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ARTICLE INFO ABSTRACT

Keywords: Doxorubicin is a widely-used chemotherapeutic drug, however its high toxicity poses a significant challenge for
Physiologically-based pharmacokinetics its clinical use. To address this issue, a physiologically-based pharmacokinetic (PBPK) model was implemented to
Doxorubicin ) quantitatively assess doxorubicin toxicity at cellular scale. Due to its unique pharmacokinetic behavior (e.g. high
i;:;rzgeﬁc;;s extrapolation volume of distribution and affinity to extra-plasma tissue compartments), we proposed a modified PBPK model
Quantitative pharmacology structure and developed the model with multispecies extrapolation to compensate for the limitation of obtaining
Toxicity clinical tissue data. Our model predicted the disposition of doxorubicin in multiple tissues including clinical

tissue data with an overall absolute average fold error (AAFE) of 2.12. The model’s performance was further
validated with 8 clinical datasets in combined with intracellular doxorubicin concentration with an average
AAFE of 1.98. To assess the potential cellular toxicity, toxicity levels and area under curve (AUC) were defined
for different dosing regimens in toxic and non-toxic scenarios. The cellular concentrations of doxorubicin in
multiple organ sites associated with commonly observed adverse effects (AEs) were simulated and calculated the
AUC for quantitative assessments. Our findings supported the clinical dosing regimen of 75 mg/m? with a 21-day
interval and suggest that slow infusion and separated single high doses may lower the risk of developing AEs
from a cellular level, providing valuable insights for the risk assessment of doxorubicin chemotherapy. In
conclusion, our work highlights the potential of PBPK modelling to provide quantitative assessments of cellular
toxicity and supports the use of clinical dosing regimens to mitigate the risk of adverse effects.

1. Introduction [2] was introduced and has demonstrated a favourable toxicity profile
compared to the free drug [3], but its use is also limited. Despite this, no
research has provided a quantitative assessment or guidance based on

clinical data from a tissue or cellular perspective, apart from the rec-

Doxorubicin is a multi-action chemotherapeutic agent indicated to
several types of cancer (e.g. acute lymphoblastic and myeloblastic leu-

kemia, (non-)Hodgkin lymphoma, and several metastatic carcinomas)
[1]. Despite the fact that its high therapeutic efficacy against multiple
cancers, doxorubicin also possesses dozens of adverse effects (AEs). The
affected organs range from dermatological, gastrointestinal, and he-
matological to cardiovascular and so on. The most concerning aspect of
treating patients with doxorubicin is the cardiovascular-associated AEs,
such as ECG changes, cardiotoxicity, and arrhythmia. These AEs may
result in treatment discontinuation, and a maximum lifetime cumulative
dose of 550 mg/m? is recommended to reduce the risk of developing
cardiomyopathy. Since then, Doxil®, a liposomal form of doxorubicin

ommended maximum lifetime cumulative dose.

Doxorubicin’s pharmacokinetic (PK) behavior is characterized by a
rapid distribution half-life of approximately 5 min and a terminal half-
life ranging from 20 to 48 h, along with a high volume of distribution
between 809 and 1214 L/m? in human [1]. A significant proportion of
doxorubicin (approximately 75%) binds to plasma proteins, and its
elimination is primarily mediated via metabolism (50%), biliary excre-
tion (40%), and renal excretion (10%) [4,5]. These distinct PK profiles
are likely attributed to doxorubicin’s pronounced affinity for the
extra-plasmatic tissue compartment [6]. Therefore, an accurate and
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Table 1
The publication information for clinically observed data obtained from various
dosing schedules.

