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Abstract
This study aimed to explore the occurrence of necroptosis in skeletal muscle after eccentric exercise and investigate the role 
and possible mechanisms of ZBP1 and its related pathway proteins in the process, providing a theoretical basis for the study 
of exercise-induced skeletal muscle injury and recovery. Forty-eight male adult Sprague–Dawley rats were randomly divided 
into a control group (C, n = 8) and an exercise group (E, n = 40). The exercise group was further divided into 0 h (E0), 12 h 
(E12), 24 h (E24), 48 h (E48), and 72 h (E72) after exercise, with 8 rats in each subgroup. At each time point, gastrocnemius 
muscle was collected under general anesthesia. The expression levels of ZBP1 and its related pathway proteins were assessed 
using Western blot analysis. The colocalization of pathway proteins was examined using immunofluorescence staining. After 
48 h of eccentric exercise, the expression of necroptosis marker protein MLKL reached its peak (P < 0.01), and the protein 
levels of ZBP1, RIPK3, and HMGB1 also peaked (P < 0.01). At 48 h post high-load eccentric exercise, there was a signifi-
cant increase in colocalization of ZBP1/RIPK3 pathway proteins, reaching a peak (P < 0.01). (1) Eccentric exercise induced 
necroptosis in skeletal muscle, with MLKL, p-MLKLS358, and HMGB1 significantly elevated, especially at 48 h after exercise. 
(2) After eccentric exercise, the ZBP1/RIPK3-related pathway proteins ZBP1, RIPK3, and p-RIPK3S232 were significantly 
elevated, particularly at 48 h after exercise. (3) Following high-load eccentric exercise, there was a significant increase in the 
colocalization of ZBP1/RIPK3 pathway proteins, with a particularly pronounced elevation observed at 48 h post-exercise.
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Introduction

Cell death is a fundamental pathological and physiological 
process underlying various diseases. Based on the type of 
death process, cell death can be classified into two major cat-
egories: programmed cell death (PCD) and non-programmed 
cell death. Among them, PCD is an essential component 
of organismal development and plays a critical role in host 
defense against pathogens and maintenance of cellular 
homeostasis.

Necroptosis, a type of programmed cell death, is a regu-
lated cell death process controlled by receptor-interacting 
protein kinases (RIPKs) (Galluzzi and Kroemer 2008). Its 
hallmark features include cytoplasmic swelling, plasma 
membrane rupture, and release of cellular contents (Farber 
1994). Necroptosis is implicated in various diseases, such as 
myocardial infarction (Khoury et al. 2020) and atheroscle-
rosis (Moore and Tabas 2011; Karunakaran et al. 2016) in 
cardiovascular diseases, as well as Alzheimer's disease (Sal-
vadores et al. 2022; Caccamo et al. 2017) and Parkinson's 
disease (Iannielli et al. 2018; Lin et al. 2020; Oñate et al. 
2020) in neurological disorders. Necroptosis also plays a sig-
nificant role in skeletal muscle diseases (Kamiya et al. 2022; 
Peng et al. 2022), yet research on the relationship between 
necroptosis and skeletal muscle-related diseases is scarce, 
and its underlying mechanisms remain unclear.

Z-DNA binding protein 1 (ZBP1) contains two N-termi-
nal Z-DNA binding domains (ZBDs) (Zα1 and Zα2), two 
RIP homotypic interaction motif (RHIM) domains (RHIM1 
and RHIM2), and one C-terminal signal domain (SD) (Jin 
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et al. 2015). The N-terminal ZBDs enable ZBP1 to sense 
Z-DNA or other types of nucleic acid ligands, which is typi-
cally critical for ZBP1 activation (Wang et al. 2008; Ha et al. 
2006, 2008; Kesavardhana et al. 2020); the interaction of 
ZBP1 with other RHIM-containing proteins forms the basis 
of signal transduction (Rebsamen et al. 2009; Kaiser et al. 
2008; Muendlein et al. 2021). Additionally, the C-terminal 
region of ZBP1 is required for ZBP1-induced IFN-I response 
(Wang et al. 2008).

