Contractile work directly modulates mitochondrial protein levels in human engineered heart tissues
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New and Noteworthy

In this work, we present a novel bioreactor which allows for active length control of engineered heart
tissues during extended tissue culture. Specific length transients were designed so that engineered
heart tissues generated complete cardiac work loops. Chronic culture with various work loops suggests

that mitochondrial mass and biogenesis is directly regulated by work output.
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Abstract

Engineered heart tissues (EHTs) have emerged as a robust in vitro model to study cardiac physiology.
Although biomimetic culture environments have been developed to better approximate in vivo
conditions, currently available methods do not permit full recapitulation of the four phases of the
cardiac cycle. We have developed a bioreactor which allows EHTs to undergo cyclic loading sequences
that mimic in vivo work loops. EHTs cultured under these working conditions exhibited enhanced
concentric contractions but similar isometric contractions compared to EHTs cultured isometrically.
EHTs that were allowed to shorten cyclically in culture had increased capacity for contractile work when
tested acutely. Increased work production was correlated with higher levels of mitochondrial proteins
and mitochondrial biogenesis; this effect was eliminated when tissues were cyclically shortened in the
presence of a myosin ATPase inhibitor. Leveraging our novel in vitro method to precisely apply
mechanical loads in culture, we grew EHTs under two loading regimes prescribing the same work output
but with different associated afterloads. These groups showed no difference in mitochondrial protein
expression. In loading regimes with the same afterload but different work output, tissues subjected to
higher work demand exhibited elevated levels of mitochondrial protein. Our findings suggest that
regulation of mitochondrial mass in cultured human EHTs is potently modulated by the mechanical work
the tissue is permitted to perform in culture, presumably communicated through ATP demand. Precise
application of mechanical loads to engineered heart tissues in culture represents a novel in vitro method

for studying physiological and pathological cardiac adaptation.



Introduction

The heart is a highly adaptable organ, capable of altering its properties over both short and long
timescales. Cardiac output can be modulated within seconds to match an increased demand for oxygen
such as during strenuous exercise. If increased demand is sustained over a prolonged period, the heart
undergoes macroscopic and microscopic changes to achieve an adapted equilibrium. Macroscopic
morphological alterations occur in the absence of cardiomyocyte proliferation and are due in large part
to accumulated cellular and extracellular matrix modifications (1). Depending on the type of loading
conditions, the left ventricle can dilate or thicken as a result of respective parallel or series addition of
sarcomeres within each cardiomyocyte (1). Beyond the sarcomere, cardiomyocytes also modulate
mitochondrial biogenesis (2). These changes in and outside of the sarcomere work in concert to

maintain cardiac output while maximizing efficiency.

Although cardiac remodeling processes may be adaptive and help to maintain homeostasis, these
changes may become maladaptive over time and contribute to the development of heart failure (3,4).
Understanding the detailed mechanisms by which mechanical loads are transduced to cellular changes is
therefore of critical importance but remains poorly understood (5). Progress has been elusive in part
due to the difficultly of studying cardiomyocytes under precise loading conditions, whether in vivo or in

vitro.

Human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) have emerged as an exciting
in vitro method to study cardiac mechanotransduction. A major obstacle to using this model to its full
potential is a lack of techniques for applying realistic mechanical stimuli to hiPSC-CMs during culture (6).
HiPSC-CMs grown directly on plastic culture plates experience very high afterloads that approach

isometric conditions. Prolonged culture of hiPSC-CMs on substrates with unphysiologically high



stiffnesses has been shown to reduce sarcomere organization, decrease electrical excitability, and

promote mechanical dysfunction (7-9).

In contrast, 3D engineered myocardial constructs generated from hiPSC-CMs are typically grown
between flexible posts or supports which allows hiPSC-CMs to experience physiological stiffness and
shortening (10-12). Mechanical loading can be perturbed by altering the stiffness of tissue supports,
after which chronic responses can be observed (13). Although these experiments have provided some
insights, they have been limited to altering auxotonic loading of the tissues, which equates to
simultaneous changes in multiple mechanical loading parameters, including shortening velocity,
maximum sarcomere shortening, and elastic load. Consequently, it remains unclear which of these

factors are the primary trigger that cause the resulting changes in cellular behavior.

Accordingly, we designed a system capable of delivering precise mechanical loads to engineered human
myocardial samples under chronic culture conditions. Our efforts yielded a design that enables
independent regulation of afterload and contractile work, allowing the impact of each factor on
myocardial remodeling to be clearly observed. The system was also designed to allow tissues to be
transferred from chronic dynamic culture to an apparatus for acute mechanical testing. We used the
system to investigate the roles of mechanical load and contractile work in regulation of mitochondrial

biogenesis, connecting cellular remodeling to specific mechanical inputs.



