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The cardiotoxicity of anti-cancer drugs presents as a challenge to both clinicians and
patients. Significant advances in cancer treatments have improved patient survival rates,
but have also led to the chronic effects of anti-cancer therapies becoming more
prominent. Additionally, it is difficult to clinically predict the occurrence of cardiovascular
toxicities given that they can be transient or irreversible, with large between-subject
variabilities. Further, cardiotoxicities present a range of different symptoms and
pathophysiological mechanisms. These notwithstanding, mechanistic pharmacokinetic
(PK) and pharmacodynamic (PD) modeling offers an important approach to predict
cardiotoxicities and offering precise cardio-oncological care. Efforts have been made to
integrate the structures of physiological and pharmacological networks into PK-PD
modeling to the end of predicting cardiotoxicities based on clinical evaluation as well as
individual variabilities, such as protein expression, and physiological changes under
different disease states. Thus, this review aims to report recent progress in the use of
PK-PD modeling to predict cardiovascular toxicities, as well as its application in anti-
cancer therapies.

Keywords: cardiotoxicity, cardio-oncology, pharmacokinetic and pharmacodynamic modeling, mechanistic
modeling, toxicity, anti-cancer drugs
INTRODUCTION

Advances in cancer treatment have dramatically improved patient survival rates. At the same time,
however, the issueofpreventing andmanaging treatment-associated chronic adverse eventshas become
increasingly important. Cardiovascular complications have been identified as one of the leading causes
ofmortality in cancer survivors, regardless of the cancer type (1, 2). This has led to the development of a
novel field, cardio-oncology, which focuses on reducing or managing the cardiotoxicity of anti-cancer
agents, while maximizing therapeutic effects and managing patients with cancer having cardiovascular
comorbidities. Further, cardio-oncology is increasingly becoming part of the standardized care for
patients with cancer (3), and cardiovascular complications associated with cancer therapies, including
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arrhythmia, hypertension, and heart failure, have been observed in
clinical practice. Furthermore, the mechanisms behind these
clinical symptoms can be categorized into: (1) drug-induced
electrocardiograph changes; (2) drug-induced hemodynamic
changes; and (3) drug-induced changes in molecular signaling
pathways (4).

Pharmacokinetic and pharmacodynamic (PK-PD) modeling
is an approach by which concentration-driven drug effects can be
quantitatively predicted. Traditionally, in PK models, multiple
compartments are applied to describe the kinetic behaviors of
therapeutic drugs, with the different compartments representing
various organs or tissue levels, within which the action of the
relevant drugs is kinetically consistent. Additionally, in classical
PD models, empirical mathematical models are used to describe
drug effects. Therefore, by offering the possibility to gain a deeper
understanding regarding basic pharmacology and with the
development of computational capacities, mechanistic PK-PD
modeling can be used for the integration of physiological and
pharmacological mechanisms (5).

Further, mechanistic PK-PDmodeling is an emerging field, the
definition of which is constantly evolving (6). Specifically, basic
mechanism-based PK-PD modeling often incorporates one or
more critical drug action steps, such as receptor binding or cell
turnover, to capture major rate-limiting steps in drug dispositions
and explain between-subject variabilities (7). Furthermore, systems
pharmacology modeling provides a comprehensive modeling
approach that has as objective to integrate the structures of
physiological and pharmacological networks through PK-PD
modeling (8, 9). On the one hand, the physiological-based
pharmacokinetic (PBPK) modeling framework enables the
mechanistic description of drug absorption, distribution,
metabolism, and excretion processes at the physiological level.
Thus, these mechanistic descriptions can be extrapolated to
different populations and disease states if the associated
physiological changes can be elucidated (10). On the other hand,
with the development of high-throughput analytical methods,
bioinformatics, and system biology, quantitative systems
pharmacology (QSP) aims to quantitatively describe the
behaviors of biological systems, and explain between-subject
variabilities at genetic, protein, cellular, and whole-body levels (9).

To date, mechanistic PK-PD modeling has been extensively
applied to quantify the cardiovascular toxicities of therapeutic
drugs and predict the toxicities of anti-cancer drugs. In a few
studies, mechanistic models have been established to describe the
cardiotoxicities of anti-cancer drugs. Therefore, in this work, our aim
was to reviewthe roleofmechanisticPK-PDmodelingwith respect to
cardiovascular safety and its application in cardio-oncology.
MODELING OF CHANGES IN
ELECTROCARDIOGRAPH

