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RIPK1 inhibition mitigates neuroinflammation &
and rescues depressive-like behaviors in a
mouse model of LPS-induced depression
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Abstract

Background Depression is often linked to inflammation in the brain. Researchers have been exploring ways to
reduce this inflammation to improve depression symptoms. One potential target is a protein called RIPK1, which is
known to contribute to brain inflammation. However, it's unclear how RIPK1 influences depression. Our study aims
to determine whether RIPK1 inhibition could alleviate neuroinflammation-associated depression and elucidate its
underlying mechanisms.

Methods To investigate our research objectives, we established a neuroinflammation mouse model by administering
LPS. Behavioral and biochemical assessments were conducted on these mice. The findings were subsequently
validated through in vitro experiments.

Results Using LPS-induced depression models, we investigated RIPK1's role, observing depressive-like behaviors
accompanied by elevated cytokines, IBA-1, GFAP levels, and increased inflammatory signaling molecules and NO/
H,O,. Remarkably, Necrostatin (Nec-1 S), a RIPK1 inhibitor, mitigated these changes. We further found altered
expression and phosphorylation of elF4E, PI3K/AKT/mTOR, and synaptic proteins in hippocampal tissues, BV2, and N2a
cells post-LPS treatment, which Nec-1 S also ameliorated. Importantly, elF4E inhibition reversed some of the beneficial
effects of Nec-1'S, suggesting a complex interaction between RIPK1 and elF4E in LPS-induced neuroinflammation.
Moreover, citronellol, a RIPK1 agonist, significantly altered elF4E phosphorylation, indicating RIPK1's potential
upstream regulatory role in elF4E and its contribution to neuroinflammation-associated depression.

Conclusion These findings propose RIPK1 as a pivotal mediator in regulating neuroinflammation and neural
plasticity, highlighting its significance as a potential therapeutic target for depression.
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Introduction
Major depressive disorder (MDD) is a complex mental
health condition characterized by persistent sadness,
loss of interest, and other symptoms. It’s associated with
changes in brain function, including alterations in mood,
communication between nerve cells (synaptic defects),
and overall brain structures [1-5]. Mounting evidence
suggests that inflammation plays a significant role in
depression. Studies have found increased levels of inflam-
matory markers, such as interleukin-6 (IL-6), in the blood
of people with depression [6, 7]. Additionally, brain tissue
from individuals with depression often shows increased
levels of inflammatory molecules, including tumor
necrosis factor-alpha (TNF-«) [8]. This inflammation can
trigger a chain reaction in the brain, leading to damage to
brain cells, impaired communication between neurons,
and changes in brain structure [4, 5, 9-11]. While we
know inflammation is involved, more research is needed
to understand how it contributes to depression fully.
Receptor Interacting Serine/Threonine Kinase 1
(RIPK1) is a 76-kDa protein with a death domain at

the carboxy-terminal (C-terminal), a kinase domain at
an amino-terminal (N-terminal), and an intermediate
domain with a receptor-interacting protein homotypic
interacting motif (RHIM). It is a crucial regulator of cell
death pathways and is essential for mediating pro-sur-
vival nuclear factor kappa B subunit (NF-«xB) signaling.
Besides, it also participates in the signaling pathways of
various cytokines, including TNF-a and interleukins,
which are critical for immune response and inflamma-
tion [12, 13]. Moreover, RIPK1 may cause detrimental
neuroinflammatory environments in neurological dis-
eases [14, 15]. However, it is unclear whether differential
signals exist downstream of distinct RIPK1-activating
stimuli and how they contribute to neuroinflammation
during depressive disorders. Our data reveal that lipo-
polysaccharides (LPS) activates RIPK1 concurrent with
neuroinflammation. Activated RIPK1 dysregulates down-
stream phosphatidylinositol 3-kinase (PI3K) and, most
importantly, Eukaryotic Initiation Factor 4E (eIF4E) sig-
naling. PI3K and serine-threonine protein kinase(Akt)
signaling cascade is a highly conserved intracellular
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pathway involved in the phospholipid and protein phos-
phorylation of various downstream targets in the cellular
responses [16, 17]. In addition, RIPK1 enhances the tran-
scription of inflammatory cytokines through activation of
the elF4E-mediated cap-dependent translation initiation
process [18, 19]. Moreover, this multifaceted signaling
pathway regulates proinflammatory cytokine expres-
sion and potentially modulates neurotransmitter activity
[16]. Downstream of PI3K/Akt, inhibition of eIF4E, a key
protein synthesis regulator implicated in neuropsychiat-
ric disorders through its association with brain-derived
neurotrophic factors (BDNF) and Glutamate receptor 1
(GluR1) dysregulation [20, 21], exacerbates LPS-induced
neuroinflammation and depressive-like behaviors along-
side synaptic impairments. These findings highlight the
critical role of RIPK1/elF4E in mediating LPS-induced
neuroinflammation and depression.

Methods

Animals

Adult C57 BL/6] male mice weighing 20-22 g (age 6-8
weeks) were purchased from Guangdong Medical Labo-
ratory Animal Center, China. The experimental ani-
mals were housed (n=4/cage) with free food and tap
water access at the Laboratory Animal Research Center,
Peking University Shenzhen Graduate School, under a
12 h light/12 h dark cycle at 18-22 °C. All experimental
procedures were performed according to the protocols
approved by the Peking University Shenzhen Graduate
School Institutional Animal Care and Use Committee.
The experimental procedures were designed to minimize
animal suffering.

Experimental design for drug treatment
The study was conducted in two experiments.

In the first experiment, animals were divided into three
groups (10—12 mice/group): normal saline-treated (NC),
LPS (1 mg/kg, once a day, i.p.) treated, and LPS+Nec-1 S
(10 mg/kg, once a day, i.p.). (Fig. 1A).

In the second experiment, mice were treated with
eFT508 in the presence of LPS and Nec-1 S. The ani-
mal groups were LPS-treated, LPS+Nec-1 S, and
LPS+Nec-1 S+eFT508 (5 mg/kg, once daily, ip.).
(Fig. 2A).

After 48 h of the last LPS injection, mice were sacri-
ficed after behavior analysis. Brain tissues were collected
and stored at freezing temperatures(-80°C) until further
investigation.

The Nec-1 S (CAS No.: 852391-15-2) used in this study
was purchased from Guangzhou Isunpharm. The LPS
was purchased from Sigma-Aldrich. The eFT508 (CAS
No.: 1849590-01-7) used in this study was purchased
from Shanghai Send Pharm, prepared as described for
in vivo dosing, and diluted in 0.9% saline. The Citronellol
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(CAS No.: 7540-51-4) was purchased from Shanghai
Haohong Scientific Co., Ltd., and the Wortmannin (CAS
No.: 19545-26-7) was purchased from Henan Alfa Chem-
ical Co., Ltd.

LPS was dissolved in saline for animal treatments and
in phosphate-buffered saline (PBS) for cell treatments.
Nec-1 S, eFT508, Wortmannin, and Citronellol were ini-
tially dissolved in dimethyl sulfoxide (DMSO) and subse-
quently diluted in saline for animal treatments or culture
medium for cell treatments.

For in vitro studies, LPS was dissolved in PBS and
added to the culture medium at a final concentration
of 100 ng/mL for 4 h. Nec-1 S was dissolved in DMSO
and added to the culture medium at final concentrations
ranging from 1 to 20 uM for 12 h.

Behavior analysis

Open field test (OFT)

OFT was performed following the previously devel-
oped protocols [22]. Briefly, mice were adapted to the
experimental room for one hour and placed in the
45x45x%30 cm chamber. A total of 5 min of video was
recorded to observe the mice’s locomotor activity. The
total distance covered by mice was measured, analyzed,
and expressed in meters.

Sucrose preference test (SPT)

A sucrose preference test was performed while using a
two-bottle free-choice paradigm. To assess the individual
sucrose intake, mice were deprived of water and food for
one night on the last day of the LPS administration. Each
mouse had free access to two sucrose and water bottles
the next day. The position of water and sucrose-contain-
ing bottles was changed after 2.5 h. Finally, the volume of
consumed water and sucrose solution was recorded and
calculated by the following formula:

Sucrose consumption

SPT = x 100%

water and Sucrose consumtion

Forced swimming test (FST)

The forced swimming test (FST) was performed accord-
ing to previously developed protocols [23]. The experi-
mental animals were trained for swimming, and
pre-experiment FST was performed to select healthy
and normal mice. Animals were placed in a Plexiglas cyl-
inder (height: 70 cm, diameter: 30 cm) filled with water
over the 30 cm level at a temperature of 23+1°C, to per-
form the FST test. The video was taped for 6 min, and
the last 5 min were blindly analyzed. Mice were consid-
ered immobile when they remained floating motionless
in the water and just making a move to keep their nose
above the water’s surface. The horizontal movement
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Fig. 1 LPS activates RIPK1 in mice. (A) Drug treatment schedule and experimental approach (B) Immunoblots and Bar Graphs show expression of RIPK1,
p53, and Bax in the hippocampal tissues (n=8) (C) Representative immunoblots (left) and bar graphs show expression of NLRP3, ASC, NF-kB, IBA-1, and
GFAP (right, n=8), ELISA analysis shows the level of cytokines. All the values were normalized with loading control GAPDH (n=8-10). All the values are
expressed as mean + SEM, one-way ANOVA followed by Turkey’s multiple comparison tests. *p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001
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Fig. 2 eFT508 treatment reversed the Nec-1 S effect in the presence of LPS. (A) Drug treatment schedule and experimental approach (B) Relative cyto-
kine level (n=9-12) (C) Representative immunoblots and bar graphs show expression of NLRP3, ASC, IBA-1, GFAP, NRF2, HO-1, SOD2, PI3K, Akt, mTOR, ERK,
and MNKT, (n=6-8). All the values were normalized with loading control GAPDH and are expressed as mean + SEM, one-way ANOVA followed by Turkey's
multiple comparison tests. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001
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of the animals throughout the cylinder was defined as
swimming, while vertical movement against the cylinder
wall was defined as climbing. EthoVision XT was used to
record the video and analysis.

Tail suspension test (TST)

The tail suspension test was performed as described pre-
viously [22, 24]. Briefly, the mice were individually sus-
pended about 40 cm above the floor by their tail with
the tape in the rectangular compartment (55 height x 20
widths X 11.5 cm depth). A total of 5 min of video were
recorded and analyzed. EthoVision XT software was used
to record and analyze the data.

ELISA
Frozen hippocampal tissue was lysed in RIPA buffer and
homogenized on ice. Following centrifugation, super-
natants were collected. Total protein concentration was
determined using the BCA Protein Concentration Deter-
mination Kit (Beyotime, Shanghai, China). Samples were
stored at freezing temperatures until further analysis.
Cytokine levels were quantified using ELISA Kkits
(ABclonal, Wuhan, China) according to the manufactur-
er’s protocol. Briefly, 100 pL of standard or sample diluent
was added to each well of a 96-well plate and incubated
for 2 h at 37 °C. Subsequent steps involved washing, incu-
bation with biotin-conjugated antibody (1 h at 37 °C),
washing, incubation with streptavidin-HRP (30 min at
37 °C), and final colourimetric detection at 450 nm. Cyto-
kine concentrations were calculated based on the stan-
dard curve and normalized to total protein content.

Nitric oxides(NO) and hydrogen peroxide (H,0,)
measurement

NO and H,0O, were analyzed by commercially available
kits (Beyotime, Shanghai, China) [25, 26], Briefly, for the
NO detection, 2 pL of the sample (serum/homogenates)
were added to the mixture of Reagents (Gryess Reagent)
R1+R2 (100 pL+100 pL), and absorbance was recorded
at 540 nm. Similarly, for the H,O, detection, a 2 pL sam-
ple (serum/homogenates) was added to the 100 pL of the
detection reagent, and after 30 min room temperature
incubation, the absorbance was recorded at 560 nm.

Cell viability

Cell viability using cell counting kit-8 of MedChemEx-
press (Monmouth Junction, NJ, USA). Briefly, inoculate
cell suspension (100 pL/well) in a 96-well plate. Add dif-
ferent concentration drugs (Nec-1 S/Citronellol) to the
cell medium and pre-incubate the plate in a humidified
incubator at 37 °C, 5% CO,. After the drug treatment
time, add 10 pL of the CCK-8 solution to each well of the
plate. Then, incubate the plate for 1-2 h in the incubator
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and measure the absorbance at 450 nm using a micro-
plate reader.

BV2/N2a cell line culture protocol and stimulation

Mouse microglial BV2 cell lines and neuroblastoma N2a
cell lines were grown in high glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Gibco, Waltham, MA). The cells
were maintained in a humidified incubator with 95% air
and a 5% CO2 atmosphere at 37 °C. Medium containing
the appropriate agents was replaced every other day. The
drug was added to the cell medium when the cells grew
to a density of about 90%.

In the first in vitro experiment, BV2 cells were treated
with Nec-1 S at concentrations of 1 uM, 5 uM, 10 uM, or
20 puM for 8 h, followed by LPS (100 uM) for 4 h. How-
ever, subsequent experiments focused on treatments
with 10 uM or 20 pM Nec-1 S (Fig. 3A).

In the second experiment, BV2 cells were treated with
Citronellol (50 pug/mL) for 5 h, followed by eFT508 (1
uM) for 1 h before cell collection and further analysis
(Fig. 4C).

In the third in vitro experiment, N2a cells were initially
treated with Nec-1 S (10 uM) for 8 h, followed by LPS
(100 ng/mL). Subsequently, the cells were treated with
eFT508 (1 uM) for 1 h before final collection and analysis
(Fig. 5A).

Golgi staining

The FD Rapid Golgi Stain Kit (FD Neuro Technologies,
Ellicott City, MD) was used to perform Golgi staining.
After removal, the animal brain was rinsed quickly in
double distilled water, immersed in impregnation solu-
tions (A/B) (5 ml solution for each tissue), and stored at
room temperature for 2 weeks. The brain tissues were
transferred to solution C and stored for 72 h (the solu-
tion was replaced after 24 h), followed by freezing. After-
wards, 100- to 200-um sections were prepared using
a sliding microtome and mounted to gelatine-coated
microscope slides. Then the brain tissue was placed in a
staining solution for 10 min, rinsed with double distilled
water, followed by dehydration (sequential rinse 50%,
75%, and 95% ethanol) and xylene treatment, and finally,
examined under an inverted fluorescence microscope
IX73 Olympus.

Western blotting

According to the developed protocols, western blot-
ting was performed. Briefly, Denatured samples (boiled
at 100°C for 10 min) were separated on SDS-PAGE and
then transferred to the nitrocellulose membrane. The
membrane was blocked with non-fat milk in TBST (Tris-
buffered saline, 0.1% Tween 20), then incubated in pri-
mary antibody (1: 500; 1:1,000) overnight at 4 °C. The
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Fig. 4 eFT508 treatment to BV2 cells in the presence of LPS. (A) eFT508 treatment reversed Nec-1 S effects on spine numbers and RIPK1 expression.
Representative images of Golgi staining and bar graphs show spin numbers in the hippocampus of experimental subjects (right, n=4). Immunoblots and
bar graphs show the expression of RIPK1, p53, and Bax in the hippocampal tissue of the experimental mice (left, n=6-8). (B) Quantitative bar graphs show
mature-BDNF levels in the BV2 cells analyzed via ELISA (Left). Immunoblots and bar graphs show the expression of p-TrkB in the BV2 Cells (n=4-6). (C)
Citronellol and eFT508 treatment schedule. Bar graphs and immunoblots show expression/phosphorylation of RIPK1, elF4E, PI3K, Akt, and mTOR (n=6-8).
All the values were normalized with loading control GAPDH and are expressed as mean + SEM, one-way ANOVA followed by Turkey’s multiple comparison

tests. *p < 0.05, **p<0.01, **p <0.001, ****p <0.0001

next day, the membrane was treated with a secondary
antibody (1:1,000) for 1 h at room temperature. The ECL
Super signal chemiluminescence kit was used according
to the manufacturer’s protocol for detection. Blots were
developed using Chemidoc mp Bio-rad. The densitom-
etry analysis of the bands was performed using image lab
software. Primary antibody information can be found in
Table 1.

Statistical analysis

Western blot bands and morphological data were ana-
lyzed using Image] and image lab software (Image J 1.30)
and GraphPad Prism 8 software. Data were presented as
meantSEM. One-way ANOVA followed post-hoc Tukey
Multiple Comparison tests to compare different groups.
P<0.05 was regarded as significant. *: p<0.05, **: p<0.01,
##*: p<0.001 and ****: p<0.0001.

Results

RIPK1 inhibition averted LPS-induced neuroinflammation
LPS is a widely accepted neuroinflammatory agent
[27]. To evaluate our hypothesis, mice were adminis-
tered Nec-1 S for seven days, followed by LPS injection
(intraperitoneally) for the final three days (Fig. 1A). We
first validated RIPK1 inhibition in the hippocampus.
LPS treatment significantly elevated RIPK1 expression,
an effect reversed by Nec-1 S treatment. Furthermore,
changes in the expression of p53 tumor suppressor (p53)
and BCL2-Associated X (Bax), known downstream tar-
gets of RIPK1, corroborated the downregulation of
RIPK1 (Fig. 1B).

To investigate RIPK1’s role in neuroinflammation, we
measured cytokines (IL-l1a, IL-1p, IL-6, TNF-a, IL-4,
IL-10, TGEB-1) and inflammatory markers in the hippo-
campus of experimental mice. Nec-1 S treatment signifi-
cantly reduced LPS-induced increases in these cytokines
and inflammatory proteins (NLRP3, ASC, p-NF-«B,
IBA-1, GFAP) (Fig. 1C), supporting RIPK1’s involvement
in LPS-induced neuroinflammation. We also observed
increased nuclear p-NF-kB in BV2 cells after LPS treat-
ment, which was reversed by Nec-1 S (Fig. 6A).

To further explore the underlying mechanisms, we
measured factors linked to neuroinflammation (NO,
H,0,, NRF2/HO-1/SOD2, PI3K/Akt/mTOR, P38/ERK).
Similar to NO and H,0O,, Nec-1 S decreased these fac-
tors in the hippocampus of LPS-treated mice (Fig. 6B),

suggesting RIPK1’s influence on inflammatory and oxida-
tive pathways.

To validate these findings in vitro, we treated BV2 cells
with Nec-1 S followed by LPS (Fig. 3A). Nec-1 S reduced
proinflammatory cytokines (TNF-«, IL-6) but unexpect-
edly decreased IL-4, unlike IL-10 (Fig. 3B). Addition-
ally, Nec-1 S inhibited Recombinant NLR Family, Pyrin
Domain Containing Protein 3 (NLRP3), p-NF-«kB, Heme
Oxygenase 1(HO-1), Superoxide Dismutase 2(SOD2),
Eukaryotic Translation Initiation Factor 2-alpha(elF2«),
PI3K/Akt/mTOR, JNK/P38/ERK, and Bax expression in
LPS-treated BV2 cells (Fig. 3C). These results were repli-
cated in N2a cells (Fig. S2).

Next, to investigate a potential interaction between
RIPK1 and eIF4E in LPS-induced neuroinflammation, we
treated mice with the MNK inhibitor eFT508 to concur-
rently inhibit MNK and eIF4E in the presence of LPS and
Nec-1 S (Fig. 2A). MAP kinase signal-integrating kinase
1(MNK]1) is a protein kinase that plays a crucial role in
eukaryotic cells, and MNKI1 is one of the key kinases
responsible for phosphorylating eIF4E on serine 209 [28].
Surprisingly, eFT508 treatment significantly elevated
cytokine levels (IL-1f, IL-6, TNF-«) in the hippocam-
pus of LPS-treated mice despite Nec-1 S administration
(Fig. 2B). Consistent with this, we observed increased
expression of NLRP3, ASC, IBA-1, GFAP, and HO-1, as
well as enhanced phosphorylation of PI3K, Akt, mTOR,
and ERK in the hippocampus of LPS-treated mice
treated with both eFT508 and Nec-1 S. However, eFT508
reduced MNKI1 phosphorylation in the hippocampus
of LPS and Nec-1 S-treated mice. Notably, inhibiting
elF4E reversed the anti-inflammatory effects of Nec-1 S
by increasing NO and H,0, levels (Fig. 2C). In addition,
eFT508 treatment attenuated Nec-1 S effect by modulat-
ing IBA-1, GFAP and ASC/TMS1 expression in the hip-
pocampus of the mice (Fig. S1). These findings strongly
suggest a crucial role for RIPK1 and its interaction with
elF4E in mediating LPS-induced neuroinflammation.

RIPK1 inhibition relieved LPS-induced depressive-like
behaviors and improved synaptic defects via elF4E
signaling

A concurrent impairment of neuroinflammation to
depressive-like behaviors is well-established from the
documented research [29]. To assess the impact of RIPK1
inhibition on LPS-induced depressive-like behaviors and
synaptic plasticity, we conducted behavioral tests and
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Antibody Company Lot Number Dilute Source
NLRP3 Cell signaling technology 15,101 1/1000 Rabbit
ASC/TSM Cell signaling technology 67,824 1/1000 Rabbit
p-NF-kB(Ser536) Cell signaling technology 3033 1/1000 Rabbit
NF-kB Cell signaling technology 8242 1/1000 Rabbit
lba-1 Cell signaling technology 17,198 S 1/1000 Rabbit
GFAP Cell signaling technology 36705 1/1000 Mouse
GAPDH Cell signaling technology 5174 1/1000 Rabbit
IRE1a Cell signaling technology 3294 1/1000 Rabbit
p-AMPKa(Thr172) Cell signaling technology 2535 1/1000 Rabbit
AMPKa Cell signaling technology 5832 1/1000 Rabbit
p-TrkB(Tyr705) abcam ab229908 1/1000 Rabbit
TrkB Cell signaling technology 4603 1/1000 Rabbit
BDNF abcam ab108319 1/1000 Rabbit
p-eEF2(T56) Cell signaling technology 2331 1/1000 Rabbit
ekF2 abcam ab33523 1/1000 Rabbit
p-elF2a(S51) Cell signaling technology 3597 1/1000 Rabbit
elF2a Cell signaling technology 9722 1/1000 Rabbit
p-elF4E(5209) Cell signaling technology 9741 1/1000 Rabbit
elF4E Cell signaling technology 2067 1/1000 Rabbit
PSD95 abcam ab18258 1/1000 Rabbit
SNAP25 abcam ab41455 1/1000 Rabbit
Synapsin-1 Cell signaling technology 25,297 1/1000 Rabbit
Synaptophysin Cell signaling technology 36,406 1/1000 Rabbit
Nrf2 Cell signaling technology 12,721 1/1000 Rabbit
HO-1 Cell signaling technology 70,081 1/1000 Rabbit
SOD2 Cell signaling technology 13,194 1/1000 Rabbit
p-PI3K(Tyr458/199) Cell signaling technology 4228 1/1000 Rabbit
PI3K Cell signaling technology 4257 1/1000 Rabbit
p-Akt(Ser473) Cell signaling technology 4060 1/1000 Rabbit
Akt Cell signaling technology 4691 1/1000 Rabbit
p-mTOR(Ser2448) Cell signaling technology 2971 1/1000 Rabbit
mTOR Cell signaling technology 2972 1/1000 Rabbit
p-p38(T180/Y182) Cell signaling technology 4511 1/1000 Rabbit
p38 Cell signaling technology 9212 1/1000 Rabbit
p-JNK(Thr183/Tyr185) Cell signaling technology 4668 1/1000 Rabbit
INK Cell signaling technology 9252 1/1000 Rabbit
p-ERK(T202/Y204) Cell signaling technology 4370 1/1000 Rabbit
ERK Cell signaling technology 4695 1/1000 Rabbit
GFAP merck 3,140,011 1/400 Mouse
lba-1 Wako 019-19741 1/400 Rabbit
p-RIPK1(Ser161) Proteintech 66854-1-lg 1/1000 Mouse
RIPK1 abcam ab202985 1/1000 Rabbit
p53 Santa Cruz 5Cc-98 1/500 Mouse
Bax Cell signaling technology 2772 1/1000 Rabbit
PERK Cell signaling technology 3192 1/1000 Rabbit
Drp1 Cell signaling technology 8570 1/1000 Rabbit
Mfn1 Santa Cruz sc-166,644 1/500 Mouse
OPA1 Cell signaling technology 80,471 1/1000 Rabbit
PGCla Abcam ab54481 1/1000 Rabbit
Complex 2 Abcam ab14714 1/1000 Mouse
Complex 3 Abcam ab14746 1/1000 Mouse
Complex 5 Abcam ab14748 1/1000 Mouse
p-MