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INTRODUCTION

Cisplatin is an effective chemotherapeutic agent being widely 
used as a first-line therapy for solid tumors, but it has been 
known that it can also induce the apoptosis of healthy normal 
cells [1-3]. There are three major signaling pathways involved 
in cisplatin-induced apoptosis [4-7]: i) death receptor pathway, 
ii) mitochondria--reactive oxygen species (ROS) generating 
pathway, and iii) endoplasmic reticulum (ER)-stress pathway. 
Mitochondrial signaling is known to tightly control the cell 
fate determination through cell survival or apoptotic cell death 
processes. In addition, a key feature of the apoptosis cascades 
is the disruption of mitochondrial transmembrane potential 

and apoptogenic protein release caused by the opening of the 
permeability transition pore [8]. In this respect, the mitochondria-
ROS generating pathway plays a key role in apoptosis processes 
induced by cisplatin. Recently, it was reported that the role of 
mitochondria-ROS generating pathway in cisplatin-induced 
apoptosis is remarkable [9].

In spite of numerous studies of apoptosis caused by cisplatin, 
the detailed mechanism of the mitochondrial apoptotic pathway 
has not been completely understood. In particular, because 
a variety of critical molecules are involved in mitochondrial 
apoptotic pathway, a system-level understanding of the biological 
interactions between the molecules remained as a challenging 
task. Therefore, a comprehensive approach to delineate the 
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ABSTRACT Recently, it was reported that the role of mitochondria-reactive oxygen 
species (ROS) generating pathway in cisplatin-induced apoptosis is remarkable. 
Since a variety of molecules are involved in the pathway, a comprehensive approach 
to delineate the biological interactions of the molecules is required. However, 
quantitative modeling of the mitochondria-ROS generating pathway based on 
experiment and systemic analysis using the model have not been attempted so far. 
Thus, we conducted experiments to measure the concentration changes of critical 
molecules associated with mitochondrial apoptosis in both human mesothelioma 
H2052 and their 0 cells lacking mitochondrial DNA (mtDNA). Based on the 
experiments, a novel mathematical model that can represent the essential dynamics 
of the mitochondrial apoptotic pathway induced by cisplatin was developed. The 
kinetic parameter values of the mathematical model were estimated from the 
experimental data. Then, we have investigated the dynamical properties of this 
model and predicted the apoptosis levels for various concentrations of cisplatin 
beyond the range of experiments. From parametric perturbation analysis, we further 
found that apoptosis will reach its saturation level beyond a certain critical cisplatin 
concentration. 
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biological interactions of the molecules is essential. However, 
quantitative modeling of the mitochondria-ROS generating 
pathway induced by cisplatin has not been based on the systemic 
analysis incorporating both wet experiment and computer 
simulation.

In this study, we conducted experiments to measure the 
concentration changes of critical molecules associated with 
mitochondrial apoptosis in both human mesothelioma H2052 
and their 0 cells lacking mitochondrial DNA (mtDNA). In 
addition, a novel mathematical model that can represent the 
essential dynamics of the mitochondrial apoptotic pathway 
induced by cisplatin was developed. The kinetic parameter 
values of the mathematical model were estimated based on the 
experimental data. To validate our model, such model predictions 
were compared to experimental data. With this model, we 
performed parametric sensitivity analysis to investigate critical 
variables related to mitochondrial apoptotic pathway. By 
analyzing the experimentally validated mathematical model, we 
found varying apoptosis levels for an extensive range of cisplatin 
concentration, which could have not been observable from 
experimental study alone.

METHODS

Cells and reagents

Human mesothelioma H2052 cells were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were 
cultured at 37oC under 5% CO2 in Dulbecco’s modified Eagle’s 
medium or RPMI medium 1640 supplemented with 10% heat-
inactivated fetal bovine serum and antibiotics (Nacalai Tesque, 
Kyoto, Japan). Mitochondrial DNA-depleted 0 cells were 
established through long-term treatment of H2052 cells with 
ethidium bromide (25 ng/ml), as described previously (King and 
Attardi, 1989). Cisplatin was purchased from Sigma-Aldrich 
(St. Louis, MO). Other reagents used were of the highest grade 
commercially available.

Evaluation of cell death

Cell viability was evaluated using the trypan blue exclusion test. 
After treatment of cells with cisplatin for 24 h, both floating cells 
and adherent cells collected by trypsinization were centrifuged 
at 1500 rpm for 5 min. The cell pellets were resuspended in 50 l 
of either Dulbecco’s modified Eagle’s medium or RPMI medium 
1640, and 50 l of 0.4% trypan blue was added. Dead cells were 
counted at four different areas using a hemocytometer.

