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1.  INTRODUCTION
In terms of the sequence and structure, Bcl-2-related ovarian 
killer (Bok), a member of the B-cell lymphoma-2 (Bcl-2) family, 
is similar to the classic proapoptotic effectors Bcl-2-associated 
X protein (Bax) and Bcl-2 homologous antagonist/killer (Bak).1,2 
Overexpression of Bok results in permeablization of the mito-
chondrial outer membrane, activation of caspase-3, and ultimate 
death in a variety of cell systems.1–3 Nonetheless, considering the 

deficiency of clarifying the upstream triggers and molecules, the 
role played by Bok in apoptosis is not well-defined.

Receptor interacting serine/threonine kinase 1 (RIPK1), a 
core regulator of necroptosis, matters considerably in regulat-
ing inflammatory response, and triggering multiple cell death 
pathways including apoptosis.4,5 RIPK1 mediates nuclear fac-
tor kappa-B (NF-κB) activation that enhances the expression of 
various proinflammatory cytokines,6 and necrostatin-1 (Nec-1), 
a specific inhibitor of RIPK1, is well-demonstrated to suppress 
inflammation.7–9 Besides, RIPK1 is also involved in regulating 
apoptosis, and inhibiting RIPK1 with Nec-1 has been demon-
strated to prevent apoptosis by inhibiting caspase-3 and Bax and 
enhancing Bcl-2 activity,10 the effects of which on Bok-mediated 
apoptosis, however, remain unknown.

The present study aimed to investigate the effects of Nec-1 on 
rats with skeletal muscle ischemia reperfusion (IR), and Bok was 
depleted in human skeletal muscle cells (HSMCs) to clarify its 
potential role in mediating apoptosis following oxygen-glucose 
deprivation/reoxygenation (OGD/R)-induced RIPK1 activation. 
It was hypothesized that inhibiting RIPK1 with Nec-1 sup-
pressed apoptosis by targeting the proapoptotic effector Bok in 
IR-induced skeletal muscle injury.
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Abstract
Background: Receptor interacting serine/threonine kinase 1 (RIPK1) mediates apoptosis by regulating the classic proapoptotic 
effectors Bcl-2-associated X protein (Bax) and Bcl-2 homologous antagonist/killer (Bak). Although Bcl-2-related ovarian killer (Bok) 
is structurally similar to Bak and Bax, it is unclear whether it mediates apoptosis in skeletal muscle ischemia reperfusion (IR) injury. 
We hypothesized that by regulating Bok-mediated apoptosis, inhibiting RIPK1 with necrostatin-1 would reduce skeletal muscle IR 
injury.
Methods: Rats were randomized into four groups: sham (SM), IR, IR treated with necrostatin-1 (NI), or vehicle dimethyl sulfox-
ide (DI). For the IR group, the right femoral artery was clamped for 4 hours and then reperfused for 4 hours, and for the NI and 
DI groups, necrostatin-1 (1.65 mg/kg) and the equal volume of dimethyl sulfoxide were intraperitoneally administered prior to IR 
induction. The structural damage of muscle tissue and protein expression of Bok, Bcl-2, and cleaved caspase-3 were investigated, 
and apoptotic cells were identified with terminal dUTP nick-end labeling (TUNEL) staining. In vitro, human skeletal muscle cells 
(HSMCs) were exposed to 6 hours of oxygen-glucose deprivation followed by normoxia for 6 hours to establish an oxygen-glucose 
deprivation/reoxygenation (OGD/R) model. To determine the role of Bok, cell viability, lactate dehydrogenase (LDH) release, and 
flow cytometry were examined to demonstrate the effects of necrostatin-1 and Bok knockdown on the OGD/R insult of HSMCs.
Results: Necrostatin-1 pretreatment markedly reduced IR-induced muscle damage and RIPK1, Bok, and cleaved caspase-3 
expression, whereas upregualted Bcl-2 expression (p < 0.05). Furthermore, necrostatin-1 prevented mitochondrial damage and 
decreased TUNEL-positive muscle cells (p < 0.05). In vitro, HSMCs treated with necrostatin-1 showed reduced Bok expression, 
increased cell viability, and reduced LDH release in response to OGD/R (p < 0.05), and Bok knockdown significantly blunted the 
OGD/R insult in HSMCs.
Conclusion: Necrostatin-1 prevents skeletal muscle from IR injury by regulating Bok-mediated apoptosis.
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2.  METHODS

