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Modeling the neuro-protection of theaflavic acid from black tea and
its synergy with nimodipine via mitochondria apoptotic pathway
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Abstract: Ischemic stroke presents a leading cause of mortality and morbidity worldwide. Theaflavic acid (TFA) is a theaflavin
isolated from black tea that exerts a potentially neuro-protective effect. However, the dynamic properties of TFA-mediated
protection remain largely unknown. In the current study, we evaluated the function of TFA in the mitochondria apoptotic
pathway using mathematical modeling. We found that TFA-enhanced B-cell lymphoma 2 (Bcl-2) overexpression can
theoretically give rise to bistability. The bistability is highly robust against parametric stochasticity while also conferring
considerable variability in survival threshold. Stochastic simulations faithfully match the TFA dose response pattern seen in
experimental studies. In addition, we identified a dose- and time-dependent synergy between TFA and nimodipine, a clinically
used neuro-protective drug. This synergistic effect was enhanced by bistability independent of temporal factors. Precise
application of pulsed doses of TFA can also promote survival compared with sustained TFA treatment. These data collectively
demonstrate that TFA treatment can give rise to bistability and that synergy between TFA and nimodipine may offer a promising
strategy for developing therapeutic neuro-protection against ischemic stroke.
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1 Introduction

Ischemic stroke is characterized by induction of
inflammatory and hypoxic responses owing to depri‐
vation of glucose and oxygen in the brain (Yang et al.,
2019). Apoptosis will be triggered in the penumbra,
the area around the ischemic core without restored
blood flow, possibly because of massive production
of reactive oxygen species (ROS) and reduced ade‐
nosine triphosphate (ATP) levels in these tissues (Mehta
et al., 2007). However, reperfusion of blood flow
will also exacerbate the brain injury via uncontrolled
oxidative stress (Thompson et al., 2012). B-cell lym‐
phoma 2 (Bcl-2) family members have been shown
to actively participate in ischemia-induced apoptosis
(Koubi et al., 2005). Under oxidative stress, overex‐
pression of the anti-apoptotic member Bcl-2 can reduce

ROS production below harmful levels and inhibit
apoptosis (Seidman et al., 2002, 2004; Chong et al.,
2014). Therefore, precise regulation of Bcl-2 expres‐
sion can exert a cytoprotective effect for brain tissue
under oxygen and glucose deprivation/restoration (OGD/
R) (Koubi et al., 2005).

Bcl-2 family members contribute significantly to
apoptosis and can be categorized into three major classes:
anti-apoptotic, pro-apoptotic, and Bcl-2 homology 3
(BH3)-only proteins (Youle and Strasser, 2008). The
complex interactions among Bcl-2 family proteins confer
bistability and determination of cell fate (Sun et al.,
2010; Yin et al., 2017). Recently, Li et al. (2020) identi‐
fied the role of theaflavic acid (TFA), a phytochemical
extracted from black tea, in inhibiting mitochondrial
apoptosis in pheochromacytoma 12 (PC12) cells. TFA
promotes translocation of the nuclear factor erythroid
2-related factor 2 (Nrf2) into the nucleus and activates
anti-oxidant response element (ARE) signaling to up-
regulate the expression of anti-apoptotic Bcl-2 pro‐
teins (Niture and Jaiswal, 2012; Li et al., 2020). There‐
fore, TFA may regulate the “Bcl-2 apoptotic switch”
(Sun et al., 2010) by adjusting the expression of
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anti-apoptotic proteins. Bistability is characterized as a
typical switch-like transition between alternative states
(Tyson et al., 2003). However, it seems that the protective
effect of TFA exhibits a gradient pattern (Li et al.,
2020). Therefore, understanding of the dynamics and
detailed mechanisms of TFA-mediated cytoprotective
effects and of the means by which TFA tips the balance
between alternative cell fates remains largely elusive.

Previous studies have demonstrated that TFA
can induce Nrf2 nuclear translocation and promote
production of Bcl-2 (Niture and Jaiswal, 2012; Li et al.,
2020). Furthermore, it is also possible that enhanced
production of the anti-apoptotic Bcl-2 induces bista‐
bility (Sun et al., 2010). The aim of the current study
is to investigate the theoretical possibility of the ability
of TFA to potentiate a bistable response in OGD/R.
Ordinary differential equations (ODEs) were con‐
structed to delineate the intricate interactions among
Bcl-2 family members and TFA. Local sensitivity
coefficients were calculated to determine sensitive
parameters. Stochastic simulations were performed to
evaluate robustness and patterns of bistability. Nimodipine
has been identified as a neuroprotective drug (Roine
et al., 1990). In the present work, the synergistic
effects between TFA and nimodipine treatment in neu‐
roprotection were also evaluated. Bliss and Loewe
combination indexes were used to quantify the synergy.

