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Abstract :Current data on COVID-19 shows that hypertensive patients are the most vulnerable to this virus. These patients have
low activation rates of the angiotensin-converting enzyme 2 (ACE2), and angiotensin-converting enzyme inhibitors and
angiotensin 1l receptor blockers (ARBs) are commonly used in the treatment of hypertension. Unfortunately ACE2 is the ideal
receptor of the COVID-19 and this paradoxworries doctors. Our role in this modeling consist on leading the researchers towards
a new concept and treatment based on the relationship between the activity of the Na / Ca exchanger (NCX) of the cardiac cell
and the activation rate of ACE2. The results obtained of the Iycx exchange current, the calcium transient and the action potential
AP are very promising and show the direct effect of ACE2 on the exchanger which influences the cardiac electrical activity.
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1. Introduction

Since its discovery in Whuan in China in December 2019, the whole world is suffering from the pandemic of
Coronavirus disease 2019 (COVID-19), researches has doubled to find out the causes of the health problems of
people affected. In many severe cases, the coronavirus infection caused interstitial pneumonia which may lead to
severe acute respiratory syndrome (SARS) and even death (Huang, C.et al. 2020&Wang, D.et al.2020).
Epidemiological data has shown that the most threatened persons are hypertensive (Huang, Z. et al.2020&L.i, B.et al.
2020), which has led some to make the link between the renin angiotensin system blockers (RAS) and COVID-
19(Kai, H. &Kai, M. 2020 &Sommerstein, R.&Grani, C.2020 &Vaduganathan, M.et al.2020), since these inhibitors
are all indicated in the management of high blood pressure, and some of which are indicated in heart failure, post-
myocardial infarction, and proteinuric nephropathy of diabetes.

The work of Fang, L. et al. (2020)and several other authors(Rossi, G.P. et al. 2020 &Esler, M &Esleer, D. 2020
&Agata, J. et al. 2006 & Wang, X. et al.2016) have hypothesized that angiotensinconverting enzyme inhibitors
(ACEs) and / or angiotensin Il receptor antagonists (ARA2, or SARTANS) might increase the expression of
angiotensin-converting enzyme 2 (ACEZ2) on the membrane surface.

The ACEZ2 is an ideal receptor for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Hoffmann,
M. et al. 2020), same as SARS-CoV (-1) (Kuba, k. et al. 2005). The work of Ferrario, CM. et al. (2005) on a rat
model shows that lisinopril and losartan increase the expression of ACE2 mRNA in the heart, as well as the activity
of the enzyme. We note that ACE2 was increased in failing human heart ventricles and in human idiopathic dilated
cardiomyopathy and ischemic cardiomyopathy (Andrew, B.Goulter. et al.2004).

Our work is a contribution to link between the activity of the NCX exchanger, which plays a very important
physiological role in the cardiac cells to regulate the intracellular calcium concentration [Ca®],, and the activity of
ACE2. We use a simple electrical network model associated with the finite difference method and the percolation
concept that already proved its efficiency on the pancreatic beta cells activity (Bahlouli, S. et al.2015).The ion
transfer through the membrane proteins of a cardiac cell is modeled by a square network of conductances randomly
distributed, representing the following channels: K-Ca, K,, Na,, Ca,-L and NCX exchanger. Switches are put in
series with the conductance to highlight the activation or inactivation of the channel. The ACE2 is modeled by a
controlled and vectorizedswiches. For the NCX exchanger, the conductance is chosen according to the intracellular
calcium concentration. Beside, the dielectric property of phospholipids may be represented by a capacity, placed in
parallel to the network. In the vicinity of the percolation threshold(Hunt, A.G. 2004), the behavior of the exchanger
current, the calcium transient and the action potential shows the effect of the increased activity of ACE2 on health.
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2. Statistical model

ACE?2 is localized exclusively in cardiac endothelial cells (Donoghue, M. et al.2000), in the endothelial and
smooth muscle cells of myocardial vessels as well as in cardiac myocytes (Hamming, l.et al.2007 & Gallagher, P.et
al.2008).

