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Abstract

Theoretical studies on calcium oscillations within the cytosolic [Ca2+], and mitochondria [Ca2+]mit
have been conducted using a mathematical model-based approach. The model incorporates the
mechanism of calcium-induced calcium release (CICR) through the activation of inositol-trisphosphate
receptors (IPR), with a focus on the endoplasmic reticulum (ER) as an internal calcium store. The
production of 1,4,5 inositol-trisphosphate (IP3) through the phospholipase C isoforms and its degrada-
tion via Ca2+ are considered, with IP3 playing a crucial role in modulating calcium release from the
ER. The model includes a simple kinetic mechanism for mitochondrial calcium uptake, release and
physical connections between the ER and mitochondria, known as mitochondrial associate membrane
complexes (MAMs), which influence cellular calcium homeostasis. Bifurcation analysis is used to
explore the different dynamic properties of the model, identifying various regimes of oscillatory
behavior and how these regimes change in response to different levels of stimulation, highlighting the
complex regulatory mechanisms governing intracellular calcium signaling.

Keywords: Mitochondria-associated membranes; Hopf bifurcation; periodic doubling bifurcation;
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1 Introduction

Calcium (Ca2+) contributes to the vast array of various physiology and pathophysiology. The
extremely rapid increase in cytosolic Ca2+ leads to a multitude of cellular responses, such as release
of neurotransmitters, muscle contraction, gene transcription, and cell proliferation [1–4]. Although
the fluctuations observed in cytoplasmic Ca2+ provided valuable insights into the complexity of
Ca2+ signaling. However, the toolkit involved in these regulations has a very fine control over its
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components. However, non-excitable cells exhibit Ca2+ oscillations of different frequencies and
amplitudes on hormone stimulation [5–7]. These Ca2+ oscillations are meticulously controlled by
a network of receptors, pumps, exchangers, Ca2+-ATPase, etc. The ER has IPR on its membrane.
They released Ca2+ on activation. Intracellular IP3 binds to IPR with Ca2+ as a co-agonist and
opens them. Active IPR mediates the CICR process that enhances cytosolic Ca2+. Physiologically
low Ca2+ concentrations are required for cell function. Thus, Ca2+ is quickly pumped back into
the ER lumen through Ca2+ ATPase pumps from the sarco / endoplasmic reticulum (SERCA). It
is also sent to the extracellular medium by Ca2+ ATPase pumps (PMCA). Mitochondria uptakes
Ca2+ via uniporter (MCU). It releases Ca2+ into the cytosol via the Na+/Ca2+ exchanger (NCX).
Moreover, the direct flow of Ca2+ ions occurs from the ER to the mitochondria through MAMs
[8, 9].

Mathematical models are powerful tools for advancing scientific knowledge. However, models
have an attractive ability to make experimentally testable predictions. In the field of Ca2+ dy-
namics, researchers develop foundational models based on the available data, facilitating Ca2+

dynamics within cells. Initially, models were built that have the capability to produce Ca2+ os-
cillations at constant IP3. For example: to understand rhythmic Ca2+ fluctuations, a one-pool
model is developed. It includes IPR activation both by Ca2+ and constant IP3 [10]. Atri et al. [11]
constructed a biphasic form of the IPR channel, which produces Ca2+ oscillation at constant IP3.
Few advanced models of this kind are seen here [12–14]. However, several models pointed out
that the activation of IP3 metabolism by Ca2+ could lead to oscillations in IP3. These models
helped to clarify how changes in Ca2+ levels might affect the dynamics of IP3 and cause cells to
oscillate. Models of these types are shown here [15, 16]. Furthermore, theoretically, the modelling
approaches show that Ca2+ oscillations occur in different types of cells: like acinar cells [17–20],
hepatocytes [21–23], oocytes [24–26], cardiac myocytes [27–29], neuron [30, 31], fibroblast [32], etc.
Regardless of the cell type, mitochondria are necessary for cells to survive [33–35]. Specialized
subdomains or MAM, exist in the ER closest to mitochondria. It facilitates the entry of Ca2+ ions
and lipids into the mitochondria. The physical connection between mitochondria and the ER is
quantitatively investigated here [36]. Marhl et al., [37] model served as the framework for that one.
It is assumed that MCU perceives Ca2+ are thought to be the MAM and the cytosol. Moreover,
Moshkforoush et al., [38] Wacquier et al., [39], and Han and Periwal [40] developed models
demonstrating Ca2+ dynamics oscillations are influenced by ER mitochondrial micro-domains.