2 Materials and methods

2.1 Model construction

We have previously constructed a model that
describes the mitochondrial apoptotic pathway, with
two independent positive feedback loops (the complex
interactions among Bcl-2 family members and Bcl-2-
associated X/Bcl-2 antagonist/killer (Bax/Bak) autoac‐
tivation); this model displays bistable responses in the
levels of Bcl-2 family members (Sun et al., 2010).
Bcl-2 family members contribute significantly to in‐
trinsic apoptosis (Legrand et al., 2019). Briefly, the
pro-apoptotic proteins include Bax group proteins
(e.g., Bax, Bak, or Bcl-2-related ovarian killer (Bok))
and BH3-only members (e.g., BH3-interacting do‐
main death agonist (Bid), Bcl-2-associated agonist of
cell death (Bad), Bcl-2-like 11 (Bim), Bcl-2-modifying
factor (Bmf), p53-up-regulated modulator of apoptosis
(Puma), and nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase heavy chain subunit A
(Noxa)), which contain only the BH3-only domain
(Legrand et al., 2019). The anti-apoptotic members
comprise Bcl-2 and B-cell lymphoma-extra large
(Bcl-xL) (Legrand et al., 2019). In response to damage
signals, Bax monomers and BH3-only members can
translocate from the cytosol to the mitochondrial outer
membrane (MOM) and relocation of Bcl-2 family
members can be viewed as the initial phase of MOM
permeabilization (MOMP) and apoptosis (Tsujimoto,
2003). Selected members of BH3-only proteins are
“activators,” which enable conformational change and
Bax/Bak (hereafter dubbed “Bax” for simplicity) pore
formation, whereas other BH3-only members are desig‐
nated as “enablers” by competitive interaction with anti-
apoptotic members (Letai et al., 2002). Anti-apoptotic
members (labeled “Bcl-2” for simplicity) can serve as
inhibitors to counteract the effects of proapoptotic
proteins (Letai et al., 2002). Activated Bax/Bak
monomers can aggregate and induce formation of the
mitochondrial apoptosis channel (MAC) (Dejean et al.,
2005). Numerous pro-apoptotic signals can trigger
apoptosis by modulating expression of anti- and pro-
apoptotic Bcl-2 family members (Willis and Adams,
2005); therefore, we considered the production rate
of diverse Bcl-2 family members instead of cytotoxic
stress as bifurcation parameters as previously de‐
scribed (Cui et al., 2008). We only considered the ef‐
fect of Bcl-2 family members on apoptosis; non-
canonical functions (e. g., autophagy, inflammation,
and senescence) which indirectly affect apoptosis
(Chong et al., 2020) were not considered in this study.

In our model, we aimed to investigate the effects
of TFA from black tea using mathematical modeling
(Li et al., 2020). Li et al. (2020) found that TFA can
protect PC12 cells from apoptosis induced by OGD/
R. Mechanistic study has suggested that TFA up-
regulates the expression of an antiapoptotic Bcl-2 pro‐
tein by promoting the nuclear translocation of Nrf2
and ARE signaling (Li et al., 2020). Indeed, Nrf2 can
bind the Bcl-2 ARE and induce Bcl-2 gene expression
under stressed conditions (Niture and Jaiswal, 2012).
Therefore, we assumed that total Nrf2 centration is
constant (Liu et al., 2017) and TFA can increase the
nuclear fraction of Nrf2 (Table S1) (Li et al., 2020).
Mathematically, Nrf2nuc=[kbasal+(1−kbasal)×TFA×kin/
(TFA×kin+kout)]×Nrf2T, where Nrf2nuc is the nuclear Nrf2
concentration, Nrf2T is the total Nrf2 concentration,

124



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2021 22(2):123-135 |

kin and kout characterize the nuclear import and export
of Nrf2 induced by TFA, respectively, and the parameter
kbasal represents the basal nuclear Nrf2 fraction accord‐
ing to the experiments of Li et al. (2020) (i.e., under
OGD/R without TFA treatment in PC12 cells, there
exists a significant nuclear Nrf2 fraction). Promoter
activity of Bcl-2 ARE was then expressed as Nrf2nuc/
(Nrf2nuc+KNrf2), where KNrf2 is the threshold concentra‐
tion for Nrf2nuc. Parameters KNrf2, kbasal, kin, and kout

were fitted to the TFA dose response for transcrip‐
tional activity of ARE-bound Nrf2 from the experi‐
ments of Li et al. (2020) (Fig. 1f). Transcriptional
induction of Bcl-2 by nuclear Nrf2 was modeled as

pBcl-2=pTFA×Nrf2nuc/(Nrf2nuc+KNrf2), where p represents pro‐
duction (Tables S1 and S2).

