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Abstract
Tumour necrosis factor- α (TNF- α), a crucial cytokine, has various homeostatic and 
pathogenic bioactivities. The aim of this study was to assess the neuroprotective ef-
fect of ketamine against TNF- α- induced motor dysfunction and neuronal necroptosis 
in male C57BL/6J mice in vivo and HT- 22 cell lines in vitro. The behavioural test-
ing results of the present study indicate that ketamine ameliorated TNF- α- induced 
neurological dysfunction. Moreover, immunohistochemical staining results showed 
that TNF- α- induced brain dysfunction was caused by necroptosis and microglial ac-
tivation, which could be attenuated by ketamine pre- treatment inhibiting reactive 
oxygen species production and mixed lineage kinase domain- like phosphorylation in 
hippocampal neurons. Therefore, we concluded that ketamine may have neuropro-
tective effects as a potent inhibitor of necroptosis, which provides a new theoretical 
and experimental basis for the application of ketamine in TNF- α- induced necroptosis- 
associated diseases.
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1  | INTRODUC TION

Systemic inflammatory response syndrome (SIRS) is caused by the 
activation of the innate immune system and results in the stimu-
lation of excessive inflammatory responses, and the production 
and secretion of pro- inflammatory cytokines, such as tumour ne-
crosis factor- α (TNF- α), and reactive oxygen intermediates.1,2 In 
addition, the disbalanced and dysregulated inflammatory response 
also causes sepsis, which may lead to life- threatening organ dys-
function.3 Statistically, sepsis developing from SIRS affects ~18 
million people worldwide; it is a common cause of acute and se-
vere diseases, and sepsis- associated mortality rates range from 
35% to 55%. Survivors often have a poor prognosis, which seri-
ously affects the quality of life.4 Evidence from previous studies 
indicates that SIRS can lead to cognitive impairment, physical dis-
ability or even sepsis- associated encephalopathy5; however, the 
underlying pathogenic mechanisms remain to be fully elucidated. 
TNF- α is as a pleiotropic factor that plays both homeostatic and 
pathophysiological roles in the central nervous system (CNS),6 and 
is mainly generated by activated microglia and astrocytes in re-
sponse to various stimuli related to infection or injury. For exam-
ple, it has been reported that necroptosis could be activated in the 
mouse hippocampus by intracerebroventricular injection of TNF- 
α.7 The TNF receptor family- mediated necroptosis signalling path-
way requires the activation of receptor- interacting protein kinase 
1 (RIPK1), which subsequently recruits and activates the kinase re-
ceptor interacting serine/threonine kinase 3 (RIPK3).8,9 Activated 
RIPK3 phosphorylates its substrate, mixed lineage kinase domain- 
like protein (MLKL), which can oligomerize and translocate from 
the cytosol to the membranes to lead to membrane disintegration, 
resulting in necrosis.10,11 The aim of this study was to examine 
whether necroptosis of hippocampal neurons is induced in an in 
vivo experimental model of SIRS,12- 14 created by injecting TNF- α 
intravenously.

As a non- competitive glutamatergic N- methyl- D- aspartate 
receptor antagonist, ketamine has been extensively used as a 
clinical anaesthetic and analgesic.15 Recent studies have also 
demonstrated that ketamine exerts rapid antidepressant,16 
anti- inflammatory and immunomodulatory effects.17,18 In addi-
tion, evidence shows that ketamine may also reverse synaptic 
deficits and induce synaptogenesis, exhibiting neuroprotective 
effects.19

In the present study, the effects of ketamine on TNF- α- induced 
necroptosis were examined using cultured cells and a mouse model 
of TNF- α- induced SIRS. We also evaluated the effects of ketamine 
on the long- term physical functions of post- TNF- α mice, hippocam-
pal damage, neuronal loss, and oxidative stress using the open field 
test, Nissl staining, immunofluorescence, flow cytometry and west-
ern blotting. Furthermore, the present study addressed the possible 
contribution of the clinical transformation of ketamine to the patho-
logical mechanism in the SIRS model.