Publication Dosing n Collected sample Reference
schedule
Erttmann et al. 15 mg/m2 iv. 8 Plasma [22]
(1988) q10h 4 doses
Bugat et al. (1989) 15 mg/mz/day 4-17 Plasma [23]
iv.
for 3 days
Muller et al. 36 rng/m2 iv. 5 Plasma and [24]
(1993) blood mononuclear
cell
Muller et al. 9 mg/m?/day 5 Plasma and [24]
(1993) iv. blood mononuclear
for 3 days cell
Speth et al. 30 mg/m? i.v. 9 Plasma and [25]
(1987a) bone marrow
leukocyte®
Speth et al. 9 mg/m?/day 7 Plasma and [25]
(1987a) iv. bone marrow
for 3 days leukocyte®
Speth et al. 30 mg/m? i.v. 1 Plasma and [26]
(1987b) q4d 3 doses bone marrow
leukocyte®
Speth et al. 30 mg/m%*/day 2 Plasma and [26]
(1987b) iv. bone marrow
for 3 days leukocyte®
Speth et al. 30 mg/m2/8 h 4 Plasma and [26]
(1987b) iv. bone marrow
qd 3 doses leukocyte®
Speth et al. 30 mg/m2 iv. 7 Plasma and [26]
(1987b) qd 3 doses bone marrow
leukocyte®
Table 2
Estimated parameters for PBPK model.
Parameter  Definition Value (CV%) Unit  Estimation
Method
Ppara Permeability 0.02 (14.34) cm/ Computationally
coefficient of Dox min
transport through
endothelial pores
SFppe jpis Scaling factor for 10 - Manually
partitional
coefficient of red
blood cells
SFint/pis > Scaling factor for 595.84 (9.05) - Computationally
partitional
coefficient of
interstitial space
SF cettpis Scaling factor for 133.04 (36.17) - Computationally
partitional
coefficient of all
cellular components
except red blood
cells
Kpite Bile elimination rate ~ 610.91 (72.80) 1/ Computationally
of Dox hour
SF yetabolism Scaling factor for 2.79 (58.15) - Computationally

saturable enzymatic
metabolism

comprehensive understanding of doxorubicin’s in vivo distribution
across different tissues is crucial and should not be solely based on
plasma drug concentrations, which may pose limitations in sample
collection.

Physiologically-based pharmacokinetic (PBPK) modelling has been
demonstrated to have a strong predictive power for drug disposition and
simulating clinical outcomes. The model incorporates the realistic
physical and anatomical structures of various tissues using a mechanistic
approach, along with species-specific physiological and drug-related
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parameters, as recommended by health authorities [7,8]. PBPK model
has also been widely used for inter-species, route, and drug extrapola-
tion in both preclinical and clinical settings [9,10]. Furthermore, the
model has found applications in toxicology for estimating chemical
risks, accounting for interindividual variability [11,12]. By integrating
preclinical or clinical data, the model can be calibrated and verified to
accurately simulate drug disposition in the virtual human body. How-
ever, the model’s complexity, involving multiple compartments and
parameters, and the limited availability of clinical tissue samples often
restrict the clinical application of PBPK modelling to plasma concen-
tration measurements. This approach can lead to concerns of over-
parameterization and overfitting, necessitating a cautious approach
when applying PBPK modelling in clinical practice [12-14].

The aim of the study was to propose an improved PBPK model
structure that would incorporate physical and anatomical structures
with constrained parameters, thereby addressing concerns of over-
fitting. In addition, we utilized an interspecies extrapolation approach to
calibrate and verify the model, given the challenge of obtaining clinical
tissue data. The study’s focus was on validating the metabolism and
elimination behavior of doxorubicin to ensure the model accurately
reflected the drug’s PK behavior. Additionally, to leverage the full po-
tential of the PBPK model, we investigated drug concentration at a
cellular level and compared our results to clinical data. We determined
the potential cellular concentration that could cause cytotoxicity and
defined corresponding toxicity levels, which we used to evaluate the
toxicity of multiple clinical and reported dosing regimens both quali-
tatively and quantitatively.

This doxorubicin PBPK model has generated novel insights on clin-
ical doxorubicin treatment risk management, providing a quantitative
approach on a cellular scale. Our findings demonstrate the importance
of using a PBPK model with a realistic structure and constrained pa-
rameters, along with an interspecies extrapolation approach, to improve
PK predictions and better inform clinical decision-making.

2. Methods

To predict drug concentrations in different organs and sub-organs,
we constructed, calibrated, and validated our PBPK model using a
three-steps approach. Firstly, we developed and verified the model
structure through interspecies extrapolation from mouse to rat, rabbit,
dog, and human, concerning not only plasma concentrations but also
organ concentrations, which have limited human data.

Secondly, we confirmed the calibrated model using a different set of
clinically observed data and multiple dosing schedules to ensure accu-
rate predictions of both plasma and cellular concentrations. Lastly, we
used the fully validated model to simulate reported doxorubicin toxicity
dosing, and lifetime cumulative doses, providing a quantitative assess-
ment of doxorubicin toxicity at a cellular level.

