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Abstract Traumatic brain injury (TBI) is characterized by high rates of death and disability. 

Necroptosis is reported to be involved in neuronal death after TBI. However, additional mole-

cules and related mechanisms underlying necroptosis, particularly during TBI, remain to be 

elucidated. mTOR and two of its three substrates (4EBP1 and ULK1) are involved in necroptosis. 

However, direct evidence linking necroptosis to S6K, another key substrate of mTORC1, has 

been lacking. In this study, we aimed to investigate the regulated role of “S6K1-glucocorti-

coid-inducible kinase-1 (SGK1)” pathway in neuronal necroptosis after TBI. We first showed 

that the “S6K1—SGK1” pathway was activated during neuronal necroptosis in TNF-α/Smac 

mimics/Z-VAD-FMK-induced necroptotic cell model and mouse TBI model. Then, inhibition of 

the “S6K1—SGK1” pathway could decrease necroptosis by regulating the MLKL activation. 

Next, a rescue assay indicated that S6K1 may regulate necroptosis through modulating SGK1 

expression, while not through binding with SGK1. Finally, S6K1 inhibition alleviated neuronal 

necroptosis, neuro-inflammation, and functional damage via SGK1 in mice after TBI. Our re-

sults showed a non-canonical role of “S6K1—SGK1” pathway in neuronal necroptosis following 

TBI in mice, which will provide a potential therapeutic target for necroptosis treatment in TBI 

and other necroptosis-related disorders.

ª 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. 

Ltd. This is an open access article under the CC BY license (http://creativecommons.org/ 

licenses/by/4.0/).

Introduction

Traumatic brain injury (TBI) is characterized by high rates 
of death and disability. 1—3 The mortality rate for patients 
with severe TBI is approximately 40%, and the remaining 
patients also experience a significant decline in quality of 
life, which brings a heavy social and economic burden. 1,2 

Although several pathophysiological mechanisms of TBI, 
including inflammation, oxidative stress, and cell death, 
have been discovered, efficient therapeutic methods and 
molecular targets for TBI remain limited. 1,2

Necroptosis, a type of programmed necrosis, is inde-

pendent of caspases and is regulated by a complex 
comprising receptor-interacting protein-3 (RIP3), RIP1, and 
mixed lineage kinase domain-like protein (MLKL). 4—7 After 
MLKL dissociates from the necrosome, it translocates to the 
plasma membrane, inducing the formation of membrane 
pores and leading to necroptosis. 4—7 The classical nec-

roptosis can be induced by the combined application of 
tumor necrosis factor alpha (TNF-α), second mitochondrial 
activator of caspases (Smac) mimics, and caspase inhibitor 
Z-VAD-FMK (TSZ) through Fas-associated via death domain 
(FADD). 4,5,8 In addition, necroptosis is stimulated under 
various conditions such as trauma, oxidative stress, and 
ischemic injury. 4,5,9,10 Although the “RIP3—MLKL” pathway 
plays a key role in necroptosis, the upstream and down-

stream pathways involved in necroptosis pathogenesis 
remain unclear and require further study. Numerous studies 
have demonstrated a strong connection between nec-

roptosis and TBI, and some have explored the molecular 
mechanisms involved. 11—13 Smad ubiquitin regulatory factor

1 (Smurf1), stimulator of interferon gene (STING), tran-

scription factor EB (TFEB), and a series of microRNAs 
modulate neuronal necroptosis following TBI. 6,14,15 The 
application of necrostatin-1 (Nec-1), a broad-spectrum 
necroptotic inhibitor, can reduce neuronal death following 
TBI, suggesting that it may be a promising therapeutic

strategy for TBI. 16,17 However, additional molecules and 
related mechanisms underlying necroptosis, particularly 
during TBI, remain to be elucidated.

The mammalian target of rapamycin (mTOR) is a serine/ 
threonine protein kinase that regulates fundamental 
cellular processes, including cell proliferation, growth, and 
development, by integrating various signals, such as 
glucose, amino acids, and cytokines. 18,19 mTOR forms two 
distinct complexes with different proteins: mTOR complex

1 (mTORC1), which includes mLST8, PRAS40, Raptor, and 
DEPTOR; and mTORC2, which includes mLST8, mSin1, Pro-

tor, Rictor, and DEPTOR. 18,19 Recent studies suggest that 
mTORC1 is involved in the regulation of necroptosis. 7,20,21 

Excess amino acids or inhibition of tuberous sclerosis 1 
(TSC1) can activate RIP3 and MLKL through mTORC1, ulti-

mately triggering necroptosis and disrupting homeostasis in 
intestinal epithelial cells. 21

mTORC1 plays a classical role in protein synthesis and 
autophagy by phosphorylating its three major substrates: 
eukaryotic translation initiation Factor 4E (eIF4E) binding 
protein-1 (4EBP1), p70 ribosomal S6 kinase (S6K), and UNC-

51-like kinase 1 (ULK1). 18,19 Recent evidence suggests that 
ULK1 overexpression promotes autophagy and inhibits 
necroptosis by enhancing receptor-interacting protein ki-

nase 1 (RIPK1) phosphorylation at Ser357. 22,23 In addition, 
eIF4E has been shown to mediate necroptosis and plays a 
critical role in triple-negative breast cancer. 24,25 Consistent 
with these findings, our recent results showed that 
“4EBP1—eIF4E” axis is involved in regulating necroptosis in 
ischemic brain injury. 26 Specifically, 4EBP1 overexpression 
and eIF4E inhibition could suppress necroptosis by down-

regulating the RIP3—MLKL pathway. Furthermore, this 
pathway appears to operate through a positive feedback 
circuit, in which the RIPK3—MLKL signaling promotes 
degradation of 4EBP1 via the ubiquitin system, thereby 
enhancing eIF4E activity and amplifying RIP3 and MLKL 
activation. Finally, excessive eIF4E activation, likely driven
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by this feedback circuit, induces chemokine and cytokine 
production, potentially contributing to necroptosis-associ-

ated inflammation. However, direct evidence linking nec-

roptosis to S6K, another key substrate of mTORC1, has been 
lacking. In our recent study, we observed that S6K1 
expression significantly changed during the necroptotic 
process. 26 Notably, our previous study showed that p90 ri-
bosomal S6 kinase 3 (RSK3) regulated necroptosis in retinal 
neurons. 27 Besides, other studies have shown that RSK1/2 
also play a crucial role in necroptosis in TNF-treated 
L929 cells and in cecum damage, through activation of 
pyruvate dehydrogenase kinase-1 (PDK1). 28,29 Given that 
both RSK and S6K belong to the ribosomal protein kinase A, 
G, and C (AGC) family and have similar biological func-

tions, 30,31 we speculate that S6K1 may also play a regula-

tory role in necroptosis.