ZBP1 is a major regulatory factor in the induction path-
way of necroptosis (Malireddi et al. 2019), and is involved 
in the induction and execution of necroptosis. Signal trans-
duction of necroptosis involves four proteins carrying RHIM 
domains, namely ZBP1, RIPK1(Receptor-Interacting Serine/
Threonine-Protein Kinase 1), RIPK3(Receptor-Interacting 
Serine/Threonine-Protein Kinase 3), and TRIF(TIR Domain-
Containing Adaptor Protein Inducing Interferon-Beta) 
(Pearson et al. 2017). ZBP1 can interact with RIPK3 via the 
RHIM domain, which further activates MLKL(Mixed Line-
age Kinase Domain-like Protein) and induces necroptosis. 
MLKL is a hallmark protein of necroptosis, and is activated 
by phosphorylation at different sites in different species in 
the necroptotic pathway (Al-Lamki et al. 2016; Rodriguez 
et al. 2016; Garcia et al. 2021; Kaiser and Offermann 2005). 
Ultimately, MLKL mediates signal transduction by binding 
to RIPK3, thereby determining the degree of necroptosis.

ZBP1 and its mediated ZBP1-RIPK3-MLKL pathway 
play significant roles in many human diseases (Karki et al. 
2022; Baik et al. 2021), as well as various inflammatory 
processes (Devos et al. 2020), indicating a close relation-
ship between ZBP1 and necroptosis. However, there are 
limited reports on the association between ZBP1 and exer-
cise-induced skeletal muscle necroptosis, and the role of 
ZBP1 and its signaling pathway in this process remains to 
be elucidated. Therefore, this study focuses on ZBP1 as an 
entry point, and investigates the potential role and related 
mechanisms of necroptosis in skeletal muscle induced by 
eccentric exercise, in order to provide a theoretical basis 
for understanding the impact of exercise on skeletal muscle 
necroptosis and its underlying mechanisms.

Materials and methods

Animals

A total of 48 healthy male Sprague–Dawley (SD) rats, aged 
8 weeks, were selected for the study. During the experimen-
tal period, the rats were provided with standard feed and had 
free access to water. Based on their body weights, the rats 
were randomly divided into two groups: a control group (C) 
and an exercise group (E). The exercise group (E) was further 
divided into different time intervals after exercise, including 
immediately after exercise (E0), 12 h after exercise (E12), 24 h 
after exercise (E24), 48 h after exercise (E48), and 72 h after 
exercise (E72), as shown in Table 1:

(1)	 Control group (C): Eight rats were raised under quiet 
conditions with free access to food and water, without 
any intervention.

(2)	 Exercise group (E): A single bout of high-intensity 
eccentric exercise was performed. Tissue samples 
were collected at the following time points: immedi-
ately after exercise(E0), 12 h after exercise(E12), 24 h 
after exercise(E24), 48 h after exercise(E48), and 72 h 
after exercise(E72). Each time point included 8 rats in 
the respective group. For the exercise group, the time 
point refers to the duration between the completion of 
exercise and tissue sampling.

Exercise protocols

All rats in Group E underwent a single bout of high-load 
eccentric exercise intervention, while Group C received no 
exercise intervention. Prior to formal training, an Adaptive 
Training was conducted to familiarize the animals with the 
environment and adapt to the training intensity. The specific 
implementation plan for the Adaptive Training was as follows: 
on Day 1, the treadmill incline was set at 0°, speed at 16 m/
min, and exercise duration at 5 min; on Day 2, the treadmill 
incline remained at 0°, speed at 16 m/min, and exercise dura-
tion at 10 min; Days 3 and 4 were designated as rest days. 
On Day 5, formal training commenced with a single bout of 
high-load eccentric exercise. The training protocol followed 
the model of skeletal muscle damage induced by high-load 
eccentric exercise proposed by Armstrong et al. (1983). The 

Table 1   Grouping information of experimental animals

Group Name Control group immediately after exercise 12 h after exercise 24 h after exercise 48 h after exercise 72 h after exercise

Name C E0 E12 E24 E48 E72
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exercise was performed on an animal treadmill with a continu-
ous downhill running protocol, featuring a treadmill incline of 
− 16°, speed of 16 m/min, and duration of 90 min. Detailed 
information is presented in Table 2.

