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Abstract

Proper functioning of the endoplasmic reticulum (ER) plays a key role in maintaining the
internal homeostasis of the cell. A common feature of many common diseases (such as
diabetes and inflammatory bowel diseases) is the induction of ER stress in cells. While
some ER stress is beneficial for cellular survival, high levels of stress can lead to cell death.
For this reason, many studies are focused on understanding the exact mechanism of the ER
stress response. There are a variety of well-established stressors on the market that can be
used to induce ER stress under laboratory conditions (i.e., thapsigargin and tunicamycin).
However, new scientific results suggest that these ER stressors act very differently on the
stress response mechanism and, therefore, cannot always be used reliably. By using various
mathematical methods, our systems biology approach presented here seeks to answer
how the well-known ER stressors affect the dynamic characteristic of the control network,
specifically highlighting how we can delay the negative impact of ER stress. Furthermore,
using mathematical models, we make suggestions on which ER stressors may be useful in
which therapeutic treatment.

Keywords: endoplasmic reticulum stress; feedback loops; autophagy; apoptosis; systems
biology

1. Introduction

The endoplasmic reticulum (ER) is a membranous organelle found in all eukaryotic
cells, whose functions include synthesis, post-translational modification, and promotion
of the native structure of intracellular proteins. It has an important role in a wide range
of cellular processes, such as Ca®* storage and lipid biosynthesis, and it is also involved
in several signaling mechanisms (i.e., UPR, ER-overload response, and the SREBP (Sterol
Regulatory Element-Binding Protein) pathway) [1-3]. Therefore, the proper functioning
of ER is crucial in maintaining internal homeostasis, processing appropriate signals and
stimuli and generating responses to them [3,4].

If misfolded proteins accumulate in the lumen of the endoplasmic reticulum for any
reason (e.g., nutrient deficiency, imbalance in Ca?* metabolism, toxin exposure, oxidative
stress, viral infection, and mutant protein), the organelle homeostasis is disturbed, thereby
inducing several processes, which is called the ER stress response. This mechanism primar-
ily promotes the induction of the unfolded protein response (UPR) signaling pathway [5].
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The main function of UPR is to restore the internal homeostasis of ER through various signal
transduction pathways. Thus, it enhances the re-folding or degradation of proteins through
the induction of various chaperones and enzymes, and it also reduces the protein load on
the organelle by stopping de novo protein synthesis [1]. Meanwhile, autophagy-dependent
self-digestion is triggered to help restore ER and cellular homeostasis by degrading dam-
aged or unnecessary components. However, in the case of prolonged or severe ER stress,
UPR turns on various cell death processes (such as necrosis or apoptosis). Apoptotic cell
death ensures that damaged proteins are degraded in a controlled manner and thus avoids
the activation of inflammatory processes [5-9].

Numerous human studies have already shown that inadequate ER stress response can
lead to the development of various chronic diseases such as diabetes mellitus, neurode-
generative disorders (Parkinson disease, Alzheimer disease, and Huntington’s disease),
fatty liver disease, inflammatory bowel disease, and cardiovascular diseases (heart fail-
ure, atherosclerosis, plaque rupture, and ischemic heart disease) through the induction
of apoptosis and inflammation [10,11]. Therefore, the induction of ER stress under labo-
ratory conditions with various chemicals and the study and understanding of the stress
mechanism may have very important medical implications. Tunicamycin (TM) is a natural
antibiotic that can disrupt protein folding through inhibiting N-linked glycosylation, re-
sulting in activation of the ER stress response mechanism [12,13]. Thapsigargin (TG) can
be found in Thapsia garganica L., and its main effect is the inhibition of SERCA (sarcoplas-
mic Ca?*-ATPase), thus causing increased Ca®* concentration in the cytoplasm [14]. The
imbalance of Ca?* homeostasis leads to the inactivation of Ca?*-dependent chaperones in
the ER, resulting in the accumulation of unfolded proteins [15]. Dithiothreitol (DTT), an
organosulfur compound, reduces disulfide bonds between cysteine residues, leading to the
disruption of redox homeostasis of the ER lumen, protein denaturation, and accumulation
of misfolded proteins [15].

Recently, we built up a simple mathematical model of cellular stress response mech-
anism focusing on the decision-making process between autophagy and apoptosis [16].
On that model, the two processes were controlled simultaneously via a crosstalk element.
The key components were grouped into three well-defined groups called the crosstalk
element, autophagy, and apoptosis inducer, respectively. By using the systems’ biological
methods, we supposed that the crosstalk element had a negative effect on both mechanisms;
meanwhile, a double-negative feedback loop was presented between the autophagy and
apoptosis inducers. In addition, the inactive form of the autophagy inducer was able
to enhance the activation of apoptosis, generating an extra positive feedback loop in the
control network. We claimed that these feedback loops guaranteed that at a given stress
level, only one mechanism was activated. Namely, a low level of cellular stress enhanced
a rapid activation of autophagy-dependent cellular survival; however, an excessive level
of stress resulted in a transient autophagy, followed by apoptotic cell death. This model
described the dynamic behavior of the stress response in general but did not go into detail
about the different effects of different cellular stress events [16].

