:' frontiers ‘ Frontiers in Pharmacology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Prasanth Puthanveetil,
Midwestern University, United States

REVIEWED BY

Enzo Nisoli,

University of Milan, Italy

Akiyuki Nishimura,

National Institute for Physiological
Sciences (NIPS), Japan

*CORRESPONDENCE
Veronika Voronova,
Veronika.Voronova@msdecisions.ru

SPECIALTY SECTION

This article was submitted to
Cardiovascular and Smooth Muscle
Pharmacology,

a section of the journal

Frontiers in Pharmacology

RECEIVED 13 July 2022
ACCEPTED 11 November 2022
PUBLISHED 28 November 2022

CITATION
Voronova V, Sokolov V, Morias Y,
Boezelman MJ, Wagberg M,
Henricsson M, Hansson K, Goltsov A,
Peskov K and Sundqvist M (2022),
Evaluation of therapeutic strategies
targeting BCAA catabolism using a
systems pharmacology model.

Front. Pharmacol. 13:993422.

doi: 10.3389/fphar.2022.993422

COPYRIGHT

© 2022 Voronova, Sokolov, Morias,
Boezelman, Wagberg, Henricsson,
Hansson, Goltsov, Peskov and
Sundqvist. 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) 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.

Frontiers in Pharmacology

TYPE Original Research
PUBLISHED 28 November 2022
Dol 10.3389/fphar.2022.993422

Evaluation of therapeutic
strategies targeting BCAA
catabolism using a systems
pharmacology model

Veronika Voronova'*, Victor Sokolov'?, Yannick Morias?,
Malin Jonsson Boezelman?, Maria Wagberg?,

Marcus Henricsson®, Karl Hansson®, Alexey Goltsov'®,
Kirill Peskov'?” and Monika Sundqvist®

IM&S Decisions LLC, Moscow, Russia, 2STU Sirius, Sochi, Russia, *Bioscience Cardiovascular, Research
and Early Development, Cardiovascular Renal and Metabolism (CVRM), BioPharmaceutical R&D
AstraZeneca, Gothenburg, Sweden, “Translational Science and Experimental Medicine, Research and
Early Development, Cardiovascular Renal and Metabolism (CVRM), BioPharmaceutical R&D
AstraZeneca, Gothenburg, Sweden, °Drug Metabolism and Pharmacokinetics, Research and Early
Development, Cardiovascular Renal and Metabolism (CVRM), BioPharmaceutical R&D AstraZeneca,
Gothenburg, Sweden, ®Institute for Artificial Intelligence, Russian Technological University (MIREA),
Moscow, Russia, ’I.M. Sechenov First Moscow State Medical University, Moscow, Russia

Background: Abnormal branched-chained amino acids (BCAA) accumulation
in cardiomyocytes is associated with cardiac remodeling in heart failure.
Administration of branched-chain a-keto acid dehydrogenase (BCKD) kinase
inhibitor BT2 has been shown to reduce cardiac BCAA levels and demonstrated
positive effects on cardiac function in a preclinical setting. The current study is
focused on evaluating the impact of BT2 on the systemic and cardiac levels of
BCAA and their metabolites as well as activities of BCAA catabolic enzymes
using a quantitative systems pharmacology model.

Methods: The model is composed of an ordinary differential equation system
characterizing BCAA consumption with food, disposal in the proteins, reversible
branched-chain-amino-acid aminotransferase (BCAT)-mediated
transamination to branched-chain keto-acids (BCKA), followed by BCKD-
mediated oxidation. Activity of BCKD is regulated by the balance of BCKDK
and protein phosphatase 2Cm (PP2Cm) activities, affected by BT2 treatment.
Cardiac BCAA levels are assumed to directly affect left ventricular ejection
fraction (LVEF). Biochemical characteristics of the enzymes are taken from the
public domains, while plasma and cardiac BCAA and BCKA levels in BT2 treated
mice are used to inform the model parameters.