Analysis of ROS generation 

To analyze mitochondrial generation of ROS, cells were 

loaded with dihydroethidium (DHE; Wako Pure Chemicals) or 
MitoSOX (Invitrogen). DHE reacts with ROS to form fluorescent 
ethidium, which then intercalates into mtDNA. MitoSOX 
selectively accumulates in mitochondria and reacts with ROS to 
form red fluorescent mtDNA adducts. After incubation of cells 
with cisplatin, cells were collected and incubated in medium 
containing 5 M of DHE or MitoSOX at 37oC for 30 min in the 
dark. ROS generation was detected using a FACSCalibur flow 
cytometer (Becton Dickinson Japan, Tokyo, Japan).

Analysis of mitochondrial membrane potential 

Cells treated with various anticancer agents were incubated 
with 5 M JC-1 (Invitrogen) at 37oC for 10 min and mitochondrial 
potential (Δm) was analyzed by flow cytometry. Cationic JC-1 
accumulates in the mitochondria and changes the fluorescence 
spectrum from orange to green depending on the decrease in 
membrane potential.

Fig. 1. Cellular responses to cisplatin-induced DNA damage. MtDNA 
damage increases ROS generation, decreases mitochondrial membrane 
potential, and releases signals for cell death, including cytochrome c 
(Cyt c), second mitochondria activator of caspase (Smac) and apoptosis-
inducing factor (AIF). Once released into the cytosol, cytochrome c 
triggers procaspase-9 activation and induces cell death. Solid arrows 
denote chemical reactions or upregulation; those terminated by a bar 
denote inhibition or down-regulation.
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Western blot analysis

After incubating cells with cisplatin, cells were collected, lysed 
in a RIPA buffer with protease inhibitors (Nacalai Tesque), and 
subjected to 10~15% SDS-PAGE. The electrophoresed proteins 
were transferred onto a polyvinyidene dif luoride membrane 
(Millipore, Billerica, MA) using a semidry blot system (2 mA/cm2 

for 0.5 hr in 0.2 M Tris-glycine buffer, pH 8.8). Caspase-3 and -9 
activation was analyzed using specific antibodies (Cell Signaling 
Technology, Beverly, MA). After incubation of the sheets in TBS 
solution (140 mM NaCl, 50 mM Tris-HCl, pH 7.2) containing 0.1% 
Tween 20 (TBST) and 5% low-fat milk powder at 25oC for 1 hr, 

they were treated with anti-cleaved caspase-3 and -9 antibodies, 
as well as anti--actin antibody (Sigma) at 25oC for 1 hr. The 
incubated membranes were washed five times with TBST for 5 
min to eliminate nonspecific binding of the antibodies. After 
incubation with horseradish peroxidase-conjugated anti-IgG 
antibody (1:1,000) (Dako, Glostrup, Denmark) at 25oC for 1 hr, 
immunoreactive spots were detected using ImmunoStar reagents 
(Wako) with the LAS-3000 instrument (FUJIFILM, Tokyo, 
Japan).

Table 1. The model parameters used in this study

Reaction rate constants 

K1
+ 0.045 M–1S–1 K18

+ 0.0035 M–1S–1 
K2

+ 0.5 M–1S–1 K19
+ 5 M–1S–1  K19

– 0.0035 S–1 
K3

+ 0.05 S–1 K20
+ 1 M–1S–1  K20

– 0.0035 S–1 

K4
+ 0.5 S–1 K21

+ 0.1 M–1S–1  K21
– 0.1 S–1 

K5
+ 0.005 M–1S–1 K22

+ 1 S–1 
K7

+ 0.03 M–1S–1 K23
+ 1 S–1 

K8
+ 0.03 M–1S–1 K24

+ 1 S–1 
K9

+ 1 M–1S–1 kdC3 0.00008 
K10

+ 0.3 M–1S–1 kdaC3 0.00002 
K11

+ 10 M–1S–1 K11
– 0.5 S–1 kdC9 0.00009 

K12
+ 3.5 S–1 kdaC9 0.0005 

K13
+ 0.05 M–1S–1 K13

– 0.5 S–1 KdSmmaccyto 0.0005 
K14

+ 10 M–1S–1 kdCytCcyto 0.0001 
K15

+ 0.0035 M–1S–1 kd 0.0005 
K16

+ 10 M–1S–1 K16
– 0.5 S–1 

K17
+ 0.1 S–1 

Table 2. Ordinary differential equations

            Ordinary differential equation

d[Aqcis]/dt=Aqcis+k1
+ [cis][Trans] –k2

+[Aqcis][mitDNA] 
d[mitDNAdamage]/dt=mitDNAdamage+k2

+[Aqcis][mitDNA]
  –k3

+[mitDNAdamage]+k4
+[mitROS]

