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Abstract

A cardiac ischemia-reperfusion (IR) injury (heart attack) can be the
cause of up to 50% of the damage to the heart for an individual who
has suffered from a heart attack. We update the 2004 Kyoto model with

Baseline

Below are simulations of the cardiomyocyte and metabolism model.
Simulations were run until the model reached a pseudo-steady state.

Reperfusion

Reperfusion provides the heart with oxygen again and allows beating
to restart. The results from simulating this are below.

|ischemia Ischemia
_ _ _ < 100 15 . . w < 100 | | | 6
a new metabolism model to explore how calcium overload impacts the = E
cardiomyocyte energetics and contractility. The model simulates s 50 s | S =
. . . . c 3 I -
excitation, contraction, and metabolism of the heart and allows us to 2 . = § =
: C . : o >
run the system such that it mimics calcium overload. We perturb @ 3 o o S,
s o  qe s : © 0.5] ©
selected parameters and initial conditions individually in an effort to ‘,E“ -50 © £ ©
gain perspective of how the parameter affects the model by quantifying o J 2 100 )
. ; . -100 | | | 0 | ' - 1 | | |
how much the perturbation impacts the system; the technique is called 0 100 200 300 400 0 100 200 300 400 6 5 10 15 20 25 6 5 10 15 20 25
i : : . - - Ti ' Time (min
local sensitivity analysis. We then tested several hypotheses linking 008 Time (ms) 1 Time (ms) h ime (min) & [shem (min)
. . . ] . L : [ Ischemia ‘ | | mi
oxidative stress to myocyte function believed to occur in IR injury. To £ [ c ! —
. o . ~ 2096 5 e S
do this, we added free radical signaling mechanisms to the ECC and E QS 099 £0-8 =509 I E \ /
: : : : : = Q S \ 10 A
calcium handling processes in the model. We found that oxidative- c é 0.94 §0.6 g 1 g =
. W . . . . — — o —
induced modifications of the ryanodine receptor significantly altered S So002 T 4 g 508 oal g |
| hysiological and hanical behavior closely mimicki hat £ 3 2 8 | g 5 a
electrophysio ogical and mechanical behavior closely mimicking wha 8¢ oo 55 5807 = —
was observed in other studies. Oxidative stress dependent effects are T © 05, - o O __hop
. . 0.88 | | | 0 1 1 o4 | - ® 0 \ \ |
then added to explore the damage caused by this addition. 0 100 200 300 400 0 100 200 300 400 0-60 5 10 15 20 25 0 = 10 15 20 o5
- Time (ms) Time (ms) Time (min) Time (min)
Intro duCtl on These figures are select state variables and show the model operating under normal conditions

during a single action potential. The membrane potential shows the voltage of the cytosolic
membrane. The depolarization causes calcium to be released from internal stores. Calcium release
activates cross-bridge cycling and triggers contraction of the heart. The final figure displays the
inward-rectifier potassium channel gating dynamics. This channel is responsible for repolarization.

When oxygen is reintroduced to the ischemic tissue, mitochondrial metabolism is activated and
restores cytosolic ATP levels. This allows for the pumps responsible for ionic homeostasis to reset
the system. This process takes approximately 10 minutes after the onset of reperfusion.
Interestingly, the system cannot reset if the duration of ischemia is too long.

Injury
Adding the effects of oxidative stress impacts the ryanodine receptor
open probability and causes contractile dysfunction.

* Heart attacks are a direct result of clogged arteries (ischemia) which
starve the heart of vital metabolites causing it to stop beating

* Paradoxically, reperfusion leads to calcium overload and oxidative stress

which damages the myocardial tissue
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* To elucidate the molecular mechanisms responsible, a computational
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model was developed and analyzed from two prior models