Here, we focus on the ER stress response mechanism in terms of the addition of
various well-known artificial ER stressors (such as TM, TG, and DTT). We assume that
an appropriate concentration of TM can be reliably used to induce autophagy-dependent
survival, while treatments with DTT or TG have more drastic effects on cell viability. Here,
we claim that the amount of these ER stressors is additive and might be fatal for the cell.
Therefore, we suppose that the usage of any of these ER stressors requires a very precise
control in the case of medical treatments.
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2. Results

2.1. ER Stress Response Mechanism Involves the Proper Balance of UPR, Autophagy, and
Apoptosis Pathways

Our previous simple mathematical model focusing on the regulatory connections between
autophagy and apoptosis under cellular stress has been modified to describe directly the ER
stress response mechanism with reasonable accuracy (see Figure 1A). In this wiring diagram, a
signaling molecule, called UPR, senses ER stress, which has a negative effect on BCL-2 [17],
the anti-apoptotic member of the BCL-2 family [18]. According to the literature, BCL-2 inhibits
both apoptosis and autophagy through the regulation of the key molecules of the two processes,
Caspase-3 [18,19] and Beclin-1 [20], respectively. The negative effect of BCL-2 on Caspase-3
is indirect through inhibition of the formation of the BAK-BAX pore in the mitochondrial
outer membrane, thus preventing the activation of apoptosome [21,22]. BCL-2 inhibits another
autophagy, promoting proteins, such as AMBRA-1 [23-25] and GABARAP [26], strongly
suggesting that it has a negative effect on other activators as well that have not yet been
experimentally verified. Therefore, we suppose that AUT-A (the autophagy inducer) and
APO-A (the apoptosis inducer) group together proteins with similar functional conditions:
both groups are inhibited by BCL-2 but induce autophagy or apoptosis, respectively. Since
both AUT-A and APO-A are blocked by BCL-2, the ER-stress-dependent diminishment of
BCL-2 turns on both the cell survival and cell death mechanism, but which will be active is
determined by other down-stream effects.

There is a well-known double-negative feedback loop between AUT-A and APO-A,
establishing a mutual antagonism between the two processes (Figure 1A). Additionally, the
inactive form of the autophagy inducer (called AUT-I) generated by the caspase-dependent
cleavage [27-30] is able to enhance apoptosis via APO-A induction building in an extra
positive feedback loop in the control network. Corresponding to our previous model, we
assume that the active caspases can cleave and, therefore, inhibit BCL-2 [31,32], supposing here
another double-negative feedback loop between BCL-2 and APO-A. All regulatory connections
included in our simple model are verified by already published, experimental scientific results.
In addition, through a thorough review of the experimental literature, we have collected the
possible proteins that could be included in the APO-A, AUT-A, and AUT-I groups, respectively
(for all the collected data, see Figure 1A and Table S1).

To explore the dynamical characteristics of this simple mathematical model, the network
diagram is translated into a non-linear differential equation system (for details, see Section 4
and Supplementary Information). First, balance curves are generated, where our model is
simplified to a pair of differential equation for AUT-A/dt and APO-A/dt, respectively. We
assume that all the other components are in a steady state; meanwhile, the balance curves for
AUT-A (the green curve) and APO-A (the red curve) are plotted in an x—y coordinated system
(Figure 1B). Along the balance curve, the rate of the active form of the given component is
exactly balanced by its rate of the inactive form. The intersections between two balance curves
are called equilibrium points; here, the system has steady-state solutions, representing the
possible, observable physiological states of the regulatory system. Due to the bistability in
the control network, the balance curves have two stable intersections (black dots in Figure 1B)
separated by an unstable one (white dot in Figure 1B). Which stable state the system is in
always depends on the initial conditions. Under physiological conditions, the system occupies
that stable state where APO-A is inactive and AUT-A has some insignificant activity (see
label “phys. state” in Figure 1B). This is consistent with the fact that there can be some basal
autophagy in the cell, while apoptosis is completely inhibited.
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Figure 1. ER stress response mechanism involves the proper balance of UPR, autophagy, and
apoptosis pathways. (A) The wiring diagram of the control network in relation to ER stress. The
UPR sensor, BCL-2, BAX, autophagy inducer (AUT-A), and apoptosis inducer (APO-A) are grouped
together in isolated purple, orange, blue, green, and red boxes, respectively. AUTA-T refers to AUTA-
A and AUT-I together. The active forms of the molecules are grouped in dark-colored boxes, while a
light-colored box denotes the inactive form. Solid arrows represent biochemical reactions, and dashed
lines show how the molecules can influence each other. Blocked end lines denote inhibition. (B) Phase
plane diagrams are plotted under physiological conditions. The balance curves of AUT-A (green) and
APO-A (red) are plotted. The phase plane is shown for stress = 0. Intersection of nullclines represents
the stable (black dots) and unstable (unfilled circle) steady states. (C) The signal response curves of
(panel left) AUT-A and (panel right) APO-A are shown with respect to the increasing stress level.
Solid lines denote stable states, while dashed lines denote the unstable state.

