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Abstract

Introduction—Heart failure remains one of the largest clinical challenges in the United States.
Researchers have continually searched for more effective heart failure treatments that target the
cardiac sarcomere but have found few successes despite numerous expensive cardiovascular
clinical trials. Among many reasons, the high failure rate of cardiovascular clinical trials may be
partly due to incomplete characterization of a drug candidate’s complex interaction with cardiac
physiology.

Areas Covered—In this review, the authors address the issue of preclinical cardiovascular
studies. The authors consider inherent tradeoffs made between mechanistic transparency and
physiological fidelity for several relevant preclinical techniques at the atomic, molecular, heart
muscle fiber, whole heart, and whole-organism levels. Thus, the authors suggest a comprehensive,
bottom-up approach to preclinical cardiovascular studies that fosters scientific rigor and
hypothesis-driven drug discovery.

Expert opinion—In the authors’ opinion, the implementation of hypothesis-driven drug
discovery practices, such as the bottom-up approach to preclinical cardiovascular studies, will be
imperative for the successful development of novel heart failure treatments. However, additional
changes to clinical definitions of heart failure and current drug discovery culture must accompany
the bottom-up approach to maximize the effectiveness of hypothesis-driven drug discovery.
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1. Introduction

Year after year, heart failure (HF) continues to be one of the largest clinical issues faced by
the US, accounting for millions of hospitalizations and billions in medical expenses [1].
Furthermore, with approximately 25 million international HF patients, a number that is
forecast to rise significantly, the global impact of HF also poses a growing concern [2].
Despite tremendous research effort striving to replace decades-old cardiovascular therapies
with modern inotropic agents that target the sarcomere, the root of heart disease, clinical
successes remain elusive [3]. This is no more apparent than when considering the ever-
growing graveyard of failed cardiovascular clinical trials [3,4]. While clinical trials, in
general, are facing low success rates, cardiovascular drugs entering lead-indicated phase |
clinical trials had the lowest likelihood of final FDA approval: 8.7%, nearly two times lower
than the overall average of all trials [4]. Accompanying the increasing failure rate of clinical
trials is ballooning R&D investment in drug discovery; the average drug takes 10-15 years
and 1.5-2 billion USD to make it to market [5]. Again, however, the cardiovascular space
struggles more than the rest. Among all therapeutic areas considered, the average annual
growth rate of cardiovascular clinical trial costs in the US was the highest at 18.65%
between 1989 and 2011, almost tripling after the turn of the millennium with no blockbuster
cardiovascular drugs to mention [6]. Fortunately, the generally poor state of clinical trials
and drug discovery has sparked several discussions about how to reverse many of these
worrying trends. Proposed solutions frequently involve improving communication between
clinicians, changing pharma business models, and streamlining the clinical trial process.
Still, as the statistics suggest, cardiovascular therapies have additional and often more
challenging hurdles to overcome.

The base issue lies in the complexity of in vivo heart function and its regulation;
biochemistry, mechanics, electrophysiology, hemodynamics, and neurohormonal signaling
interface work in tandem unlike any other system in the body. These facets of the heart
dynamically regulate cardiac function while maximizing efficiency. The sarcomere hosts the
molecular origins of many of these regulatory mechanisms: the molecular motors
themselves, myosin 11, phosphorylatable accessory proteins such as myosin’s regulatory
light chain (RLC), and cardiac myosin binding protein C (cMyBPC), thin-filament calcium
handling. Many sarcomeric proteins further enable cooperative ensemble behaviors that
result in length, load, and frequency dependencies [7]. In all, the sarcomere is a tightly
integrated contractile machine, and disfunction in just one aspect can result in
cardiomyopathy and eventual HF. The same fact, however, is what makes the sarcomere
such an appealing and logical therapeutic target; precise targeting of just one aspect of the
sarcomere could restore normal heart function [8]. But as another has identified, “to be
precise one must be comprehensive,” meaning that both the disease and drug mechanism
need to be extensively characterized and understood [9]. This is a particularly challenging
task for sarcomere targeting therapies due to the multiple levels of sarcomere regulation.
Furthermore, a drug’s effect on heart function may not be limited to just the sarcomere. It
could elicit slow-onset responses from regulatory mechanisms beyond the sarcomere
involving excitation-contraction (EC) coupling, architectural remodeling, or neurohormonal
signaling and could make a promising drug candidate eventually fail in clinical trials [3]. In
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addition, regulatory agencies generally only require a demonstration of safety/efficacy, not
detailed knowledge of the mechanism of action — which may contribute to the high failure
rate in late-stage clinical trials.

These physiological challenges highlight the need for robust and comprehensive preclinical
experiments that consider drug effects at all levels of cardiac physiology. Thus, we suggest a
bottom-up approach to preclinical studies that starts with techniques at the atomic and
molecular levels, then builds to the cellular and whole organ levels. In this way, the simplest
atomic and molecular systems build a strong foundation of highly detailed results that then
support findings in more complex and realistic contexts, fostering scientific rigor and
hypothesis-driven drug discovery such that only the best drug candidates make it to clinical
trials. To this end, we present an overview of relevant computational, physiological,
biophysical, and biochemical techniques that can be used to study cardiac sarcomere-
targeting drugs.