Reperfusion

Succinate*

Fumarate

H A k N Mechanism of Injury 10[fschemia o
eart Attac .
Heait Ballqo_nf'stcnt Balloon/stent lz,ale W_{ O “
posuoncd expanded *P > ‘; 2 ’§C\ ol v
]aque ".'\E'Dplexes V & aE« Bmplexes = 40,
) [, IV &cytc =TI, IV &eceytce
20
Narrowed During ischemia, succinate accumulates in the myocardial tissue. Upon reperfusion, the excess |
ery succinate leads to a substantial increase in mitochondrial free radical production. These free radicals % S 15
y then contribute to tissue injury by several possible mechanisms. We test one computationally. |ischemia sion with Injury .
Normal heart and artery Artery with plaque buildup Healthwise r~ Plaque ISChemla %,0_97 / 6
: : : : £5 _
MOd el To simulate ischemia, the oxygen concentration was set to zero. As a 58 2
| result, mitochondrial metabolism is disrupted and ATP is depleted. c S
Cardiomyocyte model: 'SSZ?,i*lYfm | g AT Ot el | This leads to arrythmias, calcium overload, and contractile dysfunction. Eorr :
 Electrophysiolo + ?’ 7 < 100 | ' ' | 5 | ' * | | \
p y gy :\_i_P A:’/‘ K i ili;:;?/ . \ E 08 unavailable 06O 5 e (i 10 15O
o Ma]or ion channels and pumps S ; , Adsrgpen hies T 50 §4 [ :jvlJJ‘UW Model simulations show that when oxidative stress mechanisms are incorporated into the model, the system
- - we aoe F == c Sl does not recover. This is because ryanodine receptor channel gating is altered causing a depletion of calcium
* , 7@ Sy / O =3t o
CalCIum handhng (-u\‘-“-ﬁ—n-u—- A°”'° mitochondria E 0 c . ‘ | from internal stores. This also decreases cell shortening and leads to weaker contractions.
. . — e // : S 05 06 07 08 09
* L-type calcium channels, ryanodine R “// . ® 52f -
3 ADP oW ©
receptors and SERCA pumps K B [ezRen] /|| — [oxidatvahobryatin] g -50 O 1 ConCluSlonS and NEXt Steps
: TP podhclon sten | ®  Ischemia causes severe disruption in ion and metabolite levels
 (Contraction = 400 . . . 0 . ' w ' o L. .
e Cross-bridee dvnamics o 1 2 3 4 5 0o 1 2 3 4 5 * Reperfusion in the absence of oxidative stress allows the system to
8 y Time (min) Time (min)  h | h he d - fisc - h
. . P ’ 15 | | | | recover, however, only when the duration of 1Ischemia 1S short
Mitochondrial model: w 5 1 A o _ _ |
Oxidat hosphorylation (ATP) _® = —are * When oxidative stress mechanisms are included, the system cannot
e Oxidative phosphorylation - £ ©0.9 £ : : : :
PROSPROLY % - 2 =10 * —— AP | recover after five minutes of ischemia
e Calcium effects on metabolism Mitochondrial Matrix 4 S o S . . . . e s
N S £08 © h * Need to add glycolysis, which contributes to cytosolic acidification and
. . 3Na* H* | \§ < - . . .
* Free radical generation \ ;W@I Gﬁgw‘ ‘wg‘“& Q £ éo% 0 g 5| | affects ion channel gating and metabolism
G TR & o o 0. 8 . . . . .
! AN N © S O  Also need to include fatty acid metabolism, which constitutes up to 50%
The two models interact through cations HochndrliniemembraneSpees 08 . . T of energy during rest and is severely comprised by calcium overload

and metabolites This work was supported by NSF ACRES REU - 0OAC1560168.

Bazil, J., Beard, D. and Vinnakota, K. (2016). Catalytic Coupling of Oxidative Phosphorylation, ATP Demand, and Reactive Oxygen Species Generation. Biophysical
Journal, 110(4), pp-962-971.

Limbu, S., Hoang-Trong, T., Prosser, B., Lederer, W. and Jafri, M. (2015). Modeling Local X-ROS and Calcium Signaling in the Heart. Biophysical Journal, 109(10),
pp-2037-2050. Matsuoka, S., Sarai, N,, Jo, H. and Noma, A. (2004). Simulation of ATP metabolism in cardiac excitation-contraction coupling. Progress in Biophysics and
Molecular Biology, 85(2-3), pp-279-299.

Time (min) Time (min)
[schemia disrupts the normal function of the heart. The heart is no longer able to contract and enters rigor.
Once phosphocreatine is depleted ATP levels rapidly fall resulting in a biphasic response in ADP levels and a
rise in AMP levels. This causes the energy-dependent pumps responsible for ionic balance to fail causing
weakened action potential and loss of calcium homeostasis.

e 76 state variables
* Over 100 parameters



