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Abstract
Autophagy is an important cell activity which is the process of formation of
autophagosomes, docking with lysosomes and degradation. The intrinsic pathway of
apoptosis involves mitochondrial outer membrane permeabilization (MOMP) and cyto-
chrome c release followed by caspase activation. Many molecules, e.g., Ca2+ and mTOR,
and different stresses such as endoplasmic reticulum (ER) stress and nutritional stress take
part in these two processes. However, the mechanism of how they work together so as to
determine cell fate decisions remains to be clarified. Here, we present a computational
model for cell fate decisions based on intertwined dynamics with autophagy and apopto-
sis involving Ca2+, mTOR, and both ER stress and nutritional stress. In agreement with
experimental observations, the model predicts that both Ca2+ and the stresses play critical
roles in regulating the choice between autophagy and apoptosis in a combinatorial way.
The model presented here might be a good candidate for providing the qualitative
mechanism of cell fate decisions mediated by Ca2+, mTOR, and two kinds of stress.
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1 Introduction

Autophagy is an important process which degrades macromolecules and also eliminates
organelles and unwanted structures in response to diverse stress stimuli [1]. The induction of
autophagy involves a complex signal transduction pathway [2]. It is not a completely passive
cellular function, but an active biological process which helps cells to maintain homeostasis
through a series of intracellular signal transduction pathways stimulated by internal or external
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stresses. Scholars have been studying autophagy for many years [3, 4]. They gave various
explanations about autophagy on some uncertain questions. It has been shown that there is a
basic level of autophagy in mammalian cells. In normal process of cell metabolism, the basic
level of autophagy helps cells survive longer in the face of diverse stresses. During autophagy,
cells will first form a subcellular organelle with two or more membranes, called
autophagosomes, which contain damaged organelles or proteins to be degraded. Then
autophagosomes will dock with lysosomes to form autolysosomes which degrade the encap-
sulated substances and produce the energy needed for cell survival.

It is known that autophagy can affect many physiological processes, such as cell cycle, cell
apoptosis, pathogen clearance, aging, and especially apoptosis, which are related to the
occurrence of diseases in various systems [5]. Apoptosis has been extensively studied by
many scholars over the past decades. Both intrinsic and extrinsic apoptotic pathways have
been studied at the cellular and transcriptional levels. As we know, autophagy and apoptosis
share some common regulatory proteins and stimulus factors such as Ca2+, ER, and nutritional
stresses. However, their triggered manifestations are different [6]. Ca2+ is an important
messenger molecule in the process of apoptosis. There are still many disputes about the role
of Ca2+ in apoptosis. At present, one unanimous conclusion is that the loss of Ca2+ in the
endoplasmic reticulum can induce the apoptosis of ER stress pathway cells, and the increase of
Ca2+ concentration in cytoplasm can provide important information in intrinsic apoptotic
pathway. The increase of Ca2+ concentration in cytoplasm is also a powerful factor of
macrophage autophagy [7], but its exact role remains ambiguous.

It is known that mTORC1 is the target of rapamycin [8]. The mechanistic target of
rapamycin (mTOR) is a critical protein in the regulation of cell fate decisions, especially in
cancer cells [9]. Understanding the mechanism of how mTOR influences these processes has
far-reaching implications in pharmacology. A recent study suggests that mTOR signaling is
inhibited during autophagy initiation, but reactivated upon prolonged starvation [10]. Under
the signal of nutritional stress, mTOR can also inhibit apoptosis through acting on ULK1 [2].
Apoptosis may begin with autophagy, and autophagy can often end with apoptosis [11].
Inhibition or a blockade of caspase activity may lead a cell to default into Type II programmed
cell death, i.e., autophagic cell death, from Type I programmed cell death, i.e., apoptosis [12].