Mechanisms of Drug-Induced Changes in
Electrocardiographs
Several patients with cancer experience arrhythmias that are
associated with anti-cancer therapies or cancers (11). Further,
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drug-induced arrhythmias can lead to life-threatening adverse
events or sudden death, and clinically, this is frequently
evidenced by changes in the electrocardiographs of patients
(12). Among the various forms of arrhythmias, torsades de
pointes (TdP) are the most dangerous. Specifically, TdP,
meaning “twist of the points”, is a polymorphic ventricular
tachycardia (VT) that is potentially fatal, and given that its
occurrence is associated with QT interval prolongation, QT
intervals are widely recognized as a proxy for TdP, as well as
an index of cardiovascular safety (13). Thus, the quantitative
modeling of QT intervals is the most popular strategy by which
the proarrhythmic properties of a given drug can be clarified.
Basic Mechanism-Based Modeling of
Electrocardiograph Changes
The drug concentration-driven prolongation of QT intervals can
be quantitatively predicted using PK-PD modeling. Additionally,
the response of the QT interval to anti-cancer drugs has been
successfully described empirically for several drugs, including
dofetilide, azithromycin, and moxifloxacin, using (log-) linear
models as well as simple and sigmoid Emax models (4). As the QT
interval is strongly dependent on factors, such as heart rate and
circadian rhythm, several attempts have been made to model it
by correcting for these factors. For example, Chain et al.
established a PD model to describe the corrected QT interval
as a function of both physiological conditions and drug effects
(14), as expressed below.

QTC = QT0 � RRa + A� cos
2p
24

t − fð Þ
� �

+ Slope� C

where QT0 represents the baseline for the QT-RR relationship,
RR represents the interval between the R waves on the
electrocardiogram, a represents an individual correction factor,
the cosine function describes the circadian rhythm of the heart in
different phases, and C represents drug concentration. In this
case, the drug effect was modeled linearly.

Additionally, the QT interval is a sensitive but non-specific
index of cardiac safety. In fact, several drugs share the same QT
interval prolongation effect, but have different proarrhythmic
properties (15). Thus, another biomarker of drug-induced
arrhythmic risk, the human Ether-à-go-go-related Gene
(hERG) channel block (16), has been identified. Arrhythmic
risk is presumed to be dependent on the affinity of the drug in
question to the different ion channels that control the action
potential (AP) duration of the heart. Therefore, the half-maximal
inhibitory concentration (hERG IC50) value of a compound,
which is defined as the concentration of a given drug that will
decrease the current flow through the hERG channel by 50%, can
be used to indicate the potency of a given drug to induce TdP.
With the aid of mathematical cardiac electrophysiology models,
drug-ion channel interactions have been mechanistically
modeled to predict the effects of drugs on AP duration. For
example, Mirams et al. (17) predicted the TdP risks associated
with various drugs using their reported hERG IC50 values.
Specifically, the conductance of a given channel, j (gj), as a
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function of the drug amount (D) and the IC50 value can be
modeled as follows:

gj = gcontrol,j 1 +
Dð Þ

IC50ð Þj
� �n� �−1

where gcontrol, j represents the baseline maximal conductance of
channel j. Additionally, the conductance of the channel can then
be linked to channel currents and membrane voltages to predict
changes in AP duration. In this regard, the application of cardiac
electrophysiology models has enabled the classification of
compounds as high-, intermediate-, and low-risk compounds
with respect to the occurrence of TdP.
Systems Pharmacology Modeling of
Electrocardiograph Changes
Recent studies have shown that cardiac electrophysiology models
fail to capture the binding dynamics in drug-channel
interactions. Thus, they cannot be used to distinguish between
drugs with different binding rates to ion channels. In this regard,
to further improve the prediction of drug-induced arrhythmic
risks, Li et al. (18) proposed a novel hERG model that integrates
cardiac electrophysiology and multi-ion channel pharmacology,
as illustrated in Figure 1.

By applying a PD model with three drug-bound states, the
model proposed by Li et al. can be used to distinguish the
proarrhythmic risks associated with trapped compounds from
those associated with their untrapped counterparts, as the former
often have higher proarrhythmic risks for the same hERG IC50

value. The left-hand side of Figure 1 shows the physiological part
of the model, which describes the closing (C), inactivated closing
(IC), and opening (O) states of ion channels. Conversely, the
pharmacodynamic part (right-hand side) assumes three drug-
bound states: open bound (O*), inactivated open bound (IO*),
and closed bound (C*). This implies that the drug in question
can be trapped in the C* state, implying that this proposed model
Frontiers in Oncology | www.frontiersin.org 3
can be used to successfully predict the TdP risk levels of all
training compounds (n = 12).

Even though system pharmacology modeling can be used to
describe the binding dynamics of drugs, parameters such as Emax

and IC50 can only be estimated based on preclinical studies.
Thus, the model needs measurable patient parameters patients
such as the QT interval before its use can be extended to
clinical practice.
MODELING OF HEMODYNAMIC CHANGES

