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Cell death is typically defined either as apoptosis or necrosis. Because the consequences of apoptosis and necrosis are quite 
different for an entire organism, the investigation of the cell-death-mode switch has considerable clinical significance. The ex-
istence of a necrosis-to-apoptosis switch induced by hydrogen peroxide in macrophage cell line RAW 264.7 cells was con-
firmed by using flow cytometry and fluorescence microscopy. With the help of computational simulations, this study predicted 
that negative feedbacks between NF-κB and MAPKs are implicated in converting necrosis into apoptosis in macrophages ex-
posed to hydrogen peroxide, which has significant implications. 
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In the last decade, increasing attention has been focused on 
the mechanism underlying the cell-death-mode switch [1]. 
Cell death is typically defined dichotomously as either 
apoptosis or necrosis. Apoptosis is considered to be superior 
to necrosis in that the former is not accompanied by local and 
general reactions because apoptotic cells are phagocytized by 
neighboring cells. By contrast, necrosis, especially when it 
occurs massively, often results in serious inflammation, 
organ failure or mortality [2]. Hence, the disparity between 
apoptosis and necrosis is critical especially for clinical 
medicine. Though the switch mechanism has been studied 
in diverse cell types [3–5], seldom has it been reported in 
immune cells. 

Macrophages are a pivotal factor in the innate immune 
system through recognizing and destroying altered host 
compounds and invading microorganisms. Although they 
survive for a relatively long time in a physiological condi-
tion, their demise caused by such stimuli as cytokines, bac-

terial invasion, or ER stress is frequently observed in 
pathological conditions [6–8]. One of these stimuli is exces-
sive ROS (reactive oxygen species, including superoxide, 
peroxide and free radicals) [9,10]. Thus, there is consider-
able clinical significance in studying macrophage cell death 
caused by ROS. 

Besides the induction of cell death, ROS also elicits sev-
eral pathways in macrophages, involving the MAPKs (mi-
togen-activated protein kinases) pathway and the NF-κB 
(nuclear factor-κB) pathway [11,12]. MAPKs include three 
subfamilies, the best characterized of which are ERK (ex-
tracellular regulated proteinkinase), JNK (Jun N-terminal 
kinase) and p38-MAPK. NF-κB is normally retained in the 
cytoplasm by its inhibitory protein I-κB. Once I-κB is 
phosphorylated and degraded, NF-κB is activated and 
translocated into the nucleus. Though both MAPKs and 
NF-κB pathways are reported to be closely related to cell 
death [13,14], investigations about their functions in the 
cell-death-mode switch are underdetermined.  
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The purpose of the present study was to analyze the 
cell-death-mode switch in RAW 264.7 cells (a murine 
macrophage cell line) subjected to hydrogen peroxide. We 
firstly demonstrated that a necrosis-to-apoptosis switch did 
occur, based on flow cytometric and immunofluorescent evi-
dence. We detected the alterations of MAPKs and NF-κB 
during a time course. Through introducing two mathemati-
cal models, we proposed a possible explanation how 
MAPKs and NF-κB worked together to regulate this necro-
sis-to-apoptosis switch. This switch may benefit the organ-
isms confronted with pathogens by shielding them from 
serious inflammation. 

1  Materials and methods 

1.1  Reagents and antibodies 

Hydrogen peroxide was dissolved in water and stored in 10 
mol L−1 which was freshly diluted with a culture medium to 
the indicated concentrations before use. The DMEM me-
dium was obtained from Hyclone (Logan, UT). Fetal bovine 
serum was purchased from PAA Laboratories (Pasching, 
Austria). All antibodies were obtained from Cell Signaling 
Technology (Beverly, MA). All chemicals were obtained 
from Sigma Chemicals (St. Louis, MO) unless otherwise 
stated. All kits were bought from Beyotime Institute of 
Biotechnology (Jiangsu, China). 