To evaluate the potential synergistic effects of
TFA and nimodipine co-treatment, the regulatory role
of nimodipine was incorporated into our model. Liu
et al. (2004) found that nimodipine can up-regulate
Bcl-2 messenger RNA (mRNA) expression while
down-regulating Bax mRNA; thus, nimodipine can
affect the production of both Bcl-2 and Bax proteins.
To reflect our assumption that nimodipine increases
the production rate of Bcl-2, we introduced an
additional term for Bcl-2 production (Table S1). In
the model with TFA and nimodipine co-treatment,

Fig. 1 Bistability of B-cell lymphoma 2 (Bcl-2) family interaction network under theaflavic acid (TFA) treatment. (a) Schematic
diagram of current model. TFA promotes translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) into nucleus
(Nrf2N) to activate anti-oxidant response element (ARE) signaling. Nuclear Nrf2 can induce Bcl-2 expression. Bax* is the
activated Bcl-2-associated X (Bax). (b) Two-parameter bifurcation diagram for activated Bax. Bax production rate (p1) and
maximal Bcl-2 production rate by TFA treatment (pTFA) were used as bifurcation parameters. The folded area indicates the
bistable region. (c) Two-parameter bifurcation diagram for Bcl-2 using p1and TFA as bifurcation parameters. (d) Bistable
region is shown as shaded area, which represents the folded area for (b). CUSP bifurcation is indicated. (e) Bistable domain
is represented as shaded area, which represents the folded area for (c). (f) TFA dose response for relative Bcl-2 promoter
activity. The error bars were adopted from the study of Li et al. (2020). The red dots were obtained from model simulation. The
promoter activity in our model denotes pBcl-2=pTFA×Nrf2nuc/(Nrf2nuc+KNrf2), where Nrf2nuc is the nuclear Nrf2 concentration, KNrf2 is the
threshold concentration for Nrf2nuc, and p represents production (Tables S1‒S3).
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pBcl-2 was modified as: pBcl-2=pTFA×Nrf2nuc/(Nrf2nuc+KNrf2)+
pNimo×Nimo/(Ec+Nimo), where Nimo denotes the
concentration of nimodipine and Ec is the threshold
concentration for nimodipine. The term pNimo×Nimo/
(Ec+Nimo) represents the effect of nimodipine-
enhanced Bcl-2 production. In addition, the Bax
production rate p1 was further modified as p1', in which
p1' =p1×Ec/(Ec+Nimo). This term characterizes the
effect of nimodipine-induced Bax suppression. For
simplicity, we assumed that enhancement of Bcl-2
production and inhibition of Bax production had an
identical threshold value Ec. Since treatment of PC12
cells with 50 μmol/L nimodipine alone had similar
effects as in cells treated with 50 μmol/L TFA (Li et al.,
2020), the Ec value was estimated to yield temporal
profiles in dynamics of cells treated with 50 μmol/LTFA.

All kinetic interactions were formulated using
ODEs (Tables S1 and S2) and parameter values are
shown in Table S3. Parameter values for the Bcl-2
activation switch (k1 to k17, u1 to u9, p1 and p3) were
assigned based on our previous work (Sun et al., 2009).

2.2 Stochastic simulation

Stochastic simulations were implemented using
the Poisson τ -leap method to characterize intrinsic
noise and improve computational efficiency in well-
stirred systems (Tian and Burrage, 2006). Briefly, sup‐
pose that there are N species in the system [S1, S2, …,
SN] with molecular number x=Xi(t) for species Si at
time t. These species interact dynamically with each
other via reaction channels [R1, R2, …, RM]. For Rj, the
propensity function aj(x) for a given state inside a
volume Ω. Therefore, ajdt denotes the probability of
occurrence for reaction Rj, in the infinitesimal time
interval [t, t+dt). The element νij state vector νj repre‐
sents the change in molecular numbers for species Si

owing to the reaction Rj.
In the Poisson τ-leap method, the number (M) of

reactions for channel Rj firing at time interval [t, t+τ)
obeys Poisson distribution (P) with mean ajτ. The
system is updated following the rule:

x ( t + τ ) = x ( t ) +∑
j = 1

M

ν j P (aj ( x ) τ ).

Extrinsic noise was also incorporated by perturbing
the parameters by multiplying them with lognormally
distributed random variables (μ=1, σ2=0.02) (Keizer et al.,

2019). Therefore, in our stochastic simulations, both
intrinsic noise and extrinsic noise were considered.

2.3 Bifurcation analysis

Bifurcation data were obtained using the MATLAB
package MATCONT (Dhooge et al., 2003).