It is worth noting that there are various stress stimuli, and they act on the network at
different locations in the choice between autophagy and apoptosis. The pathogenesis of many
diseases is related to the apoptosis induced by ER stress, such as Alzheimer’s, Parkinson’s, and
other neurodegenerative diseases [13]. For DNA damage and ER stress, they both affect
complexes composed of Bcl2 in endoplasmic reticulum. The accumulation of damaged or not
properly folded proteins in the ER lumen leads to harmful ER stress. Normally, Bcl2 forms
complexes with Bax and Beclin1, which inhibit the activity of Bax and Beclin1. Colored Bcl2
inhibits both Beclin1 and Bax by forming inhibitory complexes with them. Taking DNA
damage and ER stress as input, when input is activated, both complexes will be dissociated,
and then Bax and Beclin1 can be expressed. Depending on the severity of ER stress, either
autophagy-controlled survival or apoptosis can be induced.

But when the input signal is the nutritional stress, it acts on mTOR. Similarly, under normal
conditions, mTOR inhibits the development of autophagy. In the same way, when nutritional
stress enters the network as an input, it inhibits mTOR and the strength of autophagy will be
increased. In addition to the above stress categories, there are also oxidative stress [14], growth
factor, etc. In this paper, we study the effects of Ca2+ and two types of stresses individually or
in a combinatorial way.
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The purpose of this article is to present a computational model cell fate decisions
based on intertwined dynamics with autophagy and apoptosis involving the Ca2+, mTOR,
caspases, ER stress, and nutritional stress. Not surprisingly, mathematical models of
autophagy and apoptosis, with different levels of sophistication, have been proposed
[5, 7, 15–17]. Although cell fate decisions under multiple perturbations are performed
[15], the model is so comprehensive that it is difficult to analyze its dynamics from the
viewpoint of network topology. In addition, most of the previous models do not include
an essential characteristic of the network, i.e., the choice between autophagy and
apoptosis under multiple input signals, especially, the combinatorial effects of Ca2+,
mTOR, and both ER stress and nutritional stress. Thus, a new model is needed which
incorporates both autophagy and apoptosis, and which can account for their mechanisms,
relevance, and potential implications in cell fate decisions. In agreement with experi-
mental observations, the model presented here can account for the choice between
autophagy and apoptosis, depending on cooperation between the multiple signals. We
used numerical methods to calculate steady state solutions and bifurcation. All the
analysis and figures were done using MATLAB and XPPAUT.

The paper is organized as follows. We first study the models of autophagy and apoptosis
separately, and then integrate them to study how they interplay to affect cell fate decisions.
After that, by using bifurcation theory, we try to consider how autophagy and apoptosis
interact with each other as well as the importance of Ca2+ and mTOR. We make a further
bifurcation analysis under ER and nutritional stresses in a combinatorial way. The paper ends
with discussion in the final section.

2 Main results

2.1 The core network

The core network which regulates the crosstalk between autophagy and apoptosis
pathway is shown in Fig. 1. The new model is presented on the basis of [16, 17], in
which they proposed a theoretical framework to analyze the interplay of autophagy and
apoptosis. Among the Bcl2 family proteins, Bcl2 is an anti-apoptotic protein, while Bax
and Bid are pro-apoptotic proteins. Different expression levels of Bcl2 lead to different
cell dynamics. It is also shown that Bax plays an important role in apoptosis. Bax is
often used as a marker of apoptosis. The suicidal cascade typically involves the activa-
tion of a family of cysteine proteases called caspases. In addition, there are several kinds
of caspases in the mammalian cells. In [18], they confirmed that the intrinsic pathway of
apoptosis is activated by effector caspases. Here, we take caspases (Casp) as the marker
of apoptosis.

Normally, Bcl2 binds to Bax to form Bax-Bcl2 complex, thus inhibiting the expres-
sion of Bax. The ER stress may cause the phosphorylation of Bcl2 [17], which will
dissociate the complex and make Bax express normally. Active Bax causes cytochrome c
into the cytosol and the caspases could be activated. Highly expressed caspases will
eventually lead to cell apoptosis. A mathematical model related to apoptosis was
established [19]. With the tool of dynamical analysis, they showed that apoptosis acted
as a bistable switch, and Bax was an important factor affecting the apoptosis. A
simplification of the network including only the core nodes was made [5]. In addition,
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a model with a logistic growth was developed to study the role of autophagy in yeast
cells, and it was confirmed that autophagy was valuable for maintaining cell populations
[20]. In this paper, a new model is developed by integrating the models of autophagy and
apoptosis so as to study the interplay of these two processes, as shown in Fig. 2. The
model consists of several ODEs derived from the conservation law and mass action
kinetics for the species.