1.2  Cell culture 

A RAW 264.7 macrophage cell line was obtained from the 
Shanghai Institutes for Biological Sciences. The cells were 
maintained in a DMEM medium supplemented with 10% 
fetal bovine serum, 2 mmol L−1 L-glutamine and 100 μg 
mL−1 gentamycin in a humidified atmosphere of 5% CO2 at 
37°C. All experiments were performed using a DMEM me-
dium with the same supplementation except that fetal bo-
vine serum was at 1%. 

1.3  Annexin V-PI staining 

ROS-induced cell death was determined by an annexin 
V–PI kit according to the manufacturer’s instructions. 
Macrophages incubated with H2O2 were harvested and 
twice washed with cold phosphatebuffered saline (PBS). 
Cells were resuspended in a binding buffer at a concentra-
tion of 1×106 cells mL−1 and 200 μL cell suspension was 
subsequently transferred to a 5-mL culture tube, treated 
with 5 μL annexin V and 10 μL propidium iodide (PI) at 
37°C for 15 min in the dark. The cells were subsequently 
diluted with 200 μL of binding buffer and 10000 cells in 
each group were analyzed on a FACS Calibur (Becton 
Dickinson, USA) equipped with a single laser emitting ex-
citation light at 488 nm. 

1.4  Immunofluorescence study 

Cells treated with H2O2 for either 3, 5 or 7 h were washed in 
PBS and stained with Hoechst 33342 (final concentration 5 
μmol L−1) and PI (final concentration 0.5 μmol L−1) in the 
dark for 10 min at 37°C. Cells were washed twice with PBS 
and fixed with 2% paraformaldehyde for 10 min. Fields of 
cells were photographed, by using appropriate filters to 
examine the Hoechst 33342 and PI fluorescence staining. 

1.5  Western blotting 

After being incubated with hydrogen peroxide, cells were 
harvested and suspended in 300 μL lysis buffer (50 mmol 
L−1 Tris-HCl (pH 8.0), 150 mmol L−1 NaCl, 1 mmol L−1 
EDTA, 10% glycerol, 1 mmol L−1 DTT, 1% NP-40, 1 mmol 
L−1 PMSF) at 4°C for 30 min. Cell debris was removed by 
centrifugation at 12000×g for 10 min at 4°C, and the super-
natants were collected and stored at −70°C until use. Protein 
concentration of cell lysate was determined utilizing the 
Bradford method. The proteins (50 μg per sample) were 
electrophoresed on 8%, 10%, 12% or 15% sodium dodecyl 
sulfate polyacrylamide gels (SDS-PAGE), before being 
electrotransferred onto a polyvinylidene fluoride (PVDF) 
membrane (Amersham, UK). After being blocked in PBS 
containing 0.1% Tween 20 with 5% skimmed milk powder 
at 37°C for 4 h, the membrane was incubated overnight with 
primary antibody. The detection step was performed with 
horseradish peroxidase (HRP)-conjugated antibody. The 
target proteins were visualized with an Enhanced Chemilu-
minescent Method kit (SABC, China). 

1.6  Preparation of crude nuclear extracts and electro-
phoretic mobility shift assay (EMSA) 

Cells pro-treated with hydrogen peroxide were harvested 
and suspended in 400 μL buffer A (10 mmol L−1 Hepes, 10 
mmol L−1 KCl, 0.1 mmol L−1 EDTA, 0.2% NP-40, 1 mmol 
L−1 DTT, 0.1 mmol L−1 PMSF, 1 mg L−1 leupeptin, antipain, 
aprotinin and pepstatin) at 4°C for 10 min. With 25 μL 10% 
NP-40 interfused for 15 s, cell debris was collected by cen-
trifugation at 12000×g for 5 min at 4°C. The deposition was 
resuspended in 60 μL buffer B (20 mmol L−1 Hepes, 420 
mmol L−1 NaCl, 0.1 mmol L−1 EDTA, 1.5 mmol L−1 MgCl, 
25% glycerol, 1 mmol L−1 DTT, 0.1 mmol L−1 PMSF, 1 mg 
L−1 leupeptin, antipain, aprotinin and pepstatin) at 4°C for 
20 min. After centrifugation at 12000×g for 10 min at 4°C, 
the supernatants were collected and stored at −70°C until 
use. 