In the case when AUT-A or APO-A is plotted as a function of the ER stress level
(the so-called bifurcation parameter), the signal response curves suggest a non-continuous
bistable behavior of the system (Figure 1C). Namely, two stable states are separated (see
solid lines in Figure 1C) by an unstable state (see dashed lines in Figure 1C), which cannot
be reached physically by the control system, thereby resulting in a discontinuous switch
between the two stable states. As the stress level increases, BCL-2 releases both AUT-A and
APO-A, but in the battle between the two mechanisms, AUT-A wins first. At a low level of
ER stress, the active form of AUT-A has a hyperbolic activation followed by a Z-shaped
curve as the stress level is increasing (see the grey dashed arrow in Figure 1C, panel left).
Meanwhile, the response curve of APO-A is S-shaped upon ER stress (Figure 1C, panel
right), confirming that in the first stable state, AUT-A is fully activated and APO-A remains
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inactive. This corresponds to the state where the cell tries to save itself by autophagy-
dependent self-digestion during tolerable ER stress. APO-A activity occupies a lower stable
steady state until the stress level reaches the limit point. At this critical threshold, the
APO-A activity switches to the higher stable steady state; meanwhile, AUT-A is quickly
inhibited, suggesting the induction of cell death processes (see the grey dashed arrows in
Figure 1C). The signal response curves also indicate that both autophagy and apoptosis
cannot coexist together during different stress levels.

Our model suggests that the simple wiring network of the autophagy and apoptosis
inducers generates a bistable system with a sigmoid activation of autophagy, followed
by the irreversible induction of apoptosis; however, under physiological conditions, both
mechanisms are downregulated.

2.2. TM-Induced ER Stress Acts Indirectly on Autophagy and Apoptosis Pathways via UPR

ER stress can be induced under laboratory conditions by different well-known stres-
sors, such as tunicamycin (TM), thapsigargin (TG), or dithiothreitol (DTT) [15]. As different
artificial stressors do not interfere equally with the functioning of the regulatory network,
we wondered how these drugs can affect the stress response. However, the extent to which
the dynamic behavior of the regulatory system is influenced by the stressor with which the
cells are treated has not been thoroughly investigated yet. By exploring the literature and
studying previously published results, we have collected data on the effects of these three
different ER stressors on the ER stress response (see Table S2). These results suggest that
treatment with TM, DTT, and TG has differences in terms of the induction of autophagy
and apoptosis; therefore, their effects on cell viability might also be different.

Since TM specifically inhibits the proper protein folding by inhibiting protein
glycosylation [33], our analysis hypothesizes that TM activates the upstream regulators of
UPR (such as GRP78) [33]. Direct effects of TM on autophagy and apoptosis inducers have
not yet been observed (see Table S2). Therefore, in our simple mathematical model, the
effect of TM is incorporated by adding an extra positive term to the induction of the UPR
sensor (Figure 2A), and then we verified the dynamic behavior of the system using phase
plane analysis (Figure 2B). When we examine the signal response curves of both AUT-A
and APO-A at two different TM levels, we suppose that at lower stress levels, autophagy is
fully activated, but apoptotic cell death remains inactive (see the black dot labeled with
“autophagy” in Figure 2B, panel left). In contrast, at a high level of TM, apoptosis becomes
the only stable state of the system (see the black dot labeled with “apoptosis” in Figure 2B,
panel right).

To further explore the dynamical behavior of the control network, computational sim-
ulations are presented even at low and high levels of TM treatments (Figure 2C). At a low
concentration of TM, BCL-2 is quickly downregulated followed by a rapid, sigmoid activa-
tion of autophagy; meanwhile, APO-A remains inactive (Figure 2C, panel left). This result
agrees with the experimental result when chondrocytes isolated from rat articular cartilage
were treated with 0.5 umol/L TM for 24 h [34]. It has shown that endoplasmic reticulum
(ER) stress and the presence of autophagy (i.e., Beclin-1 and LC3-II) play important roles
in the survival of chondrocytes even after 6 h of TM treatment. Similar results were ob-
served when HepG2 cells were treated with low (1 tM) and high (100 uM) levels of TM for
four hours [35].