2.1. PBPK model development

A whole-body PBPK model was constructed in MATLAB 2022a
(MathWorks, Natick, MA), that incorporates optimization, analysis, and
plotting functionalities. Standard animal weights of 20 g, 300 g, 3 kg, 12
kg, and 70 kg (with a body surface area: 1.75 m?) for the mouse, rat,
rabbit, dog, and human, respectively, were utilized to construct the
model. The PBPK model structure took the open source PBPK software
platform PK-Sim® [15,16] as basis and integrated features such as
leukocyte compartment from recently reported model structures
[17-19]. Additionally, we incorporated compartments and equations
that accurately describe the elimination and metabolism of doxorubicin
through urine, bile, and metabolism, enabling realistic representation of
drug elimination and metabolism behavior. The published datasets from
different species used for model verification were demonstrated in
Supplementary Material 1 Section 1. Supplementary Material 2 contains
detailed information on the model’s differential equations, structure,
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Fig. 1. The comparison of predicted and observed pharmacokinetic (PK) data for doxorubicin in human across various organs. The concentration-time profile of the
observed data is depicted in orange dots superimposed onto simulation results, represented by a yellow dashed line indicating the best-fitted curve. The median, 5th,
and 95th percentiles from the Monte Carlo simulation are shown by a blue line and shaded area. Additionally, the average absolute fold error (AAFE) is calculated for
each organ. Each organ subplot includes a plot comparing predicted and observed doxorubicin concentrations at corresponding time points. Orange dots represent
the predicted concentration values, while a diagonal blue line, dot line, and dashed line indicate the perfect fit, 2-fold error range, and 3-fold error range,

respectively.

parameters, and other pertinent details.

To account for individual variability, Monte Carlo simulation was
implemented, and details are available in Supplementary Material 1
Section 2. The PBPK model was initially calibrated in mice and subse-
quently extrapolated to human by integrating species-specific physio-
logical parameters, thereby enabling us to evaluate model prediction
performance in multiple organs. The metabolism and elimination of
doxorubicin was assessed to verify that the model accurately captured
the drug’s in vivo disposition. Additionally, the local and global sensi-
tivity analysis were performed to better understand the influence of
optimized parameters on multiple model outputs, as described in Sup-
plementary Material 1 Sections 3 and 4. The evaluations of the model’s
prediction performance was qualitatively conducted by plotting the
concentration-time profile of the predicted and the observed data along
with predicted versus observed data were compared with a 2 and 3-fold
error range. The absolute average fold error (AAFE; Equationl) was
calculated as a quantitative evaluation.

sjpred,

= obs

AAFE =107V (€D)]

where pred and obs are prediction and observation data; N is the total
number of observations.

Considering the individual variability and uncertainty across multi-
ple publications and several organs, AAFE under 3 was considered
acceptable prediction performance.

2.2. Model verification against clinically observed data from different
dosing schedules

The calibrated doxorubicin PBPK model from multispecies extrapo-
lation was further verified by five clinical publications with 10 datasets

that employed different dosing schedules. These publications provided
concentration-time profiles for both plasma and cellular concentration
(Table 1). The concentration-time profiles were digitized using Web-
PlotDigitizer V.4.4 (https://automeris.io/WebPlotDigitizer). Plasma
data was collected, while data for blood mononuclear cells and bone
marrow leukocytes were collected based on the data availability. To
calculate cellular concentration, we assumed a leukocyte size of around
100 fL and considered 10 cells as 1 mL [20]. Blood plasma and blood
plasma leukocyte simulations were carried out to compare plasma and
blood mononuclear cell data, respectively. For bone marrow leukocyte
data, both bone plasma leukocyte and bone interstitial leukocyte were
simulated in the context of the bone marrow sample collection method
[21]. The model prediction performance was qualitatively evaluated by
plotting the concentration-time profile of the predicted and the observed
data and quantitatively evaluated by calculating the AAFE as previous
mention. Considering the realistic and biologically reasonable of the
data and the simulations, the cellular drug concentration was also
evaluated with defined doxorubicin cellular toxicity levels (detailed in
Supplementary Material 1 Section 5) from level 1-5 have a doxorubicin
concentration of 0.01, 0.07, 0.27, 1.09, and 18.9 pg/mL.

