined 
by its physiological plausibility. Despite these limitations, 
the model accurately predicted concentrations for plasma, 
liver, and lung tissue while providing adequate predictions in 
heart, kidney, and spleen tissue. These conclusions are made 
based on the performance metrics in Table 3, understanding 
that the prediction error and root mean squared error were 
calculating using samples from individual mice, rather than 
using the naïve mean pooled approach utilised during model 
development. Thus, the confidence intervals are broadened, 
as they include inter-animal variability about the popula-
tion mean characteristics as well as additional residual unex-
plained variability at each timepoint.

The brain exposure of lenalidomide is an important 
aspect of the medication’s pharmacokinetics, with studies 
investigating the use of lenalidomide in solid brain tumours 
[6–9]. The brain sub-model presented herein is speculative, 
highlighting major unknowns about the pharmacokinetics 
of lenalidomide in the brain. The slow distribution between 
the interstitial and intracellular compartments of the base 
PK-Sim® model suggests that given the physicochemical 
properties of lenalidomide, it will be retained in the brain at 
low concentrations.

When implementing P-gp transporters at the blood–brain 
barrier based on Abcb1a gene expression, the model predicts 
that no drug is able to enter the brain. The local sensitivity 
analysis shows that pharmacokinetic metrics for exposure 
are sensitive to transporter activity in the brain (P-gp or oth-
erwise), identifying it as a key aspect of lenalidomide phar-
macokinetics. This suggests that there are transporters other 
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Fig. 3   Lenalidomide concentration–time profiles in multiple tissues. 
The dots represent observed data from the preclinical data set. The 
lines represent the predicted concentrations. The colours of the lines 
and dots correspond to the dosages in the legend. The dashed line 

represents the lower limit of quantification. Predictions were simu-
lated from the final model using unspecified basolateral transporters 
in the brain compartment
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Fig. 4   Model development diagnostic plot providing a comparison 
between the observed lenalidomide concentrations and the model 
predictions. Predictions shown are for the model where lenalido-
mide was affected by unspecified basolateral transport in the brain 
and non-renal elimination in the plasma. The coloured dots represent 

the concentrations. The black diagonal line is the line of identity. The 
red line is a smoothed line (loess) showing the relationship between 
observed and predicted concentrations, with the grey ribbon repre-
senting the 95% confidence intervals
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than P-gp that are responsible for transport of lenalidomide. 
It is possible that P-gp transporters at the blood–brain bar-
rier act as expected, but are outweighed by influx transporter 
activity. An investigation into the movement of thalidomide 
across human intestinal Caco-2 monolayers found that the 
transport of the drug may involve a saturable energy-depend-
ent uptake transporter, such as a nucleoside transporter [42]. 
Being an analogue of thalidomide, lenalidomide may inter-
act with these nucleoside transporters as well. However, 
the literature suggests that nucleoside transporters (among 
numerous other transporters) are unlikely contributors to 
lenalidomide disposition in the kidney, as lenalidomide was 
not a substrate for any of those tested [26]. While there are 
currently no other in vitro or in vivo evidence of transport-
ers that lenalidomide is the substrate for, further investiga-
tion of lenalidomide transport in vitro may be worthwhile. 
To investigate the potential for contribution in other tissues, 
lenalidomide transport by nucleoside transporters could be 
investigated in vitro using Caco-2 monolayers, testing for 
the inhibition of movement across the monolayer using a 
nucleoside transporter inhibitor such as dipyridamole. Alter-
natively, an in vivo experiment similar to that conducted 
by Rozewski et al. could be conducted [32], investigating 
changes in lenalidomide disposition in mice or rats when 
a nucleoside transporter inhibitor is administered concur-
rently. These experiments could generate data to enable 
the use of more complex models [43], particularly with the 
availability of Caco-2 experimentation data and observed 
concentration data in extracellular fluid and cerebrospinal 
fluid.

The model also raises questions concerning the non-renal 
elimination of lenalidomide. This component of elimination 
was modelled as a single source of non-renal elimination 
using the in vivo half-life of lenalidomide in human plasma 
[27], representing a combination of hydrolysis, hydroxyla-
tion, and acetylation [24]. Mouse data on the proportion of 
lenalidomide converted to the metabolites of these three 
processes is required to accurately represent this complex-
ity. During model development, lenalidomide was predicted 
to distribute out of the brain slowly despite rapidly falling 
concentrations in the plasma, resulting in retention in brain 
tissue that was not observed in the data. While the introduc-
tion of brain metabolism resolved this, it is unusual for such 
a large concentration gradient to occur with no discernible 
change in brain concentrations.

The kinetics defined within PK-Sim® suggest that any 
drug lipophilic enough to enter the brain and has evidence 
of the molecule being retained, must undergo metabolism 
in the brain, or undergo active efflux. There are several 
pathways that may facilitate the degradation, acetylation, or 
hydroxylation of lenalidomide in the brain. While spontane-
ous degradation is most likely, there are several enzymes in 
the brain that could be responsible for metabolism of lena-
lidomide. Cytochrome P450 enzymes are present in the brain 
[41] and are responsible for hydroxylation of two drugs of 
the same class as lenalidomide: thalidomide and pomalido-
mide [44]. However, this is unlikely as the enzyme responsi-
ble for lenalidomide metabolism given negative results from 
in vitro experiments [27].