In addition, we screened the underlying regulated mol-

ecules in necroptosis related to the mTOR pathway and 
found that serum levels of glucocorticoid-inducible kinase-

1 (SGK1) increased during necroptosis. SGK1 belongs to the 
AGC family and is activated by mTORC2, which is stimu-

lated by growth factors and cellular and oxidative 
stress. 32,33 Notably, several studies have shown that RSK, 
S6K1, and SGK1 are activated by PDK1 in response to insulin 
and growth factor (IGF) signaling, and they regulate a va-

riety of cellular processes. 32,33 However, further experi-

ments have shown that both wild-type and phosphorylated 
forms of S6K1 can bind to PDK1. In contrast, PDK1 binds to 
SGK1 only when serine 422 is phosphorylated, and not to 
the wild-type SGK1. 33—35 While the roles of RSK and PDK1 in 
necroptosis have been previously reported, however, it 
remains unclear whether S6K1 and SGK1 also participate in 
necroptotic regulation or interact with each other in this 
context. Further studies are needed to clarify these po-

tential regulatory mechanisms.

In this study, we observed a novel and non-canonical role 
of the S6K1—SGK1 pathway in necroptosis in TBI, unlike the 
classical role of S6K1 and SGK1 in diverse cellular processes, 
such as cell proliferation and apoptosis. These findings 
provide a potential therapeutic target for the treatment of 
TBI and other necroptosis-related injuries.

Materials and methods

HT22 neuronal cell line and necroptotic model

HT22 cells were obtained from the American Type Culture 
Collection (Manassas, USA) and cultured in Dulbecco’s 
Modified Eagle Medium (Gibco, New York, USA) with fetal 
bovine serum (Gibco) under 37 ◦ C and 5% CO 2 . A commercial 
TSZ kit (Beyotime, Beijing, China) was added for different 
time points to induce necroptosis. Nec-1 (20 μM), 
PF4708671 (20 μM), and GSK650394 (15 μM) were all from 
MedChemExpress (New Jersey, USA) and were added 30 min 
before TSZ injury.

Mouse TBI model, drug application, and tissue 
preparation

Animal assays were approved by the animal research com-

mittee of the Second Xiangya Hospital of Central South

University (approval number: 2021136). Eight-week-old 
male C57/BL6 mice were randomly used for the TBI model 
as previously described. 36 Briefly, TBI injury was estab-

lished by a method of controlled cortical impact. After 
anesthetization, the mouse skull was exposed and under-

went a 5 mm craniotomy, positioned 2 mm to the right of 
the sagittal suture and 2 mm posterior to the coronal su-

ture. A 4 mm cranial window was drilled at the marked site, 
carefully removing bone fragments without damaging brain 
tissue. The right hemisphere was selected for injury. Under 
a stereotaxic apparatus (Rodent Stereotaxic System, RWD, 
China), the impact coordinates were identified relative to a 
depth of 2 mm, delivered by a 2 mm impacting tip (Small 
Animal Craniocerebral Precision Impactor, RWD, China) at a 
velocity of 3.5 m/s with a dwell time of 0.2 s. Sham mice 
only underwent scalp incision. Hemostasis was achieved 
using sterile cotton swabs. The bone window was sealed, 
and the scalp was sutured and disinfected with iodophor. 
Mice were placed on a 37 ◦ C heating pad until fully awake. 
The TBI severity was classified as moderate, assessed using 
the modified Neurological Severity Score (mNSS) to eval-

uate neurological deficits.

For the inhibitor treatment group, mice were intraperi-

toneally injected with the S6K1 inhibitor PF4708671 
(12.5 mg/kg) every 12 h after TBI injury for 3 days 37 

(Fig. 5H). Adeno-associated virus (AAV) shRNA targeting 
S6K1 (targeting sequence: GGAAGAUAUUUGCCAUGAATT) 
was constructed and packaged by OBio (Shanghai, China). 
Two μL 10 12 VG/mL AAV—shS6K1 was injected into the right 
lateral ventricles (depth: 3.0 mm) at a speed of 1 μL/min. 
The needle was kept in place for 2 min after the injection 
was complete. Follow-up experiments were performed 2 
weeks later.

For immunohistochemistry staining, 3 days after TBI, 4 
or 5 mouse brains from each group were removed and fixed 
in paraformaldehyde (Beyotime, Beijing, China), which 
were then equilibrated in sucrose solutions (Beyotime), 
embedded in paraffin, and subjected to sectioning. For 
Western blotting, 3 days after TBI, the skulls from 3 or 4 
mouse brains in each group were carefully removed to 
expose the brain. The brain was washed twice with pre-cold 
phosphate-buffered saline. The right cerebral cortical tis-
sue was dissected and immediately transferred into a 
sterile EP tube. Proteins from mouse brains were extracted 
by the ice-cold lysis buffer (Beyotime) with protease and 
phosphatase inhibitors (Beyotime).

Propidium iodide (PI) staining

PI (Thermo Fisher, Waltham, USA) staining was used to 
evaluate the percentage of necrotic cells. HT22 cells were 
washed 3 times with phosphate-buffered saline at the 
observed time points and then stained with PI for 20 min. 
Then, the cells were washed again and covered by a 
Mounting Medium with 4 ′ ,6-diamidino-2-phenylindole 
(DAPI) (MMD) (Thermo Fisher) and captured by a fluores-

cence microscope (Zeiss, Jena, Germany). The PI-positive 
cells were evaluated by Image J (National Institutes of 
Health, Baltimore, USA). PI-positive cells were identified in 
a double-blind manner, and the number of positive cells 
was normalized to the total number of imaged cells.