2. Computational Methods

The first step of the hypothesis-driven drug discovery process entails a detailed
understanding of the mode of drug action on molecular structures and its effects on ligand
interaction. One traditional method of drug discovery involves testing a large, random
number of compounds using high-content or high-throughput screening to identify “lead”
compounds more quickly [10]. An abundant amount of experimental data on drug activity,
specificity, and/or toxicity can be collected using a diverse array of cellular and chemical
assays through this method [11]. In addition, phenotypic screening can identify “first-in-
class” drugs that would otherwise be unknown [12]. Recent innovations in high-throughput
screenings that use contractile-force based platforms [13,14], functional assays of skeletal
muscle [15], and time-resolved fluorescence resonance energy transfer (TR-FRET) [16]
have allowed researchers to target sarcomeric proteins. High-throughput screening has also
been successful in discovering novel small molecule inhibitors of cardiac hypertrophy [17].
These include various screening systems like induced pluripotent stem cell (iPSC)-derived
cardiomyocytes [18], biomimetic cardiac microsystems [19]. High-throughput
crystallography techniques can also aid in structure determination [20]. Although there have
been advancements in /n vitro screening systems thanks to automation and miniaturization,
high-throughput screening remains time-consuming, expensive, and far from ideal [21,22].
The test systems used frequently lack the complexity of the target biological system, and
chemical compounds are often pursued based on assumptions of structure-function
relationships instead of specific biological changes that are relevant to the target
pathophysiology [23]. Also, high-throughput screening methods may introduce systematic
biases such as batch and edge effects that cause lower screening precision and higher false-
positive and -negative rates [24]. Ultimately, drug discovery needs to rely less on luck and
more on hypothesis-driven searches.

Therefore, the integration of /n silico molecular screening techniques and high-throughput
screening offers the drug discovery process to become more knowledge-based and
hypothesis-driven. Recent advances in computer-aided high throughput virtual screening
using molecular modeling and docking allows for more cost-effective ways to identify lead
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compounds for treating heart diseases [25]. For example, high throughput screening using
human iPSC - cardiomyocytes can be aided by large scale analysis of sarcomere function
using the algorithm SarcTrack [26]. Using various initial screening methods such as 1D-3D
similarity searches, pharmacophore fingerprints, volume matching, and clustering/
partitioning combined with computational filtering based on ADME (absorption,
distribution, metabolism, and excretion) properties such as cytochrome P450, solubility, and
drug-like characteristics can increase potential hits [27].

However, even without the integration of virtual and /n vitro high throughput screening,
virtual methods can be helpful in narrowing down drug targets. Structure-based screening
methods like computational docking and simulation studies based on experimental X-ray
(XR), nuclear magnetic resonance (NMR) structures, or ab /nitio and template-based
homology models can even test protein-ligand dynamics. During docking studies, various
stochastic or genetic search algorithms are used to find possible binding properties of
ligands and ranked according to a scoring function [28]. Thus, docking studies allow for
robust and fast prediction of ligand binding sites. For instance, Figure 1 illustrates an
example trial of omecamtiv mecarbil (OM) docked to cardiac myosin S1 fragment crystal
structure [29] using AutoDock [30]. Although there are various technical challenges such as
imperfect scoring functions, the presence of intrinsically disordered and flexible regions in
target proteins, or other complex protein-ligand structural interactions, the field is
continually developing. For example, there have been efforts at the multi-scale
computational model of hypertrophic cardiomyopathy (HCM) and sarcomeric mechanics of
dilated cardiomyopathy (DCM) [31-33]. As a proof of concept, molecular dynamics
simulation and docking were done to elucidate the dynamic and mechanistic details of small
molecule interaction with the cardiac thin filament in the presence of cardiomyopathic
mutations [34]. These techniques explore the energy landscape of the drug-target
interactions through analysis of protein conformation, intra- and inter-molecular
interactions, and electrostatic properties. The key advantage of the /n silico techniques
mentioned above is the incredible flexibility that they add to the drug discovery process.
Results from computational studies can be refined into leads through iterative
pharmacological/activity profiling, and find in-depth, high-resolution atomic information
about ligand-target interactions. One important limitation of /n sifico methods is the
maximum size of a system that can be realistically modeled; very large simulations may take
too long to simulate properly even with modern computing powers. As a result, simulations
must adopt a reductionist approach that may not recapitulate the full complexities of a multi-
component system like a muscle fiber or the whole-heart.

Unfortunately, both /n vitro and virtual screening methods are limited by the number of
compounds in the compound libraries and are not able to create unique and novel ligands.
Therefore, hypothesis-driven drug discovery may benefit from structure-based de novo
rational drug design to develop purpose-built drug molecules from scratch. Because de novo
drug design provides an unlimited search space, it poses the problem of combinatorial
explosion. Avoiding such an explosion requires careful and systematic selection of primary
target constraints using rule- or grid-based approaches and identification of interaction sites
using techniques such as Multiple Copy Simultaneous Search or docking [35]. In this
method, the assembly of a complete, bound ligand is performed through atom-by-atom
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design, fragment linking/growing, or scaffold hopping techniques, which is then assessed by
various scoring functions [28]. In ligand-based methods, a 3D ligand pharmacophore model
can be used to develop a target-specific quantitative structure-activity relationship (QSAR)
model using various regression and pattern-recognition techniques [36]. Two examples of
sarcomere-specific drugs that have been developed using rational drug design and QSAR for
optimization include bepridil and levosimendan [37]. While structure-based rational drug
design improves the success rate and gives researchers a basis for further development of
drugs [38], it can be more time consuming than virtual screening.

