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Abstract 
Background: The accumulation of cytokines in the plasma after trauma can induce myocyte 
apoptosis. We aimed to identify which cytokine(s) present in the plasma responsible for 
myocyte apoptosis, and delineated the signal transduction mechanism in rats subjected 
to surgical trauma. Methods: Rats were randomized into two groups: control and trauma 
groups, which was divided into five subgroups: posttraumatic 0, 3, 6, 12, and 24 h subgroups. 
Cardiomyocytes isolated from traumatized rats were incubated with one of the factors for 
12 h (normal plasma; Cytomix; TNF-α; IL-1β; IFN-γ; trauma plasma; anti-TNF-α antibody; 
SB203580). Myocyte apoptosis, cytokine levels, and MAPKs activation, as the primary 
experimental outcomes, were measured by TUNEL, flow cytometry, ELISA and Western blot, 
respectively. Results: Myocyte apoptosis was induced by surgical trauma during the early 
stage after trauma. Accompanying this change, plasma TNF-α, IL-1β, and IFN-γ levels were 
elevated in traumatized rats. Incubation of traumatized cardiomyocytes with cytomix or TNF-α 
alone induced myocyte apoptosis, and increased the activation of p38 and ERK1/2. Myocyte 
apoptosis and p38 activation were elevated in traumatized cardiomyocytes with trauma 
plasma, and these increases were partly abolished by anti-TNF-α antibody or SB203580. 
Conclusion: Our study demonstrated that there exists the TNF-α-mediated-p38-dependent 
signaling pathway that contributed to posttraumatic myocyte apoptosis of rats undergoing 
surgical trauma. 
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Introduction

Recently clinical reports indicated that surgical trauma can induce delayed myocardial 
injury in the absence of direct cardiac injury [1]. Cardiac dysfunction was a key contributor 
to mortality in patients undergoing abdominal surgery [2, 3]. Hence, identifying the 
mechanisms responsible for trauma-induced cardiac injury and searching for therapeutic 
strategies to prevent secondary organ injury after trauma is critical in reducing overall 
morbidity and mortality.

Apoptosis plays a critical role in tissue injury and organ dysfunction under a variety 
of pathological conditions. Previous study demonstrated myocyte apoptosis occurred 
in the myocardium of rats following thermal injury, and was mediated by factors in the 
plasma [4, 5]. In the mechanical injury model, myocyte apoptosis was observed, and pro-
apoptotic mediators that trigger myocyte apoptosis were present in the plasma rather than 
cardiomyocytes themselves [6, 7]. These studies provided a clue that myocyte apoptosis 
was induced by thermal or mechanical injury, as the pathologic basis of posttraumatic 
myocardial injury, and was secondary to an increase of plasma cytokine after injury. However, 
it is unknown whether myocyte apoptosis can be triggered by surgical trauma, and nor has 
studied which cytokine(s) present in the plasma accounts for myocyte apoptosis in rats 
undergoing surgical trauma.

Recent studies on the molecular mechanisms mediating apoptosis have focused on the 
activation of mitogen-activated protein kinases (MAPKs) signaling pathway in vivo and vitro 
trauma models [8]. MAPKs fall into three main families: p38, c-Jun N-terminal kinase (JNK) 
and extracellular signal-regulated kinase 1/2 (ERK1/ 2). Studies suggested that p38 and 
JNK were involved in apoptotic signaling in several cell types, and ERK1/2 kinase has been 
shown to survive of the cells [9]. The unbalance between the “death” signal mediated by p38 
and JNK, and the “survival” signal generated by ERK1/2 will lead to cell apoptosis. Recently, 
study reported that p38, JNK and ERK1/2 were rapidly and transiently phosphorylated after 
mechanical injury, which resulted in cell apoptosis [10]. However, functional roles of MAPKs 
in determining myocyte apoptosis in rats undergoing surgical trauma have not been fully 
elucidated.

Therefore, the purpose of this study was to identify which cytokine(s) present in the 
plasma accounts for myocyte apoptosis, and if so, to delineate the signal transduction 
mechanisms in rats undergoing surgical trauma. 

Materials and Methods

Animal studies
Male Sprague-Dawley (SD) rats (200-220 g) supplied by the Animal Center of Vital River Laboratories 

(Beijing, China), were acclimated in controlled conditions (12:12 h light/dark cycle, 23 ± 0.5°C, relative 
humidity 40%-60%) for one week. All experiments were approved by the committee of Harbin Medical 
University, and performed in accordance with the Guide for the Care and Use of Laboratory Animals of 
the United States National Institute of Health. All surgery and sacrifice were performed under sodium 
pentobarbital anesthesia, and all efforts were made to minimize suffering.