Results: The model provides adequate reproduction of the experimental data
and predicts synchronous BCAA responses in the systemic and cardiac space,
dictated by rapid BCAA equilibration between the tissues. The model-based
simulations indicate maximum possible effect of BT2 treatment on BCAA
reduction to be 40% corresponding to 12% increase in LVEF. Model
sensitivity analysis demonstrates strong impact of BCKDK and PP2Cm
activities as well as total BCKD and co-substrate levels (glutamate,
ketoglutarate and ATP) on BCAA and BCKA levels.
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Conclusion: Model based simulations confirms using of plasma measurements
as a marker of cardiac BCAA changes under BCKDK inhibition. The proposed
model can be used for optimization of preclinical study design for novel
compounds targeting BCAA catabolism.
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Model
Introduction

Branched-chained amino acids (BCAA)—leucine (Leu),
isoleucine (Ile) and valine (Val) are essential amino acids
obtained by food intake (Harper et al.,, 1984). BCAA are used
as precursors for de novo protein synthesis or for energy supply
(Neinast et al., 2019). In addition, BCAA have various biological
effects including anabolic activity, suppressive effect on the
insulin signaling and activation of the insulin and glucagon
production (Hutson et al., 2005; Holecek, 2018; Wada et al.,
2021). BCAA also plays a role in the neural system by donating
nitrogen for the synthesis of neurotransmitters glutamate and y-
amino butyric acid (Hutson et al., 2005).

BCAA oxidation is a multistep process that starts with
reversible BCAA deamination by branched-chain-amino-acid
aminotransferase (BCAT) enzyme and formation of branched-
chain keto acids (BCKA)-alpha-ketoisocaproic (KIC), alpha-
(KIV), and
(KMV) acid. This step requires a-ketoglutarate and glutamate

ketoisovaleric alpha-keto-beta-methylvaleric
as co-substrates for the forward and reverse reaction,
respectively. The BCKA undergo further irreversible oxidative
decarboxylation catalyzed by the branched-chain a-keto acid

dehydrogenase (BCKD) complex localized on the inner surface of
mitochondrial membrane (Suryawan et al,, 1998; Shimomura
etal,, 2001; Shimomura et al., 2004). Activity of BCKD enzyme is
tightly regulated by a phosphorylation-dephosphorylation
mechanism, affected by the delicate balance between the
BCKD kinase (BCKDK) and protein phosphatase 2Cm
(PP2Cm) activities (Shimomura et al., 2001) (Figure 1).
Distribution of BCAT and BCKD enzymes is shown to
significantly vary between the tissues with the highest
transamination and oxidation capacities, calculated for muscle
and liver tissues, respectively (Suryawan et al., 1998; Hutson et al.,
2005). This spatial distribution of the enzymes results in
interorgan exchange of BCAA and BCKA and enables
nitrogen cycling within the body (Suryawan et al, 1998;
Holecek, 2018; Walejko et al., 2021). Efficacy of intracellular
BCAA transport to the mitochondrial space is suggested to be
another limiting factor for BCAA oxidation rate. The recent
study by Walejko et al. (2021) indicates that BCKA undergo
reamination rather than oxidation process in rat cardiac tissue,
which is hypothesized to be related to low expression of the
mitochondrial BCAA transporter SLC25A44. In contrast to this
data, Neinast et al. (2019) demonstrates significant BCAA
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FIGURE 1
Model schematics.
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oxidation and limited BCAA disposal into proteins in mouse
heart. These discrepancies can be attributed to the between-
species differences in the enzyme expression levels, reported
previously (Suryawan et al., 1998).

Whereas BCAA are being extensively used as food
supplements and have been tested as a potential treatment
option for cachexia and liver diseases (Holecek, 2018),
abnormalities in BCAA catabolism are associated with
metabolic disorders (Jorgenrud et al, 2015; Arany and
Neinast, 2018; Biswas et al., 2020). In diabetic mouse models,
plasma BCAA levels are increased whereas expression of BCAA
catabolizing enzymes in the liver and the pancreatic islets are
downregulated (Arany and Neinast, 2018; Wada et al.,, 2021).
Intravenous BCAA infusions are shown to decrease insulin
sensitivity and increase endogenous glucose production in
humans which can be related to their effect on the insulin
signaling and glucagon production (Krebs et al., 2002; Krebs
et al,, 2003; Uddin et al., 2019).

