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Abstract
The present study established a necroptosis model in  vitro and investigated the 
role of HMGB1 in cell necroptosis. A combination of tumor necrosis factor-α and 
z-VAD-fmk was used to induce necroptosis in L929 cells with necroptosis inhibitor 
necrostatin-1 applied as an intervention. Flow cytometry and transmission electron 
microscopy (TEM) were used to measure cell necroptosis. Western blotting assay 
was applied to detect the expression of receptor-interacting serine/threonine-protein 
kinase 3 (RIPK3), mixed lineage kinase domain-like pseudokinase (MLKL) and 
HMGB1. Co-immunoprecipitation (Co-IP) assay was used to confirm the interac-
tion between HMGB1 and RIPK3. Our study demonstrated that HMGB1 migrated 
from the nucleus to the cytoplasm at the onset of necroptosis and was subsequently 
released passively to the extracellular matrix. Further experiments determined that 
the binding of HMGB1 with RIPK3 in the cytoplasm was loose during necroptosis. 
By contrast, when necroptosis was inhibited, the interaction in the cytoplasm was 
tight suggesting that this association between HMGB1 and RIPK3 might affect its 
occurrence. In conclusion, the transfer of HMGB1 from nucleus to cytoplasm, and 
its interaction with RIPK3 might be potentially involved in necroptosis.
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Introduction

Necroptosis is a regulated form of cell death, distinct from apoptosis, autophagy 
and necrosis, acting as a defense mechanism against viruses through the release 
of inflammatory mediators. Necroptosis also plays a role in various inflammatory 
diseases and the study of necroptotic pathways may provide novel therapeutic tar-
gets (Wu et al. 2017; Peng et al. 2017; Caccamo et al. 2017; Galluzzi et al. 2017). 
However, the underlying molecular mechanisms of necroptosis are complex and 
have yet to be fully elucidated.

Damage-associated molecular patterns (DAMPs) are a class of endogenous 
molecules that exert critical physiological functions and biological effects within 
the cell. When released extracellularly, DAMPs bind to their associated mem-
brane receptors, resulting in an imbalance of the inflammatory reaction, causing 
disorder to the immune response (Shi et  al. 2003). This may lead to necropto-
sis. The role of high mobility group protein 1 (HMGB1), a vital member of the 
DAMPs family, in inflammation is under intensive focus; however, the underly-
ing mechanism of its action is complex and needs further investigation. In the 
nucleus, HMGB1 binds to DNA and effectuates DNA recombination, gene tran-
scription and cell division. Several studies have explored the role of HMGB1 in 
the cytoplasm in the process of autophagy (Kang et  al. 2014; Linkermann and 
Green 2014; Sun et al. 2012). Extracellularly, HMGB1 acts as an inflammatory 
mediator or as a receptor ligand and is involved in intercellular signaling trans-
duction (Kang et  al. 2014). Various pathophysiological functions of HMGB1 
indicate that the protein may participate in necroptosis (Xie et  al. 2013). How-
ever, deeper insights are still needed to elucidate the role of HMGB1 in necropto-
sis process.