Electrical modeling has been used for a long time following the Hodgkin, A.L.& Huxley, A.F (1952) model, but
not that of an enzymatic activity since it involves chemical reactions. In this work we were inspired by the article
ofEisenberg,R.S. (1990)entitled "Channels as Enzymes: Oxymoron and Tautology" who concludes that a channel is
a catalyst for diffusion through membranes and announces "channel is an enzyme". In this case, we can assume that
an enzyme is a channel that catalyzes electrical activity.

Many study suggest that impaired ACE2 activity results in excessive amountsof angiotensin Il Angll, allowing
for unopposed activation of type 1 angiotensin 2 receptor AngIR and subsequentdevelopment of acute respiratory
distress syndrome (ARDS)in which they explained the susceptibility of hypertensive patients to COVID-19 (Devaux,
C. et al.2020 &Tignanelli, C.J. et al. 2020).

In the RAS (renin—angiotensin system), Ang | (angiotensin 1) is cleaved by ACE (angiotensin-converting
enzyme) to form Angll (angiotensin II), which has effects on blood pressure, fluid and electrolyte homoeostasis.
Altlhougljh Ang Il is hydrolysed very efficiently by ACE2, with a highest catalytic efficiency of kcat/Km of 2.2x10°
Y/

The distribution of ACE2 concentration follows the Fokker-plank (FPE) equation (EI Wakil, S.A. et
al.2001).After application of the chain rule, the corresponding FPE becomes (Hesama, S. et al. 2012):

dC/ot = —y C/ bx + (2&wy + x) 6C/dy + 260C + D &2p/ dy? )
In terms of central finite differences, an explicit formulation is obtained for the concentration:

. Cm+1i'j 2: Cmi'j + At[*y(Cmiﬂ,j - le;;,j)/ZAx + 2fa)Cmi,j+ (2,wy) (Cmiyjq.l - Cm,"jf])/ZAy +D(Cmi1j+1 — ZCmi’j +
C-nIBy] 2

The boundary conditions are given by Ci,j = 0 for i, j = 1, N. The discretization using central finite differences
leads to an explicit scheme, which means that the values Cm”i,j can be calculated directly from values C™ ;

Near the percolation threshold, we impose the linear 2D oscillation of the chemical enzyme reaction(Goldbeter,
A. 2013) and the parameters of the oscillatoré = 0.05, w = 1 and D = 0.1 are chosen according to the imposed infinity
condition of the concentration(Pichler, L.et al. 2011):

Cx,y,t)—0asxy— +0 3

Owing to simplicity, we assume thatthe relaxation kinetics are first order (Milescu, L.S. et al.2005) and described
by time homogeneous Markov process (Hugtenburg, R.P. & Yin, Z.A. 2001 &Venkataramanan, L. &Sigworth, F.J.
2002), where the channel jumps from the open state to the closed state.

The intracellular concentrations have values higher or equal to physiological values such as C(100 mmol/l),
Cna(10 mmol/l) and Ccq(1 pmol/l). The extracellular concentrations will not be modified and correspond to the
physiological values. The values of the different conductances correspond to those usually used in physiology: s«.ca
= 200 pS/cm?, %= 300pS/cm?, 1a = 3 NS/cm? , 7, =15 pS/em? and jcx equals 0 or 44 nS/cm?(Hill, B. 2001). The
biological membrane capacity per unit of area C,, is equal to 1 uF/cm? The open or closed switches are randomly
distributed on the circuit.

In our computation, we carried out 1500 iterations, in which we controlled the direction of the ion flows, the
gradients of concentration and the variations of the membrane potential.