d[mitROS]/dt=mitROS+k3
+[mitDNAdamage]+k4

+[mitROS]
  –k5

+[mitROS][mitM]
d[mitM]/dt=mitM–k5

+[mitROS][mitM]
d[mitPTPo]/dt=mitPTPo+k5

+[mitROS][mitM]
d[CytCmit]/dt=CytCmit–k7

+[mitPTPo][CytCmit]
d[AIFmit]/dt=AIFmit–k8

+[mitPTPo][AIFmit]
d[Smacmit]/dt=Smacmit–k1

+
0 [mitPTPo][Smacmit]   

d[CytCcyto]/dt=CytCcyto–[kdCytCcyto][CytCcyto]+k7
+[mitPTPo]

  [CytCmit]–k1
+
1 [CytCcyto][Casp9]+k1

–
1 [CytCcyto_Casp9]

d[AIFcyto]/dt=AIFcyto–[kd][AIFcyto]+k8
+[mitPTPo][AIFmit]

d[Smaccyto]/dt=Smaccyto–[kdSmaccyto][Smaccyto]+k1
+
0[mitPTPo]

  [Smacmit]–k2
+
1 [Smaccyto][XIAP]+k2

_
1 [Smaccyto_XIAP]

d[XIAP]/dt=XIAP–k1
+
9[aCasp9][XIAP]+k1

–
9[aCasp9_XIAP]

  –k2
+
0[aCasp3][XIAP]+k2

–
0[aCasp3_XIAP]–k2

+
1[Smaccyto]

  [XIAP]+k2
–
1[Smaccyto_XIAP]+k2

+
2[aCasp9_XIAP]+k2

+
3[aCasp3_

  XIAP] +k2
+
4[Smaccyto _XIAP]

d[Casp9]dt=Casp9–[kdC9][Casp9]–k1
+
1[CytCcyto][Casp9]+k1

–
1 

  [CytCcyto_Casp9]–k1
+
6[aCasp3][Casp9]+k1

–
6[aCasp3_Casp9] 

d[Casp3]dt=Casp3–[kdC3][Casp3]–k1
+
3[aCasp9][Casp3]+k1

–
3[aCasp9_

  Casp3]  
d[aCasp9]dt=aCasp9–[kdaC9][aCasp9]+k1

+
2[CytCcyto_Casp9]–k1

+
3[aCasp9]

  [Casp3]+k1
–
3[aCasp9_Casp3]+k1

+
4[aCasp9_Casp3]+k1

+
7[aCasp3_

  Casp9]–k1
+
9[aCasp9][XIAP]+k1

_
9[aCasp9_XIAP]

d[aCasp3]/dt=aCasp3–[kdaC3][aCasp3]+k1
+
4[aCasp9_Casp3]

  –k1
+
6[aCasp3][Casp9]+k1

–
6[aCasp3_Casp9]+k1

+
7[aCasp3_Casp9]

  –k2
+
0[aCasp3][XIAP]+k2

–
0[aCasp3_XIAP]

d[Cytccyto_Casp9]/dt=Cytccyto_Casp9+k1
+
1[Cytccyto][Casp9]–k1

–
1[Cytccyto_

  Casp9]
d[aCasp9_Casp3]/dt=aCasp9_Casp3+k1

+
3[aCasp9][Casp3]–k1

–
3[aCasp9_

  Casp3] –k1
+
4[aCasp9_Casp3]

d[aCasp3_Casp9]/dt=aCasp3_Casp9+k1
+
6[aCasp3][Casp9]–k1

–
6[aCasp3_ 

  Casp9]–k1
+
7[aCasp3_Casp9]

d[Smaccyto_XIAP]/dt=Smaccyto_XIAP+k2
+
1[Smaccyto][XIAP]–k2

–
1[Smaccyto_

  XIAP]–k2
+
4[Smaccyto_XIAP]

d[aCasp9_XIAP]/dt=aCasp9_XIAP+k1
+
9[aCasp9][XIAP]–k1

–
9[aCasp9_

  XIAP]–k2
+
2[aCasp9_XIAP]

d[aCasp3_XIAP]/dt=aCasp3_XIAP+k2
+
0[aCasp3][XIAP]–k2

–
0[aCasp3_

  XIAP]–k2
+
3[aCasp3_XIAP]

d[APOP]/dt=APOP+k9
+[AIFcyto]+k1

+
5[aCasp9][aCasp3]+k1

+
8[aCasp3]