The model with the most accurate predictions also 
assumes that non-renal elimination of lenalidomide only 
occurs in the brain. It is acknowledged that the processes 
responsible for lenalidomide breakdown exist throughout the 
entire body, potentially varying in their activity dependent 
on the activity of the process in each tissue. If this non-
renal elimination is caused by a spontaneous chemical reac-
tion, then this process would be present in all tissues. While 
the proportion of renal to non-renal elimination in mice 
is unknown, in humans, 16% of lenalidomide clearance is 
attributed to non-renal sources of elimination when taken 
orally [25]. Assuming that the proportion of renal to non-
renal elimination remains unchanged when administering 
lenalidomide intravenously, at least 7% of clearance is due to 
hydrolysis, but it is unclear if this is true for the mouse. This 
proportion of clearance was achieved when non-renal elimi-
nation was implemented in all tissues; however, this was 
with severe detriment to model predictions. Despite these 
flaws, they are only of importance when predicting lenalido-
mide metabolite concentrations, which are not expected to 
cause additional therapeutic activity [24].

The spleen is an important tissue for lenalidomide phar-
macodynamics, as cancer cells can aggregate in this tis-
sue during malignancy. While the models predict spleen 

Table 3   Prediction metrics for final model

Both prediction error and RMSE were calculated as a proportional 
error of the observed data that has not been naïve mean pooled. AUC​
ratio was calculated by first dividing the predicted AUC by the AUC of 
the mean pooled observed data for each dose group. The average was 
then found for the relative AUC of each dose to produce the AUC​ratio 
value. Cmax ratio was calculated by first dividing the predicted Cmax by 
the observed Cmax for each dose group. The average was then found 
for the relative Cmax of each dose to produce the Cmax ratio value
AUC​ area under the concentration curve, CI confidence intervals, 
Cmax maximum concentration, RMSE root mean squared error

Tissue Prediction error (%) RMSE (%) AUC​ratio Cmax ratio

Median 90% CI

Plasma 12.8 − 70.3 to 288 770 1.39 0.870
Brain − 62.7 − 92.9 to − 26.0 67.1 0.313 0.140
Heart 190 − 54.2 to 1010 2410 2.71 1.67
Kidney 117 − 93.9 to 1090 1020 2.76 4.86
Liver − 9.86 − 95.6 to 603 393 1.33 3.45
Lung 29.5 − 79.6 to 466 1400 1.31 0.658
Muscle 1070 154 to 8820 7190 11.6 5.05
Spleen 117 − 83.9 to 4640 1929 2.85 7.13
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concentrations relatively well, they fail to completely cap-
ture the distribution phase seen in the spleen tissue data, 
predicting that Cmax is higher and occurs earlier than in the 
observed data. A more complex spleen model, differentiat-
ing between white pulp and red pulp, may improve these pre-
dictions and be useful in malignancies where spleen physiol-
ogy changes, such as chronic lymphocytic leukaemia [45]. 
This would be an important extension of this work if the 
model was further developed to predict concentrations after 
an oral dose of lenalidomide. An oral lenalidomide model 
could be scaled using allometric theory to predict tissue con-
centrations in a human. Using such a model to predict tissue 

concentrations in humans may provide valuable insight into 
links between the tissue-specific pharmacokinetics and phar-
macodynamics of lenalidomide while also providing insight 
into the utility of PBPK models for inter-species scaling for 
this class of compounds.

This is the first PBPK model to elucidate a detailed inves-
tigation of the physiological processes responsible for lena-
lidomide disposition in multiple tissues. While the model has 
been shown to accurately predict concentrations in tissues of 
importance to B-cell malignancies, it raises additional ques-
tions about the tissue pharmacokinetics of lenalidomide. If 
the physiology represented in PK-Sim® is correct, there are 

Fig. 5   Heat map of the local 
sensitivity analysis results for 
the final model using unspeci-
fied basolateral transporters in 
the brain compartment. It pre-
sents the sensitivity indices of 
pharmacokinetic metrics for the 
ten most sensitive parameters 
across all tissues. Sensitivity 
indices represent the relative 
change in the pharmacokinetic 
metric that results from chang-
ing parameter values. Upper 
panel shows sensitivity index 
values for the area under the 
concentration curve from time 
equals zero to infinity (AUC​
0-inf) and the lower panel shows 
sensitivity index values for the 
maximum concentration (Cmax). 
The intensity of the colour in 
each panel correlates with the 
magnitude of the parameter 
sensitivity, with blue repre-
senting a positive correlation 
between the parameter and the 
pharmacokinetic metric and red 
representing a negative correla-
tion. Hydro. Metabolism and 
Hydro. Total Expr. refer to the 
non-renal elimination rate con-
stant and total expression/pres-
ence of reactants, respectively. 
Trans. Total Expr. refers to the 
total expression of transporters, 
while Trans. Kidney Expr. refers 
to the expression of transporters 
in the kidney. Trans. Vmax and 
Trans. Km refer to the param-
eters used in the Michaelis–
Menten equation responsible for 
modelling transporter kinetics



1085Cancer Chemotherapy and Pharmacology (2019) 84:1073–1087	

1 3

clear unknowns regarding the drug’s transport in and out 
of tissues. The transport of lenalidomide is important to its 
pharmacokinetics not only in the brain, but all tissues, where 
relevant transporters may be expressed. Being an analogue 
of thalidomide, the lenalidomide transporter(s) may be a 
nucleoside transporter, responsible for influx of the drug into 
the brain. Further experimentation into intestinal and brain 
transporters will remove this uncertainty of lenalidomide 
disposition throughout the body, giving a clearer explanation 
for the drug’s tissue pharmacokinetics.
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