A double-stranded oligonucleotide containing NF-κB 
motif (5′-GAAGCATGGGGACTCTCC-3′ and 5′-TTCCC- 
AAAGGGAGAGTCCCCAAGCTTC-3′) was labeled with 
[γ-32P] ATP by the kinase reaction. Approximately 0.1 pmol 
of the labeled probe was incubated with 5 μg of nuclear 
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extract in a reaction mixture (10 mmol L−1 HEPES-KOH, 
pH 7.9, 50 mmol L−1 KCl, 2.5 mmol L−1 MgCl2, 1 mmol L−1 
dithiothreitol, 10% glycerol, and 2 μg of poly-I:C). After 
15–30 min of incubation at room temperature, the DNA-    
protein complexes were fractionated on a 6% non-denatur-      
ing polyacrylamide gel in 0.5×TBE at room temperature. 
The specificity of the binding reaction was confirmed by a 
competition assay with a 100-fold molar excess of unla-
belled probe. 

1.7  Mathematical modeling 

We adopted two simple models to investigate the connec-
tions between MAPKs (M) and NF-κB (N) as well as their 
roles in the necrosis-to-apoptosis switch. Only the activation 
and deactivation rates are considered in the equations for 
simplicity (Table 1). A Hill function, which indicates a 
nonlinear inhibitory effect (NF-κB dependent inhibition of 
MAPK activation), is represented as Gi(N). Delays are also 
discussed in our equations. The DDEs (delayed differential 
equations) were numerically integrated by a Matlab (Math-
work, R2006b, release 14) dde23 operator. 

Table 1  Parameter details of mathematical models 

Parameter Description Value 
am MAPK activation rate 0.01 
σm MAPK deactivation rate 0.3 
an NF-κB activation rate 0.1 
σn NF-κB deactivation rate 0.015 
E0 Normalized regression threshold 0.05 
n Hill coefficient 5 
τm MAPK time delay 80 
k1 Coefficient for p38 mediated apoptosis activation 0.001 
k2 p38 mediated transformation from necrosis to apop-

tosis 
0.05 

k3 JNK mediated transformation from apoptosis to 
necrosis apoptosis repression 

0.005 

k4 Coefficient for ERK mediated apoptosis repression 0.05 
k5 Coefficient for JNK mediated apoptosis activation 0.1 
k6 Coefficient for JNK mediated necrosis activation 0.06 
k7 Coefficient for ERK mediated necrosis repression 0.001 
IA NF-κB mediated apoptosis repression 0.001 
IN NF-κB mediated necrosis repression 0.001 
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Afrac and Nfrac respectively donate apoptotic and necrotic 
fractions of cells, while 1−Afrac−Nfrac represents fractions of 
normal cells. M1, M2 and M3 respectively represent the 
phosphorylated form of p38, ERK and JNK. 

1.8  Statistical analysis 

Data was expressed as the mean±standard error (SE). Statis-
tical analysis was performed by students’ t-test. P<0.05 or 
P<0.01 was considered statistically significant and indicated 
by ∗ or ∗∗, respectively. 

2  Results 

2.1  A necrosis-to-apoptosis switch occurred in macro-
phages exposed to H2O2 after a period of treatment  

To verify hydrogen peroxide-induced cell death, RAW 
264.7 macrophage cells were exposed to increasing doses of 
hydrogen peroxide of 100, 200, 300, 400 and 500 μmol L−1. 
Cell death was evaluated 4 h later by annexin V/PI double 
staining. As seen in Figure 1A, increasing amounts of hy-
drogen peroxide induced a significant dose-dependent ele-
vation of macrophage death. Exposure to doses of either 0, 
100, 200, 300, 400 or 500 μmol L−1 hydrogen peroxide re-
sulted in approximate values of respectively 3.0%, 3.6%, 
7.8%, 11.6%, 19.1%, 20.8% apoptotic cells and 4.9%, 5.2%, 
7.9%, 7.1%, 16.5%, 23.7% necrotic cells. Time-sequential 
measurements of the proportions of apoptotic cells and ne-
crotic cells were made to analyze the possible cell-death-    
mode switch. RAW 264.7 cells were analyzed by annexin 
V/PI staining after exposure to 500 μmol L−1 hydrogen 
peroxide for either 0.5, 1, 2, 4 or 6 h. At this concentration 
of hydrogen peroxide, a sustained and distinct increase of 
apoptotic cell number was observed, while the necrotic cell 
number progressively rose within the first 4 h of treatment 
before significantly dropping by 8% at 6 h, as shown in 
Figure 1B. The ratio of apoptotic cells to necrotic cells did 
not exhibit considerable variety until 4 h when it rose from 
around 1.0 to approximately 2.0, indicating a necro-
sis-to-apoptosis switch had occurred.  