Pre-clinical animal models and clinical data indicate BCAA
involvement in the cardiac remodeling process. Accumulation of
BCAA and decrease in expression of BCAA catabolic enzymes in
the cardiac tissue are observed in preclinical models of
myocardial infarction [coronary artery ligation (CAL)] and
heart failure [transverse aortic constriction (TAC)] (Wang
et al, 2016; Uddin et al, 2019; Li et al,, 2020) as well as in
patients with dilated cardiomyopathy (Uddin et al, 2019).
Cardiac BCAA accumulation is hypothesized to contribute to
myocardial hypertrophy via mTOR-dependent activation of the
protein synthesis and is shown to downregulate cardiac fatty
acids and glucose oxidation (Huang et al., 2011; Li et al., 2017; Li
et al., 2020). Given existing experimental evidence indicating
BCAA accumulation in the cardiac, pancreatic, and hepatic
tissue, and the association of BCAA levels with obesity and
metabolic traits, targeting BCAA catabolism represents a
conceivable strategy for the treatment of metabolic and
cardiac diseases.

Among possible therapeutic options targeting the BCAA
catabolic pathway, BCKDK inhibitors are being actively
investigated. Endogenous BCKDK inhibition by BCKA was
discovered by Paxton and Harris and represents regulatory
feedback activating BCKA catabolism in case of their
accumulation (Paxton and Harris, 1984). Allosteric
BCKDK inhibitor BT2, identified in 2014 using high-
throughput screening by Tso et al. (2013); Tso et al.
(2014), has been shown to reduce BCAA levels in the
systemic circulation and cardiac tissue and demonstrated
efficacy in the myocardial infraction and diabetes models
in preclinical settings (Chen et al., 2019; Uddin et al., 2019;
Zhou et al.,, 2019; Lian et al., 2020). However, the complex
network of feedbacks underlying the regulations of BCAA
catabolism as well as the aspects of drug and target
distribution substantiate the need for further quantitative
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research of potential factors influencing the efficacy of
BCKDK inhibitors.

Quantitative systems pharmacology (QSP) is a relatively new
modeling discipline, stemming from the roots of systems biology
and used to get a mechanistic understanding of the systems
dynamics and the effects of pharmacological interventions (NIH
Workgroup, 2011). In contrast to the empirical pharmacokinetic/
pharmacodynamic (PK/PD) models, QSP model is based on the
principles of chemical and enzymological kinetics, homeostatic
processes, and multicompartmental structure mimicking
physiological distribution of the biological entities (Bradshaw
et al.,, 2019). In this work, a first-in-class QSP model of BCAA
catabolism was developed to characterize the dynamic interplay
between multiple biological factors (e.g., enzyme activities,
concentrations of the co-substrates) and the effect of
BT2 inhibition on BCAA

compartments. The model serves as a guide for the future

concentrations in different
preclinical studies and as a basis for the succeeding iterations
of the mathematical modeling of the system under investigation.

Materials and methods
Experimental data

Data from six experiments on healthy female C57Bl6 mice
8-10 weeks old (C57BL/6NCrl Charles River, Germany) were
available. Male mice were excluded for practical and ethical
reasons: female mice can be housed in group while male mice
need to be housed individually to avoid fighting. All animal
studies were performed according to AstraZeneca Institutional
Animal Care and Use Committee guidelines. BT2 was
formulated in 0.5% HPMC 0.1%
treated with vehicle only, or a single oral dose of 15, 40 or

Tween. Animals were

120 mg/kg or two oral 40 mg/kg doses of BT2 given once daily.
Plasma levels of BCAA, BCKA and BT2 were measured using
mass spectrometry at baseline and 20 min or 1, 4, 7, 24, 48 h
after dosing (Supplementary Table S1). Cardiac BCAA and
BCKA measurements were available for the vehicle group,
measured 48h post dose. Detailed description of the

experimental assay procedures is available in the

Supplementary Material.