Non-canonical role of “S6K1—SGK1” 3



Lactate dehydrogenase (LDH) release assay

The LDH (Beyotime) assay was used to evaluate the ratio of 
cell death. Cell supernatants were first centrifuged, 
collected, and incubated with pre-treated reagent mixture, 
followed by detection of the absorbance at the wavelength 
of 490 nm. The ratio of cell death was the ratio of the 
absorbance of (intervenient cells—control cells) to the 
absorbance of (massive LDH value—control cells).

Transmission electron microscopy

Transmission electron microscopy was used to evaluate the 
necroptotic morphological changes. Cells were fixed with 
2% osmium tetroxide, and then dehydrated and embedded 
with pure epoxy resin. The necroptotic morphological 
changes were defined with a transmission electron micro-

scope (HT7800 from HITACHI, Tokyo, Japan).

Western blotting and co-immunoprecipitation

Total proteins from HT22 cells or mouse brains were 
extracted by the lysis buffer (Beyotime) with protease and 
phosphatase inhibitors (Beyotime), separated by the 10% 
SDS-PAGE gel, and then transferred to the 0.22 μm PVDF 
membrane (Merk Millipore, Darmstadt, Germany). The 
membrane with protein was blocked by the blocking buffer 
(Beyotime), incubated with primary antibodies: MLKL 
(1:5000, Abcam, Cambridge, UK), p-MLKL (1:5000, Abcam), 
S6K1 (1:1000, Beyotime), p-S6K1 (1:1000, Beyotime), S6 
(1:5000, Proteintech, Wuhan, China), p-S6 (1:5000, Pro-

teintech), SGK1 (1:5000, Proteintech), Flag (1:5000, 
Abcam) and Vinculin (1:200, Santa Cruz, Dallas, USA) at 4 ◦ C 
overnight, and incubated with horseradish peroxidase-

labeled secondary antibodies (1:5000, Beyotime) for 2 h. 
Finally, the blots were exposed and captured by a chem-

iluminescence instrument (Bio-Rad, Hercules, USA). For the 
co-immunoprecipitation assay, total proteins from 
HT22 cells were extracted by a non-denaturing lysis buffer 
(Beyotime), and then incubated with Flag antibody (1:100) 
coupled with magnetic beads. Last, the complex-conju-

gated proteins were analyzed by Western blotting.

Immunofluorescence and immunohistochemistry 
staining

Paraformaldehyde-fixed HT22 cells or dewaxed brain sec-

tions were blocked by horse serum, incubated with primary 
antibodies: p-S6K1 (1:100), SGK1 (1:200), p-MLKL (1:200), 
NeuN (1:200), Iba1 (1:200), and GFAP (1:200), and Alexa-

conjugated secondary antibody (1:500, Jackson ImmunoR-

esearch, West Grove, USA) or horseradish peroxidase-con-

jugated secondary antibody (1:200, Beyotime). Finally, 
cells or sections were covered by MMD and captured by a 
fluorescence microscope at the same settings. Image 
acquisition and processing were performed with Zen Blue 
software (Zeiss). The exposure time was kept constant for 
each protein. Five random areas in three random sections 
were captured by a Zeiss AXIO Scope A1. Quantitative

assessments were performed using ImageJ software to 
calculate the integrated density of p-S6K1, GFAP, and Iba1 
in vivo.

RNA sequencing and quantitative real-time PCR

Total RNAs from HT22 cells were extracted by Trizol (Invi-

trogen, California, USA). RNA sequencing was accomplished 
by the BGI Genomics (Shenzhen, China). The differentially 
expressed genes were plotted with a heatmap in R soft-

ware. For quantitative PCR assay, the 2 − ΔΔCt method was 
used. The SYBR Green PCR kit (Transgene, Beijing, China) 
was used for the quantitative PCR procedure. The gene 
expression was normalized to β-actin. The mRNA primers 
are as follows: Sgk1 forward primer, 5 ′ -CAAAT-

CAACCTGGGTCCGTC-3’; Sgk1 reverse primer, 5 ′ - 
AAGAACCTTTCCAAAACTGCCC-3’; ß-actin forward primer,

5 ′ -TCCTATGTGGGTGACGAGGC-3’; ß-actin reverse primer,

5 ′ -TACATGGCTGGGGTGTTGAA-3’.

Transfection approach and rescue assay

S6K1 siRNA (targeting sequence: GCACCUGCGGAUGAAU-

CUATT) and SGK1 siRNA (targeting sequence: GTCTGTA-

CATTGGGTTATA) were provided by Genechem 
Biotechnology (Shanghai, China). The full length of SGK1 
was cloned into the pcDNA3.1-Flag vector constructed by 
Fenghui Biotechnology (Changsha, China). For transfection 
procedures, 3 μL siRNAs/5 μg plasmid and 7.5 μL Lipofect-

amine RNAiMax/10 μL Lipofectamine 3000 (Thermo Fisher) 
were incubated in the opti-MEM (Gibco), respectively, and 
then subjected to mixing. Last, adding the mixtures to the 
cultures for transfection. For the upstream/downstream 
regulated relationship or the rescue assay, HT22 cells were 
transduced with S6K1 or SGK1 siRNA for 4 h, and then 
transduced with SGK1 plasmid. Last, the cells were injured 
with TSZ.

Nissl staining

The brain sections were dewaxed and stained with Nissl 
staining solution (Beyotime) for 10 min. The stained brain 
sections were mounted on slides, covered by MMD, and 
examined under a microscope (Zeiss).

Rotarod test

The rotarod treadmill (Med Associates, Albans, USA) was 
used to assess the motor coordination of the animals. Mice 
were placed on the rotarod and pre-trained for 5 min at an 
increased speed of 5—40 rpm. Last, the time that mice 
remained on the rotating bar was recorded.

Open-field test

Mice were placed in the central area of an open arena 
(40 cm in length, 40 cm in width, and 30 cm in height), 
allowing them to freely explore the environment for 5 min.
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The movements were monitored by an overhead camera. 
The total travel distance and the distance traveled within 
the central square and perimeter were analyzed utilizing a 
Tracking Software (Noldus Information Technology, Wage-

ningen, Netherlands).