In the classical necroptosis pathway, TNF-α combined with caspase inhibi-
tor z-VAD-fmk, promotes receptor-interacting serine/threonine-protein kinase 
(RIPK) 1 to interact with RIPK3 and recruits other related molecules to form a 
necrosome, a key step in the initial phase of necroptosis (Linkermann and Green 
2014). Necrostatin-1 (Nec-1) specifically blocks necroptosis via suppression of 
the kinase activity of RIPK1and RIPK3 by acting at their active sites and block-
ing their mutual phosphorylation (Murphy et al. 2013; Cai et al. 2014; Chen et al. 
2014). Mixed lineage kinase domain-like protein (MLKL) is a specific substrate 
of RIPK3 involved in executing necroptosis. Upon autophosphorylation, RIPK3 
binds to MLKL via the kinase domain and phosphorylates the corresponding 
sites in different MLKL kinase-like domains, which in turn, promote necrop-
tosis (Sun et  al. 2012; Xie et  al. 2013). Phosphorylated (p) MLKL recruits and 
phosphorylates PGAM family member 5, a protein present in the mitochondria 
(Chen et al. 2015). Phosphorylated PGAM is then dephosphorylated and activates 
the mitochondrial cleavage protein Drp1, which in turn, triggers mitochondrial 
cleavage and the generation of reactive oxygen species, eventually leading to cell 
necroptosis (Sun et al. 2012; Wang et al. 2012). p-MLKL monomers also bind to 
each other via their N-terminal functional regions to form homo-oligomers that 
are transferred to the internal side of the membrane from the cytoplasm via lipid 
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rafts. This process increases Na+ and Ca2+ influx causing cell necroptosis (Mur-
phy et al. 2013; Cai et al. 2014; Chen et al. 2014; Wang et al. 2014). However, 
up to now, few studies focused on the interaction between HMGB1 and RIPK3/
MLKL signaling in necroptosis.

In the present study, a reliable necroptosis model was established and the role 
of HMGB1 as well as its relationship with RIPK3/MLKL signaling was prelimi-
narily investigated. This research might provide novel understanding for molecu-
lar mechanisms of HMGB1 in necroptosis.

Materials and Methods

Cell Culture and Treatment

The L929 mouse fibroblast cell line was purchased from the Cell Research Center 
of Xiangya Medical College of Central South University. Briefly, cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone; GE Healthcare 
Life Sciences) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) and 1% PS (100 IU/ml penicillin, 100 μg/ml streptomycin) in an 
incubator at 37 °C and 5% CO2.

L929 fibroblast cells are a cell line commonly used to study the cytotoxicity of 
TNF-α (Chen et al. 2015). For establish of the necroptosis model, the L929 cells 
were treated with 10 ng/ml recombinant mouse (rm) TNF-α (cat. no. C315-01A; 
Proteintech Group Inc.) at 37  °C for 24  h, following by treatment with 10  μM 
pan-caspase inhibitor z-VAD-fmk (Cat. No. S7023; Selleck Chemicals). For 
inhibition of necroptosis, the necroptosis model cells were treated with 30  μM 
necroptosis inhibitor Nec-1 (Cat. No. S8037; Selleck Chemicals) for 1 h at 37 °C. 
The cells were divided into following groups: Control group (untreated cells), 
TNF-α group (L929 cells treated with 10 ng/ml TNF-α only), necroptosis group 
(L929 cells treated with 10 ng/ml TNF-α and 10 μM z-VAD-fmk) and necroptosis 
inhibition group (L929 cells treated with 10  ng/ml TNF-α, 10  μM z-VAD-fmk 
and 30 μM Nec-1).

Flow Cytometry Detection for Measurement of Cell Necroptosis

For measurement of cell necroptosis, flow cytometry assay was conducted. Briefly, 
after centrifugation at room temperature for 10 min at 800 x g, cells were collected, 
washed with phosphate buffer saline (PBS) and resuspended in binding buffer (cat. 
no. KGF 00; Keygen Biotech Co. Ltd; 300 µl). The cells were then stained using an 
Annexin V-FITC/PI double staining flow cytometry detection kit (Cat. No. KGA 
107; Keygen Biotech Co. Ltd.) strictly according to the manufacturer’s instruction. 
A flow cytometer (FACSCalibur, BD Biosciences) was used to analyze the cell 
necrosis (CellQuest and WinMDI 2.9 software packages; BD Biosciences).
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Cell Morphology by Transmission Electron Microscopy (TEM)

For observing cell morphology by TEM, briefly, cells in the logarithmic growth 
phase were harvested after centrifugation at 450 x  g at room temperature for 
5 min. Then, cells were fixed with 1% glutaraldehyde and 1% OsO4 at room tem-
perature for 1 h, dehydrated in alcohol and infiltrated with a mixture of embed-
ding agent and acetone (V/V = 1:1) at room temperature for 1  h. After embed-
ded in an embedding agent at 70 °C overnight and sliced into 50 nm, cells were 
stained with uranyl acetate and lead citrate for 15 min, and were observed using a 
HT7700 transmission electron microscope (Hitachi, Ltd.). The images were pho-
tographed with a magnification of × 400,000.