2  | MATERIAL S AND METHODS

2.1 | Animals

Adult male C57BL/6J wild- type mice (18- 25 g; Shanghai SLAC 
Laboratory Animal Co, Ltd.) were bred in specific pathogen- free 
conditions, and housed in air- conditioned, temperature- controlled 
rooms with a 12 hours/12h light/dark cycle (lights on, 08:00 am), 
22- 25°C ambient temperature, and ad libitum access to food and 
water in the Laboratory Animal Center of Xiamen University. Prior 
to experimentation, animals were allowed to habituate to the new 
housing environment for 7 days. All procedures and animal use were 
approved by the Animal Ethics Committee of Xiamen University 
(Approval No. XMULAC20190054). Every effort was made to mini-
mize stress to the animals.

2.2 | Animal grouping and experimental protocol

The mice were randomly assigned into three groups treated as 
follows— TNF- α group: mice intravenously received murine TNF- α 
(eBioscience) (10 μg/mouse) in 200 μL of endotoxin- free phosphate- 
buffered saline (PBS) (pH 6.8); ketamine pre- treated group: mice 
were intraperitoneally injected with ketamine (cat. no. 1707031; 
Gutian Pharmaceutical Co. Ltd.) (20 mg/kg) 20 minutes prior to 
TNF- α injection; and control group: mice intravenously received 
an equal volume of Dulbecco's PBS (vehicle) 20 minutes before the 
challenge with TNF- α (Figure 1).

2.3 | Open field test

The open field apparatus consisted of a square arena (50 × 50 cm) 
and 50 cm high walls made of grey polyvinyl chloride plastic. On the 
day of the test, mice were transported to the testing room and left in 
their home cages for 1 hour prior to testing. At the initiation of each 
session, a mouse was placed in a particular corner of the arena and 
allowed to explore for 5 minutes. The apparatus was cleaned with 
70% ethanol prior to testing each animal. Time was subsequently re-
corded, and each mouse was allowed to explore the testing area for 
10 minutes. The statistical data were recorded and analysed using 
the Noldus EthoVision XT system (Ugo Basile SLE).

2.4 | Nissl staining

The mice were sacrificed under isoflurane anaesthesia 48 hours 
after tail- vein injection of TNF- α, and then perfused through 
the ascending aorta with 100 mL of normal saline followed by 
100 mL of 4% (w/v) paraformaldehyde in 0.1 M PBS (pH 7.4). The 
brain of each mouse was dissected and removed from the skull, 
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and resected- brain tissue was fixed in 4% paraformaldehyde for 
24 hours at 4°C. Tissues were subsequently stored overnight in 
30% sucrose phosphate buffer until the tissue sank to the bot-
tom of the solution. Tissue sections (8 μm) were cut in the coronal 
plane using a freezing microtome (CM19500; Leica Microsystems, 
Inc) and mounted on gelatine- coated slides. The sections were 
then stained with 0.1% cresyl violet solution (Sigma- Aldrich; Merck 
KGaA) at 37°C for 30 minutes. The sections were subsequently 
rinsed in distilled water, rehydrated using a descending alcohol se-
ries, and checked microscopically for optimal results. Tissues were 
dehydrated in 100% ethanol, washed in xylene and finally scanned 
using an Olympus BX53 Scanner (Olympus Corporation) at a mag-
nification of ×20/×4.

2.5 | Immunofluorescence

Brain tissue containing the hippocampus was embedded in optimal 
cutting temperature compound and then cut into thick coronal sec-
tions (30 μm) using a freezing microtome. Sections were collected 
in dishes containing 0.01 M PBS. Free- floating sections were per-
meabilized in permeabilization buffer containing 0.25% (v/v) Triton 
X- 100 (Beyotime Institute of Biotechnology) for 15 minutes and 
subsequently blocked for 30 minutes with 3% bovine serum al-
bumin (Beyotime Institute of Biotechnology) in 0.01 M PBS with 
gentle agitation. Tissues were subsequently incubated with the 
following primary antibodies: mouse anti- RNA binding Fox- 1 ho-
molog 3 (NeuN) (dilution, 1:1,000; cat. no., ab104224; Abcam), rab-
bit anti- MLKL (phospho S345) (dilution, 1:400; cat. no., ab196436; 
Abcam), rabbit anti- ionized calcium binding adaptor molecule 
1 (Iba1) (dilution, 1:400; cat. no., ab178847; Abcam) and rat 