Experimental design and trauma procedure
Rats were randomized into two groups: control group (n = 10), and trauma group (n = 50), which 

was divided into five subgroups: posttraumatic 0 (immediately after trauma), 3, 6, 12, and 24 h subgroups 
(n = 10 per subgroup) by using a computer-generated random number table. All rats were fasted 
overnight but allowed water ad libitum before the experiment. Traumatized rats were anesthetized with 
an intraperitoneal injection of pentobarbital sodium (40 mg/kg) at 9:00 AM. As described by Wang et al. 
[11], rats were aseptically incised longitudinally to a length of 6 cm along the dorsal median line and 5 cm 
along the abdominal median line, and the abdominal viscera were exposed for 3 min. After ensuring there 
was no bleeding in the abdominal cavity, the wound was sutured and covered with adhesive dressing. The 
duration of surgery was 15-20 min. Rats were awaked 5-10 min after trauma, and provided with water and 
food ad libitum. Rats of control group were only anesthetized without surgical trauma. After completion of 
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the procedure, rats of control group were immediately killed, and traumatized rats allowed to recover in a 
warmed chamber and killed 0, 3, 6, 12, and 24 h after trauma. 

Previous studies [12-14] and our experiment [15] demonstrated that the surgical trauma model of rats 
can imitate clinical features, and was used to illustrate the effects of surgical trauma and stress on the body 
function, and this model was relatively easy to perform. Surgical trauma and anesthesia were performed by 
two researchers who were not involved in data acquisition and analysis. Research assistants who collected 
the measurements and performed the assays were blinded to group assignments. 

Cardiomyocytes culture and treatments
To examine trauma-induced myocyte aopotosis, hearts were collected at several times; Calcium-

tolerant adult rat ventricular myocytes (ARVMs) were isolated from hearts of control or traumatized rats as 
described by Singh [16]. Briefly, hearts were perfused retrogradely with nominally Ca2+-free Krebs-Henseleit 
bicarbonate buffer and were minced and dissociated in the same buffer containing 0.02 mg/mL trypsin 
and 0.02 mg/mL deoxyribonuclease (Sigma, St. Louis, MO). The cell mixture was filtered and sedimented 
through 60 μg/mL bovine serum (Sigma) albumin to separate ventricular myocytes from nonmyocyte cells. 

The cell pellet was resuspended in ACCT medium consisting of Dulbecco's modified Eagle's medium 
with 2 mg/mL bovine serum albumin, 2 mM L-carnitine, 5 mM creatine, 5 mM taurine, 100 IU/mL penicillin, 
and 100 μg/mL streptomycin (Sigma). The ARVMs were then plated at 0.5-1×104 cells/cm2 in culture dishes 
(Thermo Fisher Scientific, Waltham, MA) precoated with laminin (1 μg/cm2; BD Biosciences, San Jose, CA). 
After 1 h, the dishes were washed with ACCT to remove the nonadherent cells. Experiments were performed 
following 16 h of culture at 37°C in a humidified atmosphere (5% CO2 and 95% air).

To identify the specific cytokine(s) responsible for mediating myocyte apoptosis after surgical trauma, 
cardiomyocytes isolated from traumatized rats (traumatized cardiomyocytes) were incubated with one of 
the following factors for 12 h: normal plasma, trauma plasma (isolated 6 h after trauma), and Cytomix (a 
mixture of 10 ng/mL TNF-α, 1 ng/mL IL-1β, and 1,000 U/mL IFN-γ; PeproTech Inc., New Jersey, USA) [17]; 
individual components of Cytomix at one to three times the concentration used in the mixture; or trauma 
plasma plus anti-TNF-α antibody (1 μg/mL; Abcam Inc., Cambridge, UK) [18].

To delineate the role of p38, JNK1/2, and ERK1/2 in myocyte apoptosis initiated by surgical trauma, 
cardiomyocytes isolated from traumatized rats were subjected to one of the following treatments: normal 
plasma, trauma plasma, and trauma plasma plus SB203580 (a highly selective p38 inhibitor, 10 μM; Sigma) 
[10]. Each experimental condition listed above was examined in triplicate using cardiomyocytes isolated 
from the same animal. Results from the same animal were averaged and counted as one sample. At the end 
of the experiments, myocyte apoptosis and MAPKs activation were determined.