2.1.  Animals
Our research protocols were in accordance with the National 
Institutes of Health’s Guide for the Care and Use of Laboratory 
Animals and approved by The Animal Ethics Committee of 
the First Affiliated Hospital of Wenzhou Medical University. 
Twenty-four adult Sprague-Dawley rats weighing 180–220 g 
were purchased from Laboratory Animal Center at Wenzhou 
Medical University and were caged in a temperature- and 
humidity-controlled facility with a 12:12 h light/dark cycle and 
free access to standard animal feed and water.

Using a computer-generated table of random numbers (www.
random.org), the rats were randomly assigned to one of four groups 
(n = 6), that is, sham (SM) group, IR group, ischemia reperfusion 
treated with Nec-1 (NI), or vehicle dimethyl sulfoxide (DI) group. 
To summarize, the IR group received 4 hours of ischemia and 
another 4 hours of reperfusion in the right hindlimb, whereas the 
SM group experienced a sham surgical procedure without femoral 
artery being clamped. The rats in the NI group received intraperito-
neal administration of Nec-1 (1.65 mg/kg in 2% dimethyl sulfoxide; 
Selleck, Houston, TX) 60 minutes prior to the initiation of IR, while 
those in the DI group received an equal volume of the vehicle dime-
thyl sulfoxide instead in the same manner.

2.2.  Rat model of skeletal muscle IR
Intraperitoneal injections of ketamine hydrochloride (80 mg/
kg) and xylazine hydrochloride (13.5 mg/kg) were used for 
anesthetizing the rats. Following an incision in the right groin, 
skeletal muscle ischemia was induced by clamping the right 
femoral artery for 4 hours with an atraumatic clamp and mean-
while a rubber was placed to the right greater trochanter to pre-
vent collateral circulation. The rats were anesthetized under a 
heat lamp throughout the ischemia period, and the incision was 
temporarily covered with a plastic sheet to prevent excessive 
dehydration. After 4 hours of ischemia, the clamp and rubber 
were removed, and the right hindlimb was allowed to perfuse 
for 4 hours. The incision was closed with sutures and received 
local infiltration with ropivacaine for analgesia. Besides, the 
rats were permitted to remain awake during the reperfusion 
phase. The ischemia and reperfusion were visually confirmed 
by changes in the color of the hind paws. At the end of the pro-
cedure, the animals were euthanized by the anesthetic overdose, 
and midline abdominal incision was immediately performed 
to collect abdominal aortic blood samples, while the ipsilat-
eral gastrocnemius muscle samples were obtained for further 
detections.

2.3.  Cell culture and treatment
HSMCs were purchased from iCell Bioscience Inc. (CAT 
NO. Hum-iCell-1236P; Shanghai, China) and cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Inc., 
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum 
(Invitrogen, Inc., Carlsbad, CA, USA) in 5% CO2 at 37°C.

The cells were randomly divided into five groups: (1) control 
group (CN group): cells cultured under normoxic conditions; (2) 
OGD/R-treated group (HR group): cells exposed to 12 hours of 
oxygen-glucose deprivation followed by 18 hours of reoxygena-
tion; (3) Nec-1 + OGD/R group (NH group): cells cocultured 
with Nec-1 50 μM for 24 hours under normoxic conditions 
before OGD/R insult; (4) Bok siRNA+ OGD/R group (siBok 
group): cells cocultured with small interfering RNA (siRNA) 
targeting Bok for 24 hours under normoxic conditions before 
OGD/R insult; (5) negative control siRNA + OGD/R group 
(siNC group): cells cocultured with negative control siRNA for 
24 hours under normoxic conditions before OGD/R insult.

2.4.  siRNA transfection
siRNA targeting human Bok (5′-AAAAGAATTCCGGAT 
GGACTGATGTCCTCAAGTGTGTCAAGAGCACACTTGA 
GGACATCAGTCCATCCTTTTTGCGGCCGCAAAA-3′) 
and the negative control were synthesized in RiboBio Co., Ltd. 
(Guangzhou, China).11 According to the manufacturer’s instruc-
tions, HSMCs were seeded in a 96-well plate and transfected 
with the siRNAs using Lipofectamine 2000 (Thermo Fisher 
Scientific, Waltham, MA, USA). Afterwards, the transfection 
efficacy was confirmed by Western blot assay.