However, this article proposes a class II mathematical model for the Ca2+ exchange between
the cytosol and mitochondria. Experiments with exchangers, uniporters, pumps, Ca2+ ATPase,
IP3 dynamics, and IPR validate the model’s major components. The goal of this research is
to understand the role of MAMs in non-excitable cells. The deterministic modeling technique
utilized in this study gives information on the complex Ca2+ flow via MAMs and other Ca2+

compartments such as the cytosol, ER, and mitochondria, as well as how these routes influence
the Ca2+ response of each compartment individually. In short, modeling the physiology of non-
excitable cells is an effective tool for understanding the relationships outlined above. This study is
useful because it provides a comprehensive description of Ca2+ signaling in non-excitable cells
such as pancreatic acinar cells, hepatocytes, vascular endothelial cells, etc. Overall, this study
seeks to analyze the experimental patterns anticipated by the predictions, revealing the process
by which agonist concentration turns fundamental rhythmic patterns into complex oscillatory
patterns.

The format for the rest of the paper’s body is as follows: Following the introduction in Section 1,
Section 2 covers the Ca2+ toolkit’s primary components and describes how to construct the model
and create the mathematical equations. Section 3 presents the model’s numerical analysis and



282 | Mathematical Modelling and Numerical Simulation with Applications, 2024, Vol. 4, No. 3, 280–295

outcomes once it has been developed. The argument, conclusions drawn from the model’s results,
and any potential repercussions are then covered in Section 4.

2 The mathematical model of the problem

This paradigm explains Ca2+ release mechanisms in the cytosol, endoplasmic reticulum, and
mitochondria, using symbols [Ca2+], [Ca2+]er, and [Ca2+]mit. It considers fast Ca2+ absorption,
mitochondrial release, IP3 generation, degradation, fluxes, leaks, and direct Ca2+ exchange from
the ER to mitochondria. Then the nonlinear kinetic equations are shown as follows:

d[Ca2+]

dt
= (JIPR + JER)− JSERCA + δ(JIN − JPM) + JNCX − JMCU − JRaM,

d[Ca2+]er

dt
= γ(−(JIPR + JER) + JSERCA − JMAM), (1)

d[IP3]

dt
= JIP3 prod − JIP3deg,

d[Ca2+]mit
dt

= τ(JMCU + JRaM − JNCX + JMAM).

In this model, δ controls the overall calcium flow via plasma membrane, cytoplasm volume to
ER volume ratio is γ, and mitochondria volume to cytoplasm volume is τ. The model is solved
numerically and analyzed using AUTO [41] and MATLAB 2021b. Also, all the parameters’ values
are shown in Table 1.

The IPR

The IPR is divided into six states: resting (R), activated (A), shut (S), open (O), and two inactivated
(I1), and (I2) states. There are four components that make up the IPR. Two binding sites for Ca2+

activation, one for Ca2+ inactivation, and one for IP3 are present in each subunit. Ca2+ and IP3
mediate the shift between these states. Consequently, the model equations provided for all states
are given below. A thorough explanation of the model is here [42]

dR
dt

= ϕ−2O − ϕ2[IP3]R + (k−1 + l−2)I1 − ϕ1R,

dO
dt

= ϕ2[IP3]R − (ϕ−2 + ϕ4 + ϕ3)O + ϕ−4 A + k−3S,

dA
dt

= ϕ4O − ϕ−4 A − ϕ5 A + (k−1 + l−2)I2, (2)

dI1

dt
= ϕ1R − (k−1 + l−2)I1,

dI2

dt
= ϕ5 A − (k−1 + l−2)I2.