Morris water maze tests

The Morris water maze apparatus comprised a circular pool 
with a 1-m diameter, featuring a submerged platform hid-

den in one of its quadrants. The entire experiment was 
divided into two parts: the positioning navigation experi-

ment and the spatial exploration experiment. During the 
first five days, the platform was positioned in the southwest 
quadrant, submerged 1 cm below the water surface. Mice 
were sequentially placed along the pool wall at four 
different starting points (one per trial) and trained four 
times daily. In each trial, mice were allowed 90 s to locate 
the platform. If unsuccessful within this timeframe, they 
were gently guided to the platform and permitted to 
remain on it for 15 s for spatial memory consolidation. On 
the sixth day, the platform was removed. Mice were 
introduced to the pool along the northeast quadrant wall 
and allowed to freely explore the pool for 90 s. The escape 
latency, the number of platform crossings, and exploration 
times in the target quadrant for mice were recorded with 
an image acquisition and analysis system.

Modified neurological severity scoring

Neurological deficits were assessed by mNSS. The score was 
performed by blinded independent persons to evaluate the 
sensory, motor, reflex, and balance functions. The score 
was divided into 0—18, with normal mice scored as 0 and 
maximal neurological deficit scored as 18. Cumulative 
scores of 1—6, 6—12, and 13—18 indicate mild, moderate, 
and severe deficit, respectively.

Analysis of brain edema

Brain water content was measured in 3-mm coronal sec-

tions of the ipsilateral cortex, centered upon the impact 
site. Sections were immediately weighed as wet weight, 
and then dehydrated at 100 ◦ C for 24 h to weigh the dry 
weight. The water content was calculated as percent 
(%) � [(wet weight—dry weight)/wet weight] × 100.

Enzyme-linked immunosorbent assay (ELISA)

Cerebral cortex tissues were lysed on ice and centrifuged to 
obtain the supernatant. Tissue Tnf-α and interleukin-1beta 
(Il-1β) levels were analyzed by ELISA kit according to the 
manufacturer’s instructions (Beyotime).

Statistical analysis

The results were analyzed by GraphPad Prism 8 (GraphPad 
Software, San Diego, USA). The data were shown as 
mean ± standard error of the mean. Comparisons between 
two independent groups were performed using a two-

tailed, unpaired t-test. Two-way analysis of variance 
(ANOVA) with Tukey’s multiple comparisons test was used 
to analyze differences among three or more groups when 
the data were normally distributed, and nonparametric 
Mann—Whitney U tests were used for groups if the data 
were not normally distributed. P < 0.05 was considered 
statistically significant.

Results

TSZ induces necroptosis in HT22 cells

We investigated whether TSZ induced necroptosis in 
HT22 cells. The LDH assay results showed that the number 
of dead HT22 cells gradually increased at all observed time 
points and could be inhibited by Nec-1, a specific inhibitor 
of necroptosis (Fig. 1A). In subsequent experiments, we 
simplified the observation time points and selected 3 h as 
the main intervention time point. The PI staining results 
further showed that necrotic HT22 cells increased after TSZ 
treatment and were inhibited by Nec-1 (Fig. 1B and C). 
Finally, Western blotting showed that the ratios of p-MLKL/ 
MLKL and p-RIP3/RIP3, which are markers of necroptotic 
activation, significantly increased after TSZ treatment and 
were inhibited by Nec-1 (Fig. 1D—F). To further observe the 
ultrastructure of cells, transmission electron microscopy 
was used, which revealed necroptotic characteristics such 
as mitochondrial swelling, plasma membrane rupture, and 
progressively translucent cytoplasm in TSZ-treated cells 
(Fig. 1G). These results indicated that TSZ specifically 
induced necroptosis in HT22 cells.

S6K1 knockdown and inhibition reduce necroptosis 
in HT22 cells

In this study, we investigated the regulatory role of S6K1 in 
necroptosis. Western blotting results showed that S6K1 
expression was not significantly altered, while the ratio of 
p-S6K1/S6K1 was significantly increased in necroptotic 
HT22 cells (Fig. 2A—C), suggesting that S6K1 is activated in 
the necroptotic process. Furthermore, the ratio of p-S6/S6, 
a marker of S6K1 activation, significantly increased in 
necroptotic HT22 cells (Fig. 2A, D, E). These results were 
confirmed by immunofluorescence staining, which showed 
enhanced p-S6K1 fluorescence intensity, especially in the 
nuclei of necroptotic HT22 cells (Fig. 2F). To determine the 
regulated role of S6K1 in necroptosis, S6K1 siRNA was used 
to silence S6K1 expression and to determine its role in 
necroptosis (Fig. 2G and H). In addition, the S6K1 inhibitor 
PF4708671 was used to inhibit S6K1 activity, as indicated by 
the decreased p-S6/S6 ratio (Fig. 2G, I). As expected, S6K1 
silencing and inhibition significantly inhibited MLKL and 
RIP3 activation (Fig. 2G, J, K). In addition, phase-contrast 
images showed that TSZ triggered an increase in necrotic 
cells, characterized by cell swelling and rupture, which 
could be inhibited by S6K1 silencing and inhibition (Fig. 2L). 
Finally, PI and LDH results showed that necroptotic 
HT22 cells decreased after S6K1 silencing and inhibition 
(Fig. 2M− O). Collectively, these results indicate that S6K1 
is an important regulator of necroptosis.

Non-canonical role of “S6K1—SGK1” 5



Figure 1 TSZ induces necroptosis in HT22 cells. (A) LDH assay indicated an increased percentage of cell death following TSZ

application, which was reduced by Nec-1 pretreatment before TSZ application. (B) PI staining (red) indicated the increased 

changes of necrotic cells after TSZ application and the decreased changes of necrotic cells after pretreatment with Nec-1 before 

TSZ application. Nuclei were stained with DAPI (blue). Scale bar: 50 μm. (C) Statistical results of the PI-positive necrotic cells. (D) 

Western blotting showed the increased changes of p-MLKL/MLKL and p-RIP3/RIP3 expression in HT22 cells after TSZ application or 

pretreatment with Nec-1 before TSZ application. (E, F) Statistical results of Western blotting. (G) Representative transmission 

electron microscopic images showed necroptosis after TSZ treatment. The black arrowhead indicates plasma membrane rupture. 