Model structure

The model is represented by a system of ordinary differential
equations reflecting the turnover of individual BCAA (Leu, Ile,
Val) through the description of BCAA consumption with food,
BCAA and BCKA exchange between systemic circulation and
heart tissue, systemic and cardiac catabolism as well as BCAA
usage for the protein synthesis.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.993422

Voronova et al.

Contribution of each organ to the systemic BCAA catabolism
is not considered in the model and the respective systemic
reaction rates therefore represent cumulative catabolic tissue
capacities. The processes of BCAA catabolism in the heart are
mirrored in the systemic circulation and are represented by
BCAT-mediated reversible BCAA transamination followed by
BCKD-mediated oxidative decarboxylation of BCKA. Activity of
BCKD is regulated by BCKDK-mediated phosphorylation and
PP2Cm-dependent dephosphorylation. In turn, activity of
BCKDK is negatively affected by allosteric inhibitors KIC and
BT2. Plasma BT2 dynamics is characterized using a standard 1-
compartment pharmacokinetic (PK) model with first-order
linear absorption and elimination and dose-dependent
bioavailability, with rapid equilibration between systemic
circulation and cardiac tissue.

The model structure is reported in Figure 1. List of the model
equations as well as derivation of reaction rates is available in the

Supplementary Material.

Model calibration

The model includes 65 parameters taken from the publicly
available sources or verified based on the experimental data.
Kinetic parameters characterizing BCAT, BCKD, BCKDK,
and PP2Cm activities and substrate specificities were taken
from the respective studies (Pettit et al., 1978; Paxton and
Harris, 1984; Yennawar et al., 2006; Wynn et al., 2012). Levels
of ketoglutarate and ATP were assumed to be constant over
time and fixed based on the experimental data (Ogawa et al,,
2014). Daily BCAA intake was calculated based on the daily
food composition and food content information. Rate
characterizing BCAA and BCKA exchange
between plasma and cardiac tissue, were set to values

constants,

enabling rapid tissue equilibration of the metabolites in line
2019).
quantifying BCAA conversion to proteins, BCKDK to

with observations (Neinast et al, Parameters
PP2Cm ratio and glutamate concentration were expressed
using values of other parameters and experimental data
(equations are available in Supplementary Material).

The remaining model parameters were calibrated against the
available experimental data using a sequential modeling
First,

dynamics

approach.
BT2
BT2 measurements. Second, placebo-adjusted plasma BCAA

PK parameters characterizing plasma

were  estimated  using  plasma
and BCKA levels were used to quantify systemic parameters
of BCAA catabolism as well as pharmacodynamic parameters,
responsible for the inhibitory effect of BT2 on BCKDK. Third,
parameters of cardiac BCAA catabolism as well as BCKA efflux
from cardiac tissue to plasma were estimated using cardiac
BCAA and BCKA measurements in healthy animals.

Parameters characterizing total BCKD and BCKDK to PP2Cm
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ratio in the systemic circulation were found to be interdependent,
thus, total BCKD level was fixed.

To reproduce BCAA catabolism in heart failure conditions,
model parameters characterizing protein synthesis as well as
PP2Cm and BCAT activities in cardiac tissue were modified in
line with experimental evidence generated in TAC mice (Sun
etal, 2016). Finally, the link between cardiac BCAA changes and
cardiac status was quantified using LVEF dynamics following
TAC surgery and BT2 or vehicle treatment.

The summary of the model parameters can be found in the
Supplementary Table S2.

Model based simulations

To perform sensitivity analysis values of the selected model
parameters were derived using Latin Hypercube Sampling (LHS):
parameter values were randomly generated in 0.1-10-fold range
from their estimates and used to predict effect of 40 mg/kg daily
BT2 dosing on various model variables. Pairwise partial
correlations between parameter values and biomarkers were
estimated using Spearman method (Iman et al.,, 1981).