In situ detection of myocyte apoptosis in vivo by TUNEL assay
Heart tissue was fixed in 10% formalin, embedded in paraffin, and sectioned at 4 µm. The slides were 

processed for TUNEL assay by using the In Situ Cell Death Detection Kit (Roche, Indianapolis, IN). Briefly, 
the slides were treated with 20 µg/mL proteinase K and H2O2, and then incubated with the TUNEL reaction 
mixture containing TdT and fluorescein-dUTP for 1 h at 37°C. Labeled DNA was visualized with peroxide 
as econjugated antifluorescein antibody using 3,3’-diaminobenzidine as the chromogen. After that, each 
slide was processed with hematoxylin to stain nonapoptotic cell nuclei. Sections pretreated with DNase I 
(10 U/mL) for 20 min at 37°C were used as positive controls and sections for which TdT was omitted from 
the reaction mixture were used as negative controls. Entire tissue sections from each myocardial specimen 
were examined and the numbers of TUNEL-positive cardiomyocytes and total cardiomyocytes were 
counted using a light microscope with an eyepiece grid (magnification × 200); Cardiomyocyte apoptotic 
rates were calculated as the ratio of the numbers of TUNEL positive cardiomyocytes to the numbers of total 
cardiomyocytes. Results from different fields taken from the same animal were averaged and counted as 
one sample. 

Flow cytometric analysis of isolated myocyte apoptosis 
Cardiomyocytes were washed with PBS, centrifuged at 800 X g for 6 min, resuspended in ice-cold 

70% ethanol/PBS, centrifuged at 800 X g for a further 6 min, and resuspended in PBS. Cells were then 
incubated with propidium iodide (PI) and FITC-labelled Annexin V (BD Biosciences) for 30 min at 37°C. 
Excess PI and Annexin V were then washed off. Cells were fixed and then stained cells were analysed by flow 
cytometry using FACS Calibur (Becton Dickinson, Mountain View, CA) equipped with 488 nm argon laser 
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light source; 515 nm band pass filter for FITC-fluorescence and 623 nm band pass filter for PI-fluorescence 
using CellQuest software. A dot plot of PI- fluorescence (y-axis) versus FITC-fluorescence (x-axis) has been 
prepared.

Colorimetric assays of cardiomyocytes caspase-3, 8, and 9 activities
The activity of caspases-3, 8, and 9 was measured with colorimetric assays using the caspase-3 (R&D 

Systems, Love Molly weir, CA), caspase-8 (Chemicon International Inc., CA), and caspase-9 (Calbiochem) 
assay kit. Briefly, cells were washed twice with ice-cold PBS and resuspended in cell lysis buffer. Cell lysates 
were centrifuged, and the supernatants were incubated with the colorimetric substrate Ac-Asp-Glu-Val-
Asp-p- nitroanilide (Ac-DEVD-pNA), N-acetyl-Ile-Glu-Thr-Asp-p-nitroanilide (Ac-IETD-pNA), or Ac-Leu-Glu-
His- Asp-p-nitroanilide (Ac-LEHD-pNA) for caspases-3, 8, and 9, respectively. The release of pNA from Ac- 
DEVD-pNA, Ac-IETD-pNA, or Ac-LEHD-pNA was measured at 405 nm using a spectrophotometer. Data were 
given as relative units (folds over NP).

ELISA assays of plasma cytokines
To determine the time course of plasma TNF-α, IL-1β, and IFN-γ production after trauma, rats 

were sacrificed 0, 3, 6, 12 and 24 h after trauma. Blood samples were obtained and the concentrations 
of plasma TNF-α, IL-1β, and IFN-γ were determined by use of double antibody Quantikine Enzyme-linked 
immunosorbent (ELISA) kits (Shanghai Senxiong Science and Technology Company, Shanghai, China). 

Western blot analysis of cardiomyocytes MAPKs, Bax and Bcl-2
Briefly, the protein of each cell lysate was separated on 10% sodium dodecyl sulfatepolyacrylamide 

gel electrophoresis and electrotransferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories, 
Hercules, CA). The membranes were saturated with blocking buffer for 1 h at room temperature and 
incubated with the antibody to Bcl-2 and Bax (500ng/mL), total-p38 (1:500 dilution), phos-p38 (1:500 
dilution), total-JNK (1:500 dilution), and phos-JNK (1:500 dilution), total-ERK1/2 (1:500 dilution), phos-
ERK1/2 (1:500 dilution) or β-actin (1:1000 dilution) (Santa Cruz, Los Angeles, CA) at 4°C overnight. After 
the membranes were washed three times in 0.3% Tween 20/phosphate buffered saline for 10 min, they 
were incubated with an IRDye800 conjugated secondary antibody (Biotrend Chemikalien GmbH, Germany) 
in blocking buffer. Western blotting experiments were repeated three times. β-actin was used as an internal 
control. Protein-antibody complexes conjugated with IRDye800 were visualized on the Odyssey Infrared 
Imaging System, and quantified with Odyssey v1.2 software (LI-COR Biosciences, Bad Homburg, Germany). 
The densitometric values were performed by using the ratios of the measured proteins to β-actin, and then 
these values were given as relative units (folds over NP). 