2.4 Synergy

Synergy was evaluated using the Loewe and
Bliss combination indices (CIs) (Straetemans et al.,
2005; Fitzgerald et al., 2006). The Loewe combination
index CILoewe is defined as follows:

CILoewe =
d1

C (1)
x

+
d2

C (2)
x

,

where d1 (TFA) and d2 (nimodipine) are the agent
doses in the combination isobologram with respect to
x (10% or 40%) percentage decrease in total levels of
activated Bax, Cx

(1) and Cx
(2) denote the concentrations

of a single TFA and nimodipine dose, respectively,
leading to x (10% or 40%) percentage decrease in
total levels of activated Bax. CILoewe<1, CILoewe=1, and
CILoewe>1 indicate Loewe synergy, additivity, and
antagonism, respectively.

The Bliss independence or combination index
CIBliss is defined as:

CIBliss ( x,y ) =
R1 ( x ) + R2 ( y ) − R1 ( x ) R2 ( y )

R12 ( x,y )
,

where R1(x), R2(y), and R12(x, y) denote the relative
changes in total levels of activated Bax to TFA (at a
dose of x), nimodipine (at a dose of y), and TFA-
nimodipine combination treatment (at a dose combi‐
nation of [x, y]), respectively. As a result, CIBliss<1,
CIBliss=1, and CIBliss>1 indicate synergistic, additive,
and antagonistic effects, respectively.

2.5 Local sensitivity coefficient

Local sensitivity can evaluate the dynamic re‐
sponses to infinitesimal changes in kinetic parameters.
A dynamic system can be defined by x'=f(x, θ), where
x and θ represent the state and parameter vectors, re‐
spectively. Local sensitivity coefficient S is defined by

S =
∂SN i SN i

∂θ θ
=
∂lnSN i

∂lnθ ,
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where SNi (i=1 or 2) is the saddle node in bifurcation
diagram.

2.6 Model simulation

The integration of ODEs and numerical simulations
was performed using MATLAB (R2018b).

3 Results

3.1 Potential bistability induced by TFA-enhanced
Bcl-2 production

TFA can accelerate production of Bcl-2 via in‐
creased Nrf2 nuclear translocation (Li et al., 2020).
We incorporated this effect into our model of Bax ac‐
tivation switch (see Section 2; Fig. 1). After OGD/R,
excess ROS will lead to mitochondrial damage and in‐
duce apoptosis in neuronal cells (Luo et al., 2013; Li
et al., 2020). Therefore, the initial state of cells after
OGD/R should be a pro-apoptotic state with high level
of activated Bax or low levels of anti-apoptotic pro‐
teins. After TFA treatment, expression of anti-apoptotic
Bcl-2 is reinforced and cells may revert to a survival
state if overexpressed Bcl-2 can effectively antagonize
pro-apoptotic proteins (e.g., Bax) (Figs. S1a‒S1d).
We observed that the system displayed bistability charac‐
terized by the folded region in the two-parameter bifurca‐
tion diagram (Fig. 1b). As the Bax production rate (p1) in‐
creased, we noted that a higher TFA-induced Bcl-2 pro‐
duction rate (pTFA) was required to “neutralize” activated
Bax and maintain a state with extremely low levels of
the pro-apoptotic Bax proteins (i.e., survival state;
Fig. 1b). As expected, higher doses of TFA were needed
when p1 was elevated to maintain high levels of Bcl-2
and cellular survival (Fig. 1c). We could identify CUSP
bifurcation points in the two-parameter bifurcation dia‐
grams and the bistable regions were enlarged at higher p1

(Figs. 1d and 1e). We also noted that the simulated dose
response of TFA for Bcl-2 promoter activity was consis‐
tent with the findings of Li et al. (2020) (Fig. 1f). These
results suggest that TFA treatment may reshape the bista‐
bility of the intrinsic apoptotic pathway.

3.2 Sensitivity analysis for bistability

We then evaluated parametric sensitivity for
bistable responses. When pTFA is significantly increased,
Bcl-2 overexpression may effectively counteract
activated Bax (Fig. 2a). In the bifurcation diagram for

activated Bax with reference to pTFA, two saddle nodes
(SN1 and SN2) can be identified and SN2 indicates a
deterministic threshold for survival after OGD/R
(Fig. 2a). Not surprisingly, p1 positively affected both
saddle nodes (Figs. 1b and 2b). Production rate of pro-
apoptotic BH3-only proteins also markedly increased
the threshold for survival (Fig. 2b). As expected, the
degradation rates for inactive Bax and BH3-only
members played a negative role (Fig. 2b). Two param‐
eters kbasal and kNrf2 showed the highest sensitivities for
SN1 and SN2, respectively, since they were directly
associated with Bcl-2 production (Fig. 2b). Notably,
activator (u3) and MAC (u9) degradation rates specifi‐
cally lowered the threshold for survival (SN2) (blue
bars, Fig. 2b). From sensitivity analysis, we could iden‐
tify universal and specific factors to regulate cellular
threshold for survival and death.