In contrast, under high stress, we find that AUT-A has a transient upregulation while
APO-A is still inactive, but after a while, APO-A is able to become active and in parallel
rapidly inhibits autophagic survival. This behavior has been successfully demonstrated
experimentally in TM treatment, when the level of LC3-II had a transient peak, while the
pro-Caspase-3 level did not decrease, but after a while, Caspase-3 was able to become active
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and in parallel rapidly inhibits autophagic survival [35]. Our mathematical model also
implies that there must be a concentration of TM in each cell type that acts as a threshold to
ensure that apoptosis can be triggered or not.

Our theoretical study confirms that the dynamic behavior of TM is a consequence of
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the fact that TM acts only upstream of the inducers of both autophagy and apoptosis.
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Figure 2. TM -induced ER stress acts indirectly on autophagy and apoptosis pathways via UPR.
(A) The wiring diagram of the control network with respect to ER stress. TM indicates the effect
of tunicamycin. The UPR sensor, autophagy inducer (AUT-A), and apoptosis inducer (APO-A) are
grouped together in isolated purple, green, and red boxes, respectively. The active forms of the
molecules are grouped in dark-colored boxes, while a light-colored box denotes the inactive form.
Solid arrows represent biochemical reactions, and dashed lines show how the molecules can influence
each other. Blocked end lines denote inhibition. (B) Phase plane diagrams are plotted upon (panel
left) low (stress = 5) and (panel right) high (stress = 50) levels of TM stress. The balance curves of
AUT-A (green) and APO-A (red) are plotted. Intersection of nullclines represents the stable (black
dots) and unstable (unfilled circle) steady states. (C) The temporal dynamics of AUT-A, APO-A,
and AUT-I are plotted upon low (panel left, stress = 5) and high (panel right, stress = 50) levels of
ER stress.

2.3. TG Induces UPR, but It Also Has a Direct Effect on Autophagy and Apoptosis Pathways

Thapsigargin is a well-known non-competitive inhibitor of the sarco/endoplasmic
reticulum Ca?* ATPase (SERCA), and this inhibition of the SERCA directly affects all three
branches of the UPR pathway. Various experimental results have also demonstrated its
ability to induce not only autophagy (i.e., via Beclin-1, Ca* /calmodulin-dependent kinase
kinase-beta, and AMPK) [36-38] but also apoptosis (i.e., mitochondrial-signaling-pathway-
mediated apoptosis, death receptor 5, and Casp-8) genes [38,39].
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Based on these experimental results, we assume that the TG has three attack points in
our simple ER stress response model. Namely, we incorporated the effect of TG treatment in
our model by directly activating AUT-A and APO-A in addition to inducing the UPR sensor
(Figure 3A). First, we checked the complex effect of TG on the ER stress response with a
phase plane diagram when treatments with both a lower and a higher TG concentration
could be mimicked theoretically.
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Figure 3. TG-induced ER stress acts indirectly on autophagy and apoptosis pathways via UPR.
(A) The wiring diagram of the control network with respect to ER stress. TG indicates the effect of
thapsigargin. The UPR sensor, autophagy inducer (AUT-A), and apoptosis inducer (APO-A) are
grouped together in isolated purple, green, and red boxes, respectively. The active forms of the
molecules are grouped in dark-colored boxes, while a light-colored box denotes the inactive form.
Solid arrows represent biochemical reactions, and dashed lines show how the molecules can influence
each other. Blocked end lines denote inhibition. (B) Phase plane diagrams are plotted upon (panel
left) low (stress = 5, TG = 0.25) and (panel right) high (stress = 50, TG = 0.25) levels of TG stress. The
balance curves of AUT-A (green) and APO-A (red) are plotted. Intersection of nullclines represents
the stable (black dot) steady states. (C) The temporal dynamics of AUT-A, APO-A, and AUT-I are
plotted upon low (panel left, stress = 5, TG = 0.25) and high (panel right, stress = 50, TG = 0.25) levels
of ER stress.

In both cases, although the AUT-A balance curve does not move drastically, the
equilibrium curve of APO-A shifts more intensively to the right (Figure 3B). This results
in the diminishment of the lower stable state even at a low level of TG, which would
correspond to a stable autophagic response where apoptosis is inactive. Therefore, the
system quickly moves to its only one stable state, where APO-A is high and AUTA-A is
low, i.e., the cell induces apoptotic cell death. Time-course data also confirm that even
with low concentrations of TG treatment, the cell cannot induce sustained autophagy;
thus, it has no chance to save itself by self-digestion because AUT-A has only a transient
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activity peak (Figure 3C). However, despite TG’s positive effect on autophagy, the prompt
activation of apoptotic pathways will inhibit the survival process through the double-
negative feedback loop. These computer simulation results are consistent with previous
experimental observations, where it was found that although TG can induce autophagy;, it
has a drastic effect on cell viability over time [38—41].