Mechanisms of Drug-Induced
Hemodynamic Changes
Blood pressure (BP) elevations and heart failure, which are
common cardiovascular side effects of anti-cancer drugs, are often
associated with hemodynamic changes. Specifical ly ,
hemodynamics is the study of blood flow dynamics, which are
governed by BP and vascular resistance in different parts of the
system, aswell as by the contractability of the heart. Unlike TdP, BP
elevations are not typically life-threatening, thus they have received
less attention from pharmacometricians. Conversely, the
occurrence of heart failure, which involves both hemodynamic
and pathological changes, can be chronic and acute. Additionally,
heart failure could also be the consequence of the direct cardio-
toxicity of anticancer drugs, such as trastuzumab and
anthracyclines (19, 20). Therefore, the modeling of heart failure is
complicated and specific to a certain class of drugs.
Basic Mechanism-Based Modeling of
Hemodynamic Changes
Empirical PD models are frequently used to describe drug-
induced BP elevations. For example, a linear function with a
cyclical diurnal variation of mean aortic BP (MBP) has been
applied in a PD model of regorafenib (21).
FIGURE 1 | Illustrative structure of a dynamic hERG-binding model. The left part corresponds to the physiological component of the model, where C1 and C2
represent the closed states of the channel and O represents the open state, with the corresponding inactivated states indicated as IC1, IC2, and IO, respectively.
The right part represents the pharmacodynamic component, which assumes three drug-bound states: open bound (O*), inactivated open bound (IO*), and closed
bound (C*). The drug can be trapped in the C* state.
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BP = E0 + slope� C

E0 = EBL + Amp� cos 2p t−Tshiftð Þ
Freq

� �

where E0 represents baseline BP, which is influenced by the
circadian rhythm. Further, C represents drug concentration,
which is linked to response via a linear function.

Van Hasselt et al. (22) developed a population PK-PD model
corresponding to the relationship between the left ventricular
ejection fraction (LVEF) and trastuzumab exposure. They also
identified the associated clinically relevant covariates (Figure 2),
and observed that the LVEF values could be best described using
an effect-compartment model. Additionally, the population’s
LVEF recovery half-life after trastuzumab treatment (T1/2rec)
was estimated to be 49.7 d, and the cumulative anthracycline
dose was found to be a significant determinant of the half-
maximal effect concentration (EC50). Further, they also observed
that anthracycline caused a 45.9% increase in sensitivity (i.e., a
decrease in EC50) at its maximum cumulative dose.

Systems Pharmacology Modeling of
Hemodynamic Changes
Traditionally, hemodynamic parameters, such as BP or heart rate
(HR), are often quantified independently, without considering the
inter-relationships between them. Important variables for
cardiovascular hemodynamics include: HR; mean arterial,
diastolic, and systolic BP (MAP, DBP, and SBP, respectively);
stroke volume (SV); cardiac output (CO); and total peripheral
resistance (TPR), and the interrelationships between MAP, TPR,
CO, HR, and SV are expressed as: (i) MAP = CO × TPR and
(ii)CO=HR×SV(4). Further, the interrelationships between these
variables are complex owing to the feedback mechanism of
hemodynamics. Therefore, to compute these variables
simultaneously, a systems approach that integrates cardiovascular
physiology and the interactions between these variables is needed.
In this regard, Snelder et al. (23) proposed a systems model with
negative homeostatic feedback through MAP that can be used to
describe changes in TPR, HR, and SV, as illustrated in Figure 3.
Frontiers in Oncology | www.frontiersin.org 4
In the structure of this model, three turnover models that are
regulated by homeostatic feedback through MAP (FB-MAP) are
linked together to describe changes in HR, SV, and TPR.
Additionally, in each equation, Kin_i represents the zero-order
production rate of each parameter, while kout_i represents the
first-order elimination rate of each parameter.

dHR
dt = Kin _HR � 1 − FB�MAPð Þ − kout _HR � HR

dSV∗

dt = Kin _ SV � 1 − FB�MAPð Þ − kout _ SV � SV∗

dTPR
dt = Kin _TPR � 1 − FB�MAPð Þ − kout _TPR � TPR

SV = SV∗ � 1 − HR _ SV � LN HR=BSL _HRð Þð Þ
CO = HR� SV

MAP = CO� TPR

Considering the circadian rhythm as well as drug effects, these
equations can be written as follows:

dHR
dt = Kin _HR � 1 + CRHRð Þ � 1 − FB�MAPð Þ � 1 + EFF + HDHRð Þ − kout _HR �HR

dSVT

dt = Kin _ SV � 1 − FB�MAPð Þ � 1 + EFFð Þ − kout _ SV � SVT

dTPR
dT = Kin _TPR � 1 + CRTPRð Þ � 1 − FB�MAPð Þ � 1 + EFF + HDTPRð Þ − kout _TPR � TPR

where CRi represents the circadian rhythm of each carrier and
EFF represents drug effect, which for different drugs, is assessed
based on linear, power, Emax, or Sigmoid Emax models.