3.3 Robustness features of TFA-mediated bistability

Since TFA-induced bistability is an important
contributor to cellular survival after OGD/R, we
further investigated the property of robustness. From
bifurcation theory, the steady state connecting SN1

and SN2 is unstable (Tyson et al., 2003). Once a “cell”
overcomes the barrier height between the unstable
steady state and the higher (upper) steady state for
activated Bax after OGD/R, the lower steady state
will be reached and a “cell” will survive within the
bistable region (Fig. 3a). We defined the maximal
barrier height as the largest difference in activated
Bax levels between the high and unstable steady state
(Fig. 3a). First, we varied all parameters around their
reference values by multiplying them with a lognormally
distributed random variable (i.e., μ=1, σ2=0.1, 0.2, or
0.3). Interestingly, we noted that TFA-induced bistability
was highly robust and more than 90% of simulations
retained bistability even when the variance reached
0.3 (90.1%, Fig. 3b). Under parametric stochasticity,
we noted that SN1 was relatively less variable, while
SN2 showed higher variation (Fig. 3c). Notably, TFA
induces Bcl-2 expression; once the productive effect
of Bcl-2 exceeds the SN2 threshold, the levels of
active Bax will dramatically decrease and cells may
revert to a survival state after OGD/R (Fig. 2a). Therefore,
a highly variable SN2 implies that the transition
between alternative cell fates (survival and death)
might frequently occur after TFA treatment. Importantly,
we found only a minimal correlation between maximal
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barrier height and SN1 (Fig. 3d, left), but a strong
correlation between maximal barrier height and SN2

(Fig. 3d, middle). The correlation was further improved
if the bistable range (SN2‒SN1) was used as the metric
(Fig. 3d, right). Taken together, although the bistability
is robust, the threshold for survival is highly variable.

3.4 TFA dose-dependent responses via stochastic
simulations

We then performed stochastic simulations to
evaluate TFA dose-dependent responses. Under 5 μmol/L
TFA treatment, stochastic simulations identified that
specific runs retained high levels of activated Bax,
whereas some runs led to collapse in levels of activated
Bax (Fig. 4a). If “cells” could revert to survival state
after OGD/R, we then evaluated their recovery rate
by measuring the half recovery time (Figs. 4a and
4b). We found that increasing TFA doses accelerated

recovery and survival (Fig. 4b). Average half recovery
time changed from 3.40, 3.18 to 2.92 h as the TFA
dose increased from 5, 10 to 50 μmol/L (Fig. 4b). Not
surprisingly, higher TFA doses decreased the average
levels of activated Bax while raising levels of Bcl-2
(Fig. 4c), thus qualitatively aligning with experimental
data (Li et al., 2020). Li et al. (2020) found that about
(48.9±5.1)% of PC12 cells are viable when treated
without TFA after OGD/R, and treatment with TFA
dosages may increase the percentage of viable cells.
Our stochastic simulations assumed a hypothetical
threshold of activated Bax which differentiates survival
from death (Fig. 4d, dashed lines). Varying the thresh‐
old level of activated Bax yielded a final viability
fraction from 43.8% (i.e., 48.9%‒5.1%) to 54.0%
(i.e., 48.9%+5.1%); we evaluated whether our simula‐
tions matched the experimentally determined dose
response of TFA (Li et al., 2020). When the threshold

Fig. 2 Sensitivity analysis for bistable switch. (a) Bifurcation diagram for activated B-cell lymphoma 2 (Bcl-2)-associated X
(Bax) using theaflavic acid (TFA)-induced Bcl-2 production rate (pTFA) as bifurcation parameter. The saddle node (SN) points
are indicated (SN1 and SN2). SN2 represents the threshold for the survival state under oxygen and glucose deprivation/
restoration (OGD/R). (b) Local parameter sensitivity for SN1 (red) and SN2 (blue) was evaluated with TFA of 0 μmol/L.
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is defined as indicated (46.9% viability; Fig. 4d, top),
the TFA dose response most closely matches the ex‐
perimental data (Li et al., 2020). However, consisten‐
cy was identified after a 4-h TFA treatment (Figs. 4d
(top) and 4e), which is in accordance with the experi‐
mental setting by Li et al. (2020) (viability in their ex‐
periments was measured after 4 h TFA treatment).
When viability was evaluated for a 12-h TFA treatment
after OGD/R, the deviation in simulated TFA dose
responses from experimental data was significant
(Figs. 4d (bottom) and 4f). Notably, the bimodal re‐
sponse, which is a notable characteristic of bistability
(Tyson et al., 2003), could be observed at later time
points (e.g., 12 h TFA treatment; Fig. 4d, bottom).
These results suggested that the TFA dose response is
time-dependent and bimodality can be detected only
at later time points.