Data analysis and statistics
Power analysis was based on our results of preliminary experiments comparing cytokines and 

cardiomyocyte apoptosis at 6 h after trauma in traumatized rats compared with control rats and yielded 
a sample size of n = 10 (α = 0.05; 1 – β = 0.9) for per group or subgroup. Data were analyzed with SPSS 
13.0 software (serial 5031432, Stats Data Mining Co., China). Western blot densities were analyzed with 
the Kruskal-Wallis test followed by Dunn post-hoc test. Other data were subjected to one way analysis of 
variance (ANOVA) followed by Bonferroni correction for post-hoc t test. P<0.05 was considered significant.

In the study, there was no adverse event in all experimental groups. Myocyte apoptosis and plasma 
TNF-α, IL-1β and IFN-γ levels in control group and trauma subgroups were measured (n = 10 rats per 
group or subgroup). Cardiomyocyte caspases-3, 8, and 9 activities, expressions of Bax and Bcl-2, and MAPKs 
activation were measured by colorimetric assays and western blot analysis, respectively (n = 3 independent 
experiments).

Results

Time course of myocyte apoptosis of traumatized rats 
Myocyte apoptosis of the heart tissue in vivo was detected by in situ TUNEL staining. 

The TUNEL-positive cells had brown stained nuclei, which could be distinguished from the 
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blue stained nuclei of the nonapoptotic cells. No TUNEL-positive myocytes were detected in 
control rats and traumatized rats 0 h after trauma. As shown in Fig. 1, the TUNEL-positive 
cardiomyocytes were first observed 3 h after trauma, and the numbers showed further 
increases 6 h after trauma, and peaked 12 h after trauma, and thereafter decreased 24 h after 
trauma. The rate of myocyte apoptosis at 3, 6, 12, and 24 h after trauma was 2.60%, 4.11%, 
5.52%, and 3.43%, respectively (P<0.05 vs control, Fig. 1).

Isolated cardiomyocytes apoptosis from traumatized rats was measured by flow 
cytometry. Myocyte apoptosis was not observed in control rats and traumatized rats 0 h 
after trauma. The apoptosis rate increased 3 h after trauma (2.51%), and reach a peak level 
12 h after trauma (6.46%), and then decreased gradually 24 h after trauma (4.56%) (P<0.05 
vs control, Fig. 2A & B). These results suggested that myocyte apoptosis was induced by 
surgical trauma.

Fig. 1. Changes of myocyte apoptosis of the heart tissue after trauma. Pentobarbital anesthetized rats were 
subjected to control or trauma group. Trauma group included five subgroups: posttraumatic 0, 3, 6, 12, and 
24 h subgroups. Their hearts were collected at several times, and myocyte apoptosis in the heart tissue was 
measured by situ DNA TUNEL staining. Representative figures showed myocyte apoptosis in control and 
traumatized rats. Arrows indicated the positive staining identifying apoptotic nuclei. Magnification (×200). 
* P<0.05 vs. control. n = 10 rats per group or subgroup. 

Fig. 2. Changes of isolated myocyte apoptosis after trauma. Pentobarbital anesthetized rats were subjected 
to control or trauma group. Trauma group included five subgroups: posttraumatic 0, 3, 6, 12, and 24 h sub-
groups. Their hearts were collected at several times, and isolated myocyte apoptosis was measured by Flow 
cytometry. * P<0.05 vs. control. n = 10 rats per group or subgroup. 
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Time course of plasma cytokine levels in traumatized rats 
At 0 h after trauma, plasma TNF-α level (0.26 pg/mg) was elevated in traumatized rats 

compared with control (0.19 pg/mg) (P<0.05). TNF-α level reached a peak level 3 h after 
trauma (0.52 pg/mg), then declined gradually thereafter (posttraumatic 6 h: 0.45 pg/mg, 12 
h: 0.40 pg/mg, 24 h: 0.35 pg/mg) (P<0.05 vs control, Fig. 3A).

At 0 h after trauma, plasma IL-1β level was not changed in traumatized rats. The 
increase of IL-1β was detectable 3 h after trauma (1.85 pg/mg), and reached a peak level 6 
h after trauma (2.30 pg/mg), then decreased gradually (posttraumatic 12 h: 2.0 pg/mg, 24 
h:1.7 pg/mg) (P<0.05 vs control, Fig. 3B).