Therefore, we employed immunofluorescence to confirm 
the existence of intermediate cells undergoing the change 
from necrosis to apoptosis. We photographed the H2O2-    
treated cells stained with Hoechst 33342 and PI by applying 
appropriate filters. As shown in Figure 2B, a large number 
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Figure 1  Necrosis-to-apoptosis switch occurred after a period time of treatment. A, Cells were exposed to 0, 100, 200, 300, 400 and 500 μmol L−1 hydro-
gen peroxide for 4 h. After treatment, cells were harvested before being stained with annexin V and PI. The percentages of necrotic cells and apoptotic cells 
were determined by flow cytometry. B, Cells were treated with 500 μmol L−1 hydrogen peroxide for either 0.5, 1, 2, 4 or 6 h. After the indicated time, cells 
were subjected to annexin V-PI staining. The percentages of necrotic cells and apoptotic cells were determined by flow cytometry and exhibited as  and■  ▲.  

C, The apoptotic cells/necrotic cells ratio within 6 h is shown. The experiment was repeated twice. 

of apoptotic cells characterized by bright blue condensed 
nuclei mono-stained with Hoechst 33342 (green arrow) as 
well as necrotic cells distinguished by red normal-size nu-
clei mono-stained with extensive PI (white arrow) are ob-
served when macrophages were exposed to H2O2 for 3 h. By 
comparison with Figure 2B, few typical necrotic cells are 
seen from the photograph of macrophages treated with H2O2 

for 5 h (Figures 2C and E), whereas many cells whose DNA 
were stained by substantial PI are found not only containing 
shrinking nuclei but their nuclei tend to exhibit a light blue 
color (brown arrow). We characterized these cells as inter-
mediate cells changing from necrosis to apoptosis. In the pic-
ture of macrophages with 7 h H2O2 treatment (Figure 2D), 
relatively few necrotic cells are visible with apoptotic cells 
having contracted double nuclei stained with Hoechst 33342 
and PI (red arrow), which are presumed to have come from 
the intermediate cells. In conclusion, we have demonstrated 
the existence of a cell-death-mode switch from necrosis to 
apoptosis in hydrogen peroxide treated RAW 264.7 macro-
phages. 

2.2  H2O2-induced NF-κB variation in RAW 264.7 
macrophages 

There have been numerous reports noting that NF-κB is 
associated, to a great extent, with cell death [13], so we de-
tected the variation of NF-κB in RAW 264.7 cells exposed 
to 500 μmol L−1 hydrogen peroxide. EMSA was used to 

evaluate the activation of NF-κB, and the phosphorylation 
of I-κB was measured by Western blotting. As seen in Fig-
ure 3A, NF-κB activation did not significantly increase until 
2 h post-induction, when it peaked at 4 h of treatment. After 
that, the activation returned to the basal level. Consistent 
with this phenomenon, little IκB was phosphorylated within 
1 h, thereafter p-IκB significantly increased after 1 h and 
reached the maximum at about 2 h, before returning to a 
relatively low level (Figure 3B). 