Software

The model development and parameter estimation were
performed in Monolix” 2019R1 software (Lixoft, Antony,
France). Exploratory analysis and visualization of the data and
the model simulations were performed in R computing
environment (R version 3.5.1) using tidyverse (version 1.3.1)
and RsSimulx (version 1.0.1) packages.

Results
The model captures the experimental data

The developed QSP model of BCAA catabolism
adequately reproduced the experimental data generated in
healthy and TAC mice (Figure 2, Supplementary Figure S3).
Baseline BCAA concentrations were approximately 5-fold and
500-fold higher compared to the BCKA in the systemic
circulation and cardiac tissue, respectively (Figure 2A).
Larger difference between BCKA and BCAA concentrations
in the heart relative to the systemic exposure is associated with
the higher activity of BCKD in the former, as shown in the
parameter estimates (Supplementary Table S2). The model-
based simulations indicate a decrease in active BCKD due to
the change in BCKDK to PP2Cm ratio and showed more
pronounced increase in BCKA vs. BCAA levels in the heart in
a TAC state (Supplementary Figure 54).
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FIGURE 2

Experimental data reproduction by the model: (A) Steady-state BCAA and BCKA levels; (B) Change over time in plasma BCAA and BCKA levels
under different BT2 doses and regimens (SD—single dose, QD—once daily); (C) LVEF change in mouse after TAC surgery, treated with vehicle or BT2.
Circles, squares and error bars—observed mean values and standard errors, lines—model predictions; dots—individual measurements in plasma,

bars—model predictions.

The model captures dose-dependent reduction in the
systemic BCAA and BCKA levels under BT2 treatment,
with observed maximum inhibitory effect of —25% for Leu,
Ile, Val, and of -25% for KIC, KMV, KIV, respectively
2B). in BCAA
catabolism were associated with an approximately 20%
increase in LVEF compared to the placebo in mice
subjected to TAC surgery, in both the model and the
observed data, reaching maximum benefit after 2 weeks of
treatment (Figure 2C) (Tso et al., 2013).

(Figure Treatment-mediated changes
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Dose-dependent BT2 effect on
metabolites and enzyme activities

The mechanistic model was used to quantify baseline states
and dose-response relationships between BT2 and the variety of
cardiac and BCAA-related markers in the heart, as well as in
systemic circulation. According to the model structure and
underlying physiology, BCKD activity, mediated by BCKDK
and PP2Cm, is negatively affected by BT2 and BCKA
(Figure 3). At baseline, approximately 50% of the systemic
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Model-predicted dose-dependent BT2 effect on various markers of BCAA catabolism in the systemic circulation and the cardiac tissue.

BCKDK is inhibited by KIC, whereas the contribution of KIC to
BCKDK inhibition in cardiac tissue is minor; the latter fact is
explained by the lower KIC levels in the cardiac vs. the systemic
compartment. The BT2 treatment decreases KIC concentration,
thereby indirectly stimulating BCKDK activity. However, this
effect is completely overshadowed by the BT2 inhibition of
BCKDK itself, in a dose-dependent manner.

Model-based simulations demonstrate matching BCAA
reduction relative to the dose between plasma and cardiac
tissue, with approximately 40% maximum treatment effect
and was similar between healthy and TAC animals (Figure 3,
Supplementary Figure S4). The associated maximum benefit
in LVEF was estimated to be 12%. Predicted maximum
inhibition of cardiac BCKA levels was less pronounced
than that of plasma BCKA, with 80% and 100% reduction,
respectively.

Homeostasis and perturbations of the
system

To gain better understanding of systemic and cardiac BCAA
catabolism we performed quantitative analysis of the BCAA and
BCKA transamination, oxidation, and transport rates, affecting
BCAA and BCKA levels in plasma and cardiac tissue, with and
without interventions (Figure 4).