The details of the concentration and the ionic current of the NCX, Cav-L,K-Ca, K,, are given in our previous
work(Bahlouli, S.et al.2008 &Bahlouli, S.et al.2015). For the inward rectifier current Iy,0f Na, channels,we
use(Hill, B. 2001):

Ina = 7na -M* .. (Viy - Ena) 4)

WhereV,is the membrane potential, Enais the reversal potentials (mV), m is the probability of the activation gate
and h is the probability of the inactivation gate
3. Results and discussions

3.1 Percolation threshold

In first, we determine the percolation threshold of our network. It described the depolarization threshold of the
membrane at low ACE2 concentrations. Several parameters must be controlled to detect the threshold: the
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concentrations, the conductances and the activation probabilities, and it become very difficult to monitor the
depolarization. Electrically, the response of the circuit corresponds to a current flowing to either side of the cell and
fractally, it corresponds to the generation of the backbone. For this, we use the Tarjan’sdepth-first-search algorithm
(Tarjan, R.1972) which runs in time O(N) for a graph of N nodes, provided the number of edges meeting at each
node is finite, and the effective-medium theory (Kirkpatrick,S.1973&Nakamura, M.1982)in order to reduce the
matrix size from[L? x L?] to [L x (L+1)].

We represent the percolation cluster for different concentration and probabilities of activated channel and we
chose three morphology, below, near and far the percolation threshold.

- In figure. 1, finite clusters appear but there isn’t response of the system because the total conductivity is null.
This is for Py.c, =0.16, Pc= 0.17, Py, = 0.18, Pc, =0.19, Pace, =0.10 andPycx = 0.20.

- For Px.ca =0.18, Px = 0.19, Pna = 0.22, Py =0.20, Pacez =0.05 andPycx = 0.16,the infinite cluster appears near
the percolation threshold in Figure.2, with a backbone of total conductivity equal to 0.093 pS/cm?.

- The infinite cluster in Figure. 3 is more pronounced and developed by the appearance of blobs and dangling
parts. After the percolation threshold the total conductivity is higher and is equal to 1.302pS/cm? forPx.c, =0.17, Pk
=0.20, Pna = 0.23, Pc, =0.15, Pacez =0.07 andPycx = 0.18.

The network near the percolation threshold corresponds to a non-conducting towards conducting transition
consists of 18% K-Ca, 19% K,, 22% Na,, 20% Ca,-L, 16% NCX channels and 5% ACE2.
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Figure.1.Finite clusters structure of activated Channelsbelow the percolation threshold: Py.c, =0.16, Px= 0.17, Pya =
0.18, Pc, =0.19, Pace, =0.10 andPNCX =0.20.
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Figure.2.Infinite cluster structure of activated Channelsnear the percolation threshold. The backbone is formed for
Pk.ca =0.18, Px=0.19, Pya = 0.22, Pc, =0.20, Pacgr =0.05 andPch =0.16
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Figure.3.Infinite cluster structure of activated Channelsabove the percolation threshold: Px.c, =0.17, Px=0.20, Pya =
023, PCa :0.15, PACEZ =0.07 andPch =0.18

3.2 Effect of ACE2 on the [Ca®"];

To evaluate the link between the ACE2 and the NCX of a cardiac cellular electrical activity, we reduce the
probability of the activated ACE2 near the percolation threshold. Fig.4showthe variation of the intracellular Ca®*
concentrations [Ca?'];, as a function of the number of ACE2inhibited.

From Figure.4, it appears that from 5% inhibited ACE2, the intracellular [Ca**]; concentration does not reach its
basal value during repolarization. The concentration increases more and more with the inhibition of the ACE2, until
it reaches a stationary state when 15% of ACE2 are blocked. This behavior is identical to that presented in the study
ofBeuckelmann, D.J et al.(1993)and Ozdemir,S. et al (2008), which reflects a marked reduction in the amplitude of
the calcium transient and an increase in its total duration in the case of ventricular myocytes isolated from failed
hearts of transplanted subjects, or following a block exchanger NCX by SEA-0400.