  [aCasp9]
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Analysis of released cytochrome c

To estimate the amount of cytochrome c released from the 
mitochondria to the cytosol, the harvested cells were incubated 
in an ice-cold cell lysis buffer (250 mM sucrose, 70 mM KCl, and 
200 M/mL digitonin in PBS) for 5 min, as described previously 
[10]. The supernatant and pellet fractions containing cytosolic 
and mitochondrial proteins, respectively, were subjected to SDS-
PAGE and analyzed using anti-cytochrome c antibody (BD 
Pharmingen, San Diego, CA). 

Statistical analysis

All experiments were repeated at least three times with similar 
results. Data were analyzed using Student’s t-test (two-tailed), and 
p<0.05 was considered statistically significant. Data are expressed 
as means±SD.

Mathematical modeling, parameter estimation, and 
sensitivity analysis

In this study, we considered only key processes related to the 
mitochondria signaling pathway of cisplatin-induced apoptosis. A 
schematic representation of the mitochondria-dependent pathway 
of the model is shown in Fig. 1. Cisplatin enters into cells by 
passive diffusion or transportation [1]. The model begins with the 
uptake of cisplatin into a cell. After entering into the cell, cisplatin 
induces apoptosis by damaging mtDNA [3]. Cisplatin (which 
interacts with mtDNA) selectively enhances the generation 
of reactive oxygen species (ROS) in mitochondria, and the 
overproduction of ROS induces the opening of the mitochondrial 
permeability transition pore (MPTP) [11]. Intermembrane 
proteins such as cytochrome c (Cyt c), second mitochondria 

activator of caspase (Smac), and apoptosis-inducing factor (AIF) 
are released from MPTP, and the leaked Smac binds to several 
inhibitors of apoptosis proteins (IAP) which bind to active 
caspases and prevent accidental propagation of the apoptotic 
signaling cascade [12]. Cytochrome c in the cytosol activates 
caspase-9 and -3, resulting in the induction of apoptosis [13].

The signal transduction network of apoptotic reactions was 
modeled by ordinary differential equations (ODEs) based on 
the law of mass-action kinetics. The model consists of a set of 
23 ODEs with 13 reaction partners (Tables 1 and 2). The ODEs 
were solved using MATLAB library functions and C++ in Visual 
Studio 2010. The model parameters in Table 1 were obtained 
by the iterative trials to match the model prediction with the 
experiment.

Initial conditions of the model were obtained from previous 
studies [14,15], as summarized in Table 3. To estimate the model 
parameters in Table 4, we performed iterative simulations using 
a genetic algorithm (GA) method in MATLAB with differential 
elimination of the Rosenfeld–Gröbner algorithm [16]. We then 

Table 3. The initial concentrations [14,15]

Initial conditions

Transporter 10 
mitM (∆m)* 150 mV
mitDNA 100 
mitPTPc 10 
Smacmit* [14] 100 nM
Casp3* [14] 200 nM
Casp9* [14] 20 nM
XIAP* [15] 40 nM
CytCmit* [14] 100 nM
AIFmit 20 

Table 4. The model parameters 

Reaction rate constants 

K1
+ 0.045 M–1S–1 K18

+ 0.0035 M–1S–1 
K2

+ 0.5 M–1S–1 K19
+ 5 M–1S–1  K19

– 0.0035 S–1 
K3

+ 0.05 S–1 K20
+ 1 M–1S–1  K20

– 0.0035 S–1 
K4

+ 0.5 S–1 K21
+ 0.1 M–1S–1  K21

– 0.1 S–1 
K5

+ 0.005 M–1S–1 K22
+ 1 S–1 

K7
+ 0.03 M–1S–1 K23

+ 1 S–1 
K8

+ 0.03 M–1S–1 K24
+ 1 S–1 

K9
+ 1 M–1S–1 kdC3 0.00008 

K10
+ 0.3 M–1S–1 kdaC3 0.00002 

K11
+ 10 M–1S–1 K11

– 0.5 S–1 kdC9 0.00009 
K12

+ 3.5 S–1 kdaC9 0.0005 
K13

+ 0.05 M–1S–1 K13
– 0.5 S–1 KdSmmaccyto 0.0005 

K14
+ 10 M–1S–1 kdCytCcyto 0.0001 

K15
+ 0.0035 M–1S–1 kd 0.0005 

K16
+ 10 M–1S–1 K16

– 0.5 S–1 
K17

+ 0.1 S–1 
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Table 5. Effect of cisplatin on the mitochondria-dependent apoptosis