3.5 Optimal modulation of synergistic responses
between TFA and nimodipine

Previous work has shown that the neuro-protective
drug nimodipine can up-regulate Bcl-2 expression while
simultaneously inhibiting Bax expression (Liu et al.,
2004). Applying nimodipine to PC12 cells, Li et al.
(2020) also found that 50 μmol/L nimodipine has an
effect similar to that of 50 μmol/L TFA in viability and
apoptosis assays. We then incorporated the effect of
nimodipine in our model (see Section 2; Fig. S2) to
investigate the potential synergy for combined TFA-
nimodipine treatment. We found that nimodipine treat‐
ment could give rise to systematic bistability (Fig. 5a).
The two-parameter bifurcation diagram also shows
that specific combinations of TFA and nimodipine
guaranteed bistable responses (Fig. 5b, grey). We then
examined whether TFA and nimodipine could function
cooperatively during recovery from OGD/R using the
Bliss combination index (see Section 2). Evaluating
the responses for reduction in active Bax monomer
(indicative of transition from death to survival) at 4
or 12 h after TFA and nimodipine co-treatment, we
found that at 4 h, combined TFA-nimodipine treat‐
ment usually had synergistic effects (Fig. 5c). Bistable
regions in the two-parameter diagrams indeed increased
synergy (Figs. 5c and 5d). At 12 h after TFA-nimodipine
co-treatment, however, we could observe both synergy
(CIBliss<1) and antagonism (CIBliss>1) depending on the
doses of TFA and nimodipine (Fig. 5d). Indeed, the re‐
gions of highest synergy roughly coincided with the
bistable regions (Figs. 5b and 5d). We also analyzed the
isobologram of apoptotic responses after combined
TFA-nimodipine treatment using the Loewe combina‐
tion index. Isobolograms (10% and 40%) were evalu‐
ated (Fig. 5e). Simulations demonstrated that TFA and
nimodipine displayed differential synergistic effects for
different conditions. Specifically, TFA and nimodipine
showed slight synergy or near-additivity (10%; Fig. 5e,
left two panels). However, TFA and nimodipine exhib‐
ited remarkable synergy in 40% isobologram (Fig. 5e,
right two panels). These data suggest that TFA and
nimodipine show objective- and dose-dependent syn‐
ergism during anti-apoptotic responses.

3.6 Evaluation of impulse responses for TFA

Li et al. (2020) used a continuous TFA dosage to
treat PC12 cells; we further extended their findings and
evaluated the response to pulsed doses of TFA. Pulses

Fig. 3 Robustness analysis for bistability. (a) Example of
bistability in activated B-cell lymphoma 2 (Bcl-2)-associated
X (Bax). The maximal (max) barrier height indicates the
largest barrier a cell needs to overcome for survival. The
two saddle nodes (SN1 and SN2) are indicated. (b) Fraction
of bistability by simultaneous parameter variation. All
parameters were randomized around the reference values
by multiplying with a lognormally distributed random
variable (μ=1, σ2=0.1, 0.2, or 0.3 as indicated). One thousand
simulations were run for each variance. (c) Dispersion of
SN1 and SN2 under simultaneous parameter variation. From
left to right, variance (Var)=0.1, 0.2, and 0.3. The coefficient
of variation (CV): SN1=0.4394, SN2=0.5434 (left); SN1=0.6699,
SN2=0.8283 (middle); SN1=0.8834, SN2=1.0010 (right).
(d) Correlation between maximal barrier height and SN1

(left), SN2 (middle), or bistable range (SN2‒SN1, right). σ2=0.1.
pTFA: theaflavic acid (TFA)-induced Bcl-2 production rate.
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were reshaped with different durations and terminal
heights (the maximum was fixed as 50 μmol/L; Fig. 6a).
Note that we applied a super-threshold TFA dose
50 μmol/L (Fig. S1) as the pulse height. However, if
the pulse duration did not persist for a sufficiently
long time, the level of active Bax monomer could not
overcome the threshold and would be maintained at
high levels (Fig. 6b). If the duration was longer,
however, we observed that Bax dropped to low levels
and the cell would commit to survival (Fig. 6c). We
further measured the steady state of active Bax

monomers and the levels of active Bax at 4 or 12 h
after termination of TFA impulse with varying
impulse duration and terminal height. We identified a
gradual response surface if measurement was performed
at 4 h after termination of TFA impulse (Fig. 6d, left).
However, a “switch-like” response pattern could be
observed when we quantified active Bax monomers at
12 h (Fig. 6d, center). If TFA terminal height was
slightly more than 10 μmol/L, even a TFA pulse of
small duration would lead to strongly decreased active
Bax levels (Fig. 6d, center). A definite “switch-like”