Our theoretical analysis confirms that a mild TG treatment is much more lethal than
a mild TM treatment. Therefore, it is almost impossible to set a TG concentration level in
the cell where only autophagic survival is activated because cell death is always triggered,
even if with a delay.

2.4. The Negative Effect of ER Stressors Can Be Diminished by Hyperactivation of
Autophagy Inducer

In the last couple of years, we have identified several natural compounds (such as
resveratrol, EGCG (epigallocatechin gallate), and sulforaphane) that were able to induce
autophagy-dependent survival upon ER stress via disrupting the balance between mTORC1
and AMPK pathways [41-43]. In our treatments, various human cells were pre-treated with
one of the above-mentioned natural agents, and later ER stress was induced with either TG
or TM [41-43]. We found that even with addition of an excessive level of either ER stressor,
the transient autophagy peak persisted longer, and apoptosis could only be triggered much
later in time. This effect of the autophagy inducer resulted in an increase in cell viability
too, suggesting that prolonged autophagy might be essential in cell survival [41-43].

Here, we investigate the dynamical characteristic of both pre-treatment and co-
treatment with an autophagy inducer upon ER stress induced by either TG or TM
(Figure 4B,C). Our time-series data suggest that both pre- and co-treatment with an au-
tophagy inducer in the case of ER stress may allow AUT-A to keep the APO-A in an inactive
state through the double-negative feedback loop between them. Although the ER stressor
activates both autophagy and apoptosis via UPR, even during TG treatment directly via
AUT-A and APO-A, with the help of the autophagy inducer, autophagy can predominate
over apoptotic signaling, ensuring that cell viability is prolonged. Although TG has a more
serious negative effect on cell survival compared to TM, an autophagy inducer chosen at
the right concentration can rescue cells by self-digestion. Here, we would like to point
out that the autophagy inducer in the case of either TM or TG treatment can increase the
autophagy much more durably (Figure 4B,C).

We also used our theoretical analysis to investigate the effect of the autophagy inducer
when we first induce an excessive level of ER stress and mimicked the addition of autophagy
inducer with a certain time delay. While in TG treatment the cells induced apoptotic cell
death without any rescue (Figure 4D, lower panel), in the TM treatment, we found a time
window when, even with the addition of an autophagy inducer, the cells could rescue
themselves by autophagy and not allow apoptosis to be triggered (Figure 4D, upper panel).
However, if we tried to combine the TM treatment with the autophagy inducer at a later
time point, the cells would have already switched irreversibly to a state of apoptotic
cell death.

Our computational analysis suggests that pre-treatment or co-treatment with an
autophagy inducer upon ER stress can significantly delay apoptotic cell death, thereby
increasing cell viability. Our results also revealed that cells respond much worse to TG
treatment than to TM treatment, with the effects of the former stressor being in many cases
fatal for the cell.
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Figure 4. The negative effect of ER stressors can be diminished by hyperactivation of autophagy
inducer. (A) The wiring diagram of the control network with respect to (upper panel) TM or (lower
panel) TG treatment. The UPR sensor, autophagy inducer (AUT-A), and apoptosis inducer (APO-A)
are grouped together in isolated purple, green, and red boxes, respectively. The active forms of
the molecules are grouped in dark-colored boxes, while a light-colored box denotes the inactive
form. Solid arrows represent biochemical reactions, and dashed lines show how the molecules can
influence each other. Blocked end lines denote inhibition. The temporal dynamics of AUT-A, APO-A,
and AUT-I are plotted in case of (B) pre-treatment or (C) co-treatment with autophagy inducer
upon ER stress induction or (D) treatment with autophagy inducer after ER-stress-induced (upper
panel) TM (kaua = 10, stress = 50) or (lower panel) TG (kaua = 10, stress = 50, TG = 0.25). Dark
red arrows indicate the addition of the ER stressor; dark green arrows indicate the addition of the
autophagy inducer.

2.5. Treatment with Different Concentrations of the Same Stressor Has a Cumulative Effect on the
Response Mechanism

The ER stressor itself also induces autophagy. Even in the case of an excessive level of
ER stress, the cell always tries to save itself by digesting the disrupted organelle first. The
following question arises: whether pre-treatment of cells with such a concentration of ER
stressor that only activates autophagy could postpone the activation of cell death pathways
upon treatment with a fatal amount. Therefore, we particularly wanted to investigate
whether the effects of the same ER stressor are additive or not.