At 0 h after trauma, plasma IFN-γ level (0.93 pg/mg) was elevated in traumatized rats, 
and increased gradually 3 h after trauma (1.22 pg/mg), and peaked 6 h after trauma (1.46 
pg/mg), then declined thereafter (posttraumatic 12 h: 1.32 pg/mg, 24 h: 1.2 pg/mg) (P<0.05 
vs control, Fig. 3C). 

These results suggested that levels of plasma TNF-α, IL-1β and IFN-γ were elevated 
in traumatized rats, although individual cytokines exhibited different time courses after 
trauma. Noticeably, all three cytokines peaked at or after ~6 h after trauma, a time point that 
was about 6 h ahead of myocyte apoptosis occurring after trauma.

Identification of a specific cytokine responsible for myocyte apoptosis
As shown in Fig. 4A, the incubation of traumatized cardiomyocytes with normal plasma 

+ Cytomix increased the activities of caspase-3, 8, and 9 compared with normal plasma 
(P<0.01). The addition of IFN-γ or IL-1β alone had no significant effect on caspase-3, 8, and 
9 activities. Addition of TNF-α alone at the concentration used in the Cytomix increased 
cardiomyocyte caspase-3, 8, and 9 activities (P<0.01 vs normal plasma). 

As shown in Fig. 4B, the incubation of traumatized cardiomyocytes with normal plasma + 
Cytomix increased the expression of the proapoptotic gene Bax, whereas that of antiapoptotic 

Fig. 3. Changes of plasma TNF-α, IL-1β and IFN-γ 
after trauma. Pentobarbital anesthetized rats were 
subjected to control or trauma group. Trauma group 
included five subgroups: posttraumatic 0, 3, 6, 12, 
and 24 h subgroups. Plasma samples were obtained 
at the specified time points, and TNF-α (A), IL-1β 
(B) and IFN-γ (C) levels were measured by ELISA. 
*P<0.05 vs. control. n = 10 rats per group or subg-
roup.
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gene Bcl-2 was decreased compared with normal plasma (P<0.01). The addition of IFN-γ or 
IL-1β alone had no significant effect on the expression of Bax and Bcl-2. Addition of TNF-α 
alone at the concentration used in the Cytomix increased the expression of Bax, whereas that 
of Bcl-2 was decreased (P<0.01 vs normal plasma).

Fig. 4. Changes of the activities of caspases-3, 
8 and 9, and the expression of Bax and Bcl-2 af-
ter the incubation of Cytomix, TNF-α, IL-1β and 
IFN-γ. Cardiomyocytes isolated from trauma-
tized rats (traumatized cardiomyocytes) were 
incubated with one of the following factors for 
12 h: normal plasma; Cytomix (a mixture of 10 
ng/mL TNF-α, 1 ng/mL IL-1β, and 1,000 U/mL 
IFN-γ); 10 ng/mL TNF-α; 1 ng/mL IL-1β; 1,000 
U/mL IFN-γ. Caspases-3, 8, and 9 activities, and 
the expression of Bax and Bcl-2 were assayed by 
colorimetric assays and western blot, respecti-
vely. **P<0.01 vs. NP. n = 3 independent expe-
riments.

Fig. 5. Changes of MAPKs activation after the incubation of Cytomix, TNF-α, IL-1β and IFN-γ. Cardiomyocy-
tes isolated from traumatized rats (traumatized cardiomyocytes) were incubated with one of the following 
factors for 12 h: normal plasma (NP); Cytomix (a mixture of 10 ng/mL TNF-α, 1 ng/mL IL-1β, and 1,000 U/
mL IFN-γ); 10 ng/mL TNF-α; 1 ng/mL IL-1β, and 1,000 U/mL IFN-γ. Total- and phos- of p38 and ERK1/2 
were measured by western blot. **P < 0.01 vs. NP. n = 3 independent experiments. 
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TNF-α linking myocyte apoptosis and MAPKs activation
As shown in Fig. 5A, the incubation of traumatized cardiomyocytes with normal plasma 

+ Cytomix increased significantly p38 activation (phos-p38) compared with normal plasma 
(P<0.01). The addition of IFN-γ or IL-1β alone had no significant effect on p38 activation. 
However, the addition of TNF-α alone at the concentration used in the Cytomix increased 
p38 activation (P<0.01 vs normal plasma). There were no alterations of total-p38 among 
groups.