2.3  H2O2-induced MAPKs activation in RAW 264.7 
macrophages 

Many MAPKs including JNK, ERK and p38 are closely 
correlated with cell death [14], thus we analyzed ROS-     
induced phosphorylations of MAPKs in RAW 264.7 cells 
challenged with 500 μmol L−1 hydrogen peroxide. As 
shown in Figure 4, the activation of JNK was intense, 
reaching maximum values within 2 h after treatment, de-
creasing thereafter and reaching a control level at about 6 h. 
Similarly, the activation of ERK was also observed at 0.5 h 
of H2O2 treatment, reaching the maximal level at 2 h with a 
progressive decrease thereafter. We further examined p-p38. 
It exhibited a rapid increase and peaked at 0.5 h, thenceforth 
it progressively lessened to the basal level at around 2 h. 
Nevertheless, it returned to a high level at 4 h. In general, 
these alterations are likely to mediate the molecular mecha-
nism of the cell-death-mode switch. 
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Figure 2  Intermediate cells undergoing necrosis to apoptosis were observed with fluorescence microscopy. The cells were stained with a color combina-
tion of DNA-specific dyes Hoechst 33342 (blue) and PI (red). A, Scattered dead cells are shown in the paragraph of control cells. B, Cells were treated with 
500 μmol L−1 H2O2 for 3 h. Apoptotic cells are indicated by green arrows and necrotic cells are emphasized by white arrows. C, Cells were exposed to 500 
μmol L−1 H2O2 for 5 h. Intermediate cells are highlighted by brown arrows. D, Cells were treated with 500 μmol L−1 H2O2 for 7 h. Apoptotic cells originating  

from intermediate cells are indicated by red arrows. E, The details of intermediate cells are shown. This experiment was repeated twice. 

2.4  Analysis of the connections between NF-κB and 
MAPKs via mathematical modeling 

Based on previous reports, we considered one minimal 
model of NF-κB and MAPKs (respectively p-p38, p-ERK, 
p-JNK) interactions (Figure 5A). Because the interaction 
network covers a plethora of components and current 
knowledge of the system is incomplete, we adopted a sim-
plified two-component model to capture the characteristics 
of their regulations. Parameters are non-dimensional. Ap-
plication of non-dimensional parameters is favorable for 
mathematical analysis without loss of topological charac-
teristics.  

We introduced τi (i=1, 2 or 3) as a time delay for NF-κB 
dependent repression of MAPK. Once activated by H2O2, 

MAPKs positively regulate NF-κB activity with a time de-
lay τm. Activated NF-κB inhibits upstream MAPK with dis-
tinct time delays (τi). A small τi value indicates that the 
negative regulatory effects are fast, while large τi value de-
notes slow negative regulations.  

As shown in Figure 5B, compared to Figures 3 and 4, the 
activation patterns of NF-κB and the three MAPKs are ap-
proximately simulated, demonstrating the reliability of this 
model. 

2.5  Simulating a necrosis-to-apoptosis switch via 
mathematical modeling 

Based on the above results, common recognitions and our 
predictions, we further introduce another model to elucidate  
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Figure 3  H2O2 induced the activation of NF-κB in RAW 264.7 macro-
phages. Cells were treated with 500 μmol L−1 hydrogen peroxide for either 
0.5, 1, 2, 4, or 6 h. After the indicated time, cells were lysed and the pro-
teins were collected. A, The activation of NF-κB was detected by EMSA. 
B, The phosphorylation of I-κB was assayed by Western blotting. The  

experiments were repeated twice. 

 

Figure 4  H2O2 induced the phosphorylation of MAPKs in RAW 264.7 
macrophages. Cells were treated with 500 μmol L−1 hydrogen peroxide for 
either 0.5, 1, 2, 4, or 6 h. After the indicated time, cells were lysed and the 
proteins were collected. The phosphorylation of MAPKs including JNK, 
ERK and p38 was examined by Western blotting. These experiments were  

repeated at least twice. 

the mechanism of the necrosis-to-apoptosis switch in H2O2 
treated macrophages. As shown in Figure 6A, apoptosis is 
provoked by p38 and JNK. For necrosis, however, only 
JNK contributes to its activation. p38 is supposed to ensure 
the apoptosis transition from necrosis to apoptosis and JNK 
functions in the reverse direction. NF-κB and ERK repress 
both processes. The simulation results are shown in Figure 
6B. Resembling Figure 2A, a necrosis-to-apoptosis switch 
appears around 4 h, indicating the precision of the models. 