To perform a quantitative assessment of the effects of doxorubicin, a
two-step approach was followed. First, a commonly used single-agent
dosing regimen of 75 mg/m? with a 21 days interval was simulated on
both organ and sub-organ scales. The impact of metabolism and elimi-
nation was also incorporated into the evaluation. Cellular toxicity levels
were defined to obtain an overview of doxorubicin concentration on
different scales. Secondly, heart cellular and stomach cellular drug
concentrations were simulated to evaluate the associated adverse effects
(AEs) on the cardiovascular and gastrointestinal systems. Hematologic
adverse effects were evaluated by simulating blood plasma leukocyte,
bone cellular, bone plasma leukocyte, and interstitial leukocyte drug
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Fig. 2. The global sensitivity analysis was performed using estimated parameters as model inputs and concentration-time profiles for all 17 organs, blood plasma,
and the metabolism and elimination compartments were used as model outputs. The first and total order Sobol indices were calculated and presented as blue and red
horizontal bars, respectively. Sensitivities that occurred frequently throughout the entire time course were presented with darker colors. The abbreviation used are: S.
Intestine (small intestine) L.Intestine (large intestine) Ly.Node (lymph node), Bile_accumulation (accumulated bile eliminated doxorubicin).

concentrations. Similarly, skin and adipose cellular drug concentrations
were simulated to assess dermatological adverse effects. Blood plasma
drug concentration was used for reference purposes.

Dosing regimen were simulated for various scenarios, including two
reported accidental overdose cases of doxorubicin [27], with dosing
regimens of 540 mg i.v. with 0.75 h infusion and 150 mg i.v. qd 2 doses.
A single dose of 150 mg/m2 i.v., which is considered as fatal dose [5]
according to Micromedex® Drug Reference, was simulated for toxicity
assessment. For non-toxic assessment, commonly used clinical dosing
regimens [1] of 75 mg/m?, 30 mg/m? i.v. qd 3 doses, and 100 mg/m? i.
v. 72 h infusion were simulated. Additionally, the lifetime cumulative
dose of 550 mg/m? was compared using a dosing regimen of 75 mg/m?>
i.v. 3w 8 doses to a dosing regimen of 20 mg/m? i.v. qw 30 doses,
which Weiss & Manthel (1977) [28] claimed patients could tolerate at
higher lifetime cumulative dose.

The area under the curve (AUC) was calculated using defined
doxorubicin cellular toxicity levels for the simulated sub-compartments
drug concentration to obtain a quantitative assessment.

We also utilized defined cellular toxicity levels along with the
simulated drug concentration in sub-compartments to obtain a quanti-
tative assessment. This assessment involved calculating the area under
the curve (AUC) exceeding the defined cellular toxicity levels 0.01, 0.07,
0.27, 1.09, and 18.9 pg/mL, denoted as AUCy;, AUC2, AUCr3, AUCp4,
and AUCgs, respectively, with a unit of pg/mL*h.

3. Results
3.1. Model construction and simulations
To prevent overfitting, six main parameters, including Pygra, SFrpc/piss

SFiny/piss SFcelt/pis> Kbite> a0 SFygetavotism Were manually or computationally
estimated. With these parameters, the doxorubicin disposition across

mouse, rat, rabbit, dog, and human was successfully described, and the
optimized value for each parameter was determined with acceptable
precision as shown in Table 2. The SF; /s was manually fitted due to
low sensitivity to model outputs. The Kpje and SFuewporism perfectly
captured the elimination and metabolism behavior of doxorubicin. After
168 hrs, the metabolite accumulation, bile excretion, and renal elimi-
nation amounted to 62%, 30%, and 6% of the initial dose, respectively,
which is consistent with the clinical data reported.

The simulation results showed that the model was able to describe
the doxorubicin concentration in multiple organs and also concerning
the realism of the metabolism and elimination compared to the observed
data (human data was shown in Fig. 1, and other species data were
shown in Supplementary Material 1 Figs. S2-5). Furthermore, the ma-
jority of the data points were within the 90th percentile of the Monte
Carlo simulation. The prediction versus observation plot showed that
the most of the data points had an error range of 2-3-fold. Quantita-
tively, most organs had an AAFE below 2.5, resulting in an overall AAFE
of 2.12 across all human data.

The global sensitivity analysis (Fig. 2) for the estimated parameters
indicated that the SFiy/pis, SFeeti/pis, and SFugetabolism had the greatest in-
fluence on the model outputs. Conversely, Kp;. exhibited a considerable
impact solely on drug concentration in the liver, as well as accumulated
bile elimination (Bile_accumulation), and accumulated metabolite.
Meanwhile, Pygrq and Ky /pis only had a minor impact on general model
outputs. Comparison of the total-order to the first-order Sobol index for
all the outputs suggested that there were minor interactions among these
parameters.