Methods

HiPSC culture and differentiation

Human induced pluripotent stem cells were acquired from Coriell Institute for Medical Research
(GM23338). HiPSC colonies were maintained on Matrigel-coated plates (BD Biosciences) and in mTeSR-1
media (StemCell Technologies) until confluent. Once confluent, cardiac differentiation was induced
using previously published methods with slight alterations (14). Cells were cultured in RPMI with 1x
B27minus insulin (Thermo Fisher Scientific) and 12.5 uM CHIR99021 (StemCell Technologies) for 24
hours. Media was removed and replaced with fresh RPMI with B27 minus insulin. After 48 hours of
culture, fresh RPMI with B27 minus insulin containing 5uM IWP (StemCell Technologies) was added to
the cells. After this, media was refreshed with RPMI with B27 minus insulin every other day until day 9,
after which RPMI containing B27 (with insulin) was used. Cardiomyocytes were cultured until day 14 at

which point they were dissociated and seeded onto decelluarlized porcine myocardium.

EHT generation

Engineered Heart Tissues (EHTs) were generated via previously published methods described in Schwan
et al. 2016 (15). Briefly, porcine hearts were dissected and blocks of the left ventricular free wall were
removed and frozen. Blocks were sectioned into 150um thick slices parallel to the muscle fiber direction.
Slices were then incubated in a lysis buffer (10 mM Tris, 0.1% w/v EDTA, pH 7.4) for 2 hours before being
attached to PTFE clips. Tissues were incubated in sodium dodecyl sulfate (0.5% w/v in PBS) for 40
minutes with gentle agitation before being incubated in DMEM + 10% FBS with 2x Penicillin-
Streptomycin overnight. Cardiomyocytes were dissociated via incubation with TrypLE (ThermoFisher

Scientific) and cocultured with human adult cardiac fibroblast at a ratio of 10:1 before being seeded



onto the scaffold at a density of 1.5 million cells per scaffold. EHTs were cultured for 1 week under

isometric conditions before being used for experiments.

Bioreactor design and fabrication

A schematic of the bioreactor with associated control systems can be seen in Figure 1A. An MSP-
EXP430F5529LP (Texas Instruments) was used to coordinate electrical stimulation with position control.
Biphasic pulses were applied using a custom-built circuit composed of a linear voltage regulator (Texas
Instruments) and an H-bridge (Texas Instruments) and parallel carbon plates. Simultaneously, a
prescribed analog signal was generated using a digital to analog converter (Texas Instruments) and was
fed into a Pluto Servo Drive Controller (Ingenia). A predefined analog signal specified the position of a
voice coil linear actuator (Ingenia) which in turn drove a stainless-steel spring arm. Accurate position
control was verified through an analog feedback signal. The spring arm was affixed to a custom designed
3D printed adapter (Formlabs Dental SG resin) which fit over a 6 well plate and allowed 6 EHTs to be
shortened in parallel. EHTs were ejected from their Teflon frames and attached to a fixed arm and spring
arm. EHTs were then cultured at a frequency of 1 Hz for one week before undergoing mechanical

characterization and protein analysis (Fig 1B).

Mechanical Testing

After one week of dynamic culture, mechanical testing was performed on a custom-built setup. Tissues
were tested in Tyrode’s solution (140 mM NaCl, 5.4 mM KCI, 1 mM MgCl,, 25 mM HEPES, 10 mM
glucose, and 1.8 mM CaCl,; pH adjusted to 7.3) and active force was measured with a force transducer

(World Precision Instruments KG7) attached to one end of the EHT. On the other end, tissues were



attached to a high speed length controller (Aurora 322C). Isometric twitch records were collected for
each EHT, as well as twitch records under user-defined shortening protocols. Peak isometric force, time
from stimulus to peak force (isometric TtP), time from peak force to 50% relaxation (isometric RT50)
were calculated from isometric twitch records. Peak force under shortening conditions, normalized
force-time integral, and maximum instantaneous power were calculated from twitch records collected
during EHT shortening. Normalized force — time integral was calculated by integrating the area under
the force transient after normalization to that EHT’s maximum isometric force. Maximum power was
calculated by multiplying the shortening velocity and force at each collection time point within the
twitch record. Contractile work was calculated by integrating the area enclosed by the force-length
relation throughout the duration of the twitch. Calcium transients were recorded using Fura-2, a
calcium-sensitive dye. After loading EHTS with Fura-2, transients were recorded under excitations
centered around 340nm or 380nm wavelength light. Custom MATLAB post processing routines

calculated the ratiometric response at each time point.