Sample collection

The rats were weighed and anesthetized with an intraperi-
toneal injection of 25% urethane (6 ml/kg). The bilateral 
gastrocnemius muscles were rapidly dissected. A 3 × 3 × 5 
mm sample was taken from each gastrocnemius muscle 
of each rat group, and the excess tendon and fascia were 
removed from the surface. The sample was wrapped in tin 
foil, labeled, and stored in a thermos with liquid nitrogen. A 
portion of the samples was placed in 4% paraformaldehyde 
that had been pre-cooled at 4 °C for fixation and kept at 4 °C 
for further testing. The remaining samples, after completion 
of sampling, were quickly transferred and stored at − 80 °C 
for further analysis.

Immunoblotting

The protein expression levels of ZBP1, RIPK3, p-RIPK3S232, 
MLKL, p-MLKLS358, and HMGB1 in rat skeletal muscle 
necroptosis were measured by Western blotting. The main 
steps were as follows: (1) protein extraction; (2) protein 
quantification; (3) gel preparation; (4) electrophoresis; 
(5) membrane transfer; (6) blocking; (7) primary antibody 
incubation: the concentrations of primary antibodies were 
as follows: ZBP1 (source: Rabbit, 1:1000), RIPK3 (source: 
Rabbit, 1:1000), MLKL (source: Rabbit, 1:2000), HMGB1 
(source: Rabbit, 1:10,000), p-RIPK3S232 (source: Rabbit, 
1:1000), p-MLKLS358 (source: Rabbit, 1:500), and GAPDH 
(source: Mouse, 1:2000); (8) membrane washing; (9) sec-
ondary antibody incubation: the concentrations of second-
ary antibodies were as follows: ZBP1 (Goat anti-rabbit IgG, 
1:2000), RIPK3 (Goat anti-rabbit IgG, 1:2000), MLKL 
(Goat anti-rabbit IgG, 1:2000), HMGB1 (Goat anti-rabbit 
IgG, 1:2000), p-RIPK3S232 (Goat anti-rabbit IgG, 1:4000), 
p-MLKLS358 (Goat anti-rabbit IgG, 1:4000), and GAPDH 
(Goat anti-mouse IgG, 1:2000); (10) membrane washing; 
(11) exposure using an optical luminescence system; and 

(12) band analysis. Detailed information of the reagent is 
provided in Table 3.

Immunofluorescence

(1) Sectioning; (2) Slide mounting; (3) Baking the slides; 
(4) Deparaffinization; (5) Antigen retrieval; (6) Applica-
tion of tissue fluorescence quenching solution A; (7) Per-
meabilization; (8) Blocking; (9) Incubation with primary 
antibodies: ZBP1 (source: Rabbit, 1:100), RIPK3 (source: 
Mouse, 1:100), MLKL (source: Rabbit, 1:100); (10) Incuba-
tion with secondary antibodies: Goat Anti-Rabbit IgG H&L/
AF555(1:200), Goat Anti-Mouse IgG H&L/AF488(1:200); 
(11) Nuclear staining; (12) Application of tissue fluores-
cence quenching solution B; (13) Slide sealing; (14) Image 
acquisition. Detailed information of the reagent is provided 
in Table 4.

Statistical analysis

The experimental images obtained from immunoblotting 
were quantitatively analyzed using Image J to obtain gray-
scale values by analyzing the bands. For immunofluores-
cence images, Image J was utilized to perform quantitative 
analysis of co-localization between two fluorescence pro-
teins and calculate the Pearson's coefficient between them. 
All data were statistically analyzed and graphed using SPSS 

Table 2   Exercise Training Program

Exercise mode Days Slope Speed Exercise duration

Adaptive training Day 1 0° 16 m/min 5 min
Day 2 0° 16 m/min 10 min
Day 3 Rest
Day 4

Formal training Day 5 −16° 16 m/min 90 min

Table 3   Experimental reagents in immunoblotting

Reagent name Manufacturer and product number

Anti-ZBP1 antibody BIOSS/bs-13559R
Anti-RIPK3 antibody Cell Signaling Technology/101,885
Anti-MLKL antibody Abcam/ab243142
Anti-HMGB1 antibody Abcam/ab79823
Anti- p-RIPK3S232 antibody Affinity/AF7443
Anti- p-MLKLS358 antibody Biorbyt /orb453305
Anti-GAPDH antibody ZSGB-BIO/TA-08
Goat Anti-rabbit IgG ZSGB-BIO/ZB-2301
Goat Anti-mouse IgG ZSGB-BIO/ZB-2305