The abovementioned model has enabled the prediction of
drug-induced hemodynamic changes based on HR and MAP
measurements. More recently, Sang et al. (24) utilized the model
for predicting anthracycline-induced heart failure, and by
quantifying the interactions between preload, afterload, and the
myocardial contraction of the cardiovascular system in the QSP
model, they were able to distinguish pre-existing diseases or
disease progression from drug effects. Further, in this study by
Sang et al., the QSP-PK-PD model of doxorubicin-induced
cardiotoxicity showed desirable prediction in a population
consisting of individuals with and without preexisting
cardiovascular conditions.
FIGURE 2 | Schematic representation of the PK-PD model corresponding to the relationship between the left ventricular ejection fraction and trastuzumab exposure.
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MODELING OF DRUG-INDUCED
CHANGES IN MOLECULAR
SIGNALING PATHWAYS

Drug-Induced Changes in Molecular
Signaling Pathways
While the effects of cancer drugs on electrocardiographs and the
hemodynamic functions of the cardiovascular systems are a
shared mechanism of drug-induced cardiotoxicities, in recent
studies, more interest has been given to revealing the drug-
specific mechanisms that underlie cardiotoxicities, especially
with respect to impact on molecular signaling pathways (25).

The cardiac side effects of chemotherapies were first reported
following the introduction of daunorubicin. Additionally, the
cardiotoxicity of anthracyclines has been widely investigated
since their introduction (26). Specifically, anthracycline-
induced cardiomyopathy can occur at both early and late onset
cancers, and the well-accepted mechanism of such cardiotoxicity
involves the iron-dependent generation of reactive oxygen
species (ROS), which thereafter cause oxidative damage to
cardiomyocytes (27). Further, recent studies have revealed that
ROS production is dependent on topoisomerase-2b, which
seemingly, is a key mediator of doxycycline (DOX)-related
cardiomyopathy (28).

In the past, the cardiac side effects of targeted therapies were
initially considered minimal, as kinases were not constitutively
active in normal tissues. However, the long-term use of targeted
therapies still result in cardiovascular side effects, such as heart
failure, QT interval prolongation, and myocardial injury.
Further, considering tyrosine kinase inhibitors (TKIs) as
examples, these treatments target the proliferation pathways of
cardiomyocytes as well as cancer cells. Thus, the inhibition of
these pro-survival kinases in normal cardiomyocytes results in
the cardiotoxicities of TKI.
Frontiers in Oncology | www.frontiersin.org 5
Basic Mechanism-Based Modeling of
Drug-Induced Changes in Molecular
Signaling Pathways
It has been observed that anthracycline-induced cardiotoxicities
are dose-dependent. Moreover, there seems to be a correlation
between cardiotoxicity and drug peak plasma levels (29). Despite
various proposed dosing strategies, such as the limiting of total
dose and increasing infusion duration, the observed variability in
individual responses to anthracyclines is still unclear. Therefore,
PK-PD modeling provides a potential solution for anthracycline
precision dosing.

He et al. (30) developed a multiscale PK model that involves
the assessment of doxorubicin dispositions as well as interstitial
tissues, cells, and cellular organelles (Figure 4). Additionally, in
most previous studies, it has been observed that cardiotoxicity
is associated with the average plasma concentrations of
different drugs. However, the most relevant concentrations
with respect to cytotoxicity are those in cells or nuclei. In
this regard, the nucleus sub-compartment equation was defined
as follows:

Ce _ org = 0:5� Cet _ org − CNorg − Kd

� �
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cet _ org − CNorg − Kd

� �2+4� Kd � Cet _ org

q� �

CDNA _ bound = Cet _ org − Ce _ org

where Cet_org represents total intracellular concentration, Ce_org

represents free intracellular concentrations, CNorg represents
DNA concentration, and CDNA_bound represents DNA
bound concentration.

The model predicted that prolonged infusion did not reduce
doxorubicin-deoxyribonucleic acid (DNA) adducts at the tumor
nucleus. This is consistent with clinical observations that
prolonged infusion do not compromise the anti-tumor effect,
indicating that DNA torsion is a primary anti-tumor
mechanism (31).
FIGURE 3 | Illustrative structure of the hemodynamic system pharmacology model developed by Snelder et al. (23). HR, heart rate; TPR, total peripheral resistance;
MAP, mean arterial pressure; and SV, stroke volume. FB- represents the negative feedback mechanism through MAP. The effects on HR, SV, and TPR are
described using turnover models. Kin_HR, Kin_SV, and Kin_TPR represent the zero-order production rate constants and kout_HR, kout_SV, and kout_TPR represent the first-
order elimination rate constants.
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Systems Pharmacology Modeling of
Drug-Induced Changes in Molecular
Signaling Pathways
TKI-induced cardiotoxicity can be attributed to the activity of
one or more tyrosine kinases in cardiomyocytes. Further, critical
processes, such as survival signaling, energy homeostasis, and
excitation-contraction coupling are controlled by molecular
signaling pathways. Thus, QSP approaches seem to be well
suited for the study of TKI-induced cardiotoxicity given that
tyrosine kinase signaling encompasses large as well as complex
networks with numerous feedback loops.

Vaidya et al. (32) recently investigated two TKIs, dasatinib
and sorafenib. Further, QSP models have been developed to
capture various trends in protein signaling and cellular responses
regarding parameter estimates. In this regard, the key signal
transduction pathways are shown in Figure 5.