2.5.  OGD/R treatment
The OGD/R insult was performed as described previously.12 
At the confluence of 80%, the HSMCs culture medium was 
replaced with a deoxygenated glucose-free DMEM (pH 7.4) 
and transferred into a hypoxic chamber that perfused with a 
mixture of 5% CO2 and 95% N2 at 37°C for 12 hours to induce 
OGD/R insult. Oxygen-glucose deprivation was terminated by 
replacing the deoxygenated glucose-free DMEM with regular 
culture medium and incubated in the normal culture conditions 
(37°C, 5% CO2) for another 18 hours, thus, mimicking reperfu-
sion. Control HSMCs were cultured with standard medium and 
maintained in normal conditions (37°C, 5% CO2) for equivalent 
time periods.

2.6.  Histopathological evaluation
The gastrocnemius muscle specimens were immediately fixed in 
formalin, embedded in paraffin, and sectioned at 4 μm. After 
deparafinization and rehydration, the sections were stained 
with hematoxylin-eosin and examined using a light microscope 
(Imager Z2, Carl Zeiss, Jena, Germany) by the same experienced 
pathologist who was blinded to group assignment.

2.7.  Electron transmission microscope assessment
The cut skeletal muscle tissues were prefixed with 2% glutar-
aldehyde for 2 hours, postfixed with 1% osmium tetroxide for 
1 hour (pH 7.4, 4°C), gradually dehydrated with ethanol, and 
then embedded in epoxy-resin. Before being evaluated under a 
H-7650 transmission microscope (Hitachi, Tokyo, Japan), the 
ultrathin slices (about 70 nm thick) were cut, collected on cop-
per rhodium-coated grids and stained with uranyl acetate and 
lead citrate.

2.8.  Detection of caspase activity in muscle tissue
In accordance with the manufacturer’s instructions, the mus-
cle tissues were homogenized in the ice-cold lysis buffer and 
the supernatants were collected to determine the activities of 
caspase-8 and caspase-9 using colorimetric assay (Abbkine 
Scientific Co., Ltd, China).

2.9.  Measurement of plasma interleukin-6 and tumor 
necrosis factor-α
Blood samples (3 mL) obtained from the abdominal aorta were 
centrifuged to separate plasma. The plasma levels of IL-6 and 
TNF-α were determined using an enzyme linked immunosorb-
ent assay in accordance with the manufacturer’s protocol (R&D 
Systems China Co., Ltd., China).

2.10.  In vivo and in vitro apoptosis assays
Paraffin-embedded skeletal muscle sections were deparaffinized, 
rehydrated, and permeabilized. After the immersion in equilibra-
tion buffer, the sections were incubated with the terminal dUTP 
nick-end labeling (TUNEL) reaction mixture reagent (Beyotime, 
Shanghai, China) at 37°C for 1 hour. Subsequently, the slices 
were stained with 4´, 6-diamidino-2-phenylindole (DAPI) at 
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room temperature for 5 minutes and proceed to image analy-
sis in five adjacent visual fields in each slice. The percentage of 
TUNEL-positive cells was calculated relative to the total num-
ber of DAPI-positive cells.

Apoptosis analysis of cultured HSMCs was performed using 
flow cytometry according to the manufacturer’s instructions 
(Beyotime, Shanghai, China). Briefly, HSMCs from each group 
were washed in PBS three times and resuspended in 400 µL of 
binding buffer with FITC Annexin V and propidium iodide (PI). 
Then the cells were placed in the dark at room temperature for 
15 minutes, and afterwards, cell apoptosis was analyzed using a 
BD FACSVerse flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA). The rate of apoptosis was defined as the total percent-
age of early (Annexin V-positive/PI-negative) and late apoptotic 
cells (Annexin V-positive/PI-positive).