To answer this question, we first mimicked a low-concentration TM treatment over
time, which induced permanent autophagy in the cells (Figure 5B). After that, we increased
the stress level to a high concentration and monitored its effect in time (see the dark red
arrow in Figure 5B). Although we started from an autophagic state, in this case, AUT-A
does not have a chance to prevail against APO-A. High TM also induces APO-A through
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the UPR, and the cells thus become switched in the process of cell death. These results
confirm that treatment with the same ER stressor accumulates in the cell.
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Figure 5. Treatment with different concentrations of the same stressor has a cumulative effect on
the response mechanism. (A) The wiring diagram of the control network with respect to ER stress.
TM indicates the effect of tunicamycin. The UPR sensor, autophagy inducer (AUT-A), and apoptosis
inducer (APO-A) are grouped together in isolated purple, green, and red boxes, respectively. The
active forms of the molecules are grouped in dark-colored boxes, while a light-colored box denotes
the inactive form. Solid arrows represent biochemical reactions, and dashed lines show how the
molecules can influence each other. Blocked end lines denote inhibition. (B) The temporal dynamics
of AUT-A, APO-A, and AUT-I are plotted when low level of TM (stress = 5) was followed by high level
of TM treatment (stress = 50). Dark red arrows indicate the addition of a high amount of ER stressor.
(C) The temporal dynamics of AUT-A, APO-A, and AUT-I are plotted when (panel left) low level
of TM (stress = 5) and (middle panel) and (panel right) high levels of TM (stress = 50) is reset to 0
(stress = 0), which the dark red arrow indicates.

TG is so strongly bound to SERCA that it has an irreversible negative effect on the
cell [44,45]; however, TM can be easily washed out from the cells [35,46]. Therefore,
washing-out experiments can be used to model its effect on the stress response if ER
stress is diminished for some reason (e.g., non-folded, damaged proteins get successfully
cleared out). To mimic theoretically the washing out of TM from the cell, first low
(stress = 5) or high (stress = 50) levels of TM are set, and then, after a certain time point,
the value of stress is reset to zero (see dark red arrows in Figure 5C).

Our time course data highlight that by mimicking the wash out of a low concentration
of TM, the cell can always return to its previous homeostasis (Figure 5C, panel left). In the
case of ER stress induced by a high concentration of TM (Figure 5C, middle panel and panel
right), the cell can only be saved until apoptosis is not induced. If ER stress is eliminated in
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the time window when autophagy is still active, the stressor can be reversibly washed out
from the cells (Figure 5C, middle panel). If APO-A defeats AUT-A via the double-negative
feedback loop, cell death processes get irreversibly activated and cells cannot be saved
(Figure 5C, panel right). These results are in line with what we have already verified
experimentally; namely, in the case of a high ER stressor with transient treatment, there is a
temporal threshold value when the cells can still be saved. If the stressor is washed out
later, apoptosis is irreversibly activated, while autophagy is switched off [35].

These results suggest to us that the effect of the ER stressor is cumulative, and its
duration greatly influences the outcome of the stress response.

3. Discussion

Endoplasmic reticulum (ER) stress is involved in many common diseases, such as
diabetes, neurodegenerative diseases, cancer, and many others [1,3,10,11]. Understanding
the dynamical characteristics of the ER stress response pathways is crucial for developing
successful medical treatment strategies. Recently, we developed a simple theoretical model of
the cellular stress response mechanism [16]. Due to the positive and double-negative feedback
loops of the control network, the cell could precisely choose between autophagy-dependent
survival and apoptotic cell death [16]. Here, we redefine the simple network according to the
crucial regulatory loops and connections of the ER stress response mechanism (Table S1). We
claim that the same UPR sensor molecule induces both autophagy and apoptosis inducers
upon ER stress, and the outcome of the decision-making process depends on the double-
negative and positive feedback loops of the control network (Figure 1).

Our simple model is able to describe the dynamical characteristic of ER stress response
both at tolerable and excessive levels of ER stress (Figure 1). By using various theoretical
analysis (such as computational simulations, phase plane analysis, and signal response curves),
we confirm here that ER-stress-induced UPR first always turns on autophagy-dependent self-
digestion of damaged and unnecessary components to protect the cell from death. However,
a non-tolerable level of ER stress results only in a transient peak of autophagy followed by
apoptotic cell death (Figure 2). We suppose that in the case of an UPR-induced stress response,
the cell always tries to rescue itself by autophagy and thus restore its internal homeostasis.
However, upon a sustained level of stress, it is more beneficial for the whole organism to
induce the death of the individual, but seriously damaged, cells.