Table 4   Experimental Reagents in Immunofluorescence

Reagent name Manufacturer and product number

Anti-ZBP1 antibody BIOSS/bs-13559R
Anti-RIPK3 antibody Abbexa/abx174349
Anti-MLKL antibody Affinity/DF7412
Goat Anti-Rabbit IgG H&L/

AF555
BIOSS/bs-0295G-AF555

Goat Anti-Mouse IgG H&L/
AF488

BIOSS/bs-0296G-AF488
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26.0 and GraphPad Prism 9 software. Data are expressed 
as mean ± standard deviation (SD). One-way ANOVA was 
used for intergroup comparisons, and LSD or Tamhane's T2 
test was used for post-hoc comparisons, depending on the 
homogeneity of variance. A P-value < 0.05 was considered 
statistically significant, and a P-value < 0.01 was considered 
highly significant.

Results

Changes in skeletal muscle MLKL and p‑MLKLS358 
protein expression at different time points 
after eccentric exercise

As shown in Fig. 1, the overall trend of MLKL protein 
expression in rat skeletal muscle after a single bout of 
high-load eccentric exercise was characterized by an initial 
increase followed by a decrease, with the peak occurring at 
48 h post-exercise. Compared with the control group, MLKL 
protein expression was significantly elevated at 48 and 72 h 
post-exercise (P < 0.01), with increases of 77.2% and 71.1%, 
respectively. The expression level began to decrease after 
72 h post-exercise.

The overall pattern of p-MLKLS358 protein expression 
in skeletal muscle after a single bout of high-load eccen-
tric exercise was characterized by a "wave-like" trend (An 
initial increase, followed by a decrease, then a subsequent 
increase, and finally a gradual decrease), with the peak 
occurring at 48 h post-exercise (Fig. 1). Compared with 
the control group, p-MLKLS358 protein expression was sig-
nificantly increased at 48 h post-exercise (P < 0.01), with 
an increase of 56.5%.

Changes in skeletal muscle HMGB1 protein 
expression at different time points after high‑load 
eccentric exercise

As shown in Fig. 2, the overall trend of HMGB1 protein 
expression in rat skeletal muscle after a single bout of 
high-load eccentric exercise was characterized by an initial 
increase followed by a decrease, with the peak occurring 
at 48 h post-exercise. Compared with the control group, 
HMGB1 protein expression was significantly increased at 
12, 24 and 48 h post-exercise (P < 0.05 or P < 0.01), with 
increases of 51.8%, 61%, and 90%, respectively.

Fig. 1   Changes in skeletal muscle MLKL and p-MLKLS358 pro-
tein expression at different time points after eccentric exercise. The 
expression levels of p-MLKLS358 and total MLKL were analysed 
by immunoblotting (a) and quantified based on the loading control 
(GAPDH; quantification depicted in a histogram in b and c). While 

overall MLKL expression appears to increase following eccentric 
exercise, a two-wave response can be observed for p-MLKLS358. Val-
ues are means ± SD. *P < 0.05, **P < 0.01 compared with the control 
group. For a comprehensive table comparing all the quantifications, 
please refer to the Supplementary Material
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Changes in skeletal muscle ZBP1 protein expression 
at different time points after high‑load eccentric 
exercise

As shown in Fig. 3, the overall pattern of ZBP1 protein 
expression in rat skeletal muscle after a single bout of high-
load eccentric exercise was characterized by a "wave-like" 
trend (An initial decrease, followed by an increase, then a 
subsequent decrease, another increase, and finally a gradual 
decline), with the peak occurring at 48 h post-exercise. Com-
pared with the control group, ZBP1 protein expression was 
significantly elevated at 48 and 72 h post-exercise (P < 0.01), 
with increases of 88% and 80.7%, respectively.

Changes in skeletal muscle RIPK3 and p‑RIPK3S232 
protein expression at different time points 
after high‑load eccentric exercise

As shown in Fig. 4, the overall trend of RIPK3 protein 
expression in rat skeletal muscle after a single bout of 
high-load eccentric exercise was characterized by an ini-
tial increase followed by a decrease, with the peak occur-
ring at 48 h post-exercise and gradually declining by 72 h. 
Compared with the control group, RIPK3 protein expres-
sion was significantly increased at 24, 48, and 72 h post-
exercise (P < 0.01), with increases of 64.1%, 121.9%, and 
64%, respectively.