Western Blotting Analysis

For western blotting analysis, proteins were extracted using RIPA buffer (Bey-
otime Institute of Biotechnology). The nuclear and cytoplasmic proteins were 
collected using a Nuclear/Cytosol Fractionation Kit (BioVision Research Prod-
ucts, Mountain View, CA, USA). The protein concentration was detected using 
a bicinchoninic acid protein concentration kit (Sigma-Aldrich; Merck KGaA). 
An equivalent of 50 μg protein was subjected to 10% SDS-PAGE, transferred to 
polyvinylidene difluoride membranes, and blocked in 5% skimmed-milk in TBST 
buffer at room temperature for 1  h. Samples were then incubated with primary 
antibodies against RIPK3 (Cat. No. 17563-1-ap; Proteintech Group Inc.; 1:500), 
HMGB1 (Cat. No. 10829-1-ap; Proteintech Group Inc.; 1:1,000); β-actin (Cat. 
No. 600008-1; Proteintech Group Inc.; 1:4,000), proliferating cell nuclear anti-
gen (PCNA; Cat. No. CST 3656S; Cell Signaling Technology, Inc.; 1:2,000), 
p-MLKL (cat. no. ab196436; Abcam; 1:1,000) and MLKL (Cat. No. 21066-1-
AP; Proteintech Group Inc.; 1:750) at 4  °C overnight, following by incubation 
with horseradish peroxidase (HRP)-conjugated secondary antibody (Cat. No. 
SA00001-2; Proteintech Group Inc.; 1:3,000) at 37 °C for 1 h. Finally, the immu-
noreactive bands were visualized using the Enhanced Chemiluminescence kit 
(Thermo Fisher Scientific, Inc.) by the Image Quant 350 Gel Protein Imaging 
System (version 1.0.2; GE Healthcare). The ratio of the target and reference pro-
tein gray values was determined and compared between the groups using Image 
Analysis Software (version 7.0; GE Healthcare).

Enzyme Linked Immunosorbent Assay (ELISA) Detection of HMGB1

For measurement of the HMGB1 levels in cell supernatant, briefly, cells were sus-
pended with density of 1 × 108 cells/ml. The HMGB1 levels were determined by 
ELISA using an HMGB-1 ELISA kit (Cat. No. LS-F30785; LifeSpan Biosciences 
Co., Ltd.) according to the manufacturer’s instruction. The optical absorbance was 
measured at 450 nm within 15 min of experimentation.
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Co‑Immunoprecipitation (Co‑IP) Assay to Assess the Interaction Between HMGB1 
and RIPK3

The cells of each group were treated with RIPA buffer and incubated with the 
HMGB1 antibody (Cat. No. 10829-1-ap; Proteintech Group Inc.; 1:500) at 4 °C 
overnight. The negative control group was incubated with the Ig antibody. Then, 
20 µl protein A agarose beads were washed with the lysate three times and were 
centrifuged at 1800 x  g at room temperature for 3  min. The pretreated Protein 
A agarose beads were added into the cell lysate, which was then incubated with 
antibody overnight at 4 °C for 2 h to form the antibody-Protein A agarose com-
plex. The positive control group was a solution containing the HMGB1 and 
RIPK3 proteins. Subsequently, the complex was analyzed by western blotting 
as described above. The same antibodies as in western blotting were used. Dilu-
tions of the primary antibodies were as follows: 1:1000 for HMGB1 and 1:300 for 
RIPK3. The secondary antibody was utilized at a 1:3000 dilution.