Here, R, O, A, I1, I2 denotes the fraction of receptors in the respective states, and R + S + O + A +

I1 + I2 = 1. All ϕ’s that are the functions of [Ca2+] are as follows:

ϕ1[Ca2+] =
(k1L1 + l2)[Ca2+]

L1 + [Ca2+](1 + L1
L3
)

,

ϕ2[Ca2+] =
k2L3 + l4[Ca2+]

L3 + [Ca2+](1 + L3
L1
)

,
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ϕ−2[Ca2+] =
k−2 + l−4[Ca2+]

(1 + Ca2+

L5
)

,

ϕ3[Ca2+] =
k3L5

L5 + [Ca2+]
, (3)

ϕ4[Ca2+] =
(k4L5 + l6)[Ca2+]

L5 + [Ca2+]
,

ϕ−4[Ca2+] =
L1(k−4 + l−6)

L1 + [Ca2+]
,

ϕ5[Ca2+] =
(k1L1 + l2)[Ca2+]

L1 + [Ca2+]
.

The open probability of the IPR is taken to be PIPR = (0.1O + 0.9A)4, thus, the calcium flux from
the IPR is given as:

JIPR = kIPRPIPR([Ca2+]er − [Ca2+]). (4)

The SERCA pump and Ca2+ ATPase pump (PMCA)

Calcium enters the ER via the SERCA pump, with the quasi-hill form model representing the
pump flux, influenced by the ER’s calcium content [43]

JSERCA = VSERCA
[Ca2+]

KSERCA + [Ca2+]
× 1

[Ca2+]er
. (5)

Here, VSERCA, KSERCA are the maximum permeability and half saturation constant of the SERCA
pump, respectively. Ca2+ is moved from the cytosol to the extracellular medium by the PMCA.
As a result, the flow from the cytosol to the extracellular pool is expressed as (4):

JPM = VPM
[Ca2+]2

K2
PM + [Ca2+]2

. (6)

Here, VPM is the permeability of the PMCA, and the KPM is a half-saturation constant. When
calcium reaches the cytosol, the intracellular calcium is altered. The JIN is modeled as a function of
increasing agonist concentration, with agonist-dependent inflow (α2VPLC) and constant leak (α1)

JIN = α1 + α2vPLC. (7)

Calcium leakage from the ER to the cytoplasmic JER is directly linked to the variation in calcium
concentrations.

The IP3 dynamics

PLC, whose activity is influenced by Ca2+ and agonist dosage, produces IP3. The expression
for the phospholipase C isoform production, also known as PLCβ, and its Ca2+ sensitivity is as
follows [44]

JIP3 prod = VPLC
[Ca2+]2

K2
PLC + [Ca2+]2

. (8)
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In this case, KPLC represents the sensitivity of PLC to calcium, while VPLC indicates the maximum
synthesis rate of PLC isoforms. Next, the following kinetic equation for IP3 degradation modulated
by [Ca2+] is given as

JIP3deg = kdeg

(
[Ca2+]2

K2
deg + [Ca2+]2

)
[IP3], (9)

where Kdeg is the IP3 half saturation constant, and kdeg describes the phosphorylation rate. The
rate of variation of the cytosolic concentration of (IP3) is therefore given as

d[IP3]

dt
= JIP3 prod − JIP3deg. (10)

The mitochondrial uptake and release

The exchange of Ca2+ between the cytosol and mitochondria occurs as the mitochondria absorb
Ca2+. The equation is as follows

JMCU = kmcu
[Ca2+]2

K2
mcu + [Ca2+]2

. (11)

The Kmcu is a half-activation constant, while the maximal permeability is kmcu. The fast mode also
removes Ca2+ from the cytosol, therefore this exchange is provided by

JRaM = kRaM
[Ca2+]8

K8
RaM + [Ca2+]8

. (12)

Here kRaM is the maximal permeability, and KRaM, is the half-activation constant for the rapid
mode.