The proteins in the apoptotic pathway that involves pBAD,
pBcl2, Caspase-9, and active Caspase-3 have been described in
the QSP model. Additionally, the model can be used to predict
the IC50 values corresponding to different drug concentrations;
these simulation results have been verified using data based on in
vitro studies.

Additionally, the QSP platform is useful for elucidating
cardiotoxicity mechanisms, and simulations based thereon can
facilitate the evaluation of drug dosing strategies to the end of
alleviating cardiotoxicity. Therefore, it offers the possibility to
overcome the problem of cardiotoxicity without compromising
the cytotoxic activity of the different drugs that are used to treat
specific malignancies.
Frontiers in Oncology | www.frontiersin.org 6
DISCUSSION

As an emerging field of interest, cardio-oncology aims to
identify patients with risk factors, prevent cardiovascular
damage , and moni tor or manage the progress o f
cardiovascular toxicities (33). Mechanistic PK-PD modeling
offers a potential approach for the prevention and identification
of cardiovascular toxicities by quantifying exposure-response
relationships. Limitations of PK-PD modeling should also be
noted. First, while examples of mechanistic PK-PD modeling in
cardiovascular safety with respect to anti-cancer drugs exist,
they have been limited to a few drugs. Second, such PK/PD
models should be further evaluated by large prospective clinical
investigations before applying to the real clinical settings.
Third, PK-Pd models could be considered as an additional
tool to predict cardiac toxicity but they do not substitute to clinical
evaluation. Complementary to clinical evaluations, further
investigations of predictive performances are essential to their
clinical applications.

B a s e d o n p u b l i s h e d s t u d i e s , d r u g - i n d u c e d
electrocardiograph and hemodynamic changes can be
sufficiently modeled using various model structures.
Additionally, modeling techniques for electrocardiograph and
hemodynamic changes are flexible and versatile, and
pharmacometricians can choose the appropriate ones based
on the purpose of modeling as well as the characteristics of the
data used. However, these models lack information on the
drug-specific mechanisms associated with cardiovascular
toxicity, and their applications in clinical scenarios are
A B

FIGURE 4 | Schematic diagram of the developed multiscale PB-PK model for doxorubicin. (A) Whole-body PB-PK model comprising seven tissues and two blood
compartments. The blood compartments are further divided into plasma and blood cell sub-compartments. (B) Tissue model; each tissue is divided into the
vascular, interstitial, intracellular, and nucleus DNA-bound sub-compartments.
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limited. Therefore, in the future, drug-specific mechanisms
can be incorporated into these models to enhance their
performance with respect to predictabilities, and bridge the
gaps between theoretical modeling and real clinical scenarios.

Additionally, the modeling of drug-induced changes in
molecular signaling pathways tends to be comprehensive and
drug-specific, and the prerequisite for successful modeling is an
understanding of molecular pathways and dose-driven
relationships. QSP provide the potential approaches given
that they offer the possibility to construct biological
interactions within systems. Moreover, QSP approaches can
eventually be applied to distinguish disease populations from
healthy ones, and also bridge the gap between application in
ideal populations and real-world populations (34, 35).
However, high-throughput experiments with system-level
information, as well as computational techniques are required
for the establishment of QSP networks. Thus, it is evident that QSP
applications are still limited to preclinical research for some drugs of
particular interest.
CONCLUSIONS

In conclusion, mechanistic PK-PD modeling has been
extensively applied to quantify the cardiovascular toxicities of
anti-cancer drugs. Further, drug-induced changes in physio-
electricity and hemodynamics can be well modeled using
Frontiers in Oncology | www.frontiersin.org 7
quantitative systems biology. Therefore, in future, bridging the
gap between mechanistic cardiovascular models and clinical
realities would offer the possibility to quantify the
cardiovascular toxicities of anti-cancer drugs. Such PK/PD
models should be further evaluated by large prospective
clinical investigations before applying to the real clinical settings.
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kinase; MEK, MAPK/ERK kinase; mTOR, mammalian target of rapamycin; PDGFR, platelet derived growth factor receptor; PI3K, phosphoinositide 3 kinase;
RAF, rapidly accelerated fibrosarcoma kinase protein; RAS, prototypical member of the Ras superfamily of proteins (belonging to the small GTPase group of
proteins); Src Rous, sarcoma oncogene cellular homolog tyrosine kinase protein; TNFR1, tumor necrosis factor receptor 1; VEGFR, vascular endothelial growth
factor receptor.
January 2022 | Volume 11 | Article 814699

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wen et al. Mechanistic PK/PD Modeling in Cardio-Oncology
REFERENCES

1. Patnaik JL, Byers T, DiGuiseppi C, Dabelea D, Denberg TD. Cardiovascular
Disease Competes With Breast Cancer as the Leading Cause of Death for
Older Females Diagnosed With Breast Cancer: A Retrospective Cohort Study.
Breast Cancer Res (2011) 13(3):1–9. doi: 10.1186/BCR2901