The homeostatic nature of the system is ensured at the pre-
treatment condition by the complex equilibrium of multiple
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rates: daily BCAA intake is equal to the sum of BCAA
conversion to proteins and BCAA transamination rates, with
the latter being equal to BCKA oxidation rate. Cardiac BCAA
transamination is compensated by the BCAA uptake from the
systemic plasma to the heart, while cardiac BCKA oxidation is
balanced out by BCAA transamination and BCKA uptake
(Figure 4A). Given the reversibility of the transamination
reaction, de novo BCAA synthesis from BCKA in cardiac
tissue is possible but is not predicted by the model at baseline
condition.

BT?2 treatment activates the oxidation of BCKA, shifting the
equilibrium towards the BCAA transamination into BCKA,
leading to the reduction in systemic BCAA and a decrease in
the protein synthesis. Resulting drop in the cardiac uptake of
both BCAA and BCKA is reflected in the decrease of cardiac
transamination and oxidation rates (Figure 4B). Conversely,
additional daily intake of BCAA and BCKA results in an
increase in cardiac concentrations of the respective entities
and the compensatory changes in transamination rates
(Figures 4B,C).

Systems analysis of the BCAA catabolism
and cardiac function

The mechanistic origin of the model allows to explore
the contribution of various factors within the network of

BCAA catabolism (e.g., co-substrate and enzyme
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FIGURE 4

Analysis of the impact of BT2, BCAA or BCKA intake on the homeostatic system. (A) Pre-treatment reaction rates; (B) The effect of interventions
on the reaction rates; (C) Changes in metabolite levels under the treatment. Simulation design implied single administration of 40 mg/kg BT2,
100 umol Leu, or 100 umol KIV; maximal impact of the treatment on biomarkers is shown.

concentrations) on both baseline state and the magnitude of
BT2 effect, through the process of sensitivity analysis
(Figure 5). The model equations did not include cardiac
BCAA and BCKA effect on the systemic BCAA and BCKA
of the
characterizing cardiac BCAA catabolism did not cause

levels and therefore variation parameters

changes in the plasma biomarkers.
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Concentrations of ketoglutarate (KG), glutamate (GLU) and
ATP co-substrates, BCAT and BCKD enzymes as well as
BCKDK/PP2Cm ratio were varied within the pre-defined
range while the changes in BCAA, BCKA and BCKD levels
(pre-treatment and after BCKDK inhibition) were evaluated.

All co-substrates were found to have a significant effect on
the levels of amino acids, among them KG and GLU having most
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Global sensitivity analysis using partial rank correlation coefficient (PRCC). Heatmap reflects the degree of association between parameters and
biomarkers either at baseline (pre-treatment) or at treatment steady-state (change) after daily BT2 administration. Red and blue color denotes
positive and negative association, respectively; KG—ketoglutarate, GLU—glutamate.

prominent effect. As KG is positively linked with BCAA
deamination rate, high KG concentrations result in a decrease
in baseline BCAA levels, accumulation of BCKA, and activation
of BCKD. Inversely, GLU is negatively associated with the
reaction and has the opposite effect on BCAA and BCKA
levels. ATP activates BCKD phosphorylation leading to the
minor increase in BCKA and BCAA levels through the
reduction of BCKA oxidation rate.

As such, in contrast to KG, high ATP or GLU interfere with
the BCKDK inhibition and decrease overall net benefit of the
BT2 treatment.

The effects of BCAT, total BCKD as well as BCKDK/PP2Cm
ratio variations on BT2 efficacy were different. Changes in BCAT
activity did not alter baseline BCAA and BCKA levels, as the
transamination rate keeps the model in the state of equilibrium
(Holecek, 2018). However, the increased BCAT activity
combined with BT2 the
transamination rate, resulting in an increased treatment
benefit in BCAA. An increase in the total BCKD pool
the steady-state BCAA and BCKA
concentrations, limiting the efficacy of BT2. Similarly, the
BCKDK/PP2Cm ratio strongly affected the BCKD activity,
resulting in the accumulation of BCAA and BCKA and
decrease in the BT2 treatment effects.