Fig. 1 Regulatory network of the crosstalk between autophagy and apoptosis. The red box represents the
apoptotic process and the blue box represents the autophagic process. Pointed and blunt arrows indicate
activation and inhibition, respectively. Beclin1–1 means Beclin1 cleaved by caspases

Fig. 2 The core network of coupled autophagy and apoptosis. Beca is the marker of autophagy and Casp is the
marker of apoptosis
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2.2 The apoptosis module is bistable

In order to get a better understanding of the core network, we firstly study the apoptotic
network shown in Fig. 3. The signal-response curve of apoptosis inducer, i.e., Casp, with
respect to ER stress variation, is shown in Fig. 4. The activation of caspases under higher ER
stress represents the initiation of apoptosis. The mathematical model of the apoptosis module is
shown in Eq. (1–3) in appendix. Caspases are able to switch between the high and low steady
states. When the ER stress is at a low level, the caspases are at the low steady states. By the
increase of ER stress level, the system switches to the high steady states corresponding to the
occurrence of apoptosis.

2.3 The model of autophagy

The regulatory network of autophagy is shown Fig. 5, base on Fig. 1. The Bcl2 family of
proteins have more than a dozen members and are important regulators of autophagy and
apoptosis. Among them, Bcl2 is an anti-apoptotic protein. Beclin1, the mammalian orthologue
of yeast Atg6, has a central role in the formation of autophagosome, which is increased during
periods of cell stress. In our model, we take Beclin1 as a marker of autophagy. When stress is
first induced, Bcl2 can be phosphorylated by JNK, and the Bcl2-Beclin1 complex is dissoci-
ated. Then, Beclin1 can be expressed.

The kinase mTOR is a major evolutionarily conserved sensor in the autophagy signal
transduction pathway of eukaryotic organisms [21]. Under normal condition, mTOR inhibits
the formation of ULK1, ATG13, and FIP200 complexes by phosphorylating ULK1. When
pressure occurs, it causes mTOR to become inactive and the complex will form, and the
complex is a key substance in the formation of autophagosome membranes. Beclin1 is
involved in the formation of autophagosomes.

Under the condition of ER stress, Bcl2 also interacts with inositol 1,4,5-trisphosphate
receptor (IP3R) which is a stress-activated Ca2+ channel that releases Ca2+ from the ER into
the cytoplasm. Elevated concentration of Ca2+ activates CaMKKβ, which promotes AMPK,
and AMPK has an inhibitory effect on mTOR to induce autophagy.

Fig. 3 The core network of apoptosis
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2.4 Autophagy as a rheostat

The mathematical model of the autophagic module shown in Fig. 5 is given in Eq. (4–8) in the
appendix. The response to both kinds of stress is to activate autophagy, in an attempt to relieve
the stress. If the stress becomes too large, autophagy cannot rescue cells, and then the cells tend
to die.

The stress-response curves which plot the final expression level of the marker, i.e., active
Beclin1, as a function of ER or nutritional stress, are shown in Fig. 6. When there is no any
stress, autophagy stays at its basal level. By the increasing ER stress or nutritional stress, the
expression level of autophagy is increased, which manifests that autophagy works as a
rheostat. Due to not taking the apoptosis pathway into consideration, we cannot simulate the
real situation that the autophagy should be inhibited when the stress becomes too large, which
means it is necessary to study the coupled model.
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Fig. 4 The signal-response curve of apoptosis. Casp is the marker of apoptosis

Fig. 5 The core network of autophagy
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3 The coupled model of autophagy and apoptosis

We then construct a coupled model of autophagy and apoptosis based on the core network
shown in Fig. 1. For simplification, only important nodes are taken into consideration, as
shown in Fig. 2. The full model is given in Eqs. (9–18) in the appendix. By studying the
computational model of intertwined dynamics with autophagy and apoptosis involving the
Ca2+, mTOR, Casp, ER stress, and nutritional stress, we can show how cells determine the
choice between autophagy and apoptosis, depending on cooperation between multiple signals.