The Na+/Ca2+ exchanger

Within the mitochondria, the Na+/Ca2+ exchanger facilitates the gradual release of Ca2+. The
exchanger for it is provided as

JNCX = vNCX
[Na+]3cyto

k3
Na + [Na+]3cyto

[Ca2+]mit

kNCX + [Ca2+]mit
. (13)

The Na+/Ca2+ exchanger’s activation constants are kNa and kNCX, with the cytosolic Na+ con-
centration being [Na+]cyto, and its maximal activity being VNCX.

Mitochondrial-Associated Membranes (MAMs)

The ER and mitochondria are physically connected to form stanch structural domains known as
mitochondria-associated ER membranes. It participates in fundamental biological Ca2+ home-
ostasis processes. Further, the evidence is, that there is a physical contact between ER Ca2+ release
sites and mitochondrial Ca2+ uptake sites [45]. Thus, the Ca2+ flux from ER to mitochondria
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directly is given by

JMAM = kMAM1

[Ca2+]2er

K2
MAM1

+ [Ca2+]2er
+ kMAM2

[Ca2+]8er

K8
MAM2

+ [Ca2+]8er
, (14)

where kMAM1 , kMAM2 are the maximal permeability and KMAM1 , KMAM2 are the half-activation
constants for the JMAM fluxes.

3 Results: model analysis

Nonlinear differential Eqs. (1)-(2) in the system determine the dynamic behavior of the model
and solve the system of equations numerically. A partial bifurcation analysis of the model is also
carried out. The maximum PLC isoform synthesis rate is represented by the parameter VPLC. This
parameter, thus, serves as the model’s bifurcation parameter.
The bifurcation diagram for [Ca2+] in Figure 1 illustrates how VPLC affects this. In this case, HB1
and HB2 represent the two Hopf Bifurcations. The stable periodic orbits are shown by dark black
lines, and the unstable ones are shown by dark blue lines. Period doubling bifurcation point is
depicted by PDs. TRs is an acronym for the tour’s split point. The inset shows the period of
oscillations. Steady-state stability decreases as VPLC rises. The steady state, for positive VPLC
values ≈ 2.344 to 34.4 µM/s, contains two Hopf bifurcation points: right-most Hopf bifurcation
(HB2) and left-most Hopf bifurcation (HB1). Hopf bifurcation arises when the steady state changes
the stability. It causes the appearance or disappearance of a periodic orbit.

Figure 1. The maximum values of the periodic orbits with respect to VPLC are shown on the bifurcation diagram

Thus, the model enables oscillations between two VPLC values, with stable and unstable periodic
oscillations. The steady state is the saddling node type. The stable branch b1 starts at HB2 at VPLC
= 34.4 µM/s and ends at PD1 at VPLC ≈ 9.449 µM/s, with oscillation periods ranging from 2.465
to 6.526 seconds.
Beginning at PD6, the tiny stable branch b3 stops at the point TR1 VPLC ≈ 3.267µM/s. The
oscillation period of this little branch is 6.526 to 6.245 seconds. After that, the new unstable branch
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Figure 2. The bifurcation diagram of [Ca2+]mit as a function of VPLC