anti- CD68 (dilution, 1:500; cat. no., ab53444; Abcam) in primary 
antibody dilution medium (Beyotime Institute of Biotechnology) 
overnight at 4°C. The sections were then incubated with a mix-
ture of the following secondary antibodies: Alexa 488- donkey 
anti- mouse IgG (cat. no., ab150061; Abcam); Alexa 594- donkey 
anti- rabbit IgG (cat. no., ab150064; Abcam); Alexa 488- donkey 
anti- rabbit IgG (cat. no., ab150061; Abcam), and Alexa 594- donkey 
anti- rat IgG (cat. no., ab150156; Abcam) in secondary antibody di-
lution medium (Beyotime Institute of Biotechnology) for 2 hours 
at room temperature. Thereafter, sections were mounted onto 
gelatine- coated glass slides, air- dried and cover- slipped with anti- 
fade mounting medium with dihydrochloride (Beyotime Institute 
of Biotechnology). Samples were gently washed thrice with 
0.01 M PBS for 10 minutes before each step. Sections were ob-
served using a fluorescence microscope (cat. no., FV1000MPE- B; 
Olympus Corporation).

2.6 | Cell culture and reagents

Mouse hippocampal HT- 22 cells were cultured in DMEM (cat. no., 
11995065, Gibco; Thermo Fisher Scientific, Inc) supplemented 
with 10% foetal bovine serum (cat. no., 10091148 Gibco; Thermo 
Fisher Scientific, Inc) and 1% antibiotic/antimycotic (cat. no., 
15140122 Gibco; Thermo Fisher Scientific, Inc) at 37°C in 5% CO2. 
Recombinant TNF- α was purified as described previously.8 z- VAD 
was purchased from Merck Millipore, and propidium iodide was 
purchased from Sigma- Aldrich (Merck KGaA). The following anti-
bodies were used for western blotting: anti- RIP1 (cat. no. 3493s; 
Cell Signaling Technologies, Inc), anti- p- MLKL (cat. no., ab196436; 
Abcam) and anti- GAPDH (cat. no., AC033; AbClon, Inc).

F I G U R E  1   A flow diagram showing the experimental design. The SIRS model was induced on male C57BL/6J mice intravenously received 
murine TNF- α (10 μg/mouse). Mice received an injection of 20 mg/kg ketamine 20 min before the administration of TNF- α. On the 3th, 14th 
and 28th day after TNF- α induction, subgroups of mice treated with ketamine started performing the open field test along with TNF- α mice 
and normal mice. On the 2th day, some mice were euthanized via intracardiac perfusion for Nissl staining and immunohistochemical staining; 
the rest of the mice were euthanized for biochemical and molecular biological studies
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2.7 | Cell viability assay

HT- 22 cells were treated with the indicated drug for ~12 hours. Cell 
survival was determined using the Cell Titer- Glo Luminescent Cell 
Viability Assay kit (Promega Corporation) according to the manu-
facturer's protocols. Luminescence was recorded using the Omega 
POLAR Star (BMG Labtech GmbH).

2.8 | Reactive oxygen species (ROS) detection

Reactive oxygen species levels were measured using a fluoromet-
ric intracellular ROS kit (cat. no., MAK143; Sigma- Aldrich; Merck 
KGaA), according to the manufacturer's protocols. Stained cells 
were viewed using a fluorescence microscope. Cells were treated 
with TNF- α/z- VAD or TNF- α/z- VAD/ketamine for 3 hours, and 
fluorescence was measured using a CytoFLEXS flow cytometer 
(Beckman Coulter, Inc).