The trend of p-RIPK3S232 protein expression was 
similar to that of RIPK3 (Fig. 4). The overall pattern of 
p-RIPK3S232 protein expression in rat skeletal muscle after 
a single bout of high-load eccentric exercise was char-
acterized by an initial increase followed by a decrease, 
with the peak occurring at 48 h post-exercise, followed 

Fig. 2   Changes in skeletal muscle HMGB1 protein expression at dif-
ferent time points after eccentric exercise. The expression levels of 
HMGB1 were analysed by immunoblotting (a) and quantified based 
on the loading control (GAPDH; quantification depicted in a histo-
gram in b). The overall trend of HMGB1 protein expression showed a 

gradual increase following eccentric exercise, with the peak occurring 
at 48  h post-exercise. Values are means ± SD. *P < 0.05, **P < 0.01 
compared with the control group. For a comprehensive table compar-
ing all the quantifications, please refer to the Supplementary Material

Fig. 3   Changes in skeletal muscle ZBP1 protein expression at dif-
ferent time points after eccentric exercise. The expression levels of 
ZBP1 were analysed by immunoblotting (a) and quantified based 
on the loading control (GAPDH; quantification depicted in a histo-
gram in b). The overall expression pattern of ZBP1 protein exhibited 
a "wave-like" trend, characterized by an initial decrease, followed by 

an increase, then another decrease, subsequent increase, and finally a 
gradual decline. The peak expression occurred at 48 h post-exercise. 
Values are means ± SD. *P < 0.05, **P < 0.01 compared with the con-
trol group. For a comprehensive table comparing all the quantifica-
tions, please refer to the Supplementary Material
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by a gradual decline. Compared with the control group, 
p-RIPK3S232 protein expression was significantly elevated 
at 12, 24, 48, and 72 h post-exercise (P < 0.05 or P < 0.01), 
with increases of 58.6%, 125.8%, 226.2%, and 108%, 
respectively.

Changes in the colocalization of ZBP1 and RIPK3 
in skeletal muscle at different time points 
after high‑load eccentric exercise

As shown in Fig. 5, ZBP1 is displayed in red fluorescence, 
while RIPK3 is displayed in green fluorescence. The colo-
calization of ZBP1 and RIPK3 is shown as yellow fluores-
cence. In the control (C) group, minimal colocalization was 
observed in the immunofluorescence images, whereas dif-
ferent levels of colocalization were observed in the immuno-
fluorescence images at different time points after high-load 
eccentric exercise. The colocalization of ZBP1 and RIPK3 
exhibited an overall increasing trend followed by a decrease, 
reaching a peak at 48 h post-exercise. Compared to the C 
group, the colocalization coefficient of ZBP1 and RIPK3 
started to increase immediately after exercise, and it was 
significantly increased at 24 h, 48 h, and 72 h post-exercise 
(P < 0.01).

Changes in the colocalization of RIPK3 and MLKL 
in skeletal muscle at different time points 
after high‑load eccentric exercise

As shown in Fig. 6, the immunofluorescence images show 
RIPK3 in green fluorescence and MLKL in red fluorescence. 
The colocalization of the two appears as yellow fluores-
cence. Minimal yellow colocalization was observed in the 
immunofluorescence images of the control (C) group, while 
different levels of colocalization were observed at different 
time points after high-load exercise. The colocalization coef-
ficient of RIPK3 and MLKL exhibited an overall increasing 
trend followed by a decrease, reaching a peak at 48 h post-
exercise. Compared to the C group, the colocalization coef-
ficient of RIPK3 and MLKL started to increase immediately 
after exercise and was significantly increased at 24 h, 48 h, 
and 72 h post-exercise (P < 0.05 or P < 0.01).