After the screening process identifies promising chemical compounds, additional
computational tools can optimize the ligand-receptor binding free energies to augment
ligand selectivity/potency to the desired target. Some of these methods include force-field
based Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA),
cheminformatics-based QSAR, quantum mechanics-based Coupled Cluster calculations, or
enhanced molecular dynamics sampling methods including weighted histogram analysis
method (WHAM), the potential of mean force (PMF), metadynamics, and convex-PL
scoring function [39]. A more comprehensive and detailed review of these and other
computational methods in drug discovery and cardiology can be found elsewhere [40,41].

In summary, computational methods allow researchers to quickly and efficiently prioritize
promising drug candidates. It is also worth noting that some /n vitro experiments can also be
simulated /n silico. For example, steered or force-probe molecular dynamics simulation, in
place of atomic force microscopy, can be conducted to study conformation or energy
landscape of sarcomeric proteins like titin and troponin [42,43] However, due to constraints
in time, complexity, and computational power, a physiologically realistic pulling speed is not
possible. Novel techniques and models are continually being developed, such as the virtual
heart model to screen for cardiotoxicity [44], improving the efficiency of the computational
drug discovery process. The use of various artificial intelligence methods like machine
learning, deep learning, and neural networks can further accelerate and automate the drug
discovery process, resulting in more accurate lead generation and prediction of molecular
level protein dynamics in a reasonable time frame [45,46]. However, computational methods
are still theoretical, mathematical models with various underlying assumptions that may
limit their utility. Thus, the molecular knowledge gained through docking and simulations
should be the first step in designing more complex /in vitro experiments in real biological
systems.

3. Solution-based and Single-Molecule Techniques

While the flexibility of molecular /n silico simulation affords investigators many
irreplaceable tools, they do not serve as replacements for biochemical, biophysical, and
physiological experiments. Current computational tools are not equipped to capture the full
complexity of real biological systems. While a range of possible biological testbeds exists,
the bottom-up approach suggests that early experiments should focus on studying drug
effects in the simplest systems possible. Doing so helps to confirm and extend any in silico
results while maintaining a high level of experimental control, flexibility, and detail. Such
experiments naturally lend themselves to techniques that utilize purified or isolated proteins
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to characterize molecular behavior and interactions. An added advantage of these
experiments is that they can easily utilize recombinant proteins to test drug behavior in the
context of a specific mutation or disease [47-50]. This is essential for inotropic therapies
intended to treat cardiomyopathies that are caused by particular mutations.

For use with sarcomere specific proteins, most /n vitro techniques fall into four main
categories: binding affinity assays, structural studies, biochemical kinetic assays, and
functional assays. Since binding affinity assays and structural studies are extensively
reviewed and discussed elsewhere [39,51,52] and are not unique to the study of sarcomeric
proteins [29,53] the rest of this section will focus on the kinetic and functional assays that
are more specific to studying the sarcomere. Furthermore, because most of the kinetic and
functional assays available characterize myosin itself, the discussion will primarily be in the
context of myosin-targeting drugs.

For myosin-interacting drug candidates, solution-based kinetic assays are often the first
performed. Kinetic assays provide standard methods for determining effects on different
steps of the myosin-ATPase cycle, which is the biochemical engine of contractility [50,54].
The simplest and easiest of these techniques measures the steady-state rate of actin-activated
myosin-ATPase. Various actin concentrations can be used, but the maximal actin-activated
myosin-ATPase rate (Kcat) is most commonly reported. Because of its relative simplicity, Keat
is an indicator sometimes used for high throughput screening of small molecules [55,56].
However, kq4t alone is not specific enough to parse the fine-grained details of a drug
mechanism, so a significant change in k5 mainly warrants more thorough mechanistic
investigations. To further isolate a drug’s effect on specific states and transitions within the
ATPase cycle, a myriad of well-established transient kinetic techniques are available [54].
For example, transient kinetic assays have been used to isolate the effects of many small
molecules to the inorganic phosphate (P;) release step. High profile drug candidates like
OM, mavacamten, and several other research molecules such as blebbistatin and 2,3,-
butanedione monoxime (BDM) all modulate the rate of actin-activated P; release [53,56-58].
These similar drug actions make sense considering that P; release is the rate-limiting step of
the actin-activated ATPase activity assay used to identify many of these molecules [59].
Thus, any changes in P;j release rate would alter k5 most significantly and be easiest to
detect.

Of course, drug-induced changes in other steps of the myosin-ATPase cycle are possible and
could be responsible for secondary drug mechanisms. For example, while the primary action
of mavacamten was first attributed to the slowing of P;j release, later transient kinetic assays
found that it also slowed the actomyosin association rate [60]. This discovery later helped
explain mavacamten’s effect on data from skinned cardiac fibers [61]. Several other
solution-based assays can offer additional insights into the mechanism of myosin-targeting
drug candidates. For instance, FRET and TR-FRET can be used to probe the mechanical
movements associated with the myosin power and recovery strokes [62—64].