Western Blot

After mechanical testing, EHTs were homogenized in RIPA buffer (Santa Cruz Biotechnology, Dallas, Tx)
supplemented with phosphatase inhibitor (Santa Cruz Biotechnology), sodium orthovanadate (Santa
Cruz Biotechnology), protease inhibitor cocktail (Santa Cruz Biotechnology), and PMSF (Santa Cruz
Biotechnology). Protein was separated on 4-20% Mini-PROTEAN TGX Gels (Bio-Rad, Hercules, CA) or
NuPAGE 4-12% Bis-Tris Protein Gels (ThermoFisher) before being transferred to PVDF membrane
(Millipore, Carrigtwohill, CO). Primary antibodies used include Tropomyosin-1 (product no. 3910s, Cell
Signaling Technology), ATP5H (product no. Ab110275, Abcam), VDAC (Proteintech #55259-1-AP),

TOMZ20 (Santa Cruz Biotechnology #sc-17764), PGC1la (Cell Signaling Technology #2178), and PINK1 (Cell



Signaling Technology #6946) diluted to 1:1000. Samples were normalized to total protein using either Li-

Cor Revert Total Protein Stain (Li-Cor) or Ponceau Red stain (Santa Cruz Biotechnology).

Results

Effect of dynamic culture on contractile properties of EHTs

EHTs were prepared as previously described and cultured under isometric conditions for 7 days before
being loaded into the bioreactor (Fig 1A) (15). Constructs were subsequently cultured under either
working conditions (WC, made to shorten during each contraction) or isometric conditions (IC, constant
length) for an additional seven days (Fig 1B). Tissues were cultured at similar diastolic lengths, but
working EHTs underwent a prescribed shortening protocol during systole and were then re-stretched to
their original length in early diastole (Fig 2A). After conditioning, EHTs underwent acute mechanical
characterization. This enabled an examination of the effects of chronic mechanical loading on acute

muscle behavior.

We first investigated the effects of chronic conditioning on the acute isometric force generating capacity
of EHTs (Fig 2B). We found that the peak isometric force produced by WC EHTs showed no significant
difference relative to IC EHTs (Fig 2C, 2D). Contraction and relaxation kinetics were unchanged, and no
differences were observed in time to peak force (TTP) or time from peak force to 50 percent relaxation
(RT50) between the two groups (Fig 2E, 2F). Additionally, calcium transients were unchanged between

culture conditions (Fig 2H-K).

EHTs from either culture condition had similar amounts of tropomyosin which suggests a lack of
hypertrophy as a result of working culture (Sup Fig A). Working culture did not appear to alter other
aspects of EHT function. The Frank-Starling and force-frequency responses were unchanged between

culture conditions (Sup Fig B, C).



Next, we examined the effect of chronic loading on acute EHT behavior while performing working
contractions. Both WC and IC EHTs were tested under the same muscle shortening regime that was used
for chronic working culture (Fig 2L). Whereas maximum force achieved during shortening was not
significantly different between isometric and working culture, there was a trend towards WC EHTs
generating increased peak force during shortening (Fig 2M, N). Working culture EHTs had a 60%
increased normalized force-time integral (*p < 0.05) and a 62% increase in instantaneous maximum

power (*p < 0.05; Fig 20, 2P).

These findings suggest that when EHTs are made to contract concentrically during culture, adaptations
occur that allow the muscle to generate increased force and power during shortening compared with
statically cultured EHTs. Adaptation does not come at the expense of isometric force capacity, as tissues
in either culture condition had comparable isometric twitches. These adaptations do not appear to be a

result of altered calcium handling, as calcium transients were unchanged between culture conditions.

Mitochondrial biogenesis is driven primarily through contractile work

The Fenn effect describes the increased contractile work performed by a shortening muscle versus a
muscle held at a fixed length (16). From principle of energy conservation, this increased work output
must be matched by increased substrate consumption. We hypothesized that sustained increased
contractile work demanded of WC tissues would drive mitochondrial biogenesis as a response to
increased ATP utilization. Fig 3A shows representative work loops done in culture, confirming that WC
EHTs perform increased work compared to IC EHTs. When both groups were subjected to the culture
shortening transients during acute mechanical testing, WC EHTs were able to generate 42% more
contractile work compared with IC EHTs (Fig 3B). WC EHTs expressed 3.20 fold higher levels of PGCla

which indicates increased mitochondrial biogenesis ( *p < 0.05; Fig 3C). Correspondingly, WC EHTs



contained significantly higher levels of several mitochondrial proteins compared to IC EHTs: ATP
synthase (ATP5H) [ 3.27 fold increase; **p < 0.01], mitochondrial calcium uniporter (MCU)[ 8.37 fold
increase; **p < 0.01], voltage-dependent anion channel (VDAC) [ 2.24 fold increase; *p < 0.05],
mitochondrial import receptor subunit20 (TOM20) [ 1.63 fold increase; **p < 0.01] — suggesting an
increase in mitochondrial mass (Fig 3C-G). These changes mirror the adaptation to shortening observed

in WC twitches.

