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Abstract

Human cardiac trabeculae were studied to identify the
effects of diabetes on passive and active tissue mechanical
properties. The sensitivity of cross-bridge cycling kinetics
to [ATP] and [P;] was probed using small-amplitude sinu-
soidal perturbations in a custom-built device. The diabetic
muscles produced lower active and passive stresses, and
the complex modulus data revealed that they also had
slower cross-bridge cycling kinetics. These data were used
to parameterise metabolite-sensitive cross-bridge models
representing diabetic and non-diabetic cohorts. These
cross-bridge models were then integrated within a muscle
model to simulate twitch dynamics and stress-length work-
loops. The diabetic model had slower twitch kinetics
reduced maximum shortening velocity and reduced muscle
shortening power. Simulation of changes in metabolic
state revealed that, while increasing [P;] reduced muscle
shortening power in both groups, the reduction was less
pronounced in the diabetic model. These results suggest
the presence of a compensatory mechanism to mitigate the
effects of metabolic dysfunction in the diabetic heart.

1. Introduction

Type 2 diabetes is a highly complex and increasingly
prevalent disease which often leads to diabetic cardiomy-
opathy, where diabetes causes negative effects on the
functional properties of the heart and its tissues. Diabetes
is known to cause mitochondrial dysfunction [1] at the cell
level and impair myocardial force generation at the organ
level [2]. However, the mechanisms of disease, and the
interaction between mechanical and energetic effects on
work and power output, remain unclear.

Our previous work has validated methods for parameter-
ising cross-bridge models using active complex modulus
data from permeabilised cardiac tissues [3]. We have
recently presented extensive methods to develop and pa-
rameterise cross-bridge models to be responsive to changes
in cellular metabolic state by incorporating dependencies
on [ATP] and [P;] [4]. Here we present the first instance
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of extending this work to human cardiac tissues. We
have measured cardiac cross-bridge kinetics under differ-
ent metabolic conditions in human cardiac tissues from
diabetic and non-diabetic patients. We then parameterised
our cross-bridge models with these data, integrated these
models within a muscle model, and performed work-loop
simulations to predict how diabetes affects cardiac work,
shortening velocity and power output.

2. Methods

2.1. Measuring mechanical properties

Cardiac trabeculae (10 from patients with type 2
diabetes and 10 from patients without diabetes) were
dissected from right atrial appendage samples donated
by consenting patients undergoing coronary artery by-
pass surgery at Auckland City Hospital (approval HDEC
17/STH/61). Measurements were performed using our
custom-built experimental device [5, 6], following proto-
cols described in [4]. Briefly, dissected trabeculae were
placed in 4 °C permeabilisation solution for ~20 h. Per-
meabilised muscles were washed thoroughly in relaxing
solution (pH 7.0, pCa 9.0, 7 mM EGTA, 20 mM imidazole,
5 mM MgATP, 1 mM P;, 1 mM Mg2+, 14.5 mM CrP,
180 mM ionic strength), before being mounted in the
device and gradually stretched to an optimal sarcomere
length of 2.2 ym. Muscle diameters were measured to
allow the conversion from tensile force to stress. Exper-
iments were performed at 37 °C.

The passive properties of each muscle were measured
first. The force-length relationship was found by mea-
suring passive stress at 85 %, 90 %, 95 % and 100 % of
optimal muscle length. The passive complex modulus was
also measured to quantify visco-elastic behaviour.

Measurements made in full calcium activation (pCa 4.5)
were taken under five different metabolic conditions of
varying [MgATP] and [P;] (Table 1). These were applied
to the muscles based on a balanced Latin square design to
account for any effects arising from order of presentation.
Trabeculae were first immersed in pre-activating solution
[4] for 60 s, before switching to a bath of activating so-
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lution (relaxing solution with pCa 4.5, 240 U/mL creatine
kinase and the relevant concentration of MgATP and P;).
In each activating solution, the maximum stress and total
complex modulus were recorded at steady state.

Complex modulus measurements were taken across 12
frequencies between 0.1 Hz and 100 Hz, with length
perturbations of 0.25 % of the optimal muscle length.
The active complex modulus was found by subtracting the
passive complex modulus from each of the total complex
moduli [3].