b4 blue line begins at tour point TR1 (3.267 µM/s) and finishes at TR2 VPLC ≈ 2.777µM/s. In this
branch, oscillations occur approximately 6.245 to 5.447 seconds. Next, a little, stable branch called
b5 (a solid black line) emerged from TR2 and ended close to HB1. On this branch, the oscillation
period varies from approximately 5.853 to 5.447 seconds.
Starting at PD1 and ending at PD2, the new stable branch has a VPLC of roughly 13.05µM/s. At
PD5, at VPLC ≈ 3.854 µM/s, the elongation from PD2 (branch b7) comes to a halt. At VPLC ≈ 8.966
µM/s, branch b7 has the PD3. Starting at PD3, the branch b8 ends at PD5. This branch oscillates
at a period of roughly 26.07 to 26.11 seconds. The unstable branch b9 ends near PD5 and starts at
VPLC ≈ 8.816µM/s, originating from PD4. The oscillation period of this branch is 51.98 to 52.21
seconds.
Figure 2 displays the bifurcation diagram that forecasts how VPLC will affect [Ca2+]mit. The dotted
black lines are unstable equilibrium. The solid black lines represent the stable periodic orbits and
dark blue lines represent the unstable periodic orbits. The PDs are the period-doubling bifurcation
points. TRs represents the tours bifurcation point. Bifurcation points such as the Hopf bifurcation,
period doubling, and Tours points happen at the same VPLC values as they do in Figure 1. As a
result, both the stable and unstable branches in Figure 1 and Figure 2 correspond to oscillations
whose period and amplitude fall within a scientifically meaningful range. The function of VPLC
drives these complex dynamics both in cytosol and mitochondria. It should be mentioned that
IP3 fluctuations in this scenario are the cause of the [Ca2+] oscillations, that lead to [Ca2+]mit
oscillations.
Ca2+ oscillations are more than just a biological curiosity; they have a substantial impact on
cell function. Calcium signals indicate how cells can encode information in the frequency and
amplitude of oscillations generated by their oscillatory nature. Thus, it is important to understand
the dynamics of time series. Following that, the next several values of VPLC are displayed along
with the distinct dynamic profiles of [Ca2+], [Ca2+]mit, and [IP3] oscillations.
The time series is periodic at PD3, VPLC ≈ 8.853µM, with a period of 26.01 seconds. Figure 3A,
Figure 3C illustrates the oscillation of the [Ca2+] and [Ca2+]mit time series, which exhibit four
spikes in total: two large and two minor spikes. Furthermore, the [IP3] profile is displayed in
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Figure 3. The time series profiles of [Ca2+], [IP3], and [Ca2+]mit at VPLC = 8.853µM/s, and VPLC = 7µM/s, are
shown in Panels A, B, and C and Panels D, E, F, respectively

Figure 3B. Three distinct attractors can be found in phase space at VPLC ≈ 8.853µM, When the
stable periodic orbits reach the period-doubling bifurcation PD3, a powerful attractor is created.
Additionally, there are two additional period doubling bifurcations (PD2 and PD4) that form
complex attractors close to PD3. Consequently, there are variations in the amplitudes of the
oscillations in [IP3], [Ca2+], and [Ca2+]mit and. Figure 1 illustrates how it results from the merger
of various attractors in the phase plane. Moreover, branch b7 exhibits a two-peak oscillation of
[Ca2+] at VPLC = 7µM, with a huge spike coming first, and a smaller spike following, as depicted
in Panel D. In addition, the [Ca2+]mit oscillates, showing two peaks in Panel F. Panel E displays
the [IP3] pattern.
The predicted time series for [Ca2+] and [Ca2+]mit exhibit two abrupt spikes with different small
amplitudes at PD6, VPLC = 3.819 µM/s, as illustrated in Figure 4A and Figure 4C, respectively.
The unstable periodic orbits that merge into the stable periodic orbits, as seen in Figure 1 and
Figure 2, complicate the [Ca2+] profile. Moreover, two bifurcation points PD5 and TR1 (torus
point) exit near the PD6 area, which results in complex oscillations. TR1 occurs at VPLC = 3.267µM.
Figure 4D illustrates the smaller oscillations of [Ca2+] and [Ca2+]mit having multiple large and
small fluctuations having periods of around 6.245 seconds, respectively. When comparing the
Ca2+ profile in Figure 4E with Figure 4A, the Ca2+ oscillates with less amplitude.
Furthermore, steady oscillations develop when VPLC is increased (see branch b1 of Figure 1 and
Figure 2). When compared to unstable oscillations, stable oscillations have amplitudes that are
comparable. Figure 5A and Figure 5C show that the [Ca2+] and [Ca2+]mit oscillate with significant
amplitudes and identical spikes at VPLC = 20µM. Similar amplitude spikes are also shown in
Figure 5B of the [IP3]. Comparing Figure 5 panels Figure 5D, Figure 5E, and Figure 5F with
Figure 5A, Figure 5B, and Figure 5C for [Ca2+], [IP3], and [Ca2+]mit oscillations, respectively,
reveals sinusoidal oscillations at VPLC = 30µM, but the oscillations are also stable at this point.
Approximately 2.5 seconds make up the oscillation period. Calcium oscillations with varying
amplitudes at smaller frequencies are predicted by the model to be observed when VPLC is modest.
Higher VPLC causes higher frequency oscillations. The oscillations in the [IP3] concentration
are by Ca2+ induced IP3 production and degradation. However, the IP3 plays a key role in the
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Figure 4. Qualitative oscillation behavior at different agonist concentrations, presenting time series profiles of
[Ca2+], [IP3], and [Ca2+]mit at VPLC = 3.819 µM/s (Panels A, B, C) and 3.267 µM/s, (Panels D, E, F), respectively