As shown in Fig. 5B, the incubation of traumatized cardiomyocytes with normal plasma 
+ Cytomix increased ERK1/2 activation (phos-ERK1/2) compared with normal plasma 
(P<0.01). No significant effect on ERK1/2 activation was observed when the addition of 
IFN-γ or IL-1β alone. However, the addition of TNF-α alone at the concentration used in 
the Cytomix elevated ERK1/2 activation (P<0.01 vs normal plasma). There were no the 
significant changes of total-ERK1/2 among groups. 

Both total- and phos-JNK were not altered among groups (not shown in the figures).
Compared with normal plasma, the activities of caspase-3, 8, and 9 was increased in 

traumatized cardiomyocytes with trauma plasma (P<0.01, Fig. 6A). Compared with trauma 
plasma, caspase-3, 8, and 9 activities were partly inhibited (0.77, 0.71, and 0.78 folds, 
respectively) by anti-TNF-α antibody (P<0.05). These results suggested that plasma anti-
TNF-α antibody decreased myocyte apoptosis of rats undergoing surgical trauma. 

Compared with normal plasma, p38 activation (phos-p38) was increased 1.75 fold in 
traumatized myocytes with trauma plasma (P<0.01, Fig. 6B). Compared with trauma plasma, 
p38 activation was decreased 0.77 folds by anti-TNF-α antibody (P<0.05). There were no 
significant changes of total-p38. Both total- and phos-ERK1/2 were not altered among groups 
(not shown in the figures). These results suggested that plasma TNF-α was responsible for 
posttraumatic myocyte apoptosis and p38 activation in rats undergoing surgical trauma.

P38 involving TNF-α-induced myocyte apoptosis
Compared with normal plasma, caspase-3, 8, and 9 activities were increased in 

traumatized cardiomyocytes with trauma plasma (P<0.01, Fig. 7A). Compared with trauma 

Fig. 6. Changes of caspases-3, 8, and 9 activities, and p38 activation after the incubation of anti-TNF-α an-
tibody. Cardiomyocytes isolated from traumatized rats (traumatized cardiomyocytes) were incubated with 
one of the following factors for 12 h: normal plasma (NP); trauma plasma (TP); TP plus 1 μg/mL anti-TNF-α 
antibody. The activities of caspases-3, 8 and 9, and the expression of total- and phos-p38 were measured 
by colorimetric assays and western blot, respectively. **P<0.01 vs. NP; #P<0.05 vs. TP. n = 3 independent 
experiments. 
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plasma, the activities of caspase-3, 8, and 9 were inhibited partly (0.81, 0.73, and 0.82 folds, 
respectively) by SB203580 (P<0.05). 

Compared with normal plasma, p38 activation (phos-p38) was increased 1.69 fold in 
traumatized cardiomyocytes with trauma plasma (P<0.01, Fig. 7B). Compared with trauma 
plasma, p38 activation was decreased 0.74 fold by SB203580 (P<0.05). These results 
suggested that p38 pathway was involving in the TNF-α-induced myocyte apoptosis in rats 
undergoing surgical trauma. 

Discussion

Previous studies showed that myocyte apoptosis was observed during the early 
stage after sever burn or mechanical injury, which may account for posttraumatic cardiac 
dysfunction and even multiple organ dysfunction syndrome [4-7]. Recent studies have 
indicated a crucial role of the increased inflammatory cytokines in the plasma, such as TNF-α, 
IL-1β, and IFN-γ, and the importance of the subsequent activation of MAPKs in the induction 
of posttraumatic apoptosis [4-8]. Although myocyte apoptosis appeared in the several 
types of injury, to our study, no study has shown that myocyte apoptosis can be triggered 
by surgical trauma, and that trauma-induced apoptosis was causally linked to the plasma 
specific cytokine(s) and related MAPKs in the surgical trauma model of rats. In the present 
study, we had several novel observations. First, surgical trauma induced myocyte apoptosis 
of rats. Second, plasma TNF-α may contribute to posttraumatic myocyte apoptosis in rats 
undergoing surgical trauma. Finally, p38 activation was involving in the TNF-α-mediated 
myocyte apoptosis. Taken together, our present study demonstrated that there existed a TNF-
α-mediated-p38-dependent pathway that contributed to posttraumatic myocyte apoptosis 
in rats undergoing surgical trauma. 