2.9 | Western blot analysis

HT- 22 cells were collected and centrifuged in 0.01 M PBS solu-
tion, and the supernatant was removed. The pellets were dis-
solved in PRO- PREP solution by vortexing and ultrasonication 
for western blot analysis. Briefly, proteins were separated using 
10% SDS- PAGE gels along with the marker (26616; Thermo Fisher 
Scientific, Inc) and then transferred onto PVDF membranes (cat. 
no., ab133411; Abcam). The membranes were blocked using 5% 
skim milk for 40 minutes to reduce non- specific binding and then 
incubated with primary antibodies (dilution, 1:1,000) at 4°C over-
night. Subsequent to being incubated with mice (cat. no., S0100; 
Beijing Lablead Biotech Co., Ltd.)/rabbit (cat. no., S0101; Beijing 
Lablead Biotech Co., Ltd.) horseradish peroxidase– conjugated 
secondary antibodies (dilution, 1:1,000) for 2 hours at room 
temperature, protein bands were visualized using an enhanced 
chemiluminescence detection kit (cat. no., E1060; Beijing Lablead 
Biotech Co., Ltd.). ImageJ software (National Institutes of Health) 
was used to determine the band intensities to reflect the expres-
sion of each protein.

2.10 | Statistical analysis

Independent experiments were performed in duplicate or tripli-
cate, and data were analysed using GraphPad Prism 7.0 (GraphPad 
Software, Inc). Data are presented as mean ± standard error of 
the mean unless indicated otherwise. One- way analysis of vari-
ance and the Bonferroni multiple comparison post hoc test were 
used. P <.05 was considered to indicate a statistically significant 
difference.

3  | RESULTS

3.1 | Result 1. TNF- α- induced motor dysfunction is 
attenuated by pre- treatment with ketamine

Tumour necrosis factor- α is a crucial mediator of neuroinflam-
mation, and elevated levels of TNF- α are associated with various 
neurodegenerative conditions and contribute to neurotoxicity.20 
As TNF- α- induced SIRS represents an acute model, mimicking 
a cytokine storm and inducing tissue damage only a few hours 
after TNF- α injection, tail- vein injection with a non- lethal dose 
of TNF- α was performed (Figure S1), to observe the behaviour 
of the surviving mice. The effect of TNF- α on the activity levels 
was examined using the open field test. Analysis of the trajec-
tories of the mice (Figure 2A) revealed that systemic TNF- α ad-
ministration reduced the total distance travelled as well as the 
speed of movement of mice, which were attenuated by ketamine 
pre- treatment within 3 days (Figure 2B), 14 days (Figure 2C) and 
28 days (Figure 2D). In addition, systemic administration of TNF- 
α- induced a long- term deficit in activity levels, while there were 
no deficits in similarly challenged ketamine pre- treatment animals 
(Figure 2).

3.2 | Result 2. effect of ketamine on TNF- α- induced 
necroptosis in hippocampal neurons in vivo

To further explore whether TNF- α- induced motor dysfunction was 
associated with brain injury, Nissl staining of neurons was per-
formed to evaluate neurological dysfunction and TNF- α- induced 
neuronal damage. It was observed that administration of TNF- α 
caused a reduction in neuronal density in the hippocampus, par-
ticularly in the carbonic anhydrase 3 region. At the same time, 
pre- treatment with ketamine prevented the TNF- α- induced loss of 
hippocampal neuron number and density in vivo (Figure 3A). We 
also demonstrated that this loss was caused by necroptosis, and 
immunofluorescence revealed that ketamine pre- treatment could 
significantly increase the number of NeuN- positive neurons in 
the hippocampal region (Figure 3B,C,D). Meanwhile, p- MLKL and 
p- RIP3 levels were markedly decreased in the hippocampus after 
ketamine pre- treatment (Figure 3E,F). These results clearly indi-
cate that ketamine may have a novel function in SIRS as a potent 
inhibitor of necroptosis.

3.3 | Result 3. TNF- α- induced microglial activation 
in the hippocampus is attenuated by ketamine pre- 
treatment

The effect of a single systemic challenge with TNF- α on C57BL/6J 
mice was examined using the microglial activation markers Iba- 1 
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and CD68. Confocal microscopy results showed an increase in Iba- 
1- CD68 double- positive cells after TNF- α administration, which was 
attenuated by ketamine pre- treatment (Figure 4A,B). Overall, keta-
mine may inhibit the activation of microglia in TNF- α- treated mice, 
which would contribute to its anti- inflammatory potential.