2.2. Model development

The averaged active complex moduli and steady-state
stresses across the five different metabolite concentrations
were used to parameterise our cross-bridge model for
both diabetic and non-diabetic trabeculae. As in our
previous work [4], the linearised version of the model
was used to optimise the model parameters for a range of
different metabolite and strain dependencies. The model
permutation which produced the best fit for both sets of
data incorporated ATP dependence using rapid equilibrium
(between states C' and C?), direct P; dependence (at
k_1), and had strain dependencies on the cross-bridge
binding rate and the cross-bridge detachment rate (Figure
1). Active stress produced by the model is given by:

F, = K(Bzp + Cx¢), 1)

where K is a stiffness coefficient encompassing the density
and individual stiffness of cross-bridges, B and C are state
proportions, and xp and x¢ are mean cross-bridge strains.
The 12 optimal parameters for the cross-bridge models
(non-diabetic, diabetic) were as follows:
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Figure 1.  Schematic of the cross-bridge model that

was parameterised to our experimental data from human
trabeculae. The cycling rates in bold (k; and k3) depend
on cross-bridge strain.

k1=(64,39), k_1= (2.5, 0.6), ko=(41, 17), k_2= (200, 98),
ks= (185, 93), ¢x= (2, 4.5), ¢= (0.013, 0.012), ¢1= (5,
5), K= (24000, 16700), ¢s1= (606, 1), ps3= (206, 751),
kaarp=(0.18, 5).

A simple passive model was also fitted to the exper-
imental data and combined with the cross-bridge model
to create a muscle model. The passive complex modulus
was used to capture the visco-elastic parameters at optimal
length, as in [3]. An exponential equation for the purely
elastic element was used to better fit the non-linearity of
the passive force-length relationship.

As our cross-bridge model and data describe only the
fully activated muscle state, we coupled it to the thin fila-
ment Ca?™T activation component of the Land et al. (2017)
human model [7]. This introduced a non-permissive
cross-bridge state and troponin binding kinetics to allow
simulation of stress production under transient changes
in intracellular Ca®>" concentration. The thin filament
parameters and the Ca®* transient used to drive the model
were taken from [7]. The full muscle model consists of a
cross-bridge component, a passive force component and a
thin filament Ca®* activation component.

2.3. Model simulations

Simulations were conducted using the full muscle model
to predict how differences in cross-bridge kinetics induced
by diabetes affected muscle mechanics under loading con-
ditions similar to those experienced by the in vivo heart.
Cardiac stress-length work-loops were simulated as a one-
dimensional analogue to the three-dimensional pressure-
volume loop. Following the protocol described in [8],
prescribed afterloads range from the passive stress of the
muscle to the maximum stress produced in an isometric
twitch. In the first phase of a work-loop, the muscle
contracts isometrically until it produces enough stress to
overcome the prescribed afterload; this is followed by an
isotonic contraction where the muscle shortens to maintain
the afterload. In the third phase, the muscle relaxes
isometrically once the stress falls below the afterload (end-
systolic point), before being gradually re-stretched back to
the initial length in the final phase.

The work done during a given work-loop was found by
integrating the stress with respect to sarcomere length. We
also quantified the extent of shortening throughout the loop
and the maximum velocity of shortening. This latter metric
allowed for the calculation of maximum power of shorten-
ing, by multiplying the maximum velocity by the given
afterload. The simulations were initially performed using
the baseline metabolite conditions of 5 mM MgATP and
1 mM P;. To predict the effects of metabolic dysfunction,
we also simulated work-loops at a higher [P;] of 10 mM.
All simulations were performed using MATLAB.
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3. Results

3.1. Trabecula mechanics

The steady-state stresses developed by diabetic trabec-
ulae under full Ca?* activation were lower than those
developed by non-diabetic trabeculae across the metabo-
lite conditions studied (Table 1; two-way ANOVA group
effect, p < 0.05). The passive stress was also lower in the
diabetic group (t-test, p < 0.05).