In this study, myocyte apoptosis appeared as early as posttraumatic 3 h and reached a 
peak level 12 h after trauma, and were still observed 24 h after trauma. The time course of 

Fig. 7. Changes of caspases-3, 8, and 9 activities, and p38 activation after the incubation of SB203580. Cardi-
omyocytes isolated from traumatized rats (traumatized cardiomyocytes) were subjected to one of the follo-
wing treatments for 12 h: normal plasma (NP); trauma plasma (TP); TP plus 10 μM SB203580. The activities 
of caspases-3, 8 and 9, and the expression of total- and phos-p38 were assayed by colorimetric assays and 
western blot, respectively. **P<0.01 vs. NP; #P<0.05 vs. TP. n = 3 independent experiments.

D
ow

nloaded from
 http://w

w
w

.karger.com
/cpb/article-pdf/35/4/1454/2430321/000373965.pdf by guest on 19 April 2024



Cell Physiol Biochem 2015;35:1454-1466
DOI: 10.1159/000373965
Published online: March 12, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1463

Wu et al.: Plasma TNF-α Mediated Myocyte Apoptosis

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

myocyte apoptosis in our study was consistent with findings that myocyte apoptosis reached 
a maximal level 12 h after injury and remained a significantly high level 24 h after injury 
in the mechanical injury model [6]. This indicated that myocyte apoptosis appeared during 
the early period after trauma. In our study, we did not investigate the relation of myocyte 
apoptosis and posttraumatic cardiac dysfunction. To be clinically useful, therefore, additional 
studies required to further elucidate the changes of posttraumatic cardiac dysfunction.

Cytokines, such as TNF-α, IL-1β, and IFN-γ, are critical pro-apoptosis factors that 
cause cell death and tissue injury under various pathologic conditions [19]. It has been 
demonstrated that TNF-α, IL-1β, and IFN-γ induced myocytes apoptosis in sever burn model 
[20]. Previous study showed that plasma TNF-α concentration was increased by mechanical 
injury (starting 1.5 h and peaking 12 h after injury), and mechanical injury induced TNF-α 
overproduction was the primary cause for myocyte apoptosis in traumatized rats [19]. In 
our study, myocyte apoptosis was observed in traumatized rats, and this was accompanied 
by an increase of plasma TNF-α, IL-1β, and IFN-γ. This result signified that the apoptotic 
phenomena were related to the accumulation of plasma TNF-α, IL-1β, and IFN-γ. Furthermore, 
all three cytokines peaked at or before posttraumatic 6 h, a time point that was 6 h ahead of 
significant myocyte apoptosis occurring after trauma. These results strongly suggested that 
surgical trauma may result in the accumulation of inflammatory cytokines in the plasma, and 
then increased cytokines mediated posttraumatic myocyte apoptosis. 

To further identify the specific cytokine(s) responsible for the induction of myocyte 
apoptosis, two additional experiments in vitro were performed. In the first series of 
experiments, traumatized cardiomyocytes were incubated with cytomix (a mixture of IFN-γ, 
IL-1β, and TNF-α) or alone, and the activities of caspases-3, 8 and 9, and the protein expression 
of Bax and Bcl-2 were determined. Executioner caspases are central to the apoptotic cascade 
because they mediate both the mitochondrial and the death receptor apoptotic pathways. 
Caspase-3, 8, and 9 are thought to be important in cardiomyocyte apoptosis [21]. Bcl-2 
protein is a cytosolic protein with a lipid-anchoring domain which allows it to target the 
nucleus and to inhibit apoptosis. Bax, a member of the Bcl-family, homodimerizes and forms 
heterodimers with Bcl-2 protein, reducing its anti-apoptotic effect. Bcl-2 and Bax have 
the opposite effects on the process of cell apoptosis. Previous study showed that Bcl-2 
expression was markedly reduced in cardiac tissues by apoptosis-inducing stresses, whereas 
overexpression of Bax accelerated apoptotic death [22]. Our results showed that caspase-3, 
8, and 9 activities were increased, and the expression of Bax was up-regulated, and Bcl-2 was 
down-regulated after the incubation of traumatized cardiomyocytes with normal plasma 
+ Cytomix/TNF-α. It was consistent with above report, suggesting that altered expression 
of these apoptosis-related genes may be responsible for myocyte apoptosis. In the first 
series of experiments, our results demonstrated that although the addition of cytomix 
induced significant myocyte apoptosis, only TNF-α alone can induce myocyte apoptosis. In 
the second series of experiments, anti-TNF-α antibody was added into trauma plasma, and 
down-regulated the increase of myocyte apoptosis. In our study, we found that (1) the up-
regulation of TNF-α (at posttraumatic 3 h) preceded the increase of IL-1β (at posttraumatic 
6 h), and was more than the increase of IFN-γ, suggesting a more potential role for TNF-α 
in the induction of apoptosis; (2) only TNF-α alone induced significant myocyte apoptosis, 
and the addition of anti-TNF-α antibody inhibited partly myocyte apoptosis. Collectively, 
these findings suggest that TNF-α was more likely to mediate myocyte apoptosis of rats 
undergoing surgical trauma. This was supported by recent finding that circulating TNF-α 
was the primary factor that mediated in vivo myocyte apoptosis in traumatized rats [19, 
23, 24]. Although the exact explanation of surgical trauma induced TNF-α release was not 
studied in our experiments, the possibility can be explained that surgical trauma stimulated 
rapidly increased generation of reactive oxygen species (ROS) and NF-KB activation, which 
was associated with rapid increase of plasma TNF-α [25]. 