Fig. 4 Stochastic simulation-matched experimental data. (a) Selected stochastic trajectories were treated with 5 μmol/L
theaflavic acid (TFA). (b) Distribution of half recovery time for cells treated with 5, 10, or 50 μmol/L TFA. Five hundred
stochastic simulations were performed for each TFA dose. Half recovery time is defined as the time at which a stochastic
simulation for activated B-cell lymphoma 2 (Bcl-2)-associated X (Bax) reaches half of its initial value and a “cell” commits to
survival. The black dots in (a) represent the half recovery time. (c) Total levels of Bcl-2 and Bax in 500 simulations with TFA
concentrations of 0, 0.5, 5.0, or 50.0 μmol/L. (d) Distribution of activated Bax in 500 simulations with TFA concentrations of
0, 0.5, 5.0, or 50.0 μmol/L treatments at 4 h (top) or 12 h (bottom). The dashed line denotes the hypothetical threshold for
survival derived from experimental data (Li et al., 2020). (e) Fraction of viable cells or simulations after TFA treatment for
4 h. The bars denote simulations, while error bars indicate experimental data (mean±standard deviation, n=3). Statistical
results for panel (d), top. (f) Similar to (e) after TFA treatment for 12 h. Statistical results for panel (d), bottom.
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pattern was seen if the steady states were evaluated
(Fig. 6d, right). A duration of TFA pulse of more than
approximately 400 min would irreversibly cut down
active Bax expression irrespective of terminal height
(Fig. 6d, right). Similarly, a minor 50 μmol/L TFA pulse
with a terminal height of approximately 11.5 μmol/L
would always lead to survival (Fig. 6d, right).
Collectively, these results demonstrate that appropriate
application of TFA pulses can tip the balance between
survival and death.

4 Discussion

Since ischemic stroke remains a major threat to
health worldwide, this study modeled the impact of
TFA on protection of OGD/R-induced apoptosis (Li

et al., 2015). We investigated a potential mechanism
involving the mitochondria apoptotic pathway. Bista‐
bility, which arises from complex interactions in the
apoptotic pathway, has been identified in numerous
studies (Bagci et al., 2006; Legewie et al., 2006; Chen
et al., 2007; Albeck et al., 2008; Cui et al., 2008; Ho
and Harrington, 2010; Sun et al., 2010; Yin et al.,
2017). TFA, a theaflavin previously isolated from
black tea (Li et al., 2020), has been shown to promote
translocation of Nrf2 into the nucleus and to activate
ARE signaling to increase Bcl-2 expression (Niture
and Jaiswal, 2012). Therefore, TFA can regulate the
expression of anti-apoptotic proteins and modulate
bistability in the apoptotic switch. The modulatory
role of TFA is reminiscent of resveratrol-induced
apoptosis (Jiang et al., 2005) and suggests that the
apoptotic switch can be regulated.

Fig. 5 Synergy between theaflavic acid (TFA) and nimodipine. (a) Bifurcation diagram of activated B-cell lymphoma
2 (Bcl-2) -associated X (Bax) against nimodipine dosage. (b) Bistable region in co-dimension 2 bifurcation diagram. TFA
and nimodipine doses are shown. (c) Synergy of the TFA-nimodipine combination was quantified with the Bliss
combination index (CIBliss) when the combinatorial effects were evaluated 4 h after TFA-nimodipine co-treatment.
(d) Similar settings to (c), but 12 h after TFA-nimodipine co-treatment. The curve for CIBliss=1 is highlighted in bold.
(e) Isobologram synergy for TFA-nimodipine treatment: 10% (left) and 40% (right) function isobolograms at 4 or 12 h
after TFA treatment are shown. Decrease in activated Bax was used as the metric. If the isobologram bowed inward,
combined TFA-nimodipine treatment exhibited synergy.
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The ischemic core cannot access sufficient ATP
and oxygen because of occlusion of blood flow in
cerebral tissues (Pellegrini-Giampietro et al., 2009).
Following ischemia and restoration of blood flow, oxygen
supply is largely restored, leading to overproduction
of ROS and oxidative stress (Saito et al., 2005). The
deleterious effects of excessive ROS include activation
of the mitochondrial apoptotic pathway and cell death
after cerebral ischemia and reperfusion (Chong et al.,
2014). Excess ROS can also enhance deletion of
mitochondrial DNA and induce hearing loss (Seidman,
2000; Seidman et al., 2000; Coling et al., 2003). The
anti-apoptotic member Bcl-2 proteins have a defined
role in restraining mitochondria ROS overproduction
by facilitating the mitochondrial incorporation of
glutathione under oxidative stress (Chong et al.,
2014). Therefore, the protective function of TFA in
reducing ROS after OGD/R can be mediated by TFA-
induced Bcl-2 overexpression (Chong et al., 2014; Li
et al., 2020). For the sake of simplicity, we did not
incorporate ROS or calcium signaling in our model,
since Bcl-2 expression may inversely reflect the
intrinsic ROS levels; there is also well-characterized
positive crosstalk between ROS and calcium signaling
(Görlach et al., 2015). Model fitting to some experi‐
mental data reported by Li et al. (2020) (e.g., ROS or