3.2. Model verification against clinically observed data from different
dosing schedules

The model exhibited a high degree of accuracy in predicting plasma
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Fig. 3. Comparison of model simulations with clinical data for different dosing schedules in humans. Each simulation corresponds to a specific publication and
dosing regimen, as indicated in the title for each subplot. For datasets involving blood mononuclear cells or bone marrow samples, a subplot with the doxorubicin
concentration in leukocytes in blood or interstitial and plasma leukocytes in bone was included. The observed data are represented by blue dots, while the light blue
line indicates the plasma simulation. The orange line corresponds to the simulation of doxorubicin in blood plasma leukocytes, while the yellow and red lines
represent bone plasma and interstitial leukocytes, respectively. The mean absolute fold error (AAFE) for each simulation is calculated and color-coded as previously
mentioned. The horizontal dashed lines with different shades of blue indicate the doxorubicin toxicity levels.

concentration for multiple dosing schedules in human clinical data. The
mean AAFE for the concentration-time curve was 1.98, with a range of
1.26-3.36 across all datasets. The majority of simulations (seven out of
ten) had an AAFE below 2, and only two simulations exceeded an AAFE
of 3 (Fig. 3). Moreover, the model demonstrated exceptional predictive
performance in estimating doxorubicin concentration at the cellular
scale, specifically in leukocytes from both blood and bone. The simu-
lations for doxorubicin in blood leukocytes yielded AAFE values of 1.93
and 1.45 for two datasets. The simulations for peripheral blood admix-
ture in the bone marrow resulted in a mean AAFE of 1.8, with a range of
1.61-2.34 for bone plasma leukocytes and a mean AAFE of 2.34, with a
range of 1.29-3.02 for bone interstitial leukocytes. The mixed effect of
bone plasma and interstitial leukocytes likely contributed to the
observed data’s concentration in the bone marrow sample, as suggested
by the simulation results. Additionally, the intracellular doxorubicin
concentrations fell within the range of level 2-4 toxicity levels, as
defined by comparison with the observed data and simulations.

The simulation was conducted using a frequently used clinical dosing
schedule of 75 mg/m? doxorubicin i.v. at 21-day intervals (Fig. 4). The
results showed that doxorubicin concentration was highest in the
interstitial space of most organs, which was around 10 times higher than
in cellular space and 100 times higher than in plasma. The overall organ
concentration was only slightly higher than the cellular concentration.
The simulation allowed us to categorize organs into those with low and
high accumulation of doxorubicin in cellular space. Organ such as
muscle, skin, adipose, bone, lung, lymph node, and brain had low
cellular doxorubicin accumulation, whereas the heart, kidney, gonads,
and organs in the digestive system had higher cellular doxorubicin
accumulation. Additionally, after 21 days, cellular concentrations of

doxorubicin in every organ could potentially reach or decrease to a level
of 1 toxicity or lower.

The results from Fig. S5A indicated that multiple dosing regimens
resulted in toxicity levels for various cell types. Specifically, blood
plasma and skin cell toxicity levels were considered level 1, adipose cell
toxicity was level 2, bone cell toxicity was level 3, blood plasma
leukocyte, bone plasma and interstitial leukocyte, and stomach cell
toxicity were level 4. These levels were determined based on reported
toxic dosing regimens, and all three simulations yielded similar results.
To calculate the AUC values for the cells, we used reported toxicity
dosing schedules and maximum lifetime cumulative dose of 75 mg/m? i.
v. 3w 8 doses simulations, as shown in Fig. 5A and Fig. 5C, respectively.
The four simulations generated similar AUC values. For instance, the
mean AUCy4 for all leukocyte sub-compartments was 129.68 pg/mL*h
(range: 34.67-280.18). In contrast, the mean AUC;4 for cell sub-
compartments in the heart and stomach was 177.91 and 219.1 pg/
mL*h (range: 92.85-286.55 and 114.92-346.97), respectively. The
mean AUC;3 for bone cell was 6.73 pg/mL*h (range: 0-21.82). How-
ever, skin and adipose cells had low doxorubicin accumulation, resulting
in AUCy; and AUCy; values below 10 pg/mL*h, with some simulations
resulting in O pg/mL*h.