3  Discussion 

In the present study, we detected cell death events in RAW  

 

Figure 5  Predicting connections between NF-κB and MAPK via mathe-
matical modeling. A, A simple model comprising MAPKs and NF-κB has 
been employed to capture the characteristics of their regulations. MAPKs 
and NF-κB are both activated by H2O2 treatment. MAPKs positively regu-
late NF-κB while they are repressed by NF-κB via negative feedback. τm 

and τi (i=1, 2, 3) respectively represent time delays of MAPKs dependent 
activation of NF-κB and NF-κB dependent inhibition of MAPKs. B, The 
simulating results resemble the activation patterns of NF-κB and MAPKs  

in Figures 3 and 4 (A.U.=arbitrary unit). 

264.7 macrophages triggered by H2O2. We found that both 
apoptosis and necrosis coexisted, as seen in Figure 1A. As 
the consequence of apoptosis is recognized to be superior to 
that of necrosis for an entire organism, we did time-sequen-      
tial measurements to determine whether a cell-death-mode 
switch between apoptosis and necrosis existed. Our results 
showed that the ratio of apoptotic cells to necrotic cells 
strongly went up after 4 h of treatment (Figure 2B). A 
number of intermediate cells undergoing necrosis-to-apop-     
tosis change were observed via immunofluorescence (Fig-
ures 2C and E). We thus confirmed that the necro-
sis-to-apoptosis switch did occur in H2O2 treated RAW 
264.7 macrophages. 

The mechanisms underlying the cell death mode switch 
have been analyzed in several cell types, and a few conclu-
sions have been proposed, including decreases in the intra-
cellular level of ATP [15], inactivation of caspases [16], and 
regulation of Protein Kinase C [4]. However, never previ-
ously have NF-κB and MAPKs been mentioned to be in-
volved in the switch mechanisms. Our data demonstrated 
the transient activation of NF-κB, JNK and ERK as well as 
re-activation of p38 around 4 h of treatment time (Figures 3 
and 4). Therefore, we supposed that both NF-κB and 
MAPKs were critical factors in this cell-death-mode switch. 

It has been reported that complicated connections exist 
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Figure 6  Simulating necrosis-to-apoptosis switch via mathematical mod-
eling. A, A model including MAPKs and NF-κB is introduced to elucidate 
the mechanism of this cell-death-mode switch. Apoptosis is activated by 
p38 and JNK. For necrosis, however, only JNK contributes to its activation. 
Meanwhile, p38 is thought to ensure the apoptosis transition from necrosis 
to apoptosis and JNK functions in the reverse direction. NF-κB and ERK 
repress both processes. B, The simulating result resembles the cell-death- 

mode switch in Figure 1B. 

between NF-κB and MAPKs. MAPKs are considered to be 
one kind of key inducer of NF-κB. Maritza Jaramillo et al. 
[12] found that ERK1/2 induced NF-κB activation in H2O2 

treated macrophages. Eirini Kefaloyianni et al. [17] showed 
that both ERK and p38 were involved in NF-κB activation 
during oxidative stress. In addition, Vladimir S. Spiegelman 
reported that JNK activates NF-κB through the induction of 
β-TrCP [18]. While activated, NF-κB promotes the expres-
sion of several proteins which are inhibitors of MAPKs. For 
example, JNK is inhibited by NF-κB activation through 
up-regulation of the inhibitory proteins of JNK including 
GADD45β, XIAP, and c-FLIPL [19,20].  

In accordance with these pieces of evidence and our data, 
we introduced a minimal mathematical model of NF-κB and 
MAPKs (respectively p-p38, p-ERK, p-JNK) interactions. 
As shown in Figure 5A, under oxidative stress, NF-κB and 
MAPKs become activated. Once activated, MAPKs posi-
tively regulated NF-κB activation with a time delay τm. Ac-
tivated NF-κB inhibits upstream MAPK with distinct time 

delays (τi). Short delays indicate fast negative regulatory 
effects, while long delays denote slow negative regulations.  