(A)

50 M / Time (hr) 0 3 6 12 18 24 

Dead Cells (%) 2.92±1.74 3.49±1.31 2.95±0.87 12.93±4.27 31.67±3.75 56.37±1.82 
Mit Sox-positive cells (%) 2.61±0.16 2.67±0.70 2.95±0.76 3.10±0.32 5.99±0.71 45.12±11.71 
Low ∆m cells (%) 1.38±0.11 0.94±0.05 1.13±0.25 10.11±5.04 29.78±3.24 45.09±2.56 
Cytosolic cytochrome c (%) 1.00 0.65 4.57 10.10 96.74 63.16 
Caspase 9 (%) 1.00 2.20 2.04 2.49 20.93 26.95 
Caspase 3 (%) 1.00 1.32 4.23 12.39 72.23 58.54 

(B)

12.5 M / Time (hr) 0 6 12 24 

Dead Cells (%) 7.41 6.85 10.52 14.41
Mit Sox-positive cells (%) 6.43 6.26 6.01 15.79
Low ∆m cells (%) 6.57 3.00 4.18 15.92
Cytosolic cytochrome c (%) 1.00 2.09 15.16 29.83
Caspase 9 (%) 1.00 0.72 2.68 8.56
Caspase 3 (%) 1.00 0.44 2.12 39.79

Fig. 2. Sensitivity analysis of rate 

constants for the model. (A) Sensitivity 
of each rate constant for apoptosis. (B) 
Sensitivity of each rate constant for each 
initial condition.
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selected an optimal model parameter set by fitting the model 
simulation results to the experimental data for 50 M cisplatin 
(Table 5). H2052 cells were incubated with 50 M (Table 5A) 
and 12.5 M cisplatin (Table 5B). Tables 3 and 4 show the initial 

conditions of the components at time zero and the kinetic 
parameters of the reactions (reaction rate constants), respectively 
[14,15]. 

We performed sensitivity analysis of the model parameters 

Table 6. Effects of model parameters on apoptosis

(A) The higher ranking of parameters for apoptosis

Parameters
+30% parameter value –30% parameter value

Parameter range Apoptosis level (49.07276) Parameter range Apoptosis level (49.07276)

k12
+=3.5 S–1 k12

+=4.55 67.87 (+38.31%) k12+=2.45 32.68 (–33.41%)
k22

+=1 S–1 k22
+=1.3 39.76 (–18.98%) k22+=0.7 64.18 (+30.79%) 

k9
+=1 M–1S–1 k9

+=1.3 57.76 (+17.71%) k9+=0.7 40.38 (–17.71%)
k1

+=0.045 M–1S–1 k1
+=0.0585 55.32 (+12.73%) k1+=0.0315 40.44 (–17.59%)

k3
+=0.05 S–1 k3

+=0.065 55.09 (+12.26%) k3+=0.035 40.69 (–17.08%)

(B) The lower ranking of parameters for apoptosis

Parameters
+30% parameter value –30% parameter value

Parameter range Apoptosis level (49.07276) Parameter range Apoptosis level (49.07276)

k2
+=0.5 M–1S–1 k2

+=0.65 49.15 (+0.15%) k2+=0.35 48.94 (–0.28%)
k17

+=0.1 S–1 k17
+=0.13 48.94 (–0.27%) k17+=0.07 49.20 (+0.25%) 

k14
+=10 M–1S–1 k14

+=13 48.79 (–0.57%) k14+=7 49.40 (+0.67%)
k21

+=0.1 M–1S–1 k21
+=0.13 48.79 (–0.57%) k21+=0.07 49.52 (+0.92%)

k24
+=1 S–1 k24

+=1.3 48.59 (–0.99%) k24+=0.7 50.94 (+3.80%)

Fig. 3. Effect of cisplatin on cytoch-

rome c localization and caspase acti-

vation. Cytosolic cytochrome c and 
activated caspases were analyzed by 
SDS-PAGE and Western blotting after 
incubation with (A) 50 M and (B) 12.5 
M cisplatin. The levels of cytosolic 
cytochrome c , activated caspase-9, 
-3, and -actin were quantified by 
densitometric analysis. 
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Fig. 4. Model predictions and expe-

rimental validation. (A) Apoptosis 
levels with increasing concentrations of 
cisplatin for 24 hr. (B) Cellular generation 
of ROS for 24 hr in the presence of 50 M 
cisplatin. 