Comparing these findings with Fig. 5B, we can confirm the defined
toxicity levels for these cells. The drug concentration did not exceed or
only slightly exceeded these levels, validating our previous conclusions.

4. Discussion

The application of PBPK models in clinical settings has traditionally
been limited to predicting drug concentrations in plasma, without
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considering organ or sub-organ scale concentrations. However, the
complexity of PBPK models and the large number of parameters and
compartments involved can lead to overparameterization, limiting the
full potential of this approach [7]. In this study, we developed and
validated a PBPK model for doxorubicin that considers realistic physi-
ology and anatomy through interspecies extrapolation and multiple
datasets. Our model accurately predicted doxorubicin disposition in
vivo, including multiple (sub-)compartments, elimination, and meta-
bolism behavior as well as clinical PK studies on both plasma and
cellular scales. We also used our model to quantitatively assess the po-
tential clinical toxicity of doxorubicin at a cellular level. To our
knowledge, our doxorubicin PBPK model is the first to incorporate
extensive evaluations of doxorubicin concentration in preclinical and
clinical datasets, providing a novel approach for toxicity assessment in
clinical practice.

In order to avoid the overfitting of the model, we imposed a
constraint on the number of estimated parameters to six, which were
applied uniformly across multiple organs. In contrast, typical PBPK
models for doxorubicin reply on over ten parameters and heavily depend
on organ-specific permeability surface area product or tissue partition
coefficient to achieve adequate fitting [29,30]. Our model also in-
corporates the consideration of nonspecific binding in the interstitial
space, which provides a novel perspective on the potential disposition of
doxorubicin in vivo. Conventionally, PBPK model assume that the
interstitial space contains only fluid, while published models for doxo-
rubicin introduced an additional intracellular binding site to account for
doxorubicin’s binding to DNA and cardiolipin. However, this approach
may result in an excessively high concentration of doxorubicin in the
additional intracellular binding site [30,31] which could cause severe
toxicity or DNA damage [32-35]. As an alternative, we propose
considering the nonspecific binding of doxorubicin in the extracellular

matrix (ECM) of the interstitial space to explain its prolonged tissue
retention, which is supported by histological studies of doxorubicin in
tissue [36-38]. Our estimated value of Py4rq of 0.02 cm/min, compared
to the calculated permeability of the doxorubicin through cell member
of 2.98 x 10~ cm/min, is consistent with other published works [39,
40]. This finding implies that the transport of the doxorubicin through
the endothelium is not solely due to diffusion, but convection also play a
role [41].

The overall AAFE for model prediction in humans was found to be
2.12 as depicted in Fig. 1. However, doxorubicin pharmacokinetics often
exhibit substantial inter-individual variability, which can be several
folds different within a single study [6,42]. Furthermore, the dataset
used in this study was collected from multiple publications, thereby
introducing additional uncertainty in the results. Despite these chal-
lenges, the model’s performance was considered adequate. However,
the published data typically had unequal study durations and unclear
inter-individual variation evaluations, which limited the development of
a more detailed individual-oriented model that considers the
uncertainty.

Fig. 3 presents the experimental cellular data and simulations that
not only confirmed the model’s prediction performance on a cellular
scale but also supported with the defined toxicity level. The clinical data
with cellular concentration obtained from Muller et al. (1993) included
patients with chronic lymphocytic leukemia, Speth et al. (1987a)
included patients with multiple myeloma, and Speth et al. (1987b)
included patients with acute nonlymphocytic leukemia, chronic myeloid
leukemia, and end-stage Hodgkin’s disease. The data and simulations
fell between level 2-4 toxicity levels, defined as the median of GI50, the
median of IC50 and the 75th percentile of IC50 during the study period.