Statistical Analysis

All experiments were repeated in triplicate independently. Data are presented as 
the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was 
used for multiple comparisons among the groups followed by Tukey post hoc test. 
P < 0.05 was considered to indicate a statistically significant difference. All calcu-
lations were made using SPSS 20.0 (SPSS Inc., Chicago, USA).

Results

TNF‑α and z‑VAD‑fmk Co‑Treatment to Establish a Necroptosis Model

To establish the necroptosis model, cells were treated with 10  ng/ml TNF-α 
and 10 μM z-VAD-fmk. The proportion of living cells and the PI-positive cells 
(including necrotic and late apoptotic cells) in different experimental groups was 
determined by flow cytometry (Fig. 1A). Compared with the control (98.82%) and 
TNF-α (78.63%) groups, the proportion of living cells in the necroptosis group 
(61.77%) decreased significantly, while necroptosis inhibition (96.39%) reversed 
this effect (Fig. 1B). By contrast, the ratio of PI-positive cells in the necroptosis 
group (32.76%) increased significantly compared with the control (0.60%) and 
TNF-α (16.16%) groups, while necroptosis inhibition significantly decreased PI-
positive cells (1.76%) (Fig. 1C). These results indicated the successful establish-
ment of the necroptosis model.
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Fig. 1   Detection of cell death in the models by flow cytometry. A Flow cytometry dot plots. B Propor-
tion of live cells (FITC−/PI−) in control, TNF-α, TNF-α + z-VAD-fmk and TNF-α + z-VAD-fmk + nec-1 
groups. C Percentage of PI+ cells in these four groups. Data are expressed as the mean ± standard devia-
tion. N = 3; *P < 0.05, **P < 0.01, ***P < 0.001. TNF-α, tumor necrosis factor-α; PI, propidium iodide; 
FITC fluorescein isothiocyanate, NF nuclear fragment, LA late apoptosis, LC live cells, EA early apopto-
sis

Fig. 2   Observation of the morphological changes in necroptotic L929 cells by electron microscopy. A 
Representative image of a normal cell with continuous cell membrane and intact nuclear membrane. B 
Representative image of an apoptotic cell with the cell volume decreased, cytoplasm condensed and the 
chromatin condensed into blocks, scattered in the nucleus and moved under the nuclear membrane. C 
Representative image of a necroptotic cell demonstrating swollen nucleus and nuclear membrane, disin-
tegrated cell membrane and vacuolated cytoplasm. Magnification, × 400,000
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Morphological Changes in Necroptotic L929 Cells were Observed by Electron 
Microscopy

To further investigate the morphological changes to L929 cells following TNF-α 
and z-VAD-fmk co-treatment, cells were observed under TEM. As shown in 
Fig. 2, in normal cells, the cell membrane was continuous and the nuclear mem-
brane was intact (Fig.  2A). In apoptotic cells, the cell volume was decreased, 
cytoplasm was condensed and the chromatin was condensed into blocks which 
scattered in the nucleus and attached to the periphery of nuclear membrane 
(Fig. 2B). However, in necroptotic cells, the nucleus swelled, the cell membrane 
and nuclear membrane disintegrated and the cytoplasm was vacuolated (Fig. 2C). 
All these results demonstrated the morphology change of necroptotic cells and 
further confirm the successful establishment of the necroptosis model.

Fig. 3   Key signaling molecules in the pathway of necroptosis. A The expression of RIPK3 and the 
p-MLKL to total MLKL ratio was determined by western blotting. Compared with the control group, 
TNF-α combined with z-VAD-fmk (necroptosis group) significantly increased the expression of B 
RIPK3 and C-D the p-MLKL/MLKL ratio. Application of necroptosis inhibitor Nec-1 downregu-
lated the RIPK3 and p-MLKL/MLKL expression in the necroptosis group. Data are expressed as the 
mean ± standard deviation. N = 3; **P < 0.01, ***P < 0.001. RIPK receptor-interacting serine/threonine-
protein kinase, p phosphorylated, MLKL mixed lineage kinase domain-like protein, TNF-α tumor necro-
sis factor-α
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RIPK3 and MLKL were Key Signaling Molecules in the Necroptosis Pathway