3.4 | Result 4. Ketamine improved the survival of 
HT- 22 hippocampal neuronal cells

The subsequent experiments were designed to elucidate the modu-
latory effects of ketamine on the necroptosis signalling cascade. HT- 
22 hippocampal cells have been reported to be sensitive to TNF- α 

only upon caspase blockage and subsequently undergo necropto-
sis.7 In this study, we first evaluated the effects of ketamine against 
TNF- α (10 ng/mL)/z- VAD (20 μmol/L) administration on cell viabil-
ity by measuring ATP levels in HT- 22 cells. The results showed that 
TNF- α/z- VAD administration significantly reduced cell viability, and 
ketamine markedly reduced TNF- α/z- VAD- induced cell toxicity in 
HT- 22 cells in a dose-  and time- dependent manner (Figure 5A,B). 
Thereafter, 500 μg/mL of ketamine was selected as a major dose to 
explore its effects on TNF- α- induced neurotoxicity in HT- 22 cells in 
vitro. After 4 hours, analysis of propidium iodide- positive HT- 22 cells 
treated with TNF- α/z- VAD/ketamine (500 μg/mL) indicated that 
ketamine prevented these cells from losing membrane permeability 
and undergoing necroptosis (Figure 5C).

F I G U R E  2   Ketamine alleviated motor 
dysfunction caused by TNF α- induced 
SIRS. (A) The trajectory, (B- D) the total 
motion distance and the average motion 
speed in the open field test after 3, 14 and 
28 d following tale- vein TNF-  α injection 
and pre- treatment with ketamine. All 
data were shown as mean ± s.e.m. n = 7/
group, * significantly different from the 
normal group; # significantly different 
from the TNF - α group. *P <.05 and 
#P <.05
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3.5 | Result 5. Treatment with ketamine exerted 
neuroprotective effects by inhibiting ROS 
accumulation and suppressing TNF- α- induced 
necroptosis of HT- 22 hippocampal neuronal cells

In vitro ROS assays revealed that after 4 hours, there was enhanced 
expression of ROS in TNF- α/z- VAD- treated HT- 22 cells compared 
with that in the control group (Figure 6A). In addition, flow cytom-
etry results indicated that ROS levels were significantly downregu-
lated in the TNF- α/z- VAD/ketamine- treated cells (Figure 6B,C). 
Finally, to assess the effects of TNF- α on the expression of RIP1 
and p- MLKL, western blotting analysis was performed, which re-
vealed that p- MLKL expression was significantly upregulated in 
TNF- α/z- VAD- treated cells, and significantly downregulated in TNF- -
α/z- VAD/ketamine- treated cells (Figure 6D,E). Overall, these results 
support the hypothesis that ketamine suppressed TNF- α- induced 

necroptosis of HT- 22 hippocampal neuronal cells by inhibiting ROS 
accumulation and MLKL phosphorylation.

4  | DISCUSSION

The present study revealed that surviving mice with TNF- α- induced 
SIRS had motor function decline, and the open field test data indi-
cated that these mice had problems related to anxiety and explora-
tion. However, based solely on the aforementioned observations, it 
could not be discerned whether this phenomenon was a result of 
decreased activity levels caused by dyskinesia. Furthermore, TNF- 
α- induced motor dysfunction was attenuated by pre- treatment with 
ketamine. We also demonstrated that TNF- α- induced brain injury 
led to neuronal necroptosis and microglial activation in C57BL/6J 
mice. Collectively, these data indicate that the neuroprotective 

F I G U R E  3   Ketamine attenuated TNF- α- induced neuronal necroptosis in vivo. (A) Representative images of the Nissl staining in the 
Carbonic Anhydrase 3 region of the hippocampus. (B- C) Representative confocal images and the quantified histogram of p- MLKL and 
NeuN positive cells in the hippocampus. (D) Western blot analysis of necroptosis markers RIP1, MLKL, RIP3, p- MLKL and p- RIP3 in the 
hippocampus. Magnification, ×80. Scale bars = 200 µm (Left) and 50 µm (Right) in A, Scale bars = 40 µm in B. All data were shown as 
mean ±  s.e.m. n  = 7/group, * significantly different from the normal group; # significantly different from the TNF - α group. *P <.05, 
##P <.01 and ###P <.001
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effect of ketamine against TNF- α- induced necroptosis was medi-
ated via inhibition of ROS production and MLKL phosphorylation in 
hippocampal neurons.