2. Sturgeon KM, Deng L, Bluethmann SM, Zhou S, Trifiletti DM, Jiang C, et al. A
Population-Based Study of Cardiovascular Disease Mortality Risk in US Cancer
Patients. Eur Heart J (2019) 40:3889–97. doi: 10.1093/EURHEARTJ/EHZ766

3. Lenneman CG, Sawyer DB. Cardio-Oncology: An Update on Cardiotoxicity
of Cancer-Related Treatment. Circ Res (2016) 118:1008–20. doi: 10.1161/
CIRCRESAHA.115.303633

4. Collins TA, Bergenholm L, Abdulla T, Yates JWT, Evans N, Chappell MJ,
et al. Modeling and Simulation Approaches for Cardiovascular Function and
Their Role in Safety Assessment. CPT Pharmacometrics Syst Pharmacol
(2015) 4:175–88. doi: 10.1002/PSP4.18

5. Danhof M, de Lange ECM, Della Pasqua OE, Ploeger BA, Voskuyl RA.
Mechanism-Based Pharmacokinetic-Pharmacodynamic (PK-PD) Modeling
in Translational Drug Research. Trends Pharmacol Sci (2008) 29:186–91.
doi: 10.1016/J.TIPS.2008.01.007

6. Jusko WJ. Moving From Basic Toward Systems Pharmacodynamic Models.
J Pharm Sci (2013) 102:2930–40. doi: 10.1002/JPS.23590

7. Danhof M, De Jongh J, De Lange ECM, Della Pasqua O, Ploeger BA, Voskuyl
RA. Mechanism-Based Pharmacokinetic-Pharmacodynamic Modeling:
Biophase Distribution, Receptor Theory, and Dynamical Systems Analysis.
Annu Rev Pharmacol Toxicol (2007) 47:357–400. doi: 10.1146/ANNUREV.
PHARMTOX.47.120505.105154

8. Gadkar K, Kirouac D, Parrott N, Ramanujan S. Quantitative Systems
Pharmacology: A Promising Approach for Translational Pharmacology. Drug
Discov Today Technol (2016) 21–22:57–65. doi: 10.1016/J.DDTEC.2016.11.001

9. Azer K, Kaddi CD, Barrett JS, Bai JPF, McQuade ST, Merrill NJ, et al. History
and Future Perspectives on the Discipline of Quantitative Systems
Pharmacology Modeling and Its Applications. Front Physiol (2021)
12:637999. doi: 10.3389/FPHYS.2021.637999

10. Sager JE, Yu J, Ragueneau-Majlessi I, Isoherranen N. Physiologically Based
Pharmacokinetic (PBPK) Modeling and Simulation Approaches: A Systematic
Review of Published Models, Applications, and Model Verification. Drug
Metab Dispos (2015) 43:1823–37. doi: 10.1124/dmd.115.065920

11. Alexandre J, Moslehi JJ, Bersell KR, Funck-Brentano C, Roden DM, Salem JE.
Anticancer Drug-Induced Cardiac Rhythm Disorders: Current Knowledge
and Basic Underlying Mechanisms. Pharmacol Ther (2018) 189:89–103.
doi: 10.1016/J.PHARMTHERA.2018.04.009

12. Tisdale JE,ChungMK,CampbellKB,HammadahM, Joglar JA,Leclerc J, et al.Drug-
Induced Arrhythmias: A Scientific Statement From the American Heart
Association. Circulation (2020) 142:E214–33. doi: 10.1161/CIR.0000000000000905

13. Passman R, Kadish A. Polymorphic Ventricular Tachycardia, Long Q-T
Syndrome, and Torsades De Pointes. Med Clin North Am (2001) 85:321–
41. doi: 10.1016/S0025-7125(05)70318-7

14. Chain ASY, Dubois VFS, Danhof M, Sturkenboom MCJM, Della Pasqua O.
Identifying the Translational Gap in the Evaluation of Drug-Induced QTc Interval
Prolongation. Br J Clin Pharmacol (2013) 76:708–24. doi: 10.1111/BCP.12082

15. Ahmad K, Dorian P. Drug-Induced QT Prolongation and Proarrhythmia:
An Inevitable Link? Europace (2007) 9 Suppl 4:iv16–22. doi: 10.1093/
EUROPACE/EUM167

16. Witchel HJ. Drug-Induced hERG Block and Long QT Syndrome. Cardiovasc
Ther (2011) 29:251–9. doi: 10.1111/J.1755-5922.2010.00154.X

17. Mirams GR, Cui Y, Sher A, Fink M, Cooper J, Heath BM, et al. Simulation of
Multiple Ion Channel Block Provides Improved Early Prediction of
Compounds’ Clinical Torsadogenic Risk. Cardiovasc Res (2011) 91:53–61.
doi: 10.1093/CVR/CVR044