treatment  boosts forward

negatively  affects

Discussion

In our current research, we report the development and
application of the mechanistic mathematical model of BCAA
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catabolism used to reconstruct and investigate the dose-response
relationship of BT2 (a BCKDK inhibitor) efficacy in mice. The
proposed multiscale model is the first of its kind and integrates 1)
the information on BCAT, BCKD, BCKDK and PP2Cm enzymes
(e.g. substrate specificities, catalytic constants), which was
extracted from the earlier studies (Pettit et al.,, 1978; Paxton
and Harris, 1984; Yennawar et al., 2006; Wynn et al.,, 2012), 2)
measurements of BCAA and BCKA fluxes in the body reported
(2019) and 3) de mnovo generated
BT2 pharmacokinetic and pharmacodynamic data.

by Neinast et al

First step in model development was to characterize
systemic BCAA catabolism. It is known that BCAA-related
catabolic processes are spatially separated and take place in
different organs, with the skeletal muscle and the liver being
the key sites of BCAA transamination and BCKA oxidation,
respectively (Holecek, 2018). However, the amount of the
quantitative information on the BCAA, BCKA and co-
substrates levels in different organs and the rates of
interorgan exchange is limited. As such, in the proposed
model systemic BCAA catabolism is not compartmentalized
to avoid numerous assumptions that can substantially impair
predictive power of the model.

While BT2 effect on plasma BCAA level has been evaluated
previously (Chen et al,, 2019; Lian et al., 2020; Walejko et al.,
2021), only 20, 40 and 50 mg/kg doses have been tested in these
experiments. Model-based analysis of the newly generated and
historical data reveals maximal treatment benefit of BT2 to be
achieved with the oral dose of 120 mg/kg, which can serve as a
point of reference for the future tests in preclinical models of
heart failure. According to our results, oral BT2 dose of 15 mg/kg
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does not lead to a significant BCAA and BCKA response in
plasma, whereas intraperitoneal (i.p.) once-daily injections of
20 mg/kg BT2 led to significant reduction in cardiac BCAA
levels, as reported in the literature (Wang et al, 2016; Lian
et al., 2020), which can be explained by possible differences in
BT2 pharmacokinetics following oral and intraperitoneal drug
administration.

Calibration of the cardiac BCAA catabolism was complicated
by the contradictory experimental data available for the model
development but was necessary to evaluate BT2 effect on cardiac
functional readouts such as LVEF. Significant differences in
baseline cardiac BCAA and BCKA levels between published
experiments were identified (Sun et al, 2016; Chen et al,
2019; Uddin et al., 2019) with the highest biomarker values
observed Chen et al. (2019). These measurements were 10-fold
higher compared to the data generated by our team and findings
by Sun et al. (2016). We hypothesized this discrepancy to be a
consequence of possible differences in the mouse diet as well as
extraction and measuring methodologies. Our data indicate
slightly lower BCAA levels and approximately 100-fold lower
BCKA levels in cardiac tissue vs. plasma.

To characterize enzyme activities in the cardiac tissue we
used not only cardiac BCAA and BCKA measurements but also
included information about reaction rates. Data from (Neinast
et al.,, 2019) highlights rapid equilibration between plasma and
organ BCAA and BCKA levels in the experiments with BCAA
and BCKA infusion, respectively, which was reflected in the
model parameters. Calculations performed by Neinast et al.
(2019) indicated 4% of total BCAA oxidation takes place in
the heart. Given relatively small heart volume, calculated cardiac
oxidation rate per heart volume unit is very fast, which can
explain low BCKA levels in cardiac tissue. In contrast, recent data
from (Walejko et al., 2021), generated in the perfused rat hearts
point towards BCKA reamination rather than oxidation being a
predominant process. Information from both studies could not
be reproduced by the model simultaneously, therefore, we
focused on the study (Neinast et al, 2019), given the
similarities in the experimental design.