One significant limitation that virtually all solution-based myosin assays share is that they
cannot sufficiently characterize strain-dependent transitions such as ADP release. The strain
dependence of ADP release is particularly important to consider because it forms the
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molecular basis of muscle’s force-velocity and power-velocity relationships, which are
strong predictors of whole-heart function [47,50]. Fortunately, a class of functional assays
that test /n vitro motility and single myosin performance compensates for this particular
shortcoming of solution-based assays. The simplest of these measures the 7 vitro motility of
fluorescent F-actin as it is moved by myosin molecules fixed to the floor of a flow-cell [65].
An actin-binding protein, such as a -actinin, can then be added to increase the force that the
myosin works against [66]. Repeating the matility assay with varying a-actinin
concentrations eventually produces a force-normalized force-velocity curve. More
sophisticated assays utilizing optical trapping techniques allow for actual quantification of
parameters like the single-molecule force, its power-stroke step size, actin-myosin binding
lifetime, and the force dependence of ADP-release [67,68]. Applying these functional assays
to OM illustrates their experimental importance. While transient kinetic assay showed that
OM increased the rate of P; release, /n vitro motility assays and optical trap techniques
suggested that OM also inhibits the power stroke and causes ADP release to be independent
of load, thus slowing detachment [47,69]. Further experiments with optical trap techniques
went on to suggest that the latter may be another common drug mechanism in addition to
affecting P; release [47,70,71].

Using a combination of all the above techniques, one can get a more complete picture of the
molecular effects of myosin-targeting cardiac drug candidates. Unfortunately, cardiac
myosin never operates alone; the sarcomere organizes ensembles of myosin into an intricate
hexameric lattice structure with several additional thick and thin filament regulatory proteins
(e.g. RLC, cMyBPC, the troponin complex, tropomyosin, etc.) that augment myosin’s
function [7,72]. That being said, it is possible to test the effects of regulatory proteins
incorporated into some of the above assays. The most common method involves adding the
troponin complex and tropomyosin to F-actin, creating regulated thin filaments. Then, the
Ca?* dependence of some Jn vitro parameters such as kgt and motility can be quantified
[48,50,73]. Regulated thin filaments can serve as a high throughput screening method for
troponin targeting drugs [55]. However, aside from the Ca* handling proteins, regulatory
proteins are rarely considered in solution. One of the only other examples is a study that
showed how adding purified cMyBPC to myosin in solution yields cooperative behavior
even without thin filaments [74]. Such a technique could hypothetically screen for drugs
targeting cMyBPC, which may offer a novel therapeutic target, but no such assay exists to
date [75,76]. Even if solutions-based assays incorporating cMyBPC or other accessory
proteins gained popularity, like all other solution-based and single-molecule assays, they
would still fail to capture ensemble behaviors and sarcomere geometry that introduce
additional complexities like cooperative effects [7].

Another aspect to consider is that the asynchronous action of multiple myosin molecules
during sarcomere contraction potentially uncouples the chemical and mechanical transitions
of the actomyosin-ATPase cycle, including that of P; release [77-79]. While the in vitro
motility assay and optical trapping techniques can be modified to test the behaviors of small
ensembles of myosin (5-10 molecules), the effects are not the same because of the missing
lattice structure [80]. Nevertheless, mathematical modeling efforts have found that single
myosin behavior can sufficiently predict ensemble behavior [81]. But these were not models
of diseased states, and little modeling work exists to back the predictive power of single-
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molecule studies with altered function [81]. As such, drug effects on ensemble behavior may
be unpredictable; sarcomere-level phenomena could presumably amplify, mask, or even alter
the drug’s molecular effects which can be tested using detergent-skinned fiber preparations
that harbor an intact sarcomere lattice.

4. Muscle Fiber-Based Techniques

While /n silico computational screening, solution-based /n vitro motility assays, and other
avenues reviewed above have distinct advantages like elucidating the drug effects at an
atomic scale and discerning protein-protein interactions to quickly screen a large number of
potential drug candidates, those techniques do not factor in the complexity of higher-order
assemblies characteristic of multicellular fiber preparations. Moreover, impaired sarcomeric
contractile function underlies impaired whole-heart function, suggesting the need for
protocols that allow testing the impact of drug candidates that target the cardiac sarcomere.
Detergent-skinning of myocardial preparations with Triton-X 100 is widely used for this
purpose and involves permeabilizing the preparations to facilitate rapid equilibration of ions
and drug molecules between the sarcomere’s contractile apparatus and the external medium
(Figure 2). Importantly, skinned fiber experiments can serve as a nice middle ground in the
bottom-up approach for drug testing: the preparations are not too complex but at the same
time capture most of the fundamental behaviors underlying muscle contraction.

There are several advantages to testing novel drug compounds on cardiac skinned fibers.
One key advantage is that drugs can be tested using myocardial tissue samples collected
from donor and HF patients. Skinned preparations can easily be mounted on a variety of
experimental setups to monitor trends in force generation, optical properties, and ionic
fluxes [82]. Importantly, skinned preparations permit the study of drug effects on a multitude
of sarcomeric contractile mechanisms that ultimately shape the whole-heart function:
cooperativity of force development, cooperative cross-bridge (XB) recruitment to actin,
force responses to intracellular [Ca2*] fluctuations, sensitivity of myofilaments to Ca2",
dynamic XB behavior [83], tension cost of force production [84], lattice spacing [85], and
length-dependent activation [86]. For details on translating cardiac muscle mechanics data
from skinned preparations to whole-heart function, please refer to a recent review [87].
Skinned preparations can be utilized to perform various techniques like stretch activation
(SA) [88,89], ki [76], loaded shortening and power output [90], and XR diffraction studies
[91]. For example, SA experiments allow the experimenter to further dissect the dynamic
XB behavior into XB onand offrates as well as assess XB recruitment and measure the
magnitudes of XB detachment and XB recruitment [92]. Apart from elucidating the drug
effects on various sarcomere-based contractile mechanisms, skinned preparations allow us to
test the drug effects following altered phosphorylation status of contractile proteins, an
important consideration due to its functional implications in HF [93]. Further, the effect of
pharmacological agents on genetic models like cMyBPC knock out (KO) [76], pathological
HF [93], mutated, and phospho-ablated samples can also be evaluated.