Discussion

In previous studies, necrosis was considered a passive 
and unregulated form of cell death (Kaiser et al. 2013). 
However, in recent years, a new type of programmed cell 
death (PCD), namely necroptosis, has been reported and 

Fig. 4   Changes in skeletal muscle RIPK3 and p-RIPK3S232 pro-
tein expression at different time points after eccentric exercise. The 
expression levels of phosphorylated RIPK3 and total RIPK3 were 
analysed by immunoblotting (a) and quantified based on the load-
ing control (GAPDH; quantification depicted in a histogram in b 
and c). The expression trend of p-RIPK3S232 protein was similar to 

that of RIPK3. Both p-RIPK3S232 and RIPK3 proteins exhibited an 
overall pattern of initial increase followed by a decrease. The peak 
expression occurred at 48  h post-exercise. Values are means ± SD. 
*P < 0.05, **P < 0.01 compared with the control group. For a com-
prehensive table comparing all the quantifications, please refer to the 
Supplementary Material
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gradually attracted the attention of many scholars (Samir 
et al. 2020; Wang and Kanneganti 2021; Christgen et al. 
2020; Jiao et al. 2020). PCD, as a normal physiological phe-
nomenon in organism life activities, mainly includes apop-
tosis, autophagy, pyroptosis, and necroptosis. Necroptosis is 
regulated by related molecules, including RIPK1 and RIPK3 
(Kuriakose et al. 2016; Ofengeim and Yuan 2013; Udawatte 
and Rothman 2021; Gurung et al. 2014), and is character-
ized by cytoplasmic swelling, plasma membrane rupture, 
and release of cellular contents (Farber 1994). Necroptosis 
occurs when the signal is transmitted downstream, activat-
ing the key signal protein MLKL, which induces p-MLKL 
protein to "punch holes" in the cell membrane, leading to the 
release of high mobility group box 1 (HMGB1) protein and 
ultimately mediating necroptosis (Chen et al. 2019).

The canonical pathway of necroptosis is mediated by TNF 
and is similar to the pathway mediated by ZBP1, both of 
which are regulated by RIPK1, RIPK3, and MLKL (Fritsch 

et al. 2019; Man et al. 2013; Henry and Martin 2017), as 
shown in Fig. 7. In the TNF pathway, RIPK1 promotes the 
auto-phosphorylation and activation of RIPK3. In contrast, 
in ZBP1-mediated necroptosis, ZBP1 directly induces the 
auto-phosphorylation of RIPK3. However, RIPK1 often acts 
as a negative regulator of necroptosis in the ZBP1 pathway, 
inhibiting necroptosis (Devos et al. 2020; Ingram et al. 2019; 
Newton et al. 2016).

Previous research has explored the potential mecha-
nisms through the TNF pathway, but currently, there are 
few reports on the ZBP1-mediated signaling pathway for 
exercise-induced skeletal muscle necroptosis, and the role 
of ZBP1 and its signaling pathway in this process remains 
to be clarified.

In ZBP1-mediated necroptosis, ZBP1 directly induces the 
autophosphorylation of RIPK3. RIPK3 serves as the "ini-
tiator" of necroptosis, and ZBP1 induces the phosphoryla-
tion of RIPK3, thereby mediating the ZBP1-RIPK3-MLKL 

Fig. 5   Changes in the colocalization of ZBP1 and RIPK3 in skeletal muscle at different time points after high-load eccentric exercise (Scale 
Bar = 10 µm). Values are means ± SD. *P < 0.05, **P < 0.01 compared to the control (C) group
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pathway. MLKL, on the other hand, acts as the "executioner" 
of necroptosis. RIPK3 phosphorylates MLKL, leading to 
the translocation of MLKL oligomers to the cell membrane 
and their subsequent pore formation. This process results in 
the release of inflammatory factors, such as HMGB1, ulti-
mately triggering necroptosis (Xia et al. 2020; Mizumura 
et al. 2016; Xue et al. 2020).

Studies have shown that MLKL plays a crucial role in 
necroptosis. MLKL is a cytoplasmic protein consisting of 
471 amino acids, which is widely distributed in various tis-
sues or organs, such as the brain, liver, lung, myocardium, 
skeletal muscle, skin, and adipose tissue (Martens et al. 
2021; Murphy et al. 2013). It has been reported that MLKL, 
as the "executioner" of necroptosis, not only has the poten-
tial to positively regulate the occurrence of necroptosis, but 
also can phosphorylate itself, leading to the formation of 

oligomers and pore formation on the cell membrane, which 
can promote the opening of Ca2+ or Na+ channels, result-
ing in membrane rupture, release of cellular contents, and 
induction of necroptosis (Kamiya et al. 2022). Increasing 
evidence suggests that the activation of MLKL at the S358/
S345 sites is regarded as the "gold standard" for the occur-
rence of necroptosis and has been widely used in many 
in vivo and in vitro experiments (Meng et al. 2015; Li et al. 
2017; Ito et al. 2016; Peltzer et al. 2018).