A quantitative assessment of doxorubicin toxicity levels was per-
formed to support the clinically used dosing schedule of 75 mg/m2 i.v.
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Fig. 5. Simulations of doxorubicin clinical toxicity assessments. (A) Three different dosing regimens of doxorubicin were simulated using the two reported accidental
overdose cases of doxorubicin from Back et al. (1995) [27] with dosing regimen of 540 mg i.v. with 0.75 h infusion (solid line) and 150 mg i.v. qd 2 doses (dot line)
and 150 mg/m2 i.v. (dot-dash line) considered as fatal dose [5] from Micromedex® Drug Reference simulations (B) The simulation of commonly used clinical dosing
regimens [1] of 75 mg/m2 (solid line), 30 mg/m2 i.v. qd 3 doses (dot line), and 100 mg/m2 i.v. 72 h infusion (dot-dash line) simulations (C) The maximum lifetime
cumulative dose of doxorubicin was simulated using a dosing regimen of 75 mg/m? i.v. 3w 8 doses (solid line) and a dosing regimen proposed by Weiss & Manthel
(1977) [28] of 20 mg/rn2 i.v. qw 30 doses (dot line). The sub-compartments and organs simulated, including blood, heart, bone, skin, adipose, and stomach, were
color-coded and labeled at the bottom of each subfigure. The area under curve (AUC) values, including AUCy;, AUC;,, AUC3, and AUC,4, were calculated above
toxicity levels 1, 2, 3, and 4, respectively, with a unit of pg/mL*h. The predefined toxicity levels were represented by horizontal dash lines with different shades of
Elue. The AUC values were labeled based on the above-mentioned line style and text color in the legend.

administered at 21-day intervals. Based on the simulation in Fig. 4, the
cellular concentration of doxorubicin could decrease below the level 1
toxicity (5th percentile of IC50) indicating that there is barely any
toxicity effect from doxorubicin in the cell at this level. This simulation
also suggested that different organs had different affinities to doxoru-
bicin. Among all the studied targets in Fig. 5, skin showed the lowest
responsive concentration level. However, in doxorubicin chemotherapy,
alopecia had a quite high occurrence rate of 92% [5]. This is likely due
to the fact that doxorubicin inhibits cell proliferation or killing the cells
through cell cycle arrest at the G(2)/M phase [43], which significantly
affects rapidly dividing cells such as skin, but also affects the cells in the
gastrointestinal tract and blood cells in the bone marrow, which are
commonly reported with AEs. Regarding the two cases of doxorubicin
overdosing reported in Back et al. (1995) [27], we observed that he-
matologic toxicity and mucositis occurred, which our defined toxicity
level could explain from a cellular perspective. However, in the case of
the patient who received a dose regimen of 540 mg i.v. with 0.75h
infusion, acute neurological symptoms appeared, and CNS leukemia
developed two months later without any previous clinical or laboratory
signs Unfortunately, our model was unable to predict or explain these
intermediate to long-term toxicities.

After assessing commonly used clinical dosing schedules, our study
supported the use of either separating a single bolus dose into multiple
smaller doses or using a slow infusion to reduce the potential develop-
ment of adverse events. Our evaluation of the cardiotoxicity of doxo-
rubicin provides cellular-scale insight into the findings from Weiss &
Manthel (1977) [28] who suggested that the lifetime cumulative dose
could be higher when administering doxorubicin 20 mg/m? iv. qw
[28], since this dosing regimen could never touch the level 4 toxicity.
Our simulation also suggested that the prolongated infusion has ad-
vantages that could lower the cytotoxicity of doxorubicin from a cellular
perspective, which was aligned with clinical findings [44-47].

Our model and simulation were based on the toxicity associated with
the AEs, and did not explore the pharmacodynamics of anti-cancer ef-
fect. The anti-cancer effect of doxorubicin is presumed to be dose-
dependent [5], and therefore, the physician may prefer single i.v.
bolus dosing schedules over others to reach higher cellular concentra-
tions. However, the sensitivity of cancer cells to doxorubicin should
always be considered since they are highly divided cells. Hence, by
applying tumor compartments and additional information associated
with the target cancer type, this model could be used as a good predictor
and evaluation tool for decision-making and precision dosing, balancing
the benefit and risk.

In conclusion, we have successfully developed a predictive PBPK
model for doxorubicin based on interspecies data and interspecies
extrapolation simulations, which can predict doxorubicin disposition on
multiple tissue levels. This model has the capability to predict doxoru-
bicin disposition in various tissues, making it a valuable tool for both
clinical and preclinical in silico studies. We believe that our model has
provided unique insights into model construction and quantitative
clinical toxicity assessments. However, we acknowledge that the accu-
racy and precision of our model may be further improved. The data
collected from various studies have unequal durations and unclear
evaluations of inter-individual variations. Therefore, the development of
a more detailed individual-oriented model could improve the accuracy
of our predictions. Our model has the potential to guide clinical

doxorubicin chemotherapy by providing quantitative toxicity assess-
ments. Furthermore, it can be explored for use in anti-cancer pharma-
codynamic (PD) modeling and in vivo disposition outcome evaluations
of novel doxorubicin formulations.
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