2.11.  Western blot
The protein expression of RIPK1, Bok, Bcl-2, and cleaved 
caspase-3 was detected using Western blot. In brief, identical 
amounts of protein were obtained from muscle tissues or har-
vested cells with RIPA lysis buffer containing protease inhibi-
tors, which were then separated by 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis and transferred onto poly-
vinylidene diflfluoride membranes. After 2 hours of blocking 
with 5% skimmed milk at 25°C, the membranes were then incu-
bated overnight at 4°C with primary antibodies against RIPK1 
(#3493; 1:1000; CST Co.Ltd, USA), Bok (#ab186745; 1:1000; 
Abcam Co.Ltd, Cambridge, United Kingdom), Bcl-2 (#ab32124; 
1:1000; Abcam Co.Ltd, Cambridge, United Kingdom), cleaved 
caspase-3 (#ab2302; 1:1000; Abcam Co.Ltd, Cambridge, United 
Kingdom), and GAPDH (#ab8245; 1:1000; Abcam Co.Ltd, 
Cambridge, United Kingdom). The membranes were washed 
with Tris-buffered saline buffer with Tween, and then incubated 
for 2 hours at room temperature with the respective secondary 
antibodies. Finally, the blots were visualized using ECL reagent 
and then scanned using the LAS-3000 detection system. The lev-
els of all the target proteins were normalized against GAPDH.

2.12.  Cell counting kit-8 assay
The cell viability of HSMCs was evaluated using a CCK-8 assay 
(MCE, Shanghai, China). In brief, HSMCs were cultured in 
96-well plates at a density of 1 × 104 per well. After various treat-
ments following the experimental design, 10 μL CCK-8 solution 
was added to the medium of each well, and the cells were then 
incubated again for another 2 hours at 37°C in the dark. Finally, 
the optical density was detected at a wavelength of 450 nm in 
a microplate reader (Bio-Rad Laboratories, Inc., USA), and the 
cell viability was expressed as the percent of control. The experi-
ment was repeated in triplicate.

2.13.  LDH release assay
Used as a marker of cell injury, LDH release was quantified using 
commercially available kit (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). The supernatant of HSMCs (120 μL) 
was collected through centrifugation (400 × g, 5 minutes, room 
temperature) from each well after corresponding treatment and 
then transferred to a new plate. Then, LDH detection solution (60 
μL) was added to each well. After 30 minutes of incubation at room 
temperature, the absorbance was measured at a wavelength of 
490 nm in a microplate reader (Bio-Rad Laboratories, Inc., USA).

2.14.  Statistical analysis
SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) was used to 
analyze the data. Normal distribution of the continuous vari-
ables was determined by Kolmogorov-Smirnov test, and the 
normally distributed data were expressed as mean ± standard 

deviation. Statistical differences between groups were evalu-
ated using a one-way analysis of variance, followed by the 
Bonferroni post hoc method. Statistical significance of difference 
was defined as a p < 0.05.

3.  RESULTS

3.1.  Nec-1 attenuated IR-induced skeletal muscle damage
Histopathology clearly revealed the existence of regularly arranged 
myofibers in the muscle section of sham-operated rats, whereas 
gastrocnemius muscle tissues subjected to IR presented disordered 
and swollen myofibers of varying diameter, and inflammatory 
cell infiltration (Fig. 1A). At the ultrastructural level, edema and 
highly disorganized myofibers were observed, and mitochondrial 
damage was revealed in muscle tissue subjected to IR as indicated 
by swelling, the formation of internal vesicles and the disruption 
or loss of cristae (Fig. 1B). The pretreatment with Nec-1 signifi-
cantly reduced the microstructural and ultrastructural abnormali-
ties following IR in gastrocnemius muscle tissue.

3.2.  Nec-1 and Bok knockdown prevented cell injury 
following OGD/R challenge
It was demonstrated that the OGD/R challenge was attributed 
to a decrease of cell viability and an increase of LDH release in 
HSMCs (p < 0.05). Nec-1 50 μM significantly attenuated the 
OGD/R-induced HSMCs injury, as evidenced by the increased 
cell viability and the decreased LDH release (p < 0.05). Similarly, 
Bok knockdown with siRNA was also found to significantly 
attenuate OGD/R insult in HSMCs (Fig. 2).