3.1 Both stresses can induce state transitions in the coupled model

In order to systematically explore the interplay of apoptosis and autophagy under different
types of stress, here we investigate whether and how the transition between the autophagic and
apoptotic state occurs under diverse perturbations.

To understand the crosstalk between autophagy and apoptosis, time series under
different nutritional stresses are shown in Fig. 7. As we can see, the expression level
of caspases is in a particularly low state under the low stress. On the contrary, the
Beclin1 level stays at a relatively high state, which means that autophagy occurs. With
the increase of nutritional stress, the level of caspases will eventually stay at a highly
expressed state and Beclin1 is inhibited by caspases. Such results are in consistent with
the experimental findings in [22]. Under nutritional stress, autophagy of MC3T3-E1 may
antagonize apoptosis in the first 2 h by inhibiting the activity of caspase-3. While the
autophagy level reduces after the first 2 h, leading to the increase of caspases and thus
the occurrence of apoptosis due to the inhibition of caspases by Beclin1, which was also
experimentally validated [23].

The signal-response curves of the coupled network under ER or nutrition stress are
shown in Fig. 8. There are two stable branches, i.e., lower and higher Casp levels,
corresponding to autophagy and apoptosis, respectively. Comparing the bifurcation
graphs of Fig. 8 with Fig. 4, we find that the bifurcation value for the couple network
at which the cell apoptosis occurs is greater than that of the apoptosis module alone due
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Fig. 6 The signal-response curve of autophagy under ER stress a or nutritional stress b Beclin1 is the marker of
autophagy
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to the mutually exclusive mechanism of autophagy and apoptosis, which also emphasizes
the role of autophagy in normal mammalian cells as a protective mechanism. Our model
also realizes the irreversibility of apoptosis.

Actually, at a low ER stress, cells stay in the autophagy state. With increasing ER stress,
caspases will increase through Bcl2 and Bax. After caspases reach their threshold, a bifurcation
occurs and apoptosis will happen. Although increased ER stress induces the increase of
Beclin1 through Bcl2, increased ER stress also induces the increase of caspases, which inhibits
Beclin1. When integrating these two regulations, at a higher ER stress, Beclin1 stays at a lower
state and caspases stay at a higher state; thus, cells stay at the apoptotic state. More exactly, at a
lower ER stress, the pathway including Bcl2 and Beclin1 plays a decisive role to keep
Beclin1 at a higher state and cells at the autophagy state. While at a higher ER stress, the
pathway including Bcl2 and Bax plays a decisive role to increase the caspases level and keep
cells at the apoptotic state.
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Fig. 7 The dynamics of the coupled model under nutritional stress. a The dynamical simulation of the model
under a low stress condition (stress = 1). b The dynamical simulation of the model under a high stress condition
(stress = 4). Casp is the marker of apoptosis
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Fig. 8 The signal-response curves of the coupled model under ER stress a or nutritional stress b
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3.2 Ca2+ fine-tunes the bistable switch

Signalosomes play an important role in maintaining cell dynamical balance to achieve normal
physiological activities. Ca2+ is one of them. So it is necessary to consider the effects of Ca2+

on the dynamics of the coupled network. Under normal physiological conditions, Ca2+ remains
at a relatively low concentration in the cytoplasm to ensure the stability of various intracellular
activities. As we can see from Fig. 9, the variation of Ca2+ can affect the system dynamics
significantly. Under different Ca2+, the system is always bistable. However, variation of the
inhibition of Ca2+ by Bcl2 affects the transition between autophagy and apoptosis. For
example, for a larger inhibitory rate of Ca2+ by Bcl2, i.e., kin, a stronger stress is needed to
achieve cell fate transition, as in Fig. 9.