These results are in complete agreement with previously published experimental data
when different types of human cells were treated with the well-known ER stressors, such
as tunicamycin (TM), thapsigargin (TG), and dithiothreitol (DTT) (Table S2). Our collection
of results suggests that TM, DTT, and TG induce all the three branches of the UPR and
thereby indirectly enhance both autophagy and apoptosis. For all the above-mentioned
ER stressors, we found results demonstrating that under a low level of ER stress, cells
attempt to rescue themselves by autophagy, whereas under an excessive level of ER stress,
they turn on cell death pathways. However, our theoretical analysis also shows that there
are fundamental differences in the effects of the three ER stressors on cells. While TM
only activates autophagy and apoptosis via UPR, DTT has a direct influence on several
apoptosis inducers (Table S2). Additionally, TG can directly induce both autophagy and
apoptosis (Table S2). Our mathematical model suggests that these differences in their
effects result in differences in the dynamic behavior of the ER stress response mechanism.
Namely, cells are more sensitive to either TG or DTT treatment than the addition of TM.
In the case of TG treatment, the double-negative feedback loop between autophagy and
apoptosis inducers responds much more intensely to changes in stress levels, and although
autophagy is activated quickly, there it has only a short transient upshift. Subsequently, the
apoptosis inducer depresses the survival process and induces cell death (Figure 3). This is
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consistent with the fact that several experimental results contradict whether TG can induce
autophagy-dependent survival in the cell for any length of time at all [47-51]. Our model
confirms that cells are highly sensitive to TG treatments.

The exact role of autophagy in ER stress response was also investigated in the case
of mimicking the addition of autophagy inducer before, together or after the treatment
with TG or TM (Figure 4). In all cases, we claim that the window of autophagic survival is
extended over time, allowing cells to survive more drastic ER stress. This is consistent with
our previous experimental results when various natural compounds (such as resveratrol,
EGCG, and sulforaphane) were used, which increased cell viability via autophagy induction
and delayed the process of cell death in time [41-43]. Since the autophagy inducer can help
increase cell viability even after ER stress has been induced, these natural compounds can
be used for therapeutic purposes in diseases where we try to compensate the harmful effects
of ER stress (e.g., neurodegenerative diseases and inflammatory bowel diseases) [52-59].
However, these ideas should be further explored in the near future.

Since autophagy might help cells to survive, we also wondered if turning on autophagy
with the addition of a low level of the ER stressor could prevent the fatal effect of the
treatment with an excessive amount of the same ER stressor. Our results suggest that the
effect of the ER stressors is additive (Figure 5B). Since the stressor promotes both autophagy
and apoptosis inducers, we suppose that we can only increase cell viability with a “pure”
autophagy inducer. Another problem to model was the time dependency of the activation
of survival versus cell death pathways or to investigate if cells can return to homeostasis
after a certain time of ER stress activation. This can be tested experimentally by washing
out the stressor molecule or theoretically by setting the stress levels to 0. Dynamic analysis
shows that high ER stress turns on apoptosis irreversibly in time, and there is no return
from a certain threshold point (Figure 5C). This result has been already experimentally
verified using only DTT or TM as TG cannot be removed from the cells [35,45,46].

The consequence of DTT addition is even more drastic. Besides its promoting effect on
UPR induction, its direct positive impact on the apoptosis inducer causes the cell survival
window to virtually disappear, and the cells quickly go through apoptosis (Figure S1).
Therefore, DTT can be a good candidate compound to improve the activation of cell death
pathways [60]. For example, Bau et al. recently showed that DTT can be applied in cancer
treatment precisely by inducing apoptosis [61]. They claimed that DTT could synergistically
enhance the effects of treatment with As;O3; on eliminating oral cancer cells; meanwhile,
DTT was non-toxic to the non-tumor cells. Therefore, DTT treatment seems to be promising
for clinical practice in therapies of various types of cancer and worth further investigations.

Although TG also activates autophagy, its dynamic effect on the cell is more reminis-
cent of DTT than TM. This can be explained by TG’s direct impact on apoptosis induction
due to the irreversible inhibition of SERCA, therefore, disrupting Ca** homeostasis. This
strong cytotoxic potential placed it in the focus of anticancer therapy research, similar
to DTT [40,62,63]. However, the serious disadvantage of TG is that it is not selective for
tumor cells and shows significant toxicity towards healthy cells as well. Recently, various
TG analogs or prodrugs have been introduced and tested that are effective in anticancer
treatments in various tumor types but have no effect on normal cells [14,44,63]. For ex-
ample, mipsagargin is a novel thapsigargin-based protease-activated pro-drug. In this
compound, the thapsigargin analog molecule is linked to a peptide carrier that is a substrate
of PMSA (prostate-specific membrane antigen). PMSA is a carboxypeptidase expressed
only in prostate cancer cells or endothelial cells of solid tumors. This strategy allows for the
deliberation of a TG-like molecule specifically in malignant tissues and induces their apop-
tosis. Compared to TG alone, mipsagargin can achieve higher concentrations of the active
agent at the tumor site while avoiding systemic toxicity [14,64]. Several other TG analogs
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and derivatives showed promising preclinical results, and many of them have already
entered clinical trials [62]. The differences and similarities between the three ER stressors
presented here have been summarized in Table S3. Our goal was to give a simple guideline
to compare the cellular response to the best-known ER-stress-provoking molecules, which
might be useful in future experimental design.