—— Normal

00064 | — 5% ACE2 inhibited
10 % ACEZ2 inhibited

—— 15 % ACEZ2 inhibited

0,005

0,004 | |

0,003

C., (mmol/l)

0,002

0,001

200 ms

Figure.4. Oscillation of the intracellular calcium concentration [Ca?]; for different probability of ACE2 activity.
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3.3 Effect of ACE2 on Incx

Figure. 5 show the Iycx exchange current for a time scale of 200 ms as a function of the number of ACE2
inhibited. We notice from this figure that the inhibition of the ACE2 increases the duration and amplitude of the
exchange current, probably resulting from the lengthening of the calcium transient. The exchanger under these
conditions operates in inverse mode favoring the influx of Ca®". This figure is comparable to that of Weber, R. et al.
(2003)on the study of the Iycx current of the ventricular cardiomyocyte. The Weber plots show for a non-failing heart
a current entering during all the action potential except at the depolarization where an outgoing exchange current is
reported, resulting from the increase of the intracellular concentration [Ca**]i. The notch of the incoming current is a
consequence of repolarization. For a failing heart, the current is out for 400 ms, with an increase in the magnitude of
the incoming current.

normal

5% ACE2 inhibited
12 10% ACE2 inhibited
— 15% ACE2 inhibited

0,9 4
0,6

0,3 1

-0,3 -
-0,6

_0’9 -
200 ms

-1,2 -

Figure.5.Variation of the current exchange Iycx for a time scale of 200 ms as a function of the number of ACE2
inhibited.

3.4 Effect of ACE2 on the action potential AP

The most common anomaly in a cellular electrical activity of the cardiac hypertrophy is the prolongation of
action potential, regardless of the species of mammal studied and whatever the origin of the hypertrophy (Egan, T.M.
et al. 1989 &Fatkin, D. et al. 2014), this is what we observe in Figure. 6. A decrease in amplitude is announced when
the ACEZ2 are inhibited, as a consequence of the increase in the Iycx exchange current.

Note that experimentally, the extension of the action potential is associated with an increase in the amplitude of
the plateau which can be very marked in species whose cardiac cell repolarization presents a biphasic course and a
low terminal plateau (Bailly, P. et al. 1998).

Momtaz,A. et al. (1996) show the participation of the Iycx exchange current in the development of the plateau,
after inhibition of the outgoing transient potassium current by infusion of a Tyrode solution supplemented with 3
mM 4-aminopyridine.

The extension of the action potential is not limited to hypertrophy and is also manifested in the case of the human
heart in terminal failure, whether it is hypertrophic cardiomyopathy or, more often, dilated cardiomyopathy.

Since ACE 2 is an ideal COVID-19 receptor, this will reduce its activity. Our results confirm that the decrease of
the ACE2 is associated with enhanced cardiac hypertrophy and reduced pumping ability. It also shows a real
connection between the activity expression of the ACE2 and the activity of the NCX exchanger.

721



N. Bessai, H. Riane, S. Bahlouli, F. Hamdache

45 —
-50 Normal
5% ACEZ2 inhibited
10% ACE?2 inhibited
-55 — 15% ACE2 inhibited
S\ -60
E
>
-65 -
-70
75 200 ms

Figure.6. Variation of action potential AP for a time scale of 200 ms as a function of the number of ACE2 inhibited.

Conclusion

To our knowledge, there is not yet a pharmacological activator or inhibitor of ACE2 usable in humans. Some teams
have proposed promoting the angiotensin / ACE2 / MasR pathway (Peir6, C. &Moncada, S. 2020), for example by
administering soluble ACE2 as a treatment in patients infected with COVID-19 (Batlle, D. et al. 2020). The primary
role of the study of the relationship between ACE2 and the NCX exchanger is to open an exploratory way for
electrophysiologists and biochemists to find an efficient treatment and reduce the risk of mortality in patients
suffering from high blood pressure and are tainted with COVID- 19.

We modeled for the first time the enzymatic activity by an electrical compound, switches, whose opening and
closing according to the kinetics of ACE2 activity. The simple electric model of conductances and switches
randomly distributed associated with complex mathematical concepts, percolation, the finite difference method and
random walk, gave very interesting results identical to the experimental ones in the literature. It’s important to
emphasize that there is so much research to explore, and the deleterious role of ACE2 activation - potentially induced
by SRA blockers - is only one hypothesis among others and should be studied.

Formatting of funding sources
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit
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