The triangle indicates mitochondrial swelling in TSZ-treated HT22 cells. Scale bar: 10 μm. n � 3 or 9. *P < 0.05, **P < 0.01, and 

****P < 0.0001 versus the CTL group. 
## 

P < 0.01 and #### P < 0.0001 versus the TSZ 3 h group. Two-tailed unpaired Student’s t-test 

was used for Nec-1 comparison.
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Figure 2 S6K1 knockdown and inhibition reduce necroptosis in HT22 cells. (A, G) Western blotting showed increased levels of p-

S6K1/S6K1, p-S6/S6, p-MLKL/MLKL, and p-RIP3/RIP3 expression following TSZ application. These increases were attenuated by 

pretreatment with S6K1 siRNA and an S6K1 inhibitor before TSZ application. (B—E, H—K) Statistical results of Western blotting. (F) 

Enhanced immunofluorescence intensity of p-S6K1 in HT22 cells after TSZ application. (L) Phase-contrast images showed changes in 

necrotic cells following TSZ application, as well as after pretreatment with S6K1 siRNA and inhibitor before TSZ application. 

Microscopic magnification, 20 ×. (M) PI staining (red) indicated the decreased changes in necrotic cells after pretreatment with 

S6K1 siRNA and inhibitor before TSZ application compared with TSZ application. Nuclei were stained with DAPI (blue). (N) LDH assay 

indicated the decreased percentage of cell death after pretreatment with S6K1 siRNA and inhibitor before TSZ application 

compared with TSZ application. (O) Statistical results of the PI-positive necrotic cells. n � 3, 4, 5, 6, or 8. *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001 versus the CTL or TSZ group. Scale bar: 50 μm.
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Figure 3 SGK1 knockdown and inhibition reduce necroptosis in HT22 cells. (A) The heatmap focused on the mTOR pathway in

HT22 cells after TSZ application. (B) Increases relative changes of SGK1 mRNA after TSZ treatment. (C, E) Western blotting showed 

increased SGK1 levels following TSZ treatment, while the expression of SGK1, p-MLKL/MLKL, and p-RIP3/RIP3 decreased in 

HT22 cells after pretreatment with SGK1 siRNA and inhibitor before TSZ application. (D, G, H) Statistical results of Western 

blotting. (F) Enhanced immunofluorescence intensity of SGK1 in HT22 cells after TSZ application. (I) LDH assay indicated the 

decreased percentage of cell death after pretreatment with SGK1 siRNA and inhibitor before TSZ application compared with TSZ 

application. (J) Phase-contrast images showed the changes in necrotic cells after TSZ application or pretreatment with SGK1 siRNA 

and inhibitor before TSZ application. Microscopic magnification, 20 ×. (K) PI staining (red) indicated the decreased changes in 

necrotic cells after pretreatment with SGK1 siRNA and inhibitor before TSZ application compared with TSZ application. Nuclei were 

stained with DAPI (blue). (L) Statistical results of the PI-positive necrotic cells. n � 4, 8, or 10. *P < 0.05, **P < 0.01, ***P < 0.001, 

and ****P < 0.0001 versus the CTL or TSZ group. Scale bar: 50 μm.
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Figure 4 S6K1 regulates necroptosis through SGK1 in HT22 cells. (A, E, G) Western blotting showed increased changes in pMLKL/ 

MLKL and pRIP3/RIP3 after pretreatment with SGK1 overexpression before TSZ application compared with pretreatment with SGK1 

siRNA, decreased changes in S6K1 and SGK1 expression after S6K1 siRNA and inhibitor, decreased changes in S6K1, SGK1, p-MLKL/ 

MLKL, and p-RIP3/RIP3 after pretreatment with S6K1 siRNA before TSZ application compared with TSZ application, and increased 

changes in S6K1, SGK1, p-MLKL/MLKL, and p-RIP3/RIP3 after pretreatment with SGK1 overexpression before TSZ application 

compared with pretreatment with S6K1 siRNA. (B, C, F, H—K) Statistical results of Western blotting. (D) Co-immunoprecipitation 

results showed no interaction between S6K1 and SGK1. A two-tailed unpaired Student’s t-test was used to compare “TSZ + SGK1 

siRNA” or “TSZ + S6K1 siRNA”. n � 3. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the TSZ group. 
# 

P < 0.05 versus 

the TSZ + S6K1 siRNA group. Two-tailed unpaired Student’s t-test was used to compare the “TSZ + S6K1 siRNA” group and 

“TSZ + S6K1 siRNA + Flag-SGK1” group.
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SGK1 knockdown and inhibition reduce necroptosis 
in HT22 cells

RNA sequencing was first performed to determine the 
transcriptional changes in potential upstream and down-

stream molecules in the necroptotic process, especially in 
the mTOR-related necroptotic pathway. As mentioned in 
the introduction, SGK1, S6K1, and RSK were activated and 
combined with PDK1, and SGK1 also increased during the 
necroptotic process, as indicated by the RNA sequencing 
results (Fig. 3A). We further used quantitative PCR and 
Western blotting to verify the RNA sequencing results, 
which showed that SGK1 expression was increased at both 
the transcriptional and translational levels (Fig. 3B—D). 
Immunofluorescence staining results showed enhanced 
SGK1 fluorescence intensity, especially in the cytoplasm of 
necroptotic HT22 cells (Fig. 3F). To determine the regula-

tory role of SGK1 in necroptosis, SGK1 siRNA and the in-

hibitor GSK650394 were used to silence SGK1 expression 
and inhibit its SGK1 activity (Fig. 3E). As expected, SGK1 
silencing and inhibition significantly inhibited MLKL and 
RIP3 activation (Fig. 3E, G, H). In addition, phase-contrast 
images showed that SGK1 silencing and inhibition sup-

pressed necrotic cell growth (Fig. 3J). PI and LDH results 
also showed that the number of necroptotic HT22 cells 
decreased after SGK1 silencing and inhibition (Fig. 3I, K, L). 
Finally, we performed a rescue assay to further overexpress 
SGK1 after SGK1 knockdown, to validate the effects of SGK1 
up-regulation on necroptosis. Rescue assays showed that 
SGK1 overexpression restored the activation of pMLKL/ 
MLKL and pRIP3/RIP3, which was inhibited by SGK1 knock-

down (Fig. 4A—C). Overall, these results indicate that SGK1 
is an important regulator of necroptosis.