18. Li Z, Dutta S, Sheng J, Tran PN,WuW, Chang K, et al. Improving the In Silico
Assessment of Proarrhythmia Risk by Combining hERG (Human Ether-À-
Go-Go-Related Gene) Channel-Drug Binding Kinetics and Multichannel
Pharmacology. Circ Arrhythm Electrophysiol (2017) 10(2):e004628.
doi: 10.1161/CIRCEP.116.004628

19. Nishi M, Wang P, Hwang PM. Cardiotoxicity of Cancer Treatments: Focus on
Anthracycline Cardiomyopathy. Arterioscler Thromb Vasc Biol (2021)
41:2648–60. doi: 10.1161/ATVBAHA.121.316697
Frontiers in Oncology | www.frontiersin.org 8
20. Wu Q, Bai B, Tian C, Li D, Yu H, Song B, et al. The Molecular Mechanisms of
Cardiotoxicity Induced by HER2, VEGF, and Tyrosine Kinase Inhibitors: An
Updated Review. Cardiovasc Drugs Ther (2021). doi: 10.1007/S10557-021-07181-3

21. Collins T, Gray K, Bista M, Skinner M, Hardy C, Wang H, et al. Quantifying
the Relationship Between Inhibition of VEGF Receptor 2, Drug-Induced
Blood Pressure Elevation and Hypertension. Br J Pharmacol (2018) 175:618–
30. doi: 10.1111/BPH.14103

22. Van Hasselt JGC, Boekhout AH, Beijnen JH, Schellens JHM, Huitema ADR.
Population Pharmacokinetic-Pharmacodynamic Analysis of Trastuzumab-
Associated Cardiotoxicity. Clin Pharmacol Ther (2011) 90:126–32.
doi: 10.1038/CLPT.2011.74

23. Snelder N, Ploeger BA, Luttringer O, Rigel DF, Fu F, Beil M, et al. Drug Effects
on the CVS in Conscious Rats: Separating Cardiac Output Into Heart Rate and
Stroke Volume Using PKPD Modelling. Br J Pharmacol (2014) 171:5076–92.
doi: 10.1111/BPH.12824

24. Sang L, Yuan Y, Zhou Y, Zhou Z, Jiang M, Liu X, et al. A Quantitative Systems
Pharmacology Approach to Predict the Safe-Equivalent Dose of Doxorubicin
in Patients With Cardiovascular Comorbidity. CPT Pharmacometrics Syst
Pharmacol (2021) 10:1512–24. doi: 10.1002/PSP4.12719

25. Ewer MS, Ewer SM. Cardiotoxicity of Anticancer Treatments. Nat Rev Cardiol
(2015) 12:547–58. doi: 10.1038/NRCARDIO.2015.65

26. TanC,TasakaH,YuK-P,MurphyML,KarnofskyDA.Daunomycin, anAntitumor
Antibiotic, in the Treatment ofNeoplasticDisease. Clinical EvaluationWith Special
Reference to Childhood Leukemia. Cancer (1967) 20:333–53. doi: 10.1002/1097-
0142(1967)20:3<333::aid-cncr2820200302>3.0.co;2-k

27. Link G, Tirosh R, Pinson A, Hershko C. Role of Iron in the Potentiation of
Anthracycline Cardiotoxicity: Identification of Heart Cell Mitochondria as a
Major Site of Iron-Anthracycline Interaction. J Lab Clin Med (1996) 127:272–
8. doi: 10.1016/S0022-2143(96)90095-5

28. Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu LF, et al. Identification of
the Molecular Basis of Doxorubicin-Induced Cardiotoxicity. Nat Med (2012)
18:1639–42. doi: 10.1038/NM.2919

29. Vejpongsa P, Yeh ETH. Prevention of Anthracycline-Induced Cardiotoxicity:
Challenges and Opportunities. J Am Coll Cardiol (2014) 64:938–45.
doi: 10.1016/J.JACC.2014.06.1167

30. He H, Liu C,Wu Y, Zhang X, Fan J, Cao Y. AMultiscale Physiologically-Based
Pharmacokinetic Model for Doxorubicin to Explore its Mechanisms of
Cytotoxicity and Cardiotoxicity in Human Physiological Contexts. Pharm
Res (2018) 35:174. doi: 10.1007/S11095-018-2456-8

31. Shapira J, Gotfried M, Lishner M, Ravid M. Reduced Cardiotoxicity of
Doxorubicin by a 6-Hour Infusion Regimen. A Prospective Randomized
Evaluation. Cancer (1990) 65:870–3. doi: 10.1002/1097-0142(19900215)
65:4<870::aid-cncr2820650407>3.0.co;2-d

32. Vaidya T, Kamta J, Chaar M, Ande A, Ait-Oudhia S. Systems Pharmacological
Analysis of Mitochondrial Cardiotoxicity Induced by Selected Tyrosine Kinase
Inhibitors. J Pharmacokinet Pharmacodyn (2018) 45:401–18. doi: 10.1007/
S10928-018-9578-9