3.3.  Nec-1 suppressed Bok-mediated apoptosis induced 
by IR and OGD/R
Numerous TUNEL-positive cells were observed in muscle tis-
sue of rats subjected to IR (Fig. 3A), while the pretreatment with 
Nec-1 significantly reduced the number of TUNEL-positive cells 
(p < 0.05, Fig. 3B). Moreover, the activities of caspase-8 and cas-
pase-9 in muscle tissue were more significantly enhanced in the 
IR group than the SM group (p < 0.05), which was reduced in 
the NI group (p < 0.05, Fig. 3C). Similar results were presented in 
vitro, that is, the proportion of the apoptotic (Annexin V-positive/ 
PI-negative and Annexin V-positive/ PI-positive) cells was 
increased in the OGD/R-treated HSMCs, which was decreased by 
both Bok knockdown and Nec-1 treatment (p < 0.05, Fig. 3D).

3.4.  RIPK1 acted as an upstream of Bok and caspase-3 
activation following IR and OGD/R
Compared with the SM group, the protein levels of RIPK1, Bok 
and cleaved caspase-3 in the IR and DI groups were increased, 
and Bcl-2 expression was downregulated in muscle tissue upon 
reperfusion (p < 0.05). The muscular expression of RIPK1, Bok 
and cleaved caspase-3 was decreased, while Bcl-2 expression 
was upregulated in rats treated with Nec-1 (p < 0.05, Fig. 4A). 
Similar patterns of RIPK1, Bok and cleaved caspase-3 expres-
sion were observed in HSMCs in response to OGD/R, which 
could be downregulated by Nec-1 incubation (p < 0.05, Fig. 4B). 
Bok knockdown HSMCs presented significantly decreased pro-
tein expression of cleaved caspase-3 without compromising 
RIPK1 expression (p < 0.05, Fig. 4B).

3.5.  Nec-1 decreased the plasma levels of inflammatory 
cytokines
As expected, Fig.  5 demonstrated that the plasma levels of 
IL-6 and TNF-α were significantly higher in the IR and DI 
groups than the SM group (p < 0.05), which were dramatically 
decreased by Nec-1 (p < 0.05).
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4.  DISCUSSION
It was hereby demonstrated that (1) RIPK1 and Bok were upreg-
ulated in skeletal muscle tissue subjected to IR and OGD/R-
challenged HSMCs; (2) Nec-1 significantly downregulated the 
Bok expression, suppressed the caspase activation, attenuated 
inflammation, and finally attenuated skeletal muscle IR injury; (3) 
Nec-1 and Bok knockdown protected HSMCs against apoptosis 

and OGD/R insult. The present results suggested that RIPK1 
might act as an upstream regulator of Bok-mediated apopto-
sis, and that inhibiting RIPK1 with Nec-1 reduced apoptosis in 
IR-induced skeletal muscle injury at least partly by targeting Bok.

RIPK1 acts as a multifunctional adaptor protein in response 
to various stimuli, the mechanisms of whose upregulation dur-
ing reperfusion, however, remain poorly understood. Positive 

Fig. 1  Necrostatin-1 attenuated IR-induced skeletal muscle damage. The microstructural (A) and ultrastructural (B) changes of gastrocnemius muscle tissue 
were evaluated in different groups. DI = ischemia reperfusion + vehicle dimethyl sulfoxide group; IR = ischemia reperfusion group; NI = ischemia reperfusion + 
Nec-1 group; SM = sham group.

Fig. 2  Necrostatin-1 and Bok knockdown prevented cell injury following OGD/R challenge. Cell viability (A) and LDH release (B) were measured in HSMCs 
exposed to OGD/R insult. Data are expressed as means ± standard deviation of three observations, * p < 0.05 compared with the CN group; # p < 0.05 
compared with the HR group. Bok = Bcl-2-related ovarian killer; CN = control group; HR = OGD/R-treated group; HSMCs = human skeletal muscle cells; IR = 
ischemia reperfusion; LDH = lactate dehydrogenase; NH = Nec-1 + OGD/R group; OGD/R = oxygen-glucose deprivation/ reoxygenation; siBok = Bok siRNA+ 
OGD/R group; siNC = negative control siRNA + OGD/R group.
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feedback between reactive oxygen species (ROS) and RIPK1 
has been demonstrated in the execution of necroptosis,13,14 and 
TNF-α treatment and T-cell activation have also been reported 
to induce RIPK1 expression.15 In this case, the burst of ROS and 
TNF-α release may contribute to the upregulated RIPK1 during 
reperfusion. RIPK1 has multiple domains and distinct molecu-
lar functions, where the N-terminal kinase domain involves in 
mediating the activation of NF-κB, the C terminal domain medi-
ates apoptosis, and its intermediate domain is required for tran-
sition between necroptosis and apoptosis.5,16 In the presence of 