Inhibition of the myosin ATPase mitigates increased mitochondrial biogenesis associated with dynamic

culture

We next investigated whether the increases in mitochondrial mass were driven primarily through
increases in ATP utilization due to increased work done, or through other factors such as strain or

afterload.

To determine whether mitochondrial biogenesis was driven through strain-dependent pathways, we
cultured WC EHTs with the myosin ATPase inhibitor blebbistatin. This allowed EHTs to experience the
same length changes (strains) as before, but with reduced external work production due to inhibition of
the myosin ATPase (Fig 4A). After one week of culture, EHTs were probed for markers of mitochondrial
biogenesis, general mitochondrial proteins, and mitophagy. Similar to the previous experiment,
untreated WC EHTs demonstrated 2.24-fold higher levels of PGCla compared to untreated IC EHTs (*p <
0.05; Fig 4B). Blebbistatin decreased levels of PGCla by 73.6% in WC EHTSs, suggesting the increase in
mitochondrial biogenesis is dependent on work done in culture rather than due to changes in length

(**p < 0.01; Fig 4B).



Blebbistatin also decreased the levels of mitochondrial proteins in treated WC EHTs compared to
untreated WC EHTs — ATP5H [46% decrease ; *p < 0.05], MCU [ 48% decrease; *p < 0.05], VDAC [62%
decrease; ***p < 0.001], TOM20 [41% decrease; *p < 0.05] (Fig 4C-F). There was a significant
interaction in the levels of PINK1, a marker for mitophagy, between blebbistatin and culture conditions
(Fig 4G). Working culture EHTs tended to reduce protein levels of PINK, and these trends were reversed
with blebbistatin. These data suggest that EHTs respond to increased work demand by increasing
mitochondrial protein levels through a combination of increased mitochondrial biogenesis and
decreased mitophagy. Decreasing force production while maintaining the length changes experienced
by the EHTs mitigates this response, suggesting that muscle shortening in and of itself is not a direct

driver of increased mitochondrial biogenesis in working culture EHTSs.

Mitochondrial protein expression change occurs independently of experienced afterload

We next developed a length transient which maintained a similar maximal afterload but with increased
work output compared to isometric culture. This was achieved by delaying shortening until peak
afterload was achieved (Figure 5A). Delayed shortening (DSC) EHTs experienced 105% of isometric force
(Figure 5B) and generated 58.10 nJ of contractile work per cycle (Figure 5C). DSC EHTs had 1.4 fold
higher levels of ATP synthase subunit d compared to isometric EHTs. (*p < 0.05; Fig5D). These data
suggest that mitochondrial biogenesis is driven primarily through contractile work (ATP usage) rather

than afterload or amount shortened.

Next, two unique length transients were developed to further dissociate the effects of afterload and
contractile work on mitochondrial biogenesis (Figure 6A). High afterload (HA) EHTs reached 87% of
isometric force and were shortened by 2% of resting length (Fig 6B, 6C). Low afterload (LA) EHTs reached
40% of isometric force and were shortened by 6% of resting length (Fig 6D, 6E). Two length transients

resulted in similar amounts of work being done, but EHTs experienced significantly different afterloads



under either condition (Fig 6F, 6G). Interestingly, EHTs performed equally well in acute tests of either
shortening regime, irrespective of the chronic shortening they experienced in culture (Fig 6H, 6l). This
suggests that once EHTs are adapted to either chronic HA or LA culture, the other shortening regime is
within the range of acute adaptation. This is in contrast to the first experiment in which isometrically
cultured EHTs generated significantly less work and force when tested acutely under shortening
conditions. ATP synthase content (shown above to correlate closely with expression of other major
mitochondrial proteins) was not significantly different between the 2 groups (p = 0.14), supporting the
hypothesis that regulation of mitochondria is primarily sensitive to the amount of contractile work done

by the tissue, and relatively insensitive to the process path (Fig 6J).