In the past 10–20 years, MLKL has been considered as 
the exclusive "executioner" of current necroptosis. However, 
as research has advanced, scholars have gradually discovered 
that MLKL can interact with other forms of programmed 
cell death (PCD). The occurrence of necroptosis is not linear 
or uniform as described but rather intricate and complex. 
Essentially, it can not only influence other regulated cell 

Fig. 6   Changes in the colocalization of RIPK3 and MLKL in skeletal muscle at different time points after high-load eccentric exercise (Scale 
Bar = 10 µm). Values are means ± SD. *P < 0.05, **P < 0.01 compared to the control (C) group
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death (RCD) processes or death-associated pathways but 
other RCD or death-associated pathways can also regulate 
necroptosis (Schwarzer et al. 2020). This suggests that the 
"cross-talk" between these cellular death pathways not only 
demonstrates the complexity of RCD but also indicates that 
MLKL possesses multiple biological functions. Apart from 
its involvement in necroptosis, MLKL is also involved in 
various other events such as autophagy, apoptosis, NLRP3 
inflammasome activation, NETosis, and more (Zhan et al. 
2021).

To further investigate whether eccentric exercise can 
induce necroptosis in rat skeletal muscle, based on previous 
studies, we measured the protein expression of MLKL and 
p-MLKLS358 to further confirm the occurrence of necropto-
sis at the protein level. We found that the overall expression 
of MLKL protein in rat skeletal muscle exhibited a trend of 
first increasing and then decreasing after high-load eccentric 
exercise at different time points, with significant increases at 
48 h and 72 h after exercise (P < 0.01), and reaching the peak 
at 48 h. The expression of p-MLKLS358 protein also exhib-
ited a "wave-like" trend (First increasing, then decreasing, 
then increasing again, and gradually decreasing thereafter), 

with a significant increase (56.5%) and the peak appear-
ing at 48 h after exercise (P < 0.01), followed by a gradual 
decrease at 72 h. These results suggest that a single bout of 
high-load eccentric exercise may induce necroptosis in rat 
skeletal muscle.

One typical feature of necroptosis is the release of cellular 
contents, which was detected by immunoblotting analysis of 
the expression of the inflammation-related factor HMGB1 
protein. We found that the overall expression of HMGB1 
protein in rat skeletal muscle exhibited a trend of first 
increasing and then decreasing after a single bout of high-
load eccentric exercise at different time points, with signifi-
cant increases at 12 h, 24 h, and 48 h after exercise (P < 0.05 
or P < 0.01). The peak expression was observed at 48 h after 
exercise, followed by a gradual decrease. Therefore, the 
results of this study indicate that a single bout of high-load 
eccentric exercise can lead to the release of cellular contents, 
further confirming the occurrence of necroptosis.

To date, there have been no reports on the ZBP1/RIPK3 
pathway in high-load eccentric exercise. In this study, we 
used immunoblotting analysis to detect the protein expres-
sion of the ZBP1/RIPK3 pathway. For ZBP1, we found 