Figure 5. Numerical integration of agonist VPLC at different concentrations, displaying time series profiles of
[Ca2+], [IP3], and [Ca2+]mit at 20µM/s (Panels A, B, and C) and 30µM/s (D, E, and F)

modulation of [Ca2+] oscillations.

4 Discussion and conclusions

The goal of this study is to comprehend sophisticated Ca2+ oscillations in the mitochondria and
the cytoplasm. Agonist stimulations that cause CICR through IPR entrenched in the ER membrane
elicit the calcium transients. Consideration is given to the cytosolic IP3 synthesis by PLC and
its degradation by Ca2+. Through uniporters and the rapid mode mechanism, Ca2+ is swiftly
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Table 1. Parameter values used in the model taken from [17, 18, 20, 46]

IPR Parameters values
k1 0.64 (µM)−1s−1 k−1 0.04 s−1 l2 1.7 s−1

k2 37.4 (µM)−1s−1 k−2 1.4 s−1 l4 1.7 s−1(µM)−1

k3 0.11 (µM)−1s−1 k−3 29.8 s−1 l6 4707 s−1

k4 4.0 s−1(µM)−1 k−4 0.54 s−1 L1 0.12 µM
L3 0.025 (µM) L5 54.7 µM
IP3 Parameters values
KPLC 0.2 µM kdeg 0.5 s−1 Kdeg 0.1 µM
Calcium Parameters
kIPR 0.71 s−1 JER 0.002 s−1 δ 0.1
γ 5.405 τ 1.64 VSERCA 120 (µM)−2s−1

KSERCA 0.18 µM VPM 28 µMs−1 KPM 0.425 µM
α1 0.2 (µM)s−1 α2 0.05 s−1

Mitochondrial Parameters
kmcu 15 (µM)s−1 Kmcu 20 µM kRaM 30 (µM)s−1

KRaM 0.8 µM VNCX 60 (µM)−1s−1 KNCX 35 µM
KNa 9.4 µM [Na+]cyto 10 µM kMaM1 0.03 (µM)s−1

KMaM1 20 µM kMaM2 0.12 (µM)s−1 KMaM2 1.8 µM

taken up by mitochondria and released slowly via an exchanger back into the cytosol. Cellular
organelles, including mitochondria and ER, play distinct biological roles, physically forming
MAMs and not being isolated entities, despite evidence suggesting otherwise [9]. MAMs are a
dynamic interface that connects the outer mitochondrial membrane (OMM), the ER subdomain,
and several proteins, serving as a link between the ER and mitochondria [47]. It helps the material
and information flow between the ER and the mitochondria including Ca2+ ions [45]. Thus,
a straightforward but reliable mathematical model is developed to comprehend the intricacy
of Ca2+ dynamics, which includes direct Ca2+ flow from the ER to the mitochondria, pumps,
standard Ca2+ fluxes, and the IP3 metabolism that is associated IPR controls over activation and
inactivation.