In contrast to /n vitro motility and solution-based assays, skinned fiber preparations retain a
well-organized sarcomeric lattice with essential regulatory and structural protein
constituents and thus preserve near-normal structure-function relationships. Thus, testing
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newly identified drug candidates on skinned cardiac preparations may yield additional
insights that might even differ from findings obtained using lattice-free systems. For
instance, initial solution based stopped-flow and transient-state kinetic experiments with OM
showed an increased rate of actin-dependent phosphate release from cardiac myosin-S1
leading to the idea that the sarcomeric modulator OM accelerates myosin XB transition rate
from weakly- to a strongly-bound force-generating state [53] — which would predict faster
rates of force generation in cardiac muscle. However, contrary to this notion, recent skinned
cardiac fiber experiments revealed that OM acts to slow overall force generation by slowing
the rate of XB detachment (ki), rate of cooperative XB recruitment (kgs), and rate of
tension redevelopment (ki) [76,94]. Data from skinned fiber studies suggest that the OM-
induced slowing of ki acts to extend the amount of time that OM-bound myosin XBs spend
in their actin-bound state [76]. The prolonged binding-times of OM-bound myosins
enhances cooperative thin filament activation via nearest-neighbor effects, allowing non-
OM-bound myaosins to bind to actin, and results in an OM-induced increase in net force
production [69]. Additionally, OM-induced slowing of kqs and k;; also suggests that the drug
prolongs the total time course of OM-bound XB transitions to force-bearing states, an effect
that potentially spreads cooperative activation along the thin filaments during OM-induced
force enhancement [93].

Skinned preparations are a good experimental system to test drug impact on the cardiac
sarcomere because these preparations provide a versatile testbed to precisely control factors
such as intracellular [Ca%*], temperature, degree of sarcomere length changes, and to
equilibrate drug doses around the contractile apparatus. Fiber preparations also facilitate
performing structure-function studies by enabling selective extraction of endogenous
sarcomeric proteins/complexes and reconstitution with exogenous proteins/complexes
[95,96], a valuable method to test drug impact on contractile function by simulating
conditions like reduced or altered protein content within the sarcomere. Skinned
preparations are ideal to test a range of direct sarcomere targeting drugs and their dose-
dependent effects [61,93] to understand the cellular basis of functional data collected from
whole-heart studies. For example, the impact of cardiac thin filament modulators like
levosimendan, bepridil and thick filament modulators like OM, EMD57033, and
mavacamten [97] can be evaluated in skinned cardiac preparations to help draw meaningful
conclusions about the drug effects on /n vivo function. For instance, using skinned fibers, we
recently showed that OM significantly enhances myocardial force at submaximal [Ca2*] but
significantly slows XB behavior by its effect on both XB recruitment and detachment phases
[76], suggesting that OM prolongs XB duty cycle time to further enhance cooperative XB
recruitment to open actin sites —findings that support OM-mediated prolongations of /in vivo
systolic ejection time (SET) observed in human clinical trials [98,99]. Thus, inferences from
fiber studies provide a mechanistic basis for drug-mediated contractile modulation and can
have direct implications for the design and development of new cardiac sarcomere-based
therapies.

Despite the advantages, some inherent limitations prevent a direct one-to-one translation of
fiber studies to whole-heart function. Skinned preparations lack the architecture to mimic the
complex fiber orientation that is characteristic of whole-heart, and it is difficult to resolve
individual sarcomere lengths within a large fiber [100]. Fiber experiments are also
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performed in a static Ca2* environment, whereas Ca?* levels that underlie /n vivo function
transiently change. Furthermore, the whole-heart functions by integrating a complex
interplay of sarcomeric function with multiple upstream and downstream cellular/
neurohormonal signaling cascades, Ca2* cycling mechanisms, EC coupling, and myocardial
electrical conduction pathways which cannot be simulated using skinned fibers.