S6K1 regulates necroptosis through SGK1 in 
HT22 cells

To further investigate the relationship between S6K1 and 
SGK1, and whether S6K1 is an up-regulator of SGK1 in the 
necroptotic process, we performed co-immunoprecipita-

tion and rescue assays. As mentioned in the Introduction, 
SGK1, S6K1, and RSK are activated and combine with PDK1. 
However, our co-immunoprecipitation results showed no 
direct or indirect binding between S6K1 and SGK1 
(Fig. 4D). S6K1 siRNA and the inhibitor PF4708671 were 
used to silence S6K1 expression and inhibit the S6K1 ac-

tivity (Fig. 4E and F). S6K1 silencing and inhibition signif-

icantly decreased SGK1 expression (Fig. 4E and F), 
indicating that S6K1 may up-regulate SGK1 expression in 
HT22 cells. Finally, HT22 cells were transduced with S6K1 
siRNA, co-transduced with SGK1 over-expressed plasmid, 
and exposed to TSZ (Fig. 4G—K). S6K1 siRNA inhibited TSZ-

induced MLKL and RIP3 activation, which was enhanced by 
SGK1 overexpression (Fig. 4G, J, K), indicating that S6K1 
may be an up-regulator of SGK1 in necroptotic HT22 cells. 
These results indicate that S6K1 may regulate necroptosis 
by modulating SGK1 expression, but not by binding to 
SGK1.

S6K1 inhibition alleviates neuronal necroptosis 
through SGK1 following TBI in mice

Next, we used the TBI mouse model to verify the regulatory 
role of S6K1 in neuronal necroptosis in vivo. We found that 
the SGK1 protein, the ratio of p-S6/S6, a marker of S6K1 
activation, and p-MLKL/MLKL, a marker of necroptotic 
activation, were significantly increased in TBI mice 
(Fig. 5A—E). S6K1 activation peaked at 1 day after TBI, and 
SGK1 protein levels increased and MLKL activation peaked 
at 3 days after TBI (Fig. 5B—D). The immunohistochemistry 
staining results also indicated elevated p-S6K1 expression 
at 3 days after TBI (Fig. 5F and G). Based on these findings, 
we selected 3 days post-TBI as the primary time point for 
subsequent intervention assays. Nissl staining results 
showed that neurons in the regions surrounding the TBI 
showed extensive damage, nuclear solidification, cyto-

plasmic contraction, and decreased numbers (Fig. 5I and J). 
After the application of the S6K1 inhibitor PF4708671 and 
injection of AAV-shS6K1 to knock down S6K1, neuronal 
damage was partially inhibited, and the numbers were 
partially restored (Fig. 5I and J). Furthermore, the ratios of 
p-MLKL/MLKL and p-RIP3/RIP3 also decreased after appli-

cation of the S6K1 inhibitor and AAV-shS6K1 compared with 
those in the TBI group (Fig. 5K—M). Additionally, the 
immunofluorescence staining results demonstrated that the 
TBI group had more p-MLKL/NeuN-positive cells, which 
were significantly reduced after the application of the S6K1 
inhibitor and AAV-shS6K1 (Fig. 5N). Taken together, these 
results indicated that S6K1 inhibition alleviated neuronal 
necroptosis following TBI in mice.

S6K1 inhibition alleviates neuro-inflammation and 
functional damage after TBI in mice

Given the reports that necroptosis is an inflammatory form 
of cell death, we evaluated alterations in inflammation 
following TBI injury in mice. After TBI, microglial cells and 
astrocytes were significantly activated, resulting in cell 
swelling and branching (Fig. 6A—D). The number of Iba1-

positive microglial cells and GFAP-positive astrocytes 
increased after injury (Fig. 6A—D). After application of the 
S6K1 inhibitors PF4708671 and AAV-shS6K1, the number of 
activated microglial cells and astrocytes significantly 
decreased (Fig. 6A—D), suggesting that inhibition of S6K1 
can alleviate neuroinflammation induced by TBI. In addi-

tion, TBI induced significant brain edema, which was alle-

viated by application of the S6K1 inhibitors PF4708671 and 
AAV-shS6K1 (Fig. 6E). ELISA further showed that inflamma-

tory cytokines increased after TBI injury and decreased 
after application of the S6K1 inhibitors PF4708671 and AAV-

shS6K1 (Fig. 6F and G). Together, these results suggest that 
S6K1 inhibition could alleviate neuroinflammation induced 
by TBI. 

The functional changes were evaluated. TBI mice 
showed higher mNSS scores than sham-operated mice, 
which were lower in mice treated with the S6K1 inhibitors 
PF4708671 and AAV-shS6K1 (Fig. 6H). The rotarod test
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Figure 5 S6K1 inhibition alleviates neuronal necroptosis through SGK1 following TBI in mice. (A, K) Western blotting showed 

increased expression of p-S6/S6, SGK1, p-MLKL/MLKL, and p-RIP3/RIP3 in the cortex following TBI. These changes were attenuated 

by S6K1 inhibitor treatment and S6K1 knockdown, as shown by decreased p-MLKL/MLKL and p-RIP3/RIP3 levels compared with the 

TBI group. (B—E, L, M) Statistical results of Western blotting. (F) Immunohistochemistry staining of p-S6K1 in the right cortex of 

mouse brain after TBI. Scale bar: 20 μm. (G) Statistical results of immunohistochemistry staining for the increased S6K1 expression.