Then, protein expression of RIPK3 and MLKL were determined in different 
groups of cells. It was found that after the cells were stimulated with TNF-α and 
z-VAD-fmk for 24 h, the protein levels of RIPK3 and the ratio of p-MLKL/total-
MLKL were significantly increased compared with the control group (Fig.  3). 
Meanwhile, application of the necroptosis inhibitor Nec-1 reduced RIPK3 expres-
sion and the ratio of p-MLKL/total-MLKL in the necroptosis inhibition group 
compared to the necroptosis group (Fig.  3), suggesting that RIPK3 and MLKL 
might be associated with necroptosis process.

Fig. 4   Expression of HMGB1 in necroptosis. A Western blot analysis was used to detect the protein 
expression of HMGB1 in total and in the nucleus and cytoplasm individually. B The relative protein 
expression levels of total HMGB1 and in the nucleus and cytoplasm during necroptosis and necroptosis 
inhibition. C ELISA was used to determine the release level of HMGB1 in the serum during necropto-
sis. Data are expressed as the mean ± standard deviation. N = 3; **P < 0.01, ***P < 0.001. HMGB1, high 
mobility group protein 1; PCNA, proliferating cell nuclear antigen
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HMGB1 was Differentially Expressed in the Nucleus and Cytoplasm in Necroptosis

Next, the role of HMGB1 in necroptosis was also investigated. Results showed 
HMGB1 expression was significantly increased in necrotic L929 cells compared 
with the control cells (Fig. 4A–B). Further analysis indicated that when necroptosis 
occurred, the expression of HMGB1 in the nucleus decreased significantly while the 
expression in the cytoplasm was significantly increased. Besides, the protein levels 
of HMGB1 in both nucleus and cytoplasm were markedly decreased following the 
addition of the necroptosis inhibitor. Additionally, HMGB1 concentration in cul-
tural medium was also increased by necroptosis induction, which was suppressed 
by necroptosis inhibition (Fig. 4C). These results indicated that HMGB1 was also 
associated with necroptosis.

The Interaction Between HMGB1 and RIPK3 was Weakened in Necroptosis

Finally, the interaction between HMGB1 and RIPK3 was confirmed and the alter-
ation was determined. As shown in Fig.  5, in necroptosis cells, the interaction 
between HMGB1 and RIPK3 was remarkably weakened. After the application of a 
necroptosis inhibitor, the interaction between HMGB1 and RIPK3 was significantly 
enhanced, suggesting the interaction between HMGB1 and RIPK3 was affected by 
the necroptosis process.

Discussion

Despite numerous studies and long-term knowledge for cell necroptosis, the under-
lying molecular mechanisms for necroptosis are still unclear. HMGB1 is a newly 
found inflammation related factor, which participates in many diseases and bio-
processes. However, up to now, few studies focused on role of HMGB1 in cell 
necroptosis. In the present study, we demonstrated that the expression of HMGB1 

Fig. 5   The interaction between HMGB1 and RIPK3 during necroptosis and necroptosis inhibition was 
explored by co-immunoprecipitation. A The western blot results. B The ratio of immunoprecipitated 
RIPK3/HMGB1 represents the strength of interaction between HMGB1 and RIPK3. Data are expressed 
as the mean ± standard deviation. N = 3; ***P < 0.001. IgG immunoglobulin G, HMGB1 high mobility 
group protein 1, RIPK receptor-interacting serine/threonine-protein kinase
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was upregulated in cell cytoplasm and decreased in nucleus in necrotic cells, and its 
interaction with RIPK3 and HMGB1might be involved in this process (Fig. 6).