As an example of these differences, skinned fibers from murine cMyBPC KO hearts exhibit
faster ke and kg when compared with wild-type mouse fibers, suggesting that force
relaxation and development are sped at the fiber level [88,101]. Such effects would be
expected to enhance diastolic and systolic functions at the whole-heart level. Intriguingly,
KO hearts display impaired diastolic and systolic functions as indicated by increased
isovolumic relaxation time and reduced fractional shortening suggesting that /n vivo
ventricular function is severely affected in the KO hearts [102]. This functional disparity
between fiber and whole-heart experiments may be related to altered Ca2* handling due to
secondary adaptations and functional remodeling that occurs in the heart in response to
cMyBPC ablation [103]. Magnetic resonance diffusion spectrum imaging studies revealed
that these differences can also be attributable to the fact that cMyBPC ablation causes
substantial myoarchitectural disarray, especially in fibers located in the mid-myocardial and
sub-endocardial regions [104]. In addition, cardiac magnetic resonance imaging modality
revealed that cMyBPC’s absence severely compromises /n vivo mechanical function by
significantly depressing the rates and magnitudes of LV wall strain and torsion [101]. Thus,
differences between fiber effects and /n vivo function in KO mice likely arise from
compromised cardiac mechanics [101], modified LV architecture [104], altered EC coupling,
and structural rearrangements like myocyte disarray and fibrosis, which are consistent with
cellular hypertrophy [102] at the whole-heart level —changes that are difficult to replicate in
fiber settings. Therefore, a certain level of caution should be exerted when drug effects in
skinned fibers to whole heart function.

5. Whole Heart and Animal Model Techniques

The intact heart is composed of cardiac myocytes that are electrically coupled by gap
junctions. This unique arrangement allows for the efficient and rapid spread of action
potentials that trigger synchronous contraction during each heartbeat, a mechanism that is
absent in skinned cardiac preparations. Thus, in conjunction with all the techniques reviewed
above, it is essential to test drug candidates in animal models before planning human clinical
trials because animal models can capture major aspects of the pathophysiology seen
clinically. Animal models are indispensable tools in identifying drug effects at the whole-
organ or whole-animal level and determining the chronic impacts of therapy on disease
progression.

There are several available tools for studying cardiovascular physiology and
pharmacodynamics in animal models. These included artificially perfused isolated hearts
(e.g., Langendorff model), invasive pressure-volume (PV) hemodynamic analysis,
ultrasound echocardiogram, and cardiac magnetic resonance (CMR) imaging. One
advantage of perfused isolated heart models is the ability to easily manipulate perfusion
parameters such as coronary flow rate/pressure, preload, afterload while isolating the heart
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from the effects of animal stress and sympatho-adrenergic activation [105]. One can also
easily study the electrical properties of the heart by direct surface electrical conductance
recording, voltage-sensitive dye optical mapping, and surface electrode stimulation/pacing.
These advantages make the perfused isolated heart an important tool in assessing the effects
of pharmacologic intervention on cardiac electrophysiology and EC coupling.

There are some important disadvantages of the perfused isolated heart model to consider.
This model most frequently uses the murine heart and technical expertise to quickly isolate
and prepare hearts for reproducible experiments [106]. Furthermore, classical Langendorff
models rely on retrograde flow to perfuse the coronary arteries but do not provide LV inflow,
which hinders the assessment of contractility parameters under the most physiological
conditions. The modified “ejecting heart” model addresses this by adding a cannulation into
the left atrium (LA), providing inflow, and thereby giving the LV physiologic preload and
afterload [107]. However, this complicated setup is technically challenging and not
frequently used. Overall, the perfused isolated heart offers a flexible platform capable of
obtaining electrical and mechanical data in the study of physiology and acute pharmacologic
response in one experiment, bridging /n vitro and in vivo assays in cardiovascular research.

By comparison, whole-heart /n vivo studies using invasive PV catheter hemodynamic
measurement is the gold standard in monitoring ventricular contractile mechanics and
energetics. PV loop analysis is especially useful in characterizing end-systolic PV
relationships (ESPVR) and end-diastolic PV relationships (EDPVR), which are surrogates
for LV contractility and LV refill compliance, respectively. Additionally, PV loops can also
be used to estimate stroke work (SW) by taking the total area of the PV loop, which is
calculated clinically as a product of stroke volume and mean arterial pressure. The SW can
thus be used as a correlate to examine myocardial energetics due to changes in XB cycling.
The product of SW and heart rate (HR) is the total power output of the heart, which can be
used as the readout for the effects of different pharmacologic interventions [108]. The major
disadvantages of invasive PV loop catheterization are the need for surgical expertise to
obtain consistent catheter placement directly in the LV chamber, and carefully calibrated
instruments are required to obtain reproducible pressure and volume measurements.
Experiments in small animal models are also often limited to single time-points.

Non-invasive imaging tools are indispensable in pre-clinical studies assessing changes in
myocardial contractility over multiple time points and have the highest potential for
functional comparisons with contemporary clinical imaging modalities. Both CMR and
speckle-tracking echocardiography (STE) based imaging analysis have seen significant
advancements in the past decade in preclinical studies. Traditionally, CMR has been used to
assess ventricular ejection fraction and measure global function. Recent advancements now
allow the study of localized deformation or strain as well. In addition, CMR is a versatile
technique that can be combined with other techniques to be used for ex vivo pig heart
perfusion [109], non-invasive quantification of PV relationships [110], and functional
imaging using positron emission tomography [111].

2D and 3D STE are other promising methods that can provide important insights into both
acute and chronic effects of pharmacologic interventions during preclinical screening [112].

Expert Opin Drug Discov. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holmes et al.