(H) Schematic illustration of protein detection and behavior paradigm following p-S6K1 inhibitor injection. (I) Nissl staining of 

decreased neurons after TBI, and increased neurons after treatment with S6K1 inhibitor and knockdown compared with TBI. Scale 

bar: 20 μm. (J) Statistical results of Nissl staining for the numbers of neurons. (N) Enhanced immunofluorescence intensity of p-

MLKL in the right cortex of mouse brain after TBI, and decreased immunofluorescence intensity after treatment with S6K1 inhibitor 

and knockdown compared with TBI. Scale bar: 50 μm. Two-tailed unpaired Student’s t-test was used for (G). n � 3 or 4. *P < 0.05, 

**P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the Sham group. 
# 

P < 0.05 and ## P < 0.01 versus the TBI group.
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Figure 6 S6K1 inhibition alleviates neuro-inflammation and functional damage after TBI in mice. (A, B) Immunohistochemistry

staining results showed increased activation of Iba1 and GFAP in the right cortex of mouse brains after TBI. This activation was

reduced following treatment with an S6K1 inhibitor or S6K1 knockdown, compared with the TBI group. (C, D) Statistical results of

immunohistochemistry staining for the numbers of Iba1-positive microglia cells and GFAP-positive astrocytes. (E) TBI induced

significant brain tissue edema, which was inhibited by treatment with S6K1 inhibitor and knockdown. (F, G) ELISA showed increased

Tnf-α and Il-1β in mice after TBI, and decreased inflammation after treatment with S6K1 inhibitor and knockdown, compared with

TBI. (H) mNSS showed impaired neurological performances in mice following TBI, and increased neurological functions after

treatment with S6K1 inhibitor and knockdown, compared with TBI. (I) Rotarod test showed the decreased motor coordination of

mice following TBI, and increased motor coordination after treatment with S6K1 inhibitor and knockdown, compared with TBI. (J)

Open-field test results showed the increased anxiety and decreased motor function of mice following TBI, and decreased anxiety

and increased motor function after treatment with S6K1 inhibitor and knockdown, compared with TBI. (K—M) Statistical results of

open-field test showed the total travel distance and the distance traveled within the central square and perimeter. (N) Morris water

maze test results showed the increased interval track and escape latency to find the platform during hidden platform trial of mice
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showed that the mice maintained a longer exercise time on 
the rod after S6K1 inhibition than the TBI group (Fig. 6I), 
indicating that the coordination and exercise ability of the 
mice improved after S6K1 inhibition. The open-field test 
results revealed that TBI mice showed a marked decrease in 
distance in the central area and total distance, which could 
be reversed by S6K1 inhibition (Fig. 6J—M), suggesting that 
TBI mice after S6K1 intervention have less anxiety and 
enhanced motor function. Finally, Morris water maze tests 
showed an increased distance traveled to reach the plat-

form following TBI, which decreased after the application 
of the S6K1 inhibitors PF4708671 and AAV-shS6K1 (Fig. 6N 
and O). Together, these results suggest that S6K1 inhibition 
could alleviate functional damage induced by TBI.

Taken together, these results indicated that S6K1 inhi-

bition alleviated neuroinflammation and functional damage 
in mice following TBI.

Discussion

In this study, our findings showed a non-canonical regulated 
role of the “S6K1—SGK1” pathway in neuronal necroptosis 
following TBI. Our results first showed that the 
“S6K1—SGK1” pathway was activated during neuronal nec-

roptosis. Then, inhibition of the “S6K1—SGK1” pathway 
could decrease necroptosis by regulating the MLKL activa-

tion. Finally, S6K1 inhibition alleviated neuronal nec-

roptosis, neuroinflammation, and functional damage via 
SGK1 in mice after TBI.

Traditionally, mTORC1 is responsible for the initiation of 
protein synthesis, depending on its targets 4EBP1 and 
S6K1. 18,19 Besides, under rich nutrients, mTORC1 also in-

hibits autophagy by phosphorylating its target ULK1. 18,19 

Recent studies have suggested that mTORC1 is involved in 
necroptosis. 7,20,21 Other studies have indicated that ULK1 
promotes RIP1 phosphorylation and facilitates autophagy, 
thereby inhibiting necroptosis. 22,23 Along with these re-

ports, our recent study discovered a positive regulatory 
loop between the “4EBP1—eIF4E” pathway and 
“RIP3—MLKL” that promotes neuronal necroptosis, which is 
consistent with other reports that RIP1-dependent nec-

roptosis could enhance vasculogenic mimicry formation 
through increased expression of eIF4E in triple-negative 
breast cancer. 24—26 However, the regulatory role of S6K1 in 
necroptosis remains unclear. Recent studies have indicated 
that RSK1/2, which belongs to the ribosomal AGC family, 
together with S6K1, can be activated in necroptotic cells 
through PDK1. 28,29 Activated RSK1/2 is essential for stabi-

lizing the necrosome complex during necroptosis. 28,29 All 
these reports suggest that S6K1 may be an underlying 
regulator of necroptosis.

In this study, we showed that S6K1 inhibition decreases 
necroptosis by inhibiting MLKL activation and alleviating 
neuroinflammation and functional brain damage. Consis-

tent with our results, it has been reported that the 
mTORC1—S6K1 pathway is phosphorylated and activated 
after ischemic stroke. The inhibition of the mTORC1—S6K1

pathway has potential protective effects against stroke 
injury. 38,39 A similar finding was discovered for the car-

dioprotective actions of insulin-like growth factor 1 (IGF1), 
which could reduce cell death by inhibiting the 
mTORC1—S6K1 pathway. 40 Further studies have shown that 
S6K1 inhibition protects cells against myocardial infarction 
via PDK1 phosphorylation. 41 In addition, the role of S6K1 
activation in promoting apoptosis has been discovered; 
elevated Rab1a can activate the mTORC1—S6K1 pathway, 
finally promoting cell apoptosis and aggravating osteoar-

thritis. 42 The role of S6K1 in other types of programmed 
necrosis has been reported previously. High mobility group 
protein A2 (HMGA2) is highly expressed in pancreatic cancer 
tissues and correlates with inhibited ferroptosis. 43,44 

Studies have indicated that high HMGA2 levels inhibit the 
protein synthesis of glutathione peroxidase 4 (GPX4), a 
marker of ferroptosis, by reducing 4EBP1 and S6K1 activity, 
indicating that 4EBP1 and S6K signaling could modulate 
ferroptosis in cancer cell proliferation and metas-

tasis. 43,45,46 Taken together, these reports show that S6K1 
may be a vital regulator of programmed cell death, 
including necroptosis, apoptosis, and ferroptosis, providing 
an important therapeutic method and direction for related 
diseases. However, whether S6K1 is a key regulator of cross-

talk signaling in different types of programmed cell death 
requires further investigation.