In the present research, we used TNF-α and pan-caspase inhibitor z-VAD-fmk 
co-treatment to induce cell necroptosis. TNF-α and z-VAD-fmk haves been used 
to induce necroptosis model in various studies. In an early research, Günther et al. 
used TNF-α to induce cell necroptosis and found knockdown of caspase-8 facili-
tated the cell necroptosis in epithelial cells (Günther et al. 2011). In a recent study, 
Li et  al. used z-VAD-fmk to improve endotoxic shock by inducing necroptosis of 
macrophages (Li et  al. 2019). In another study, the authors used both TNF-α and 
z-VAD-fmk to induce necroptosis in renal epithelial cells (Liang et al. 2014). In our 
research, we also successfully established the necroptosis model using TNF-α and 
z-VAD-fmk. Besides, the Nec-1 was used to inhibit necroptosis. In 2005, Degterev 
et al. (Deng et al. 2019) showed that the small molecule Nec-1 specifically blocked 
necroptosis, caspase-induced non-dependent cell death, which was consistent with 
our results.

HMGB1 is released extracellularly primarily through active secretion by 
inflammatory cells and passive release by necrotic cells. When monocytes, mac-
rophages, and dendritic cells are stimulated, HMGB1 is released in a dose- and 
time-dependent manner (Wang et  al. 2004). The role of HMGB1 in inflammation 
has been demonstrated in many studies. It has been found HMGB1 is activated in 
inflammation response and high levels of HMGB1 promote inflammation (Soliman 
et al. 2020; Deng et al. 2019; Steinle 2020). Except for role of HMGB1 in inflam-
mation, HMGB1 is also considered to play important roles in necroptosis. It was 
found the inhibition of HMGB1 led to improvement of hypoxia/reoxygenation-
induced necroptosis in cardiomyocytes (Chen et al. 2019). In a more recent research, 
Simpson et al. also demonstrated that necroptosis induced by respiratory syncytial 
virus was associated with the increased release of HMGB1 (Simpson et al. 2020). 
However, despite these studies, role of HMGB1 in cell necroptosis needs further 
elaboration. The present study found HMGB1 expression decreased in the nucleus 
but began to increase in the cytoplasm. This phenomenon confirmed the release 
of HMGB1 from the nucleus to the cytoplasm during the onset of necroptosis. 
This finding suggested that by reducing the occurrence of necroptosis, the release 
of HMGB1 could be reduced, which controls the extracellular HMGB1-induced 
pathogenesis.

Fig. 6   Possible molecular mech-
anism for HMGB1 in TNF-α 
combined with z-VAD-fmk-
induced L929 cells necroptosis
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Accumulating evidence demonstrated that RIPK1 is not a critical factor in 
necroptosis, while RIPK3 expression is an essential component in the process of 
forming various inductive necrosomes in the initial stage of necroptosis (Han et al. 
2011). Previous studies have demonstrated that when RIPK3 was knocked-out, 
RIPK1 could only mediate the apoptotic pathway, and RIPK1 mediated necroptosis 
only in the presence of RIPK3 (Cho et al. 2009; He et al. 2009). After the expression 
of RIPK3 was downregulated, cell necroptosis was inhibited but apoptosis was not 
affected (Cho et al. 2009). These studies indicated that RIPK3 is the key factor in 
the pathway of necroptosis, and thus, it can be used as a specific marker of necrop-
tosis. The present study determined that HMGB1 bond to RIPK3 in the cytoplasm 
in normal cells and the interaction between HMGB1 and RIPK3 was weakened in 
cell necroptosis, indicating that the binding of HMGB1 and RIPK3 might exert a 
protective role in the process of necroptosis. However, more studies are still needed 
to provide deeper insights for how the interaction between HMGB1 and RIPK influ-
ences necroptosis.

In summary, the present study determined that necroptosis may cause extracel-
lular release of the DAMP molecule HMGB1. It was identified that HMGB1 had 
a different role according to the localization in the nucleus, cytoplasm or outside 
of the cell; however, the underlying mechanism requires further investigation. The 
present findings demonstrated that HMGB1 might be useful for identifying novel 
therapeutic approaches that regulate necroptosis and may be a novel biomarker for 
the pathogenesis and progression of necrosis.
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