Discussion

A long-standing concern with utilizing hiPSC derived cardiomyocytes for cardiac disease modeling is the
relative metabolic immaturity of hiPSC derived cardiomyocytes (19). Compared to native adult
cardiomyocytes, hiPSC-CMs more closely resemble fetal cardiomyocytes with a reduced density of
mitochondria and more heavy reliance on mitochondria-independent ATP synthesis (glycolysis) (20,21).
However, this makes hiPSC-CMs a potentially useful model for studying mitochondrial regulation.
Mitochondrial density has been shown to improve when hiPSC-CMs were cultured under more
physiological conditions such as on aptly stiff hydrogels or in 3D engineered heart tissues (22,23).
Compared to isometric culture, cardiomyocytes formed into EHTs experience both altered shortening
profiles as well as changes in contractile work produced (22). Therefore, from those data alone it is
unclear whether mitochondrial biogenesis is driven primarily by strain-sensitive pathways or through

regulatory mechanisms that seek to match ATP production to demand.

A cardiac cycle is composed of four parts: isovolumetric contraction, ejection, isovolumetric relaxation,

and filling. When left ventricular pressure is plotted as a function of volume, the area within the



resultant loop represents the work done by the heart. In a one-dimensional system, force and length are
analogs of pressure and volume. Critical to composing complete work loops in this analog system is the
combination of isometric, concentric, and eccentric contractions to resemble phases of the cardiac
cycle. Current methods of dynamic mechanical stimulation of engineered heart tissues utilize flexible
boundary conditions to provide auxotonic loading conditions (11). Post stiffness can be altered in a
variety of ways — additional curing agent/curing time, adjustable braces, magnetic resistance — however
these methods do not allow adjustments within a single cardiac cycle (13,24—-26). EHTs cultured using
these methods only experience ejection and filling phases, and physiological work loops are not formed.
Additionally, this results in the coupling of afterload and shortening velocity — increased post stiffness
increases the resistance to contraction while simultaneously restricting the velocity of shortening. In
contrast, we utilized a non-commutated DC linear actuator for active control of the tissue length. This
enabled us to administer both isometric loading to EHTs as well as complete work loops. Precise
dynamic length control also allowed for independent modulation of diastolic length, afterload, and

shortening velocity.

Ulmer et al. compared mitochondrial content in cardiomyocytes grown in 2D versus 3D culture, finding
that 3D culture (which permitted more sarcomere shortening and hence mechanical work) resulted in
greater mitochondrial density and maturation (22). In addition to increased work output, 3D culture
also provides different biomechanical cues than 2D culture which may influence metabolic maturation.
Our observations that 3D working EHTs had an increased amount of mitochondrial proteins compared to
3D isometric EHTSs furthers the hypothesis that ATP consumption is the primary driver of metabolic
maturation. EHTs showed functional adaptation to working culture, as evidenced by trained EHTs
generating larger normalized force-time integrals and reaching higher maximum power outputs
compared to non-trained EHTSs subjected to the same shortening profile. Interestingly, these

improvements occurred in the absence of a difference in peak force generation. This suggests that



increased power generation is not a not a result of hypertrophy, but rather due to accelerated
crossbridge kinetics better able to generate force during shortening. Comparable levels of tropomyosin

between groups also suggest a lack of sarcomerogenesis.

Unique to our system is the ability to impose a prescribed length transient independent of load. We
leveraged this advantage to investigate the relative effects of stress and strain sensitive pathways versus
ATP consumption. We found that strain-sensitive pathways were not the primary effector, as regulation
of mitochondrial biogenesis was attenuated by the application of a myosin ATPase inhibitor despite still

maintaining a similar shortening profile.

A separate experiment demonstrated that stress-sensitive pathways also did not seem to be a major
effector. Significant differences in ATP synthase levels were observed in two length transients that
resulted in similar maximal afterloads. Similar to previous experiments, EHTs which generated increased

mechanical work during culture had higher levels of mitochondrial protein.

Next we sought to modulate shortening profiles independently of contractile work. Active control of EHT
length allowed generation of two culture conditions, each with different shortening profiles and
afterloads, but requiring similar amounts of mechanical work. EHTs cultured under these two conditions
had similar levels of ATP synthase, supporting the hypothesis that mitochondrial biogenesis is

augmented primarily in response to increased ATP utilization.

Although we were able to implement physiologically similar culture work loops, our system is still short
of reproducing the native myocardial environment. In an in vivo heart, shortening only occurs when wall
tension increases enough to overcome aortic pressure, and blood is ejected (27). Physiological blood
pressure requires this wall tension to remain sufficiently high through the entire contraction. In contrast,

our bioreactor prescribes the length of tissue irrespective of tension. Due to the variability in strength



and kinetics of active contractions, some EHTs experienced unphysiologically low tension during the
relengthening phase of the cycle. In future iterations, this artifact could be mitigated by implementing

adaptable length transients controlled by individual EHT force feedback.