To characterize the signal transduction mechanism of TNF-α-induced apoptosis, we 
examined the involvement of MAPKs pathway. Previous report disclosed that TNF-α activated 
various signaling pathways, such as p38, JNK and ERK1/2 [26]. TNF-α activated p38 and 
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JNK, and then transduced a death signal via TNF receptor 1 (TNFR1)-TNFR-associated 
death domain (TRADD)-receptor interacting protein (RIP)-TNF receptor associated factor 
2 (TRAF2) complexes [27]. P38 participated in the apoptosis generation by regulating the 
activation of caspase cascade pathway, and JNK can also lead to apoptosis by transcriptionally-
dependent (i.e., activation of the transcription factor AP-1) and transcription-independent 
(i.e., phosphorylation and activation of proapototic Bcl-2 proteins Bim and Bmf) mechanisms 
[27, 28]. In addition to the activation of p38 and JNK, TNF-α also activated ERK, and then 
regulated cell proliferation and survival via the TNF receptor-associated factor 1 (TRAF1)-
Raf1-receptor interacting protein 2 (RIP2) cascade [29]. Persistent activation of p38 or JNK 
has been suggested to mediate apoptosis, whereas activation of ERK1/2 has been shown to 
inhibit apoptosis. Thus, whether the cell chose a survival or a death pathway depended on 
the interaction of various signaling pathways [30]. In our study, the incubation of traumatized 
cardiomyocytes with TNF-α induced myocyte apoptosis and the activation of p38 and 
ERK1/2. The incubation of traumatized cardiomyocytes with anti-TNF-α or SB203580 (a 
selective p38 inhibitor) attenuated myocyte apoptosis and p38 activation. These results 
demonstrated that p38 pathway was the primary signaling mechanism by which plasma 
TNF-α-induced posttraumatic myocyte apoptosis. Recently, study has reported that the 
proinflammatory cytokines TNF-α can sensitize the kinase activity of ASK1, a reactive oxygen 
species-sensitive mitogen-activated protein kinase kinase kinase, and then ASK1 activated 
p38 kinase pathways [31]. Once activated, p38 phosphorylates a variety of intracellular 
targets, including transcription factors and protein kinases, and these targets may promote 
apoptosis [32]. P38 can also sensitize cells to apoptosis through the positive regulation of 
Fas/CD-95 and Bax expression [33], and Bcl-XL deamidation [34]. Aboved reports further 
supported our results that p38 pathway played the important role in the induction of 
apoptosis. Besides pro-apoptotic function, anti-apoptotic action has been ascribed to p38 
[35]. Whether p38 acts as a cytoprotective or pro-apoptotic agent likely depends on both the 
intensity and duration of p38 activation. In the present study, our results showed that TNF-α 
activated p38 pathway, and the subsequent activation of p38 mediated myocyte apoptosis. It 
was consistent with previous report that myocyte susceptibility to apoptosis was potentiated 
when p38 activation was prolonged by tyrosine phosphatase inhibition [35].

In our study, the results were appeared the similar change trend between the incubation 
of anti-TNF-α antibody and the incubation of SB203580, which might be related to the 
selection of the concentration and dose of two antibodies. The role of JNK and ERK1/2 
pathways was somewhat controversial. It may be owing to that the roles of JNK and ERK1/2 
in mediating apoptosis may be highly dependent on the types of the stimuli and cells [36]. 
Further investigation will be required to determine how the pathways (p38, JNK and 
ERK1/2) interact.

In conclusions, present study demonstrated that myocyte apoptosis was mediated by 
plasma TNF-α via p38 signaling pathway in rats undergoing surgical trauma, suggesting 
that there exists a TNF-α-mediated-p38- dependent signaling pathway that contributed 
to posttraumatic myocyte apoptosis. This study sheds new light on the pathologic basis of 
trauma induced myocardial injury, and those therapeutic interventions blocking TNF-α or 
p38 pathway may attenuate the secondary organ injury after trauma.
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