Fig. 7   The pathway of ZBP1 in 
necroptosis
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that the overall expression of ZBP1 protein in rat skeletal 
muscle exhibited a "wave-like" trend after a single bout of 
high-load eccentric exercise at different time points (First 
decreasing, then increasing, then decreasing again, then 
increasing again, and gradually decreasing thereafter), 
with the peak expression observed at 48 h after exercise. 
Compared to the control group, the expression of ZBP1 
protein was significantly increased at 48 h and 72 h after 
exercise (P < 0.01), with an increase of 88% and 80.7%, 
respectively. The expression gradually decreased after 72 h 
but remained significantly higher than the control group 
(P < 0.01). Additionally, we found that the expression trend 
of RIPK3 and p-RIPK3S232 was similar. After a single bout 
of high-load eccentric exercise, the overall expression of 
RIPK3 and p-RIPK3S232 proteins in rat skeletal muscle 
showed a trend of first increasing and then decreasing. 
The peak expression of RIPK3 was observed at 48 h after 
exercise, and the expression gradually decreased after 72 h. 
Compared to the control group, the expression of RIPK3 
protein was significantly increased at 24 h, 48 h, and 72 h 
after exercise (P < 0.01), with increases of 64.1%, 121.9%, 
and 64%, respectively. The expression gradually decreased 
after 72 h but remained significantly higher than the control 
group (P < 0.01). The expression of p-RIPK3S232 gradually 
increased immediately after exercise and reached its peak at 
48 h, followed by a gradual decrease. Compared to the con-
trol group, the expression of p-RIPK3S232 protein was sig-
nificantly increased at 12 h, 24 h, 48 h, and 72 h after exer-
cise (P < 0.05 or P < 0.01), with increases of 58.6%, 125.8%, 
226.2%, and 108%, respectively. The expression gradually 
decreased after 72 h but remained significantly higher than 
the control group (P < 0.01). The observed "wave-like" trend 
in ZBP1 expression is speculated to be potentially influenced 
by other proteins or pathways that impact protein expres-
sion. For instance, RIPK1 protein (Devos et al. 2020; Ingram 
et al. 2019; Newton et al. 2016), which has been mentioned 
as a negative regulatory factor in the pathway mediated by 
ZBP1 and involved in necroptosis, could contribute to this 
phenomenon. As a suggestion for future research, this also 
implies that interference with relevant pathways, such as 
knockdown of certain key molecules, could be employed to 
further investigate their roles in necroptosis.

A single bout of high-load eccentric exercise generates 
mechanical pressure, resulting in muscle damage. It is also 
known that prolonged exercise duration is accompanied by 
metabolic stress, which can further contribute to muscle 
damage. Therefore, in subsequent studies on the mecha-
nisms of skeletal muscle injury, it is important to consider 
that exercise not only induces mechanical pressure but also 
triggers metabolic stress. Thus, the wave-like trend of ZBP1 
expression may potentially be attributed to a second hit 
caused by injury-induced inflammation. One characteristic 
feature of necroptosis is the release of cellular contents, and 

HMGB1 serves as both an inflammatory mediator and an 
indicator of cell membrane integrity (Mishra et al. 2019). 
By performing immunoblot analysis to assess the protein 
expression of the inflammatory factor HMGB1, we observed 
significant expression following a single bout of high-load 
eccentric exercise. Hence, after a single bout of high-load 
eccentric exercise, both mechanical pressure and metabolic 
stress are generated. The wave-like trend of ZBP1 expres-
sion may possibly be attributed to a second hit caused by 
injury-induced inflammation. There is a limitation in this 
study. It would have been more meaningful to simultane-
ously perform measurements on both the control group and 
the exercise group at the same time intervals after exercise. 
However, due to constraints in sample collection, this was 
not feasible.

Through immunofluorescence analysis, we observed that 
in the ZBP1/RIPK3 pathway, the colocalization coefficient 
of ZBP1 and RIPK3 proteins exhibited an overall increasing 
trend followed by a decrease, reaching a peak at 48 h post-
exercise. Significant increases were observed at 24 h, 48 h, 
and 72 h post-exercise (P < 0.01). Notably, the colocaliza-
tion trend between RIPK3 and MLKL proteins in this path-
way was similar to that of ZBP1 and RIPK3. Furthermore, 
the expression of ZBP1, RIPK3, and MLKL proteins was 
upregulated. These findings suggest that the ZBP1/RIPK3 
pathway in skeletal muscle is activated following a single 
bout of high-load eccentric exercise.

In summary, high-load eccentric exercise induced the 
occurrence of necroptosis in skeletal muscle. The necropto-
sis markers, MLKL and p-MLKLS358, significantly increased 
at 48 h after exercise, and the release of cellular content pro-
tein HMGB1 also peaked at 48 h after exercise. Moreover, 
following high-load eccentric exercise, the ZBP1/RIPK3-
related pathway proteins are activated, leading to an increase 
in protein colocalization within the pathway, thereby medi-
ating the occurrence of necroptosis. In the future, it would 
be possible to further investigate the role of this pathway 
in necroptosis by interfering with relevant pathways and 
knocking out specific key molecules. These studies would 
provide a theoretical basis for understanding the impact of 
exercise on necroptosis in skeletal muscle and its underlying 
mechanisms.
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