In order to further develop this hypothesis, we tried to decrease the value of kin; the
bistability does not disappear; however, the low-state bifurcation points move to the left. In
other words, for a stronger inhibitory rate, i.e., kin, a lower stress can induce cell apoptosis. As
summarized above, Ca2+ functions as a rheostat which fine-tunes the transition between
autophagy and apoptosis which matches the results in [15]. Similar results can also be obtained
by varying the promotion of caspases by Ca2+, i.e., by increasing the parameter value of kacp′ ′ ′

(data not shown).

3.3 The effects of Ca2+ mediated by mTOR on cell fates

The inhibition of mTOR by Ca2+ can enhance the expression of autophagy and also remodel
the intracellular Ca2+ signaling mechanism. We know that through IP3R, Ca2+ in the endo-
plasmic reticulum is released into the cytoplasm.

As we cut off the mTOR inhibition by Ca2+, we find that the the system dynamics changes
significantly with respect to the two kinds of stresses. Especially, under ER stress, cells will not
enter the apoptotic state even under a high ER stress level. On the other hand, for the case of
nutritional stress, with the decreasing inhibition of mTOR by Ca2+, the original irreversible switch
becomes reversible. It seems that the inhibition of mTOR by Ca2+ can be a key regulation to
control cell fate decisions under the nutritional stress.More exactly, the transition of cell fates from
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Fig. 9 The role of Ca2+ in coupled model under ER stress and nutritional stress. a Signal response curves of
caspases with respect to ER stress at different rates of inhibition of Ca2+ by Bcl2. Green line: kin = 0.1; red line:
kin = 1; blue line: kin = 2. b Signal responses curve of caspases with respect to nutritional stress at different rates
of inhibition of Ca2+ by Bcl2. Green line: kin = 0.1; red line: kin = 1; blue line: kin = 2. Casp is the marker of
apoptosis
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apoptosis to autophagy can be realized by decreasing the inhibition of mTOR by Ca2+, as shown
in Fig. 10. When we enhance the inhibitory effect of Ca2+ on mTOR, we find that the low-state
bifurcation point shifts to the left. In other words, the initiation of apoptosis only requires a lower
level of stress, which is consistent with the experimental observations in [21].

In summary, the effects of Ca2+ mediated by caspases or mTOR show different effects on
cell fates. More exactly, Ca2+ mediated by mTOR can determine if state transition can occur
and whether the switch is reversible, depending on the strength of the stresses. On the other
hand, Ca2+ mediated by caspases can only determine when the state transition occurs.

3.4 Effects of combinatorial perturbations

As mentioned above, the perturbation of either ER or nutritional stress can induce apoptosis.
But in real situations, multiple types of stress can interact with each other. For example, it has
been shown that EBSS-triggered starvation activates ER stress in APRE-19 cells [24]. Thus,
we need to examine how multiple perturbations affect the choice of cell fates in a combina-
torial way. Bifurcation under combinatorial perturbations has been used to study synergism
and antagonism in biological systems [25]. In addition, scholars have also examined drug or
target combinations [26].

The bifurcation diagram with ER stress and nutritional stresses as control parameters is
shown in Fig. 11, which reflects the relationship between the two types of stresses. For a larger
nutritional stress, a smaller ER stress can induce apoptosis and vice versa, which indicates that
apoptosis is perhaps produced by multiple stresses in a combinatorial way. The coupled model
can be in the autophagy or apoptotic state, depending on the level of both ER stress and
nutritional stress.

Similar results can be also obtained for the combination of Ca2+ and one kind of stress, as
shown in Fig. 12. We can see that nutritional stress and Ca2+ cooperate in an approximately
linear way to induce the occurrence of apoptosis. On the other hand, ER stress and Ca2+

cooperate in a nonlinear way. When mTOR inhibition by Ca2+ is weak, ER stress alone cannot
induce occurrence of apoptosis. When mTOR inhibition by Ca2+ is strong enough, they can
cooperate in a combinatorial way.
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Fig. 10 Effects of Ca2+ mediated by mTOR in the coupled model under the ER stress and nutritional stress. a
Signal response curves of caspases with respect to ER stress at different rates of inhibition of mTOR by Ca2+.
Green line: kimtor ′ = 0; red line: kimtor ′ = 4; blue line: kimtor ′ = 8. b Signal response curves of caspases with
respect to nutritional stress at different rates of inhibition of mTOR by Ca2+. Green line: kimtor ′ = 0; red line:
kimtor ′ = 4; blue line: kimtor ′ = 10. Casp is the marker of apoptosis
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4 Discussion