Fig. 5. Comparisons between simu-

lated and experimental obser vations 

in 50 M cisplatin. H2052 cells were 
cultured for 24 hr in the presence of 50 
M cisplatin, and the mitochondria-
dependent apoptotic mechanisms were 
explored. (A) Mitochondrial generation 
of ROS was analyzed using MitoSOX 
and flow cytometry. (B) Mitochondrial 
membrane potential (Δm) was asses-
sed using JC-1 and flow cytometry. 
Cytosolic cytochrome c (C), and activa-
ted caspase -9 (D) and -3 (E) were 
quantified by densitometric analysis. 
(F) Apoptosis was analyzed using the 
trypan blue exclusion test.
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using SimBiology in MATLAB. In biological simulation, 
sensitivity analysis is frequently used to evaluate how uncertainty 
in the output of a mathematical model can be attributed to 
different sources of uncertainty in the model input. Fig. 2 
shows the sensitivities of rate constants for the apoptosis (A) 
and the whole model (B), respectively. For rate constants that 
had relatively high sensitivities, we tested the robustness of the 
parameters by perturbing the value within +/– 30%. The results 
of the perturbation test in all cases are shown in Table 6. For the 
higher ranking parameters (Table 6A), we found that k1, k3 and 
k9 affected apoptosis. In particular, k1 and k3 were associated 
with the concentration of cisplatin and mitROS generation, 
respectively. In addition, k12 and k22 affected apoptosis and 
major upstream signaling factors (activated caspase-9 and -3). 

However, the lower ranked parameters (Table 6B) were indicative 
of the overall robustness of the simulation results of the whole 
model. For the other parameters between a higher ranking and 
a lower ranking group, the level of apoptosis changed slightly 
within +/–10% (data not shown). Because Smacmit showed high 
sensitivity for k1, 3, 4, and 10 (Fig. 2B), we also performed a 
perturbation test. The apoptotic level was not affected by varying 
the parameters or Smacmit.

Fig. 6. Comparisons between simu-

lated and experimental ob servations 

at 12.5 M cisplatin con centration.
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RESULTS

Mitochondrial-dependent apoptosis in H2052 cells 
induced by cisplatin

mtDNA-damaging agents (such as cisplatin) are potent in-
ducers of cell death triggering apoptosis [1,3]. ROS promotes the 
mitochondrial membrane permeability transition (MPT), an 
early event leading to apoptosis, and cytochrome c is released 
from mitochondria into the cytosol through MPT pores [13,17]. 
As ROS are important in the induction of apoptosis [6], we 
analyzed the effects of cisplatin on ROS generation and cell death 
using H2052 cells (Fig. 3, Table 5). When ROS generation was 
enhanced, mitochondrial membrane potential decreased. Thus, 
apoptosis showed a time-dependent increase in the presence of 
cisplatin (Fig. 4A, Fig. 5F, and Fig. 6F). We then evaluated the 
degree of cytochrome c release as well as activated caspase-9 and 
-3 levels in cisplatin-treated cells using Western blot analysis (Fig. 
3, Table 5). Western blot analysis revealed a significant increase 
in cytochrome c release and activated caspase-9 and -3 in H2052 
cells. However, in mtDNA-depleted 0 cells, the cisplatin-induced 
apoptosis was significantly inhibited (Table 7A). These results 
suggest that cisplatin induces mitochondria-dependent cell death. 