Discrepancies in BT2 impact on cardiac BCAA and BCKA
were also observed between the previously reported studies. For
example, 20 mg/kg once daily intraperitoneal BT2 dosing was
shown to reduce cardiac BCAA by 50% in the experiment (Wang
et al, 2016) whereas other experiment demonstrated 40 mg/kg
BT2 treatment resulting only in 30% decrease in BCAA (Uddin
et al., 2019). Given poor BT2 solubility we hypothesize these
differences to be related to the variations in drug bioavailability
across the experiments, however, the BT2 pharmacokinetic
measurements were not reported to confirm or decline this
hypothesis. Nonetheless, all identified publications confirmed
significant BCAA and BCKA reduction under BT2 treatment (by
approximately 27%-45% and 13%-50%, respectively) (Wang
et al., 2016; Chen et al., 2019; Uddin et al., 2019; Lian et al.,
2020). Model-based simulations indicated 35% and 80% decrease
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in cardiac BCAA and BCKA levels under 40 mg/kg oral
BT2 treatment, BCAA response between plasma and heart
being very similar, therefore substantiating plasma BCAA

measurements as  sufficient for evaluation of the
BT2 treatment activity.

Interestingly, the model analysis revealed a strong
connection between systemic BCAA and BCKA and the
cardiac amino- and ketoacids response to different

interventions, i.e., the BT2 effect on cardiac BCAA and BCKA
levels is dependent on the systemic BCAA and BCKA reduction
rather than on local inhibitory effect on cardiac BCKDK, which is
in line with the hypothesis proposed by Walejko et al. (2021).
Neinast and others did not observe and increase in cardiac BCKA
oxidation under BT2 despite pronounced activation of cardiac
BCKD, whereas our predictions indicate small reductions in
cardiac BCKA oxidation following BT2-mediated reduction of
cardiac BCAA and BCKA uptake. Model-based simulations
without the systemic BT2 effect (Supplementary Figure S4)
indicated no significant changes in cardiac BCKA oxidation
despite the notable increase in BCKD activity, which can be
attributed towards the low cardiac BCKA level limiting oxidation
process.

Following these findings, systemic administration of BCAA
or BCKA (e.g. with food supplements) affect not only systemic
but also cardiac BCAA catabolism. No information about
negative effects of BCAA intake on cardiac functioning was
found in the literature. However, observations from patients
with defected BCAA catabolism, where systemic and cardiac
BCAA and BCKA accumulation negatively impacted the cardiac
function (Huang et al, 2011), support the claim that
supraphysiological BCAA intake might have a detrimental
effect on heart failure in patients with the defective BCAA
catabolism, but not in healthy individuals.

Although the model is built on rodent data, it could
potentially be used to inform human dose prediction for
possible drug candidates. While keeping similar model
structure, parameters related to the kinetics of a drug,
expression of the enzyme levels as well as BCAA intake would
potentially have to be scaled in a suitable manner (Suryawan
et al., 1998). Effect size on functional parameters (i.e. LVEF)
would be complicated to scale as very little human data are
available on the relationship but could possibly be calibrated in
early clinical studies to allow model informed design in later

studies.
Conclusion
We developed a first-in-class multi-scale systems

pharmacology model of BCAA catabolism that integrates the
existing knowledge on the enzyme kinetics with the pool of
heterogeneous preclinical data to not only quantitatively
characterize the changes in BCAA and BCKA levels in
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response to the BCKDK inhibition across physiological
compartments, but also to gain better understanding of the
underlying homeostatic system and mechanisms of drug
action as well as to interpret observed data in mice. The
model supports the hypothesis of systemic BCAA
measurements being representative of the cardiac levels of the
amino acids, deconvolutes the intricate interplay between the
markers of BCAA catabolism to reconstruct dose-response of the
BT2 inhibitor and quantifies the impact of the confounding
factors (e.g., co-substrate concentrations) on the relationship
via a sensitivity analysis. The proposed model can serve as a
useful tool for evaluation of in vivo activity of novel BCKDK
inhibitors and other compounds affecting BCAA catabolism as
well as optimization of preclinical study design, informing
sampling, and dosing schedules. The model can also be used
for mechanistic hypothesis generation to suggest further
experiments for elucidation of the system.
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