Systemic inflammatory response syndrome, an over- reactive 
immuno- inflammatory response, represents a significant disease 
burden and is associated with long- term physical, cognitive and 
psychosocial morbidity.21 Previous studies suggested that a high 
intravenous dose of TNF- α (>10 μg) promoted mouse death within 
24- 36 hours,22,23 while our data suggested that a sub- lethal dose 
(5- 10 μg) dramatically induced long- lasting sterile pathological SIRS- 
like effects, with motion- related dysfunction and susceptible tissue 
damage, even in the brain. With the impaired structure and func-
tion of the blood- brain barrier induced by intravenous TNF- α ad-
ministration,24 peripheral immuno- inflammatory dysfunction would 
ignite intense central neuroinflammation in a TNF- α- dependent 
and/or independent manner. Necroptosis, or caspase- independent 
programmed cell death, is known to be involved in various patho-
logical conditions, including TNF- α- induced peripheral and central 
inflammatory processes, both in vivo and in vitro.25 Recent studies 
identified that the activation of RIPK1, RIPK3 and MLKL is involved 

in necroptosis,8,26 and provided evidence of the signalling events 
of TNF- α- initiated neurotoxicity being mediated by RIPK1- RIPK3- 
MLKL both in the mouse hippocampus after intracerebroventricu-
lar injection of TNF- α and in HT- 22 hippocampal neuronal cells with 
TNF- α incubation.7 Considering that some studies have reported 
that RIPK3 has a pro- inflammatory effect independent of its role 
in necroptosis, the pseudokinase MLKL is currently regarded as the 
sole and prime effector of necroptosis, which terminates in the rup-
ture of the plasma membrane and the leakage of intracellular con-
tents from apoptotic cells. During necroptosis, MLKL is a functional 
substrate of RIPK3. Upon phosphorylation by RIPK3, MLKL forms 
oligomers and translocates to the plasma membrane.27 Our data 
from the present study strongly support the notion that the TNF- α- 
initiated toxic effects on hippocampal neurons and their subsequent 
loss was caused by necroptosis, as indicated by RIPK1- RIPK3- MLKL 
phosphorylation and signalling events after tail vein injection of a 
sub- lethal dose of TNF- α.

Classically, necroptotic cell death is known to be character-
ized by disrupted plasma membrane; however, the downstream 
events leading to membrane collapse are far from being clarified. 

F I G U R E  4   Ketamine suppressed 
TNF- α- induced microglia activation in 
hippocampus. (A) Confocal images and 
(B) immunofluorescence analysis data 
showing Iba- 1 and CD68 double- labelled 
positive cells in the hippocampus. Scale 
bars = 40 µm. All data were shown as 
mean ± s.e.m. n = 7/group, *significantly 
different from the normal group; # 
significantly different from the TNF - α 
group. ***P <.001 and ###P <.001
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ROS production and accumulation have been suggested to be re-
quired for necroptosis in cells such as L929, the human 5- 8F NPC 
cell line and HT- 29 human colon cancer cells.28- 30 In the present 
study, we observed increased ROS production and accumulation 
in TNF- α- induced necroptotic HT- 22 mouse hippocampal neurons; 
however, further studies are required to identify the relationship 
between ROS and TNF- α- induced necroptosis as well as to clarify 
crucial downstream events required for causing this necroptosis of 
hippocampal neurons.