To examine the mechanism of mitochondria-dependent 
apoptosis, we compared the viability of H2052 cells and their 0 
cells during their incubation with cisplatin (Table 7A, B, Fig. 4A, 
B). Here, H2052 and their 0 cells were incubated with increasing 
concentrations of cisplatin for 24 hr and analyzed their viability 
by trypan blue exclusion (Table 7A). After incubation of H2052 

and their 0 cells with 50 M cisplatin, ROS generation was 
analyzed by using DHE and flow cytometry (Table 7B). Cisplatin 
killed H2052 cells in a dose- and time-dependent manner, but 
not 0 cells (Fig. 4A). The apoptosis level in H2052 cells was four-
fold higher than that in 0 cells in the presence of 50 M cisplatin. 
Regarding ROS generation, mitochondrial generation of ROS 
(MitoSOX-positive cells) and cellular generation of ROS (DHE-
positive cells) increased in a time-dependent way in the presence 
of cisplatin, whereas they did not increase in 0 cells (Fig. 5A, Fig. 
4B). Our experiments showed that mitochondrial density is a key 
factor in cisplatin-induced apoptosis (Fig. 4A, B). 

Simulation of cisplatin-induced apoptosis

In this study, the model parameters were estimated to fit the 
experimental results at 50 M cisplatin concentrations. The 
comparison between experimental results and simulation results 
at 50 M cisplatin infusion is shown in Fig. 5. The experimental 
and simulation results were also compared at 12.5 M cisplatin 
concentration (Fig. 6). Excluding the transient percentage change 
in mitochondrial ROS production (Fig. 6A), all conditions were 
similar, suggesting that the model simulation was sufficiently 
robust to reproduce the apoptotic processes, regardless of the 
cisplatin concentration. 

Apoptosis was enhanced in a time- and dose-dependent 
manner by cisplatin (Table 7B, Fig. 4A). Simulated apoptosis levels 
at 50 M cisplatin concentration was similar to the experimental 
results in wild-type cells as shown in Fig. 4A, with nearly linear 
variation in apoptosis according to the cisplatin concentration. 
Furthermore, we performed a parametric perturbation study 
to delineate the mitochondria-dependent apoptosis processes 
induced by cisplatin. In vitro  experiments with cisplatin 
concentrations over 100 M have been carried out and the data 
were acquisited. Here, we numerically delineated the effect of 
cisplatin concentration on apoptosis at a wide range of cisplatin 
concentrations (from 0 to 400 M) (Fig. 7A). Interestingly, the 
percentage of apoptosis after 24 hours reached saturation above 
100 M cisplatin concentration. 

To examine the effects of mitochondrial density on apoptosis 
by cisplatin, we simulated various conditions of mitochondrial 
ROS (ROSmit), mitochondrial cytochrome c (Cytcmit), and leaked 
cytochrome c (Cytc cyto) using our model (Fig. 7B, C, D). The 
result was concordant with the observation that the amount of 
cellular mitochondria was positively correlated with cisplatin-
induced apoptosis [18,19]. Because the release of cytochrome 
c from mitochondria to cytosol activates the mitochondria-
dependent pathway leading to apoptosis, lower densities of 
both mitochondria and cytochrome c in 0 cells appeared to 
decrease the incidence of cell death. These observations suggest 
that the mitochondria-ROS generating pathway is most critical 
in cisplatin-induced apoptosis, which confirms our model 
predictions. 

Table 7. Effect of cisplatin on cellular generation of ROS and 

apoptosis in H2052 and their ρ0 cells

(A)

Cisplatin (M)
Apoptosis (%)/24 h

Wild type Rho-0

0 2.88±0.19 1.89±0.77 
3.125 3.86±1.22 4.21±3.16 
6.25 7.05±4.53 1.96±0.95 

12.5 14.52±3.93 5.32±0.43 
25 30.41±7.01 6.96±0.67 
50 46.93±13.23 11.97±3.11 

(B)

Time (hr)
DHE-positive cells (%)/50 M cisplatin

Wild Rho-0

0 2.18±0.41 0.9±0.27
3 1.39±0.18 0.63±0.30
6 1.79±0.08 0.84±0.30

12 6.55±0.92 0.62±0.39
18 14.60±2.49 0.84±0.42
24 36.04±2.14 1.42±0.35
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DISCUSSION

Mitochondria-ROS generating pathway plays a key role in the 
cellular apoptosis induced by a variety of drugs such as cisplatin, 
gentamicin, doxorubicin, cyclosporin, oxalate, etc. [20-23]. For 
in silico evaluation of the toxicity effect by such drugs, there 
has been a pressing need to develop a concise mathematical 
model of mitochondria apoptotic pathway validated by wet 
experiments. In this study, we aimed to quantitatively model the 
mitochondrial signaling pathway for cisplatin-induced apoptosis. 
To establish such a compact but well-representing model of the 
mitochondria-dependent apoptosis, we experimentally measured 
the concentration changes of critical molecules associated with 
mitochondrial apoptosis in both human mesothelioma H2052 
and 0 cells lacking mitochondrial DNA, and used the data for 
the development of our mathematical model. For parameter 
estimation, we estimated the parameter values by fitting the 
simulated results to experimental results (Fig. 5) and finding a 
best fit between simulations and experiments.