Since our mathematical model includes many simplifications, we cannot ignore the
need to carefully examine the limitations of our analysis. Although we have tried to process
as much of the literature as possible (see Tables S1 and S2), some results may have been
omitted by our mistake or new ones published since then. In our simplified model, we
classified regulatory proteins of autophagy and apoptosis into three groups (AUT-A, AUT-],
and APO-A) and analyzed the dynamic connections between them. The possibility that
there are other players in stress response control or other feedback loops describing their
relation cannot be ruled out. The ER stressors presented here can also have additional
points of attack in cellular systems, which may modify our results somewhat. We agree that
more experimental support would better confirm the validity and accuracy of our analysis.

Setting clear aims is crucial for any medical treatments. Regarding cellular stress
responses, the given condition can determine the need for cell death induction or the en-
forcement of survival pathways. ER-stress-inducing compounds can be selected accurately
to support the desired therapeutic goal. According to our simplified model, when the ther-
apeutic intention is to induce cell death (e.g., anticancer therapies), DTT or TG treatments
are much more appropriate choices. If the aim is to force cells to increase their resistance
through autophagy-dependent self-digestion (e.g., during various inflammatory diseases),
the addition of TM in combination with an autophagy inducer can be an effective solution.
We can conclude that our simple mathematical model exploring the dynamic behavior
of the ER stress response brings us closer to understanding the mechanism of cellular
outcomes, and we should take advantage of this knowledge in more precise therapeutic
approaches in the future.

4. Materials and Methods
Mathematical Modeling

Reaction rates in living systems are typically described using kinetic equations well
known from chemical reaction kinetics; namely, a non-linear ordinary differential equation
(ODE) can be established for the time-dependent rate variation of the concentration for each
component. A generic differential equation describing the temporal changes of protein X,
is composed of two parts: production and consumption terms.

an/dt = ks + kuct * (XT - Xa) - (kd + kin) * Xﬂ

where

X,—concentration of active X;

Xr—total concentration of X;

ks— synthesis rate constant of X;

kqci—activation rate constant of X;;

k;—degradation rate constant of X;

k;,— inactivation rate constant of X,,.

Production of X, refers to the activation (e.g., post-translational modification) and/or
de novo synthesis, while consumption represents the inactivation and/or degradation of
protein X. Usually, synthesis, degradation, binding, and dissociation reactions are described
by mass action kinetics, whereas protein activity can be described either by mass action or
Michaelis-Menten kinetics [65,66]. For example, if the activity of protein is controlled by
covalent modification involving multi-site phosphorylations, Michaelis-Menten kinetics
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provides a good approximation for the process [67,68]. The value of the parameters (rate
constants and Michaelis constants) and the initial conditions have to be specified in order
to solve the ODEs. The ensemble of equations constitutes a multi-parameter, nonlinear,
first-order differential equation system. The non-linear nature of biological processes makes
it difficult to find the solution of ODEs analytically; hence, the equations need to be solved
numerically. The equations can be solved using different numerical integration methods
that are implemented as solvers in many of the freely available computer software.

Solving a set of non-linear ODEs gives the time evolution of the relative protein
concentration/activity (time courses). ODEs can be solved to obtain the input-output
relationship called as signal response curves or as one parameter bifurcation diagram.
Resolving this equation system, the results are compared to the behavior established in
experimental way. If the results of the mathematical modeling are consistent with the
experimental data, the given process could be visualized and interpreted [66]. In this work,
the temporal profiles and signal response curves were computed numerical using XPP-
AUT (freely available from https://sites.pitt.edu/~phase/bard /bardware/xpp/xpp.html
(accessed on 6 November 2025)). All the simulations presented in the text are based on
the following XPP codes: The rate constants (“k”) have the dimension of relative (time
unit)~!, and the Michaelis constants (“]”) are dimensionless. The protein activities are
given in arbitrary units (a.u). The starting parameter set was able to refer to physiological
conditions. The parameter values were perturbed to capture all the possible qualitative
behaviors that the given network can exhibit.
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