33. Barros-Gomes S, Herrmann J, Mulvagh SL, Lerman A, Lin G, Villarraga HR.
Rationale for Setting Up a Cardio-Oncology Unit: Our Experience at Mayo
Clinic. Cardiooncology (2016) 2(1):1–9. doi: 10.1186/S40959-016-0014-2

34. Stern AM, Schurdak ME, Bahar I, Berg JM, Taylor DL. A Perspective on
Implementing a Quantitative Systems Pharmacology Platform for Drug
Discovery and the Advancement of Personalized Medicine. J Biomol Screen
(2016) 21:521–34. doi: 10.1177/1087057116635818

35. Bradshaw EL, Spilker ME, Zang R, Bansal L, He H, Jones RDO, et al.
Applications of Quantitative Systems Pharmacology in Model-Informed
Drug Discovery: Perspective on Impact and Opportunities. CPT
Pharmacometrics Syst Pharmacol (2019) 8:777. doi: 10.1002/PSP4.12463

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
January 2022 | Volume 11 | Article 814699

https://doi.org/10.1186/BCR2901
https://doi.org/10.1093/EURHEARTJ/EHZ766
https://doi.org/10.1161/CIRCRESAHA.115.303633
https://doi.org/10.1161/CIRCRESAHA.115.303633
https://doi.org/10.1002/PSP4.18
https://doi.org/10.1016/J.TIPS.2008.01.007
https://doi.org/10.1002/JPS.23590
https://doi.org/10.1146/ANNUREV.PHARMTOX.47.120505.105154
https://doi.org/10.1146/ANNUREV.PHARMTOX.47.120505.105154
https://doi.org/10.1016/J.DDTEC.2016.11.001
https://doi.org/10.3389/FPHYS.2021.637999
https://doi.org/10.1124/dmd.115.065920
https://doi.org/10.1016/J.PHARMTHERA.2018.04.009
https://doi.org/10.1161/CIR.0000000000000905
https://doi.org/10.1016/S0025-7125(05)70318-7
https://doi.org/10.1111/BCP.12082
https://doi.org/10.1093/EUROPACE/EUM167
https://doi.org/10.1093/EUROPACE/EUM167
https://doi.org/10.1111/J.1755-5922.2010.00154.X
https://doi.org/10.1093/CVR/CVR044
https://doi.org/10.1161/CIRCEP.116.004628
https://doi.org/10.1161/ATVBAHA.121.316697
https://doi.org/10.1007/S10557-021-07181-3
https://doi.org/10.1111/BPH.14103
https://doi.org/10.1038/CLPT.2011.74
https://doi.org/10.1111/BPH.12824
https://doi.org/10.1002/PSP4.12719
https://doi.org/10.1038/NRCARDIO.2015.65
https://doi.org/10.1002/1097-0142(1967)20:3%3C333::aid-cncr2820200302%3E3.0.co;2-k
https://doi.org/10.1002/1097-0142(1967)20:3%3C333::aid-cncr2820200302%3E3.0.co;2-k
https://doi.org/10.1016/S0022-2143(96)90095-5
https://doi.org/10.1038/NM.2919
https://doi.org/10.1016/J.JACC.2014.06.1167
https://doi.org/10.1007/S11095-018-2456-8
https://doi.org/10.1002/1097-0142(19900215)65:4%3C870::aid-cncr2820650407%3E3.0.co;2-d
https://doi.org/10.1002/1097-0142(19900215)65:4%3C870::aid-cncr2820650407%3E3.0.co;2-d
https://doi.org/10.1007/S10928-018-9578-9
https://doi.org/10.1007/S10928-018-9578-9
https://doi.org/10.1186/S40959-016-0014-2
https://doi.org/10.1177/1087057116635818
https://doi.org/10.1002/PSP4.12463
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wen et al. Mechanistic PK/PD Modeling in Cardio-Oncology
Copyright © 2022 Wen, Wang, Li and Jiao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
Frontiers in Oncology | www.frontiersin.org 9
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
January 2022 | Volume 11 | Article 814699

http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Precision Cardio-Oncology: Use of Mechanistic Pharmacokinetic and Pharmacodynamic Modeling to Predict Cardiotoxicities of Anti-Cancer Drugs
	Introduction
	Modeling of Changes in Electrocardiograph
	Mechanisms of Drug-Induced Changes in Electrocardiographs
	Basic Mechanism-Based Modeling of Electrocardiograph Changes
	Systems Pharmacology Modeling of Electrocardiograph Changes

	Modeling of Hemodynamic Changes
	Mechanisms of Drug-Induced Hemodynamic Changes
	Basic Mechanism-Based Modeling of Hemodynamic Changes
	Systems Pharmacology Modeling of Hemodynamic Changes

	Modeling of Drug-Induced Changes in Molecular Signaling Pathways
	Drug-Induced Changes in Molecular Signaling Pathways
	Basic Mechanism-Based Modeling of Drug-Induced Changes in Molecular Signaling Pathways
	Systems Pharmacology Modeling of Drug-Induced Changes in Molecular Signaling Pathways

	Discussion
	Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