Ketamine is a traditional narcotic analgesic and psychotomi-
metic drug with abuse potential in medical practice. It was con-
sidered a notable and attractive “drug of the year” when a rapid 
and sustained anti- depressant profile, with selective rescue of 
eliminated spines and restoration of coordinated activity in mul-
ticellular ensembles, was revealed.31,32 However, a growing body 
of evidence indicates that a sub- anaesthetic dose of ketamine 
(5- 30 mg/kg) exerts immuno- inflammatory modulation in sep-
sis, ischaemia- reperfusion, and a burn injury rodent models.33,34 

Interestingly, our data challenge the generally held view of the role 
of ketamine as an anti- inflammatory agent when used both clini-
cally35- 37 and experimentally.38- 40 Our data showed that ketamine 
alleviated TNF- α- induced motor dysfunction in a dose- dependent 
manner that a dose of 20 mg/kg could significantly improve the 
activity and speed of mice (Figure S2). Meanwhile, we also demon-
strated that the protection provided by ketamine was by inhibit-
ing the expression of p- MLKL and p- RIPK3. It is speculated that 
mitochondrial ROS generation can result in necroptosis, but is 
bypassed, activating the necroptotic pathway downstream at the 
RIPK3 or MLKL expression level.41 In this study, it was identified 
that ketamine alleviated TNF- α- induced necroptosis of hippocam-
pal neurons both in vitro and in vivo, which were indicated to be 
associated with the inhibition of MLKL phosphorylation and ROS 
levels. However, the underlying mechanism by which activated 
MLKL kills cells and the role of ketamine remains unclear, and fur-
ther studies are required to clarify the process of necroptosis in 
hippocampal neurons. In conclusion, the results presented in this 

F I G U R E  5   Ketamine improved the survival of HT- 22 hippocampal neuron cells. (A- B) Cell viability via measuring ATP level in HT- 22 cells. 
(C) Immunofluorescence PI were detected in HT- 22 cells. Scale bars = 100 µm. All data were shown as mean ± s.e.m. *Significantly different 
from the normal group; #significantly different from the TNF- α/z- VAD group. ****P <.0001, ##P <.01 and ####P <.0001. All experiments 
were repeated three times with similar results



     |  3457WANG et Al.

study provide a clinical context for the inhibitory effect of ket-
amine on TNF- α- induced necroptosis.

Microglia, the resident macrophages of the CNS, are activated 
by a limited number of stimuli, including lipopolysaccharide, which 

can mediate neuroinflammation.42 Although microglia have long 
been considered to be crucial players in generating and maintaining 
inflammatory responses in the CNS, accumulating evidence clearly 
shows that they have more diverse functions in both the healthy and 

F I G U R E  6   Ketamine suppressed TNF- α - induced necroptosis of HT- 22 hippocampal neuron cells. (A- C) Representative images of 
production of ROS and quantitative analysis by flow cytometry. (D- E) Western blot analysis of necroptosis markers RIP1 and p- MLKL in HT- 
22 cells. Scale bars = 100 µm. All data were shown as mean ± s.e.m. *Significantly different from the normal group; #significantly different 
from the TNF- α/z- VAD group. ***P <.001, #P <.05 and ###P <.001. All experiments were repeated three times with similar results
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the injured brain.43,44 Innate immune responses and phagocytosis 
represent a portion of the microglial functional repertoire in terms 
of the expression of numerous receptors, cell surface molecules, and 
proteins that enable bidirectional interactions with other cell types 
in the brain.28,45 Iba- 1, which is expressed exclusively in microglia/
macrophages,46 and the CD68 marker are most commonly used for 
discerning macrophages immunohistochemically. Using Iba- 1 and 
CD68 double- labelling, this study was able to confirm the physio-
logical state of microglia based on morphology and immunoreactiv-
ity.47 Immunohistochemical analysis of Iba- 1 and CD68 revealed that 
microglia were activated in the in vivo TNF- α- induced SIRS model; 
moreover, exacerbated neuronal dysfunction was verified and found 
to be attenuated by ketamine pre- treatment. Further investigation is 
required regarding microglial involvement in the regulation of neu-
rons and the role of ketamine in this process.

Overall, this study provided experimental evidence that necro-
ptosis of hippocampal neurons may be induced by TNF- α both in 
vivo and in vitro, and could be attenuated by ketamine via inhibition 
of ROS production and MLKL phosphorylation.
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