In this work, we developed a novel bioreactor in order to apply precise mechanical perturbations to
engineered heart tissues during chronic culture. We demonstrated that regulation of mitochondrial
protein expression was dependent on the amount of work done by the tissue but was independent of
experienced afterload. Future research will focus on identifying molecular regulators of these pathways.
This study provides the groundwork to further investigate cardiac mechanotransduction in physiology

and pathophysiology.



Figure Captions

Figure 1) Bioreactor schematic and experimental flow chart. (A) Human induced pluripotent stem cell
derived cardiomyocytes (hiPSC-CMs) are seeded onto decellularized porcine myocardium fixed onto
Teflon clip and frame system. Engineered heart tissues (EHTs) are then removed from the frame and
loaded into bioreactor. Exploded side view demonstrating the fixed arm (left side), and the spring arm
(right side) being deformed by the voice coil actuator causing EHT length changes. Six pairs of arms are
arranged to fit over a regular six well tissue culture plate, and a “plunger” is used to allow the voice coil
to control all of them in parallel. An MSP430 microcontroller is used to synchronize electrical stimulation
and length control. (B) After 14 days of cardiac differentiation, hiPSC-CMs are used to construct EHTs.
EHTs are cultured isometrically for seven days to allow for tissue remodeling. EHTs are then loaded onto
the bioreactor and cultured for an additional seven days under a specified shortening protocol. At the
end of this period, EHTs are removed from the bioreactor and are acutely exposed to a variety of

shortening protocols while the force response is recorded.

Figure 2) Engineered Heart Tissues adapt to shortening culture conditions while maintaining isometric
force generating capabilities. (A) Position of the spring arm throughout a single culture cycle. A negative
position indicates the spring arm moving closer towards the fixed arm representing EHT shortening. (B)
Representative transients of tissue length during acute isometric testing after seven days of culture
under chronic conditions. (C) Representative force twitches collected during acute isometric testing. (D-
F) Culture conditions had no significant effect on peak force or twitch kinetics produced during isometric
contraction. (H) Representative calcium transients collected during acute isometric testing. (I-K) Culture
conditions had no significant effect on calcium transients produced during isometric contraction. (L)
Representative transients of tissue length during acute shortening testing after seven days of culture
under chronic conditions. (M) Representative force twitches collected during acute testing while EHTs

underwent the shortening protocol (working culture) represented in Fig 2L. (N) EHTs from either culture



condition had no difference in peak force produced during shortening. (O) EHTs cultured under working
culture conditions produced significantly higher normalized force time integrals compared to EHTs
cultured under isometric conditions. Force was normalized to maximum isometric force. (*P < 0.05 for 2-
tailed unpaired t-test, n = 7 in each condition) (P) EHTs cultured under working culture conditions
produced significantly higher instantaneous maximum power compared to EHTs cultured under
isometric conditions. Power was calculated by multiplying force by instantaneous velocity at that time

point. (*P < 0.05 for 2-tailed unpaired t-test, n = 7 in each condition)

Figure 3) Working culture conditioned EHTs are more effective at generating contractile work and
have higher levels of mitochondrial proteins. (A) Representative force twitches plotted against tissue
length. Twitches were collected during acute testing and represent the shortening protocol that each
tissue was cultured under. (B) Contractile work generated when EHTs from either group were acutely
tested under working culture shortening transients. EHTs cultured under working culture conditions
produced significantly higher contractile work compared to EHTs cultured under isometric conditions.
(*P < 0.05 for 2-tailed unpaired t-test, n = 7 in each condition) (C-G) Immunoblots probed for levels of
PPARYy coactivator 1 a (PGCla), ATP synthase (ATP5H), mitochondrial calcium uniporter (MCU), voltage-
dependent anion channel (VDAC), mitochondrial import receptor subunit20 (TOM20) reveal
significantly higher levels in EHTs cultured under working culture. (fold change normalized to isometric;

*p <0.05, **p < 0.01 for 2-tailed unpaired t-test, n = 4 isometric culture; n = 3 working culture)

Figure 4) Increased levels of mitochondrial proteins in working culture EHTs are attenuated by a
myosin ATPase inhibitor. (A) Representative force twitches plotted against tissue length. Twitches were
collected during acute testing and represent the shortening protocol that each tissue was cultured
under. (B-F) PGCla, ATP5H, MCU, VDAC, TOM20 protein levels were significantly increased in EHTs
cultured under working conditions compared to EHTs cultured isometrically. Blebbistatin treatment

significantly reduced protein levels in working culture EHTs. (G) PINK1 protein levels showed significant



interaction between blebbistatin treatment and culture conditions. (fold change normalized to
untreated isometric; n = 3, 3, 4, 4 for IC, IC+blebbistatin, WC, WC+blebbistatin respectively, 2 way

ANOVA with Tukey multiple comparisons test *p < 0.05, **p < 0.01, ***p <0.001).