SGK1 is a downstream effector of mTORC2 that promotes 
survival signaling in response to stress stimuli and plays an 
important role in various diseases, including cancer, hy-

pertension, and neurodegenerative disorders. 32,33 SGK1 
activation has been suggested to restore damage during 
ischemic stroke. 47 SGK1 inhibitors reduce neurotoxicity 
mediated by the activation of N-methyl-D-aspartate (NMDA) 
receptors and calcium overloading, ultimately inhibiting 
cell death and increasing infarct volume in stroke. 47 The 
functions of mTORC2-related pathways in necroptosis have 
been revealed in recent years. 21 mTORC2 is also involved in 
other types of programmed necrosis, such as pyroptosis and 
ferroptosis. 48—51 However, its role of SGK1 in necroptosis 
remains unclear. In this study, we found that SGK1 inhibi-

tion decreased necroptosis by inhibiting MLKL activation. 
Similar to our study, other reports have indicated that SGK1 
expression also increases and peaks on day 3 after TBI. 
However, in that study, SGK1 regulated neuronal apoptosis 
through the GSK3β/β-catenin signaling pathway. 52 Overall, 
our and other studies have shown that TBI induces the up-

regulation of SGK1 expression, which indicates that it is a 
protective target in neuronal survival.

SGK1 dysfunction is related to other neurological dis-

eases such as chronic stress, inhibition of glutamatergic 
excitability, and axonal damage in abnormal white mat-

ter. 53,54 In addition, in other diseases such as unilateral 
ureteral obstruction, the expression of SGK1 is up-regulated 
in the contralateral kidney and is associated with the 
activation of the mineralocorticoid receptor. 55 Blocking the 
mineralocorticoid receptor using spironolactone suppresses 
pyroptosis via SGK1. 56 Other studies have reported that

following TBI, and decreased escape latency and movement distance after treatment with S6K1 inhibitor and knockdown, 

compared with TBI. (O) Statistical results of Morris water maze tests showed the escape latency. n � 4, 5, or 6. **P < 0.01, 

***P < 0.001, and ****P < 0.0001 versus the Sham group. 
# 

P < 0.05 and ## P < 0.01 versus the TBI group. Scale bar: 20 μm.
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SGK1 overexpression has the opposite effect, inhibiting 
apoptosis through caspases upon ceramide stimuli. 57 For 
example, SGK1 exerts neurotrophic effects on neuronal 
survival and axon regeneration. 58 These studies indicate 
that SGK1 may play opposing roles in different contexts in 
which it is activated. Classical evidence indicates that the 
role of SGK1 in the C. elegans lifespan is conflicting. 59 The 
SGK1 pathway inhibits stress-response transcription factors 
in the intestine to limit longevity. SGK1 functions in neurons 
and increases the lifespan at lower temperatures. 59 Given 
the diverse effects of SGK1 on cells, it has been suggested 
that SGK1 is responsible for different contexts and should 
be further investigated.

We further identified that S6K1 may regulate nec-

roptosis by modulating SGK1 expression but not by binding 
to SGK1. Several studies have shown that PDK1 interacts 
with and activates S6K1, RSK, and SGK1 during insulin 
signaling, 60,61 indicating an underlying interaction be-

tween S6K1 and SGK1. However, further experiments 
showed that both wild-type and phosphorylated S6K1 
could bind to PDK1. PDK1 only interacted with phosphor-

ylated SGK1 when the phosphorylation site of serine 422 
was activated, but did not interact with wild-type 
SGK1. 33—35 In the present study, we did not observe any 
changes in SGK1 phosphorylation during necroptosis.

These results suggest that S6K1 does not bind to overex-

pressed wild-type SGK1 during necroptosis. Furthermore, 
it has been reported that S6K1 can regulate SAPK-inter-

acting protein 1 (Sin1), which is a vital component of 
mTORC2 and is crucial for mTORC2 function, whereas 
mTORC2 cannot phosphorylate S6K. 62,63 These reports are 
consistent with our findings that S6K1 is an up-regulator of 
SGK1 during necroptosis. Additionally, other reports have 
shown that S6K1 can phosphorylate PDK1 to inhibit insulin 
signaling, 31,64 indicating that S6K1 is an upstream regu-

lator of SGK1, a downstream molecule of PDK1. Taken 
together, our results indicate that S6K1 up-regulates SGK1 
in the necroptotic process (Fig. 7), but not through its 
binding to SGK1.

TBI is a serious nervous system disorder with a high rate 
of death and disability; however, its pathophysiological 
mechanisms are poorly defined. In this study, we observed 
a novel function of the S6K1—SGK1 pathway in the regu-

lation of necroptosis, which is unlike the classical roles of 
S6K1 and SGK1 in diverse cellular processes, such as pro-

tein synthesis, cell proliferation, apoptosis, and cellular 
stress response. Our current study strongly indicates that 
“S6K1—SGK1” may be a promising therapeutic target for 
necroptosis-mediated diseases. Furthermore, the clinical 
significance of this study needs to be clarified.

Figure 7 The schematic depicting the canonical and non-canonical mTORC1 and necroptotic pathway. (A) Canonical mTORC1

pathway. Traditionally, mTORC1 is known to regulate protein synthesis and autophagy by phosphorylating its three major sub-

strates: 4EBP1, S6K, and ULK1. (B) Non-canonical role of “RSK1—SGK1” pathway in necroptosis, indicated by blue arrow. Under 

necroptotic stimuli, TSC1 inhibition could lead to RIP3 and MLKL activation through mTORC1, finally leading to necroptosis through 

“4EBP1—eIF4E" and “RSK1—SGK1” pathway. (C) Canonical RIP3/MLKL-mediated necroptosis. In traditional necroptotic pathway, 

caspase-8 could suppress FADD/RIP1/RIP3/MLKL-dependent necroptosis.
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Conclusion

In summary, our results demonstrate a non-canonical role 
of the “S6K1—SGK1” pathway in neuronal necroptosis 
following TBI in mice, which will provide a potential ther-

apeutic target for necroptosis treatment in TBI and other 
necroptosis-related disorders.
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