Page 12

STE has been shown to be more sensitive in detecting subclinical disease states in the
absence of ventricular hypertrophy [113]. Furthermore, regional strain analysis has been
especially useful in the study of regional contractile inhomogeneity and chamber geometry
in the presence of ischemic disease, valvular diseases, and cardiomyopathies. Using strain to
understand the pathophysiology of these diseases and the effects of interventions has helped
identify early patterns of subclinical disease that can predict long term cardiac function
[114]. It is important to also consider the need to optimize each of these techniques further.
A key limitation in the use of mouse models in CMR and STE preclinical studies is the need
for high frame rate imaging, due to high basal HR that limits the temporal resolution of each
contractile cycle. Comparably, 2D STE offers higher frame rates than CMR but is limited by
the quality of the acoustic window. The higher relative cost and lower availability of small
animal CMR are additional factors that limit its widespread use. Similar to CMR, 3D STE
offers the capability to study complex rotational mechanics. However, CMR is limited by
low temporal and spatial resolution. Lastly, there are significant differences in vendor
software that hinder the establishment of standardized methods of functional and disease
characterization.

In vivo animal models provide the opportunity to model human disease across the lifespan
of the organism. For instance, the cMyBPC~'~ mouse model of hypertrophic
cardiomyopathy (HCM) demonstrates characteristic features of systolic and diastolic
dysfunction, which closely resemble the clinical presentation of late-stage HCM patients
[102,115,116]. Hundreds of other sarcomeric mutations have been identified in humans that
cause cardiomyopathies, and many of these mutant genes have been incorporated into
animal models in order to understand the molecular derangements driving the disease
processes [117]. In particular, rodent models have been widely used to recapitulate human
diseases as a means of studying major forms of dilated, hypertrophic, and arrhythmogenic
cardiomyopathies [118]. Preclinical studies have also involved a diverse array of small and
large animal species in modeling human disease conditions. While the advantages and
disadvantages of various animal models are beyond the scope of the present review, they
have been reviewed elsewhere [119,120] while we highlight the major roles of different
models in the drug validation process.

Small animal models are the mainstay of /7 vivo studies; they provide a highly accessible
and cost-effective platform for studying drug effects at the whole organ and organism levels.
Early studies of mouse models of cardiomyopathies demonstrated the cardioprotective
benefits of restoring homeostatic cardiomyocyte contractile function [121-123]. These
studies relied on a purely transgenic approach, where mice expressing one pathologic
mutation are crossed with mice expressing a mutation of disparate effect. Normalized heart
function, as reflected by improved LV function and cardiac morphology, can thus be
achieved when the net effect of the double mutant normalizes cardiomyocyte contractility
[123-125]. These studies in small animal models have provided a proof of concept for the
efficacy of contractility modulation. As mentioned above, novel therapies are being
developed in the form of the new classes of pharmacologic sarcomeric contractility
modulators. We previously found differential effects of OM J/n vitro that was dependent on
the presence or absence of cMyBPC [61]. This is clinically relevant since MYBPC3
mutations are the most common cause of inherited HCM, with the majority of these being
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nonsense mutations leading to haploinsufficiency of cMyBPC protein expression [126,127].
Thus it is prudent to test whether the differential effect of OM observed in skinned fiber
experiments translate to functional differences at whole-heart level using animal models that
express reductions in cMyBPC in the heart. Such testing would help reinforce a personalized
medicine approach in dose optimization in patients with truncating MYBPC3 mutations that
reduce the cMyBPC content.

For all their benefits, small animal models have significant limitations in terms of
physiological similarity to humans. These may include important differences in
electrophysiology, HR, metabolism, energetic reserve, vasculature, disease progression, etc.
For example, unlike humans, mice lack native collateral cardiac circulation. However,
following an ischemic injury to the heart, mice develop collateral cardiac circulation, the
extent of which is genetically influenced [128]. This may be an important consideration
when using small animal models of HF.

Large animal models of HF overcome many of these physiological limitations. For drug
studies, porcine and canine models are common choices because of their close similarities
with human physiology in terms of HR, contractility, protein isoform expression,
cardiomyocyte progenitor population, and vascular anatomy [119]. These key factors
highlight the need to further validate the results of drug studies in small animal models. For
example, pigs have been routinely utilized in studies of ischemic and non-ischemic HF
models [129,130]. One drug study of the myosin activator OM in a pig model of HF found
that in addition to improving cardiac contractility, OM significantly increased cardiac
energetic demand under load [131]. Such studies rely heavily on the cardiovascular
similarities of these large animal models to best approximate a human response to
pharmacological intervention in the context of energetically compromised myocardium.
While large animal models provide one of the best available platforms to mimic human
disease, simulating inherited diseases to study long term effects of human diseases can be
technically and logistically challenging [132]. Because large animals requires more test
compounds to be synthesized based on the animal’s weight, this can also pose a practical
limitation in preclinical research.

While each type of preclinical animal model comes with limitations, utilizing these models
is undoubtedly a vital step in identifying the efficacy and mechanism of action of novel
cardiac sarcomeric drugs. Although it is not possible to perfectly mimic the chronic and
multifactorial nature of human cardiovascular disease in animals, advancements in genomics
and techniques to study whole-heart function allow for a better understanding of the
pathophysiology of cardiac diseases. These models are also suitable testbeds for determining
the subset of patients that could receive maximal benefit from drug-mediated cardiomyocyte
contractility modulation.

6. Conclusion

In the sections above, we describe some of the various preclinical techniques available to
better support clinical trials. The bottom-up approach that we suggest addresses the
challenges posed by the complex pathophysiology of HF by first considering drug effects in
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simple but less physiologically relevant systems to elucidate later results in more complex
and realistic settings. Of course, there remain logistical challenges in implementing a
bottom-up approach: science rarely follows such idealized trajectories. However, by
understanding the advantages and limitations of various preclinical techniques, basic
scientists, clinicians, and drug companies can collaborate to better prepare for cardiovascular
clinical trials.