In this paper, we presented a computational model cell fate decisions based on intertwined
dynamics with autophagy and apoptosis involving the Ca2+, mTOR, caspases, ER stress, and
nutritional stress. Autophagy and apoptosis are important biological processes in mammalian
cells. Cells maintaining homeostasis in mammals need such two processes. The crosstalk
between them involves many signaling pathways. In previous researches, people mainly
consider one kind of stress or perturbation as a single input. In our paper, we consider two
different kinds of stresses, ER and nutritional stresses, targeting different nodes. Both signals
can switch the state between autophagy and apoptosis in a combinatorial way.
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Fig. 11 The bifurcation diagram with ER and nutritional stresses as control parameters at kimtor ′ = 4. Regions of
different dynamical behaviors in ER stress and nutritional stress plane. Mono-stability corresponding to apoptosis
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Since the crosstalk between autophagy and apoptosis is very complex, we only focus on the
importance of Ca2+ pathway and mTOR pathway. Ca2+ can regulate caspases directly or
indirectly through mTOR. These two pathways have different effects on cell fate decisions.
More exactly, Ca2+ mediated by mTOR can determine if state transition can occur and whether
the switch is reversible, depending on the strength of the stresses. On the other hand, Ca2+

mediated by caspases can only determine when apoptosis occurs.
Finally, we explore the impact of multiple perturbations on cell fate decisions in a

combinatorial way. We found that for a larger nutritional stress, a smaller ER stress can induce
apoptosis and vice versa, which indicates that apoptosis is perhaps produced by multiple
stresses in a combinatorial way. Similar results can be also obtained for the combination of
Ca2+ and each of the two stresses. Interestingly, we find that nutritional stress and Ca2+

cooperate in an approximately linear way to induce the occurrence of apoptosis. On the other
hand, ER stress and Ca2+ cooperate in a nonlinear way.

In summary, the model presented here incorporates both autophagy and apoptosis and can
be used to clarify the mechanisms, relevance, and potential implications of Ca2+ and the ER
and nutritional stresses in cell fate decisions individually or in a combinatorial way. In
agreement with some experimental observations, the model can account for the choice
between autophagy and apoptosis, depending on cooperation of the multiple signals.
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Appendix

We briefly describe the mathematical models used to study the crosstalk between the autoph-
agy and apoptosis modules. Such a coupled network can be translated into a set of differential
equations that describe how each component in the network changes with time. The rate of
change of each component is described by ordinary differential equation based on either the
law of mass action or Michaelis-Menten kinetics [5, 7, 14, 15].

Apoptosis

d Casp½ �=dt ¼ kacpþ kacp}* Baxt−Baxcð Þð Þ* Caspt−Casp
Jcpþ Caspt−Casp

− kicpþ kcp*Bcl2tð Þ* Casp
Jcpþ Casp

;

ð1Þ

d Bcl2½ �=dt ¼ ksb2− kdb2þ kdb2
0
*stressþ kdb2}*Casp

� �
*Bcl2; ð2Þ
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d Baxc½ �=dt ¼ kasbx* Baxt−Baxcð Þ* Bcl2t−Baxcð Þ

− kdsbxþ kdb2þ kdb2
0
*stressþ kdb2}*Casp

� �
*Baxc:

ð3Þ

Table 1 The parameters of the apoptotic module

Parameter Definition Basal value Reference

stress ER stress 0–3 [6]
kacp The basic activation constant of caspases 0 [5]
kacp" The activation constant of BAX on caspases 0.40 [6]
Jcp The Michaelis constant of caspases 0.01 [6]
kicp basic degradation constant of caspases 0.16 This paper
kcp Bcl2-dependent inactivation constant of caspases 0.35 This paper
ksb2 Synthesis constant of Bcl2 0.05 [6]
kdb2 The basic degradation constant of Bcl2 0.04 This paper
kdb2′ ER stress-dependent degradation constant of Bcl2 0.40 [6]
kdb2" Caspases-dependent degradation constant of Bcl2 0.15 [6]
kasbx Association constant of Bcl2-BAX complex 100 [6]
Bcl2t Total level of Bcl2 1.00 [6]
kdsbx Dissociation constant of Bcl2-BAX complex 1.00 [6]
Baxt Total level of BAX 1.00 [6]
Caspt Total level of caspases 1.00 [6]