RIPK1, TNF-α induces the formation of complex I and II, the 
former of which activates antiapoptotic proteins by activating 
several signaling pathways, including NF-κB.17–19 When com-
plex I fails to stimulate NF-κB signaling pathway, TNF-α turns 
to induce the RIPK1-dependent apoptosis by forming the com-
plex II, which promotes cell death by triggering the caspase cas-
cade,20,21 thereby mediating the extrinsic apoptotic pathway.22,23 
Importantly, RIPK1 has been suggested to activate caspase-8 
through a RIPK1-Fas-associated death domain protein scaffold 
and promote apoptosis.24

Fig. 3  Necrostatin-1 suppressed Bok-mediated cell apoptosis induced by IR and OGD/R. TUNEL staining (A), apoptosis rate (B) and activities of caspase-8 
and caspase-9 (C) in muscle tissue were measured. Data are expressed as means ± standard deviation of six observations, *p < 0.05 compared with the SM 
group; #p < 0.05 compared with the IR group. In vitro, the flow cytometry assay (D) was used to evaluate cell apoptosis in HSMCs, where Annexin V-positive/ 
PI-negative and Annexin V-positive/ PI-positive cells were apoptotic cells. Data are expressed as means ± standard deviation of three observations, *p < 0.05 
compared with the CN group; #p < 0.05 compared with the HR group. Bok = Bcl-2-related ovarian killer; HSMCs = human skeletal muscle cells; IR = ischemia 
reperfusion; OGD/R = oxygen-glucose deprivation/ reoxygenation; PI = propidium iodide; TUNEL = terminal dUTP nick-end labeling.
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Fig. 4  RIPK1 regulated Bok and caspase-3 activation following IR and OGD/R. Protein levels of RIPK1, Bok, Bcl-2 and cleaved caspase-3 (A) in muscle tissue 
were measured. Data are expressed as means ± standard deviation of six observations, *p < 0.05 compared with the SM group; #p < 0.05 compared with the 
IR group. In vitro, RIPK1, Bok and cleaved caspase-3 (B) protein expression was also detected in HSMCs. Data are expressed as means ± standard deviation 
of three observations, *p < 0.05 compared with the CN group; #p < 0.05 compared with the HR group. RIPK1 = receptor interacting serine/threonine kinase 
1; Bok = Bcl-2-related ovarian killer; IR = ischemia reperfusion; OGD/R = oxygen-glucose deprivation/ reoxygenation; Bcl-2 = B-cell lymphoma-2; HSMCs = 
human skeletal muscle cells.

Fig. 5  Necrostatin-1 decreased the plasma levels of inflammatory cytokines. Plasma levels of TNF-α (A) and IL-6 (B) were determined in rats from different 
groups. Data are expressed as means ± standard deviation of six observations, *p < 0.05 compared with the SM group; #p < 0.05 compared with the IR group. 
IL-6 = interleukin-6; TNF-α = tumor necrosis factor-α.
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Considering its crucial role in regulating mitochondrial outer 
membrane permeabilization,25 the Bcl-2 family of proteins is 
well recognized in the intrinsic apoptotic pathway, while Bok 
is considered a proapoptotic effector due to its roughly 75% 
sequence similarity to Bax and Bak.1 However, more than 20 
years after its discovery, the exact role of Bok in apoptosis is 
still not entirely understood or controversially discussed to some 
extent.26 As reported, though the exact mechanisms by which IR 
upregulates Bok expression are undetermined, Bok contributes 
considerably to IR-induced apoptosis.27,28 It was hereby assumed 
that ROS might play important roles, since it would upregulate 
another Bcl-2 family protein counterpart Bax during IR,29 and it 
was shown that overexpression of Bok induced intrinsic apop-
tosis in a variety of cell types even in the absence of Bax and 
Bak.30 By contrast, some studies reported that cell death induced 
by overexpressed BOK was much reduced in Bax–/–Bak–/– double 
knockout cells,3,31 suggesting that BOK induced apoptosis in a 
Bax and Bak dependent manner. The activation of Bok and its 
subsequent oligomerization stimulates the pores formation in 
the mitochondrial outer membrane and increased permeabliza-
tion, thereby resulting in the release of cytochrome c and the 
activation of proapoptotic molecules such as caspase-3.3,32,33