7. Expert Opinion

In the sections above, we have proposed a bottom-up approach to preclinical cardiovascular
studies as a means to account for the complex physiology underlying heart function and HF.
The bottom-up approach would also foster hypothesis-driven drug discovery where novel
therapies are designed to alter specific physiological parameters known to play functional
roles in disease. While the idea of hypothesis-driven drug discovery has been discussed
before some in the contexts of single-molecule and fiber studies, a larger discussion between
clinicians and basic scientists will be required to extend these concepts to encompass a
wider gamut of preclinical techniques [47,50,87]. An important part of the discussion
revolves around the current clinical definitions of HF. Currently, HF is clinically
characterized by global heart function parameters that gloss over the specific molecular
etiology [3,133]. While conventional cardiovascular therapies that target downstream
mechanisms may be agnostic to the varying molecular origins of HF, precision therapies
targeting the sarcomere are not - similar to how cancer treatment is not general [9,134].
More precise HF definitions may also be needed to define better target subpopulations of HF
patients that are most likely to benefit from a particular therapy [3,9]. Continuing advances
in the accessibility of genomic sequencing and further development and deployment of
highly specific, minimally-invasive phenotyping methods will help in this regard [135].
From the basic scientist’s perspective, more specific HF definitions would also help guide
what biological systems and mechanisms researchers study, thus maximizing the
translatability and clinical relevance of preclinical studies.

Perhaps a larger obstacle facing the adoption of hypothesis-driven drug discovery involves
the current culture surrounding cardiovascular drug discovery and clinical trials. As others
have identified, drug companies often choose to pursue a drug target based on its drugability
and commercial potential rather than its hypothesized role in a disease mechanism [136].
Additionally, drug searches frequently rely on high throughput screenings of massive
libraries of random small molecules to find a drug candidate that is then refined [5]. While
the previous successes of such a shotgun approach have been well documented, its
limitations as a general paradigm are becoming more apparent [4,5]. The shotgun paradigm
may also be partly responsible for the high failure rate of cardiovascular clinical trials. As
discussed previously, high throughput assays for sarcomere targeting drugs, most commonly
based on the ATPase assay, struggle to faithfully capture many crucial aspects of the
sarcomere and whole heart function but are used because they are inexpensive and scalable.
The financial incentives to be first to market worsen the problem. From the perspective of
the pharma industry, only one HF drug needs to succeed to justify the R&D investment due
to the over 25 million global cardiovascular patients spending over 100 billion USD on
treatments annually [2,137] As a result of the potential payout, drug candidates are rushed to
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clinical trials once identified, often forgoing detailed preclinical studies at the fiber and
whole heart level that require longer time periods to complete properly [138].

Consequently, one cannot easily learn from the failures of clinical trials. Without the
mechanistic granularity afforded by preclinical studies, researchers and clinicians cannot
properly analyze the physiological reasons leading to a trial’s outcome [139]. Thus, the same
costly mistakes are bound to repeat. The bottom-up approach to preclinical trials that we
have proposed would greatly help in this respect as well. By first studying the drug effects at
the atomic, then molecular, fiber, and whole organ level, preclinical studies can construct a
solid foundation of mechanistic insights that drug companies can use to intelligently pick
their drug targets. In this way, we can leverage hypothesis-driven drug-discovery techniques
to reduce the number of clinical trials launched while maximizing the success rate.
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Article Highlights

Cardiovascular preclinical studies must often trade between mechanistic
granularity and physiological fidelity.

Computer atomic models and techniques allow for detailed analysis of ligand
interactions and can assist with efficient structure-based drug optimization but
are limited by computational complexity and approximations.

Solution-based and single-molecule techniques characterize sarcomeric drug
effects at the molecular level but struggle to capture drug-induced changes in
ensemble behaviors and other important sarcomeric mechanisms.

Muscle fiber-based experiments can test drug candidates on functional
sarcomeres but are difficult to scale and do not consider the heart’s gross
architecture and dynamic regulation.

In vivo animal studies offer a complete picture of whole heart function but
can pose considerable logistical challenges and suffer key physiological
differences from humans.
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Figure 1.
Omecamtiv mecarbil (OM) was docked to the cardiac myosin S1 fragment in the pre-

powerstroke state crystal structure (PDB ID 5N69) using the Genetic Lamarckian algorithm
in AutoDock. The OM pose from the crystal structure (blue) and the predicted pose from the
example docking experiment (red) differs by RMSD = 6.364 A, calculated using PyMOL’s
rms_cur matchmaker command (The PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC.). The predicted affinity via docking was 0.23 pM.
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Figure 2:
(A) Experimental setup consisting of a motor arm (a) and force transducer (b) placed within

the chamber in which solutions containing various amounts of Ca2* and drugs can be
loaded. (B) A multicellular detergent-skinned cardiac muscle preparation (a) is fixed in
between the motor arm and a force transducer troughs (b) and secured using polydioxanone
pins (violet-colored) and nylon loops (black colored). (C) Shown is a magnified image (40x)
of a detergent-skinned cardiac muscle preparation secured on either end as shown in panel
B.
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