Table 2 The parameters of the autophagy module

Parameters Definition Basal value Reference

stress ER stress 0–3 [6]
ns Nutritional stress 0–3 This paper
ksb2 Synthesis constant of Bcl2 0.05 [6]
kdb2 Basic degradation constant of Bcl2 0.04 This paper
kdb2′ ER stress-dependent degradation of Bcl2 0.4 [6]
kasbc Association of Bcl2-Beclin1 complex 1.00 [6]
kdsbc Disassociation of Bcl2-Beclin1 complex 1.00 [6]
Bcl2t The total level of Bcl2 1.00 [6]
kmtor nutritional stress-dependent degradation constant of mTOR 3.00 [7]
kimtor Basic degradation constant of mTOR 3.00 [7]
kimtor ′ Ca2+-dependent inactivation constant of mTOR 4.00 [7]
Bect Total level of Beclin1 1.00 [6]
kout Rate for Ca2+ transport from ER to cytoplasm 0.50 [14]
kin Rate for Ca2+ inhibiting by Bcl2 1.00 [14]
Cat total level of Ca2+ 1.00 [14]
kamtor The basic activation constant of mTOR 3.00 [7]
mTORT Total level of mTOR 1.00 [7]
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Autophagy

d Bcl2½ �=dt ¼ ksb2− kdb2þ kdb2
0
*stress

� �
*Bcl2; ð4Þ

d Ca½ �=dt ¼ kout* Cat−Cað Þ−kin*Bcl2t*Ca; ð5Þ

d mTOR½ �=dt ¼ kamtorð Þ* mTORT−mTORð Þ− kimtor þ kimtor′*Caþ kmtor*nsð Þ*mTOR;
ð6Þ

d Beca½ �=dt ¼ −kasbc* Bcl2t−Becacð Þ*Beca

þ kdsbcþ kdb2þ kdb2
0
*stress

� �
*Becac−kiau*mTOR*Beca; ð7Þ

Becac ¼ Bect−Beca: ð8Þ

The coupled model

d Casp½ �=dt ¼ kacpþ kacp
0
*Beciþ kacp}* Baxt−Baxcð Þ þ kacp′′′*Caþ kacs*ULK1

� �

*
Caspt−Casp

Jcpþ Caspt−Casp

ð9Þ

− kicpþ kicp
0
*Beca

� �
*

Casp
Jcpþ Casp

; d Bcl2½ �=dt

¼ ksb2− kdb2þ kdb2
0
*stressþ kdb2}*Casp

� �
*Bcl2t;

ð10Þ

d Beca½ �=dt ¼ −kasbc* Bcl2t−Becac−Becicð Þ*Beca

þ kdsbcþ kdb2þ kdb2
0
*stressþ kdb2}*Casp

� �
*Becac ð11Þ
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þ kabcþ kabc
0
*ULK1

� �
*Beci− kibcþ kibc

0
*Caspþ kiau*mTOR

� �
*Beca; d Ca½ �=dt

¼ kout* Cat−Cað Þ−kin*Bcl2t*Ca; ð12Þ

d Baxc½ �=dt ¼ kasbx* Baxt−Baxcð Þ* Bcl2t−Baxcð Þ− kdsbxþ kdb2þ kdb2
0
*stressþ kdb2}*Casp

� �
*Baxc; ð13Þ

d ULK1½ �=dt ¼ kaulk* ULK1t−ULK1ð Þ− kiulk þ kiulk
0
*mTOR

� �
*ULK1; ð14Þ

d mTOR½ �=dt ¼ kamtorð Þ* mTORT−mTORð Þ− kimtor þ kimtor
0
*Caþ kmtor*ns

� �
*mTOR;