Table 1. Active and passive steady-state stress values

The isometric twitch, which is equivalent to the work-loop
with the maximum afterload, is bolded and clearly shows a
lower peak stress reached by the diabetic model (19.2 kPa
vs 15.7 kPa), as well as slower twitch dynamics (duration
of twitch above 5% of peak stress of 677 ms vs 441 ms).
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(mean + SE) across the two groups. The top row
represents baseline metabolic conditions.
[ATP] [P;] Non-diabetic Diabetic
(mM) (mM) stress (kPa) stress (kPa)
5 1 204+ 1.8 16.2 +£ 2.1
0.1 1 249 +2.8 189+23
1 1 21.5+£2.7 19.0 £ 3.1
5 0 209 +24 17.1 £2.2
5 10 170+ 1.6 126 £ 1.8
Passive stress 48 +0.5 34+04

These results were reflected in the complex modulus

Figure 3. Effect of diabetes on simulated (A) stress-length
work-loops and (B) stress profile; isometric twitch in bold.

Analysis of work-loops simulated by the two muscle
models showed that the work produced at a given relative
afterload was slightly lower in diabetes (Figure 4A). While
the extents of shortening were also similar, those of the
diabetic model were slightly greater (Figure 4B). The
most pronounced effect of diabetes was on reducing the
maximum shortening velocity and power of shortening of

measurements, where the diabetic active complex moduli
had lower magnitudes than those of the non-diabetic group
(Figure 2 shows data for baseline conditions; two-way
ANOVA group effect, p < 0.05). There was also a subtle
leftward shift in the active complex moduli of the diabetic
group, indicating slower cross-bridge cycling rates. The
typical effects of higher stiffness and leftward shifts with
decreasing ATP or P; (and vice versa) were present in the
averaged experimental data for both groups.
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Figure 2.  Active complex modulus (mean + SE) at

baseline conditions (5 mM ATP and 1 mM P;).

3.2.  Work-loop simulations

Figure 3A shows a series of work-loops simulated in the
non-diabetic and diabetic muscle models for the lowest,
highest and two intermediate afterloads. Figure 3B shows
the stress profile over time for each of these simulations.

work-loops at all relative afterloads (Figure 4C & D).
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Figure 4. Simulations of work (A), extent of shortening
(B), maximum shortening velocity (C) and maximum
power of shortening (D) under baseline metabolic condi-
tions.

Work-loops were also simulated under different concen-
trations of P;. As expected, an increase in [P;] caused
a decrease in stress development and consequently lower
work, shortening and power (Figure 5). However, in
the diabetic group, the reduction in work and power was
less pronounced, suggesting a lower sensitivity to P; in
diabetes.
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Figure 5. Simulations of work (A) and maximum power
of shortening (B) at low and high concentrations of P;.

4. Discussion

We have measured cross-bridge properties in human
cardiac trabeculae from diabetic and non-diabetic patients.
Using these data, we constructed a full muscle model
for simulating work-loop contractions. Our simulations
revealed that diabetes reduces maximum twitch force and
slows muscle twitch kinetics (Figure 3) which ultimately
results in a reduction in cardiac shortening velocity and
power output (Figure 4). The key disease mechanism
driving these phenotypes appears to be a diabetes-induced
reduction in a majority of cross-bridge cycling rates. Our
model parameterisation also produced a lower value of K
(Eq. 1) in the diabetic model, which is consistent with
either reduced cross-bridge stiffness or density.

Driven by a lower value of k_;, the diabetic model
had a decreased sensitivity to P;, which was reflected
in work-loop simulations (Figure 5). As diabetic hearts
are known to have an increased P;/PCr ratio [9], this
provides evidence for a compensatory mechanism in the
diabetic heart to mitigate further reductions of power
output under perturbed metabolic conditions where [P;]
is elevated. The measurement of lower passive stress in
the diabetic group was unexpected as diastolic dysfunction
is one of the early symptoms of diabetic cardiomyopathy
[2]. However this is not inconsistent with findings from
a study of intact trabeculae from a similar patient cohort,
which found no differences in the diastolic stress, despite
significantly increased diastolic Ca?" in diabetes [10]. We
have additionally confirmed that the key findings of our
study are independent of the passive force model and thus
reflect the active properties measured in our experiments.

While there are reported effects of diabetes on Ca%+ dy-
namics [10], we have chosen to drive work-loops for both
diabetic and non-diabetic models using the same Ca?"
transient. In doing so, we have isolated, and revealed,
the effects of diabetes specifically on cardiac cross-bridge
function.
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