As demonstrated previously, RIPK1 deficiency inhibited 
the poly (ADP-ribose) polymerase-1 (PARP-1)-induced c-Jun 
N-terminal kinase (JNK) activation and contributed to increased 
resistance against mitochondrial dysfunction and apoptosis, 
indicating the role of RIPK1 as an upstream regulator of PARP-
1-activated JNK.34 This was also supported by Zhang et al,35 
who demonstrated that RIPK1-mediated apoptosis signal-reg-
ulating kinase 1-interacting protein 1 (AIP1) phosphorylation 
at the 14-3-3-binding site Ser-604 was required for the forma-
tion of the apoptotic complex and the activation of apoptotic 
JNK/p38 signaling in response to TNF-α. Furthermore, RIPK1 
induced the phosphorylation of extracellular signal-regulated 
kinase (ERK) following eleostearic acid exposure, thus leading 
to ROS overproduction and mitochondrial dysfunction.19 Taken 
together, these results confirmed the crucial role of mitogen-acti-
vated protein kinases activation in RIPK1-dependent apoptosis 
by targeting Bcl-2 family proteins.

Nec-1, a small tryptophan-based molecule and a selective 
allosteric inhibitor of RIPK1, is capable of inhibiting necropto-
sis triggered by the dimerization of the kinase domain.36 It was 
hereby indicated that Nec-1 treatment downregulated the pro-
tein expression of total RIPK1, which was consistent with previ-
ous studies.37,38 Different from its definite anti-necroptotic action, 
the effects of Nec-1 on apoptosis are debatable. Several studies 
have demonstrated that Nec-1 inhibited apoptosis.10,39 Nec-1 
drastically lowered the expression of apoptosis-related proteins 
while increasing the expression of the antiapoptotic protein Bcl-
2, and decreased the number of apoptotic cells in the hippocam-
pus CA1 region of mice with status epilepticus.39 Additionally, 
similar results were presented when rats were administered 
with Nec-1 to prevent spinal cord damage.10 Indeed, the current 
study demonstrated that the pretreatment with Nec-1 reduced 
muscular Bok expression and restrained apoptosis following 
IR. Furthermore, Nec-1 treatment and Bok knockdown blunted 
apoptosis and OGD/R-induced skeletal muscle cell injury. Thus, 
it is believed that Nec-1 therapy attenuated IR-induced skeletal 
muscle damage by regulating Bok-mediated apoptosis. However, 
opposite results have been reported in some other studies. For 
instance, Nec-1 was capable of inducing apoptotic neutrophil 
death, which reduced the chronic inflammation.40 Interestingly, 
Nec-1 significantly increased the liver damage and decreased the 
survival time in septic rats by permitting the apoptotic path-
way, demonstrating that Nec-1 might lead to unfavorable con-
sequences beside its therapeutic purposes.41 It was also assumed 
that various pathophysiological situations would give rise to 

tissue damage with distinct properties and varied cell death pat-
terns, which might reasonably explain the paradoxical effects of 
Nec-1 on apoptosis.

Several limitations of the present study should be noticed. 
First, the dosage of the chosen Nec-1 referred to published 
study,42 but the single dosage of Nec-1 possibility led to inade-
quate inhibition of RIPK1 by Nec-1. Second, the precise mecha-
nisms involved in regulating Bok activation by RIPK1 were not 
studied in the present study, and the phosphorylated form of 
RIPK1 was not measured, either. Third, Nec-1 was administered 
before ischemia initiation in the present study, which might be 
differed from clinical scenarios, and the effects of Nec-1 admin-
istration after ischemia should be studied as well. Finally, this 
study failed to exclude the RIPK1-independent mechanisms 
that might contribute to the protective effects of Nec-1, since 
targets of Nec-1 activity other than RIPK1 have also been sug-
gested. For instance, Nec-1 inhibited nitric oxide donor-induced 
β-cells cell death via the activation of protein kinase B (Akt) in a 
RIPK1-independent manner,43 while Akt is a well-known kinase 
involved in the regulation of apoptosis in skeletal muscle IR.44,45

It is concluded that inhibiting RIPK1 with Nec-1 did pre-
vent skeletal muscle from IR injury by targeting Bok-mediated 
apoptosis.
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