Figure 5) Training regimes with similar peak afterloads but different work outputs, result in different
levels of ATP synthase (A) Position of the spring arm through a single culture cycle. Delayed shortening
culture (DSC) initiates shortening concurrent with peak tension, resulting in similar maximal afterload
compared to isometric culture, but with increased contractile work. (B) Force twitches collected during
acute testing demonstrate EHTs from either group experience similar maximal afterload. (C)
Representative force twitches plotted against tissue length. Twitches were collected during acute testing
and represent the increased contractile work EHTs generated in DSC compared to IC. (D) EHTSs cultured
under DSC have increased immunoblot levels of ATP5H. (fold change normalized to isometric; *p < 0.05

for 2-tailed unpaired t-test, IC [n = 6], DSC [n = 4]).

Figure 6) EHTs subjected to different training regimes with similar work outputs, maintain similar
levels of ATP synthase (A) Position of the spring arm throughout a single culture cycle. High afterload
culture (HA) transient is delayed in time and of smaller magnitude compared to Low afterload culture
(LA) which results in EHTs contracting against higher load. (B) Representative transients of tissue length
during acute HA testing after seven days of culture under chronic conditions. (C) Representative force
twitches collected during acute testing while EHTs underwent the shortening protocol represented in Fig
2B (HA). (D) Representative work loops collected during acute HA testing. (E) EHTs generated similar
levels of contractile work irrespective of chronic culture conditions during acute HA testing. (HA culture
n =12, LA culture n = 11) (F) Representative transients of tissue length during acute LA testing after
seven days of culture under chronic conditions. (G) Representative force twitches collected during acute
testing while EHTs underwent the shortening protocol represented in Fig 2F (LA). (H) Representative

work loops collected during acute LA testing. (1) EHTs generated similar levels of contractile work



irrespective of chronic culture conditions during acute LA testing. (HA culture n =12, LA culture n = 11)
(J) EHTs from either culture condition had similar immunoblot levels of ATP synthase (ATP5H) (n =8 in

each condition).

Supplemental Figure 1) (A) Working culture did not significantly increase levels of tropomyosin. (B)
Working culture did not significantly alter Frank-Starling response. (B) Working culture did not

significantly alter force - frequency response.

Supplemental Figure 2) (A-C) Representative immunoblots for tropomyosin and ATP synthase (ATP5H)

with associated Licor Revert Total Protein stains

Supplemental Figure 3) (A-C) Representative immunoblots for PCG1-a, ATP5H, MCU, VDAC, and TOM20,