The bifurcation analysis is performed on the constructed model. The bifurcation analysis reveals
the dynamical structures, that govern the oscillations (Figure 1). The existence of such unstable
oscillations holds the fact that they exist for very small regions (blue dark lines) as shown in
Figure 1 and Figure 2. The stable Ca2+ oscillations exist for large regions (black dark lines)
discussed above in Figure 1 and Figure 2. As predicted the model shows transient from simple to
complex Ca2+ oscillations. The model suggests that even at low levels of stimulation, the Ca2+

response may exhibit erratic spikes. The Ca2+ oscillations remain at high frequency and low
amplitude even at large agonist dosages (Figure 2, Figure 3, Figure 4, Figure 5). Moreover, the
correlation between agonist and oscillations period indicates that the period sharply decreases as
stimulus concentration rises (see the inset in Figure 1). It is also observed that when the model is
simulated without MAMs and mitochondrial dynamics. Bifurcation’s dynamical structure ([Ca2+]
vs. VPLC) differs significantly (results not shown). With few stable and unstable branches, the
oscillations happen in the VPLC border range. These oscillations have large amplitudes. The
bifurcation diagram ([Ca2+] vs. VPLC) exhibits a complex dynamical structure with more unstable
and stable branches in relation to mitochondrial uptakes, releases, and MAM inclusions. The
structure is particularly challenging because of the cascade of PDs and TR bifurcations. The
dynamical structures are like these models [20, 36, 37, 48–50].

Nevertheless, by emphasizing ER-cytosolic exchange, SERCA pump, PMAC, external intakes as
well as mitochondrial uptake, release, and MAMs, this work explains calcium oscillations in non-
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excitable cells. Likewise, it addresses mixed IP3 metabolism that generates a range of morphologies,
such as baseline spikes, transient, sinusoidal, and simple to complex oscillations with low to high
periods and frequencies. Therefore, here findings are in keeping with previous experimental
research showing that agonists like acetylcholine (Ach), and vasopressin (VP) delivery lead in high
frequency, sinusoidal baseline spikes, while cholecystokinin (cch), phenylephrine (PE) application
results in low-frequency baseline spikes [5–7].
This model has few limitations. Here, we tried to develop a simple mathematical model that shows
Ca2+ dynamics physiologically accurate. This model is a well-mixed type, and the concentration
of each species is homogeneous throughout. However, the Ca2+ dynamics in non-excitable cells
vary with space and time both. Thus, this model is limited to show the propagating of Ca2+ waves
from one region to another region of the cells. Also, to investigate Ca2+ patterns through MAMs
in the non-excitable cells; we use the direct Ca2+ passage from the ER to the mitochondria. The
more accurate model is to consider the microdomains near the connecting sights of the ER and
the mitochondria. However, in the future, we will construct such kinds of models. This model is
deterministic in nature. It does not provide any information regarding the stochastic aspects of
Ca2+ dynamics in the non-excitable cells.
Cell viability is dependent on the production of ATP via mitochondrial oxidative phosphorylation
[51]. Moreover, the sustained rise of [Ca2+] is shown to cause oxidative stress leading to the
generation of excess ROS [52–56]. ROS are generated as byproducts of normal cellular respiration,
particularly during the electron transport chain in the mitochondria. During the electron transport
chain (ETC), electrons are transferred through Complex I, II, and III, and molecular oxygen O2
serves as the final electron acceptor. Sometimes, during this process, some electrons can prema-
turely interact with O2, leading to the formation of ROS. ROS includes molecules like superoxide
radicals (O2•−), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH). Few mathematical
models to understand these mechanisms are seen here [57–61]. Thus, it is important to understand
the crosstalk between MAMs and ROS in non-excitable cells. But it is the avenue of future work.
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