ð15Þ

d Beci½ �=dt ¼ −kasbc* Bcl2t−Becac−Becicð Þ*Beci

þ kdsbcþ kdb2þ kdb2
0
*stressþ kdb2}*Casp

� �
*Becic ð16Þ

−kabc*Beciþ kibcþ kibc
0
*Casp

� �
*Beca; d Becac½ �=dt

¼ kasbc* Bcl2t−Becac−Becicð Þ*Beca

− kdsbcþ kdb2þ kdb2
0
*stressþ kdb2}*Casp

� �
*Becac

ð17Þ

þkabc*Becic− kibcþ kibc
0
*Casp

� �
*Becac;Becic ¼ Bect−Beca−Beci−Becac: ð18Þ
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Table 4 The definition of variables

Variables Definition

Casp caspases
Bcl2 B cell lymphoma-2
Beca The active, free Beclin1
Ca The concentration of Ca2+
Baxc Bax-Bcl2 complex
ULK1 unc-51 like autophagy activating kinase 1
mTOR Mammalian target of rapamycin
Beci The inactive, free Beclin1
Becac The active Bcl2-Beclin1 complex
Becic The inactive Bcl2-Beclin1 complex

Table 3 The parameters of the coupled model

Parameters Definition Basal value Reference

stress ER stress 0–3 [6]
ns Nutritional stress 0–3 This paper
kacp The basic activation constant of caspases 0 [5]
kacp′ The cleaved Beclin1-dependent activation constant of caspases 0.05 [5]
kacp" The activation constant of Bax on caspases 0.10 [6]
kacp′ ′ ′ Ca2+-dependent inactivation constant of caspases 0.01 This paper
kacs ULK1-dependent inactivation constant of caspases 1.50 [5]
Caspt The total level of caspases 1.00 [6]
Jcp The Michaelis constant of caspases 0.01 [6]
kicp Basic degradation constant of caspases 0.16 This paper
kicp′ Beclin1-dependent inactivation constant of caspases 0.35 [6]
ksb2 Synthesis constant of Bcl2 0.05 [6]
kdb2 Basic degradation constant of Bcl2 0.04 This paper
kdb2′ ER stress-dependent degradation constant of Bcl2 0.40 [6]
kdb2" Caspases-dependent degradation constant of Bcl2 0.15 [6]
kasbc Association constant of Bcl2-Beclin1 complex 1.00 [6]
Bcl2t The total level of Bcl2 1.00 [6]
kdsbc Disassociation constant of Bcl2-Beclin1 complex 1.00 [6]
kabc Activation constant of Beclin1 2.00 [6]
kabc′ Beclin1-dependent inactivation constant of ULK1 0.01 This paper
kibc Basic degradation constant of Beclin1 0.01 [6]
kibc′ Casps-dependent inactivation constant of Beclin1 5.00 [6]
kiau mTOR-dependent inactivation constant of Beclin1 3.00 This paper
Bect The total level of Beclin1 1.00 [6]
kout Rate for Ca2+ transport from ER to cytoplasm 0.50 [14]
kin Rate for cytoplasmic Ca2+ inhibiting by Bcl2 1.00 [14]
Cat Total level of Ca2+ 2.00 [14]
Baxt Total level of Bax 1.00 [6]
kasbx Association constant of Bcl2-Bax complex 100 [6]
kdsbx Dissociation constant of Bcl2-Bax complex 0.10 [6]
kaulk The basic activation constant of ULK1 0.50 This paper
kiulk Basic degradation constant of ULK1 0.01 This paper
kiulk′ mTOR-dependent inactivation constant of ULK1 10.0 This paper
ULK1t The total level of ULK1 1.00 This paper
kamtor The basic activation constant of mTOR 3.00 [7]
kmtor Nutritional stress-dependent degradation constant of mTOR 2.00 [7]
kimtor Basic degradation constant of mTOR 3.00 [7]
kimtor ′ Ca2+-dependent inactivation constant of mTOR 4.00 [7]
mTORT Total level of mTOR 1.00 [7]
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