with associated Ponceau Red Total Protein STain
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Figure 1) Bioreactor schematic and experimental flow chart. (A) Human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) are seeded onto
decellularized porcine myocardium fixed onto Teflon clip and frame system. Engineered heart tissues (EHTs) are then removed from the frame and loaded into
bioreactor. Exploded side view demonstrating the fixed arm (left side), and the spring arm (right side) being deformed by the voice coil actuator causing EHT
length changes. Six pairs of arms are arranged to fit over a regular six well tissue culture plate, and a “plunger” is used to allow the voice coil to control all of them
in parallel. An MSP430 microcontroller is used to synchronize electrical stimulation and length control. (B) After 14 days of cardiac differentiation, hiPSC-CMs are
used to construct EHTs. EHTs are cultured isometrically for seven days to allow for tissue remodeling. EHTs are then loaded onto the bioreactor and cultured for
an additional seven days under a specified shortening protocol. At the end of this period, EHTs are removed from the bioreactor and are acutely exposed to a
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variety of shortening protocols while the force response is recorded.
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Figure 2) Engineered Heart Tissues adapt to shortening culture conditions while maintaining isometric force generating capabilities.
(A) Position of the spring arm throughout a single culture cycle. A negative position indicates the spring arm moving closer towards the fixed arm
representing EHT shortening. (B) Representative transients of tissue length during acute isometric testing after seven days of culture under
chronic conditions. (C) Representative force twitches collected during acute isometric testing. (D-F) Culture conditions had no significant effect
on peak force or twitch kinetics produced during isometric contraction. (H) Representative calcium transients collected during acute isometric
testing. (I-K) Culture conditions had no significant effect on calcium transients produced during isometric contraction. (L) Representative
transients of tissue length during acute shortening testing after seven days of culture under chronic conditions. (M) Representative force
twitches collected during acute testing while EHTs underwent the shortening protocol (working culture) represented in Fig 2L. (N) EHTs from
either culture condition had no difference in peak force produced during shortening. (O) EHTs cultured under working culture conditions
produced significantly higher normalized force time integrals compared to EHTs cultured under isometric conditions. Force was normalized to
maximum isometric force. (*P < 0.05 for 2-tailed unpaired t-test, n = 7 in each condition) (P) EHTs cultured under working culture conditions
produced significantly higher instantaneous maximum power compared to EHTs cultured under isometric conditions. Power was calculated by
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Figure 3) Working culture conditioned EHTs are more effective at generating contractile work and have higher levels of mitochondrial
proteins (A) Representative force twitches plotted against tissue length. Twitches were collected during acute testing and represent the
shortening protocol that each tissue was cultured under. (B) Contractile work generated when EHTs from either group were acutely tested
under working culture shortening transients. EHTs cultured under working culture conditions produced significantly higher contractile work
compared to EHTs cultured under isometric conditions. (*P < 0.05 for 2-tailed unpaired t-test, n = 7 in each condition) (C-G) Immunoblots
probed for levels of PPARy coactivator 1 a (PGC1a), ATP synthase (ATP5H), mitochondrial calcium uniporter (MCU), voltage-dependent anion
channel (VDAC), mitochondrial import receptor subunit20 (TOM20) reveal significantly higher levels in EHTs cultured under working culture.
(fold change normalized to isometric; *p , 0.05, **p < 0.01 for 2-tailed unpaired t-test, n = 4 isometric culture; n = 3 working culture)
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Figure 4) Increased levels of mitochondrial proteins in working culture EHTs are attenuated by a myosin ATPase inhibitor. (A)
Representative force twitches plotted against tissue length. Twitches were collected during acute testing and represent the shortening
protocol that each tissue was cultured under. (B-F) PGC1a, ATP5H, MCU, VDAC, TOM20 protein levels were significantly increased in
EHTs cultured under working conditions compared to EHTs cultured isometrically. Blebbistatin treatment significantly reduced protein levels
in working culture EHTs. (G) PINK1 protein levels showed significant interaction between blebbistatin treatment and culture conditions. (fold
change normalized to untreated isometric; n = 3, 3, 4, 4 for IC, IC+blebbistatin, WC, WC+blebbistatin respectively, 2 way ANOVA with Tukey
multiple comparisons test *p < 0.05, **p < 0.01, ***p <0.001).
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Figure 5) Training regimes with similar peak afterloads but different work outputs, result in different
levels of mitochondrial mass (A) Position of the spring arm through a single culture cycle. Delayed shortening
culture (DSC) initiates shortening concurrent with peak tension, resulting in similar maximal afterload compared

to isometric culture, but with increased contractile work. (B) Force twitches collected during acute testing
demonstrate EHTs from either group experience similar maximal afterload. (C) Representative force twitches
plotted against tissue length. Twitches were collected during acute testing and represent the increased
contractile work EHTs generated in DSC compared to IC. (D) EHTs cultured under DSC have increased
immunoblot levels of ATP5H (fold change normalized to isometric; *p < 0.05 for 2-tailed unpaired t-test, IC [n = 6],
DSC [n = 4]).
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Figure 6) EHTs subjected to different training regimes with similar work outputs, maintain similar levels of mitochondrial mass (A) Position of the
spring arm throughout a single culture cycle. High afterload culture (HA) transient is delayed in time and of smaller magnitude compared to Low afterload
culture (LA) which results in EHTs contracting against higher load. (B) Representative transients of tissue length during acute HA testing after seven days

of culture under chronic conditions. (C) Representative force twitches collected during acute testing while EHTs underwent the HA shortening protocol
represented in Fig 2B. (D) Representative transients of tissue length during acute LA testing after seven days of culture under chronic conditions. (E)
Representative force twitches collected during acute testing while EHTs underwent the LA shortening protocol represented in Fig 2D. (F) Representative
work loops collected during acute HA testing. (G) Representative work loops collected during acute LA testing. (H) EHTs generated similar levels of
contractile work irrespective of chronic culture conditions during acute HA testing. (HA culture n = 12, LA culture n = 11) (I) EHTs generated similar levels
of contractile work irrespective of chronic culture conditions during acute LA testing. (HA culture n = 12, LA culture n = 11) (J) EHTs from either culture
condition had similar immunoblot levels of ATP5H (n = 8 in each condition).
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Supplemental Figure 1) (A) Working culture did not significantly increase levels of tropomyosin. (B) Working culture did not significantly
alter Frank-Starling response. (C) Working culture did not significantly alter force - frequency response.
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