ROS generation is involved in cisplatin-induced cell injury 
[24,25]. Cisplatin generates a significant amount of ROS 
and impairs the mitochondrial respiratory chain [26,27]. 
Uncontrollable production of ROS triggers the opening of MPT 
pore and induces apoptosis and/or necrosis [28]. Both our model 
predictions and experiments showed time- and dose-dependent 
increases of ROS generation and cell death in the presence of 

cisplatin (Fig. 4A, B, Fig. 5A, F, Fig. 7A). With respect to ROS 
generation, the cellular generation of ROS (DHE-positive cells) 
increased as an early event, but mitochondrial ROS (MitoSOX-
positive cells) increased later than the cellular generation of ROS 
(Fig. 4B, Fig. 5A). It is possible that the sensitivity of MitoSOX 
is lower than that of DHE because we could not identify DHE-
positive cells in 0 cells (Fig. 4B). We observed a complete 
inhibition of ROS generation in 0 cells, which was in accord with 
our simulation results. Hara et al. [18] also reported that cisplatin-
induced cell death was inhibited by Mn-TBAP, a membrane-
permeable superoxide scavenger. Together, these suggest that 
the cellular generation of ROS (DHE-positive) is mitochondria-
derived, which can explain cisplatin-induced apoptosis. 

A best fit between our model simulations and experiments was 
achieved. For this purpose, we estimated the parameter values 
by fitting the simulated results to experimental data at 50 M 
cisplatin concentrations using MATLAB (Fig. 5). To evaluate 
the model, we changed the concentration of cisplatin from 50 
M to 12.5 M and performed simulations. As shown in Fig. 
6, the experimental results at 12.5 M cisplatin concentrations 
were reproduced successfully using model simulations. In 
addition, our model predicted the apoptosis levels for various 
concentrations of cisplatin beyond the range of experiments. 
According to the simulation results, the apoptosis level reached its 
saturation over a critical cisplatin concentration. Thus, our model 
can predict detailed sequential events of the apoptotic signaling, 

Fig. 7. Model predictions and expe-

rimental validation. (A) Apoptosis 
levels with increasing concentrations 
of cisplatin for 24 hr. (B) Interaction 
between apoptosis and mitochondrial 
ROS. mitROS, ROS at baseline value; 
mitROS x 3, ROS increased by three 
fold; mitROS x 0.5, ROS decreased by 
two fold; mitROS x 0.1, ROS decreased 
by ten fold; mitROS=0. (C) Interaction 
between apoptosis and the amount 
of cytochrome c in the mitochondria. 
CytCmit x 2, amount of cytochrome 
c  in the mitochondria increased by 
two fold; CytCmit=0. (D) Interaction 
between apoptosis and the amount of 
cytochrome c in the mitochondria or 
cytosol.
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allowing us to examine the effects of protein dysregulation by 
pharmacological intervention.

The present study has several limitations. First, in the present 
minimal model for the mitochondrial pathway in cisplatin-
induced apoptosis, no other pathways were tested and their 
relative importance or cross-talk was not analyzed. Second, due 
to the minimal nature of the present model, there are no feedback 
loops to influence potentially important sequence of events in 
cisplatin-induced apoptosis. Third, the present model didn’t 
take into consideration the release of the ROS accumulated in 
mitochondrion to cytosol and their subsequent uptake by other 
mitochondria, as observed in the previous study [29]. And ROS 
neutralization mechanism within mitochondria was neglected. 
However, these limitations were not expected to greatly alter the 
main findings of this study. 

In summary, to develop a compact but well-representing 
mathematical model of the mitochondrial apoptotic pathway 
induced by cisplatin, we experimentally measured the con-
centration changes of critical molecules associated with mito-
chondrial apoptosis and used the data for the development of 
a mathematical model. To validate our model, we compared 
the simulated results with experimental observations. The 
parametric perturbation study of apoptosis by varying cisplatin 
indicated that the apoptosis level was nearly saturated beyond a 
certain critical cisplatin concentration. We also found that the 
mitochondria-ROS generating pathway is the most important 
pathway in cisplatin-induced apoptosis.
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