As shown in Figure 5B (τ1=10 min), NF-κB is activated 
and elicits one pulse. NF-κB decreases p-p38 activation 
through a fast negative feedback loop. The activated level of 
MAPK declines at about 2 h. Note that p-p38 positively 
regulates NF-κB activation. As activated p-p38 reverts to a 
low level, NF-κB is deactivated. Deactivation of NF-κB 
increases the activation rate for p-p38 and hence induces a 
second p-p38 pulse at about 260 min. Upon increasing τi 
(e.g., τ2=120 min), inhibition of p-ERK by NF-κB becomes 
a slow negative feedback loop, and as demonstrated above, 
the level of activated p-ERK drops owing to the NF-κB 
inhibitory effect. The time by which p-ERK reverts to the 
original steady state is at about 240 min showing a consid-
erable delay about 120 min compared with a fast negative 
feedback. It shows one p-ERK pulse within 6 h. As τi fur-
ther increases (τi=150 min), the time by which the levels of 
phosphorylated MAPK (p-JNK) decline is at about 290 min, 
which indicates a larger delay compared with p-ERK.  

Based on the simulation results of the model mentioned 
above, we set out to investigate the regulatory mechanism 
of the necrosis-to-apoptosis switch mediated by NF-κB and 
MAPKs. NF-κB and ERK are believed to provide an 
anti-apoptotic function in macrophages, JNK is reported to 
aggravate macrophage necrosis and p38 is recognized to 
promote macrophage apoptosis [21–24]. Hence, we pro-
posed a second model to illustrate MAPKs and NF-κB me-
diated apoptosis/necrosis regulatory effects. As shown in 
Figure 6A, apoptosis is activated by p38 and JNK. For ne-
crosis, however, only JNK contributes to its activation. p38 
is believed to ensure an apoptosis transition from necrosis to 
apoptosis and JNK functions in the reverse directions. 
NF-κB and ERK repress both processes. Resembling Figure 
2A, apoptotic cells increase within 6 h (Figure 6B). Ne-
crotic cells continue growing until about 4 h when their 
number decreases. At early times (probably within 4 h), the 
apoptosis (p38) and necrosis (JNK) promoting effects sur-
pass the inhibitory effects, such that both the necrotic and 
apoptotic fractions keep growing. JNK and p38 induced 
conversion counteracts each other. 4 h later, levels of JNK 
and ERK decline with p38 contributing now and promoting 
the apoptosis transition from necrosis which represents the 
necrosis decrease. Simulation results show that bifurcation 
of apoptosis and necrosis may be ascribed to the temporal 
control by differential MAPK regulatory effects.  

Taken together, a fast negative feedback loop (i.e., the 
inhibitory effect of NF-κB) ensures two MAPK (p-p38) 
pulses, while a fast loop only elicits one MAPK pulse 
(p-ERK and p-JNK) within 6 h. Simulation results show 
that although NF-κB negatively regulates MAPK activities, 
the diverse MAPK dynamical patterns are attributed to ei-
ther fast or slow feedback loops (i.e., the time delays of τi). 
Further simulation results verified these two models. 



 Lin XuZhu, et al.   Sci China Life Sci   October (2010) Vol.53 No.10 1203 

 

Thoroughly analyzed mechanisms of cell-death-mode 
switches contribute to therapeutics. In our present study, it 
seems that the death mode of macrophages challenged with 
ROS may be switched. ROS is abundantly generated by 
innate immune cells to antagonize pathogen invasion, but 
ROS also does great harm to immune cells themselves, in-
cluding mortality. The necrosis-to-apoptosis switch in 
macrophages under oxidative stress restrains the number of 
necrotic cells, protecting the entire organism from excessive 
inflammation. Herein, the simulation results demonstrate 
that this switch may be mediated by the regulations of 
MAPKs and NF-κB, providing significant data for use in 
subsequent investigations. 
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