calcium levels, even superoxide dismutase activity)
can be easily achieved if the fit to cellular viability
and Bcl-2 promoter activity is acceptable (Figs. 1f
and 4e) (Chong et al., 2014; Görlach et al., 2015).
Therefore, our model closely aligns with the experi‐
mental data from Li et al. (2020) and can be used to
make testable predictions.

The bistable system allows co-existence of two
stable steady states (Spencer and Sorger, 2011).
Bistability can be used to explain the binary decisions
on cell fate (survival or death) (Spencer and Sorger,
2011). A bistable system is insensitive to minor
perturbations and exhibits “all-or-none” transitions.
From our simulation, we argue that TFA-mediated
bistable responses are robust to large parametric
stochasticity. However, we further note that the
deterministic threshold for survival vs. death (i.e., SN2

in Fig. 3a) is highly variable. TFA enhances Bcl-2
production and overexpressed anti-apoptotic Bcl-2
counteracts pro-apoptotic effectors such as BH3-only
members and activated Bax to overcome the barriers
to apoptosis (i.e., moves beyond SN2). The maximum
barrier height is also positively correlated with the
survival threshold. These properties collectively imply
that even there is robust bistability at system level;
cell fate after TFA-treatment might vary with large

Fig. 6 Impulse response of theaflavic acid (TFA). (a) Sample TFA pulse with defined duration and terminal height.
(b, c) Selected TFA pulse responses. TFA was introduced at time point 0 (i. e., immediately after oxygen and glucose
deprivation/restoration (OGD/R)) and tested for varying time durations. The dashed lines indicate the end of the TFA
pulse. After TFA pulse, TFA dose was maintained at “terminal height” as in (a). The temporal responses for active B-cell
lymphoma 2 (Bcl-2)-associated X (Bax) monomer at 4 or 12 h after the TFA impulse termination (i.e., 4 or 12 h behind the
dashed lines) as well as the steady state responses were quantified. (d) Levels of active Bax monomers at 4 h (left) or 12 h
(center) after the TFA impulse termination and steady state response (right) were evaluated with different combinations of
durations and terminal heights.
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variations in the survival threshold. This effect may
partially explain the “gradient” pattern in TFA dose
responses seen in Li et al. (2020) and may also shed
light on the phenomenon of “fractional killing” (Roux
et al., 2015).

Specifically, we found that the effects of nimodipine
and TFA may be increased when used in combination.
These synergistic effects may be a salient feature of
the protective roles of combined TFA-nimodipine
treatment against OGD/R. Notably, the synergy
between TFA and nimodipine was time- and dose-
dependent (Figs. 5c and 5d). At early time points,
TFA and nimodipine showed consistent synergy.
However, if the measurements were performed at
later time points, the combined effects may shift from
synergism to antagonism depending on the TFA and
nimodipine doses. Optimal synergy has been achieved
approximately at the bistable regions in TFA and
nimodipine space irrespective of temporal dependence.
A monostable domain far from the bistable regions
will mitigate the synergistic effects or even lead to
antagonism. These findings argue that bistability may
augment the synergistic effects and that the optimal
use of TFA and nimodipine may offer favorable
synergy for protecting neuronal cells against OGD/
R-induced apoptosis. Since nimodipine is a neuro-
protective drug already used in clinical practice (Roine
et al., 1990) and TFA is a phytochemical extracted
from black tea, the synergy between these two
compounds suggests a potentially promising strategy.
The synergy between TFA and nimodipine may
possibly be more effective against drug-induced side
effects compared with parenteral edaravone and
nimodipine co-treatment (Li et al., 2018).

In summary, we investigated the protective role
of TFA in the mitochondria apoptotic pathway. TFA-
mediated bistability displays both robust and variable
features. The synergistic effects of TFA and nimodipine
may provide crucial insight into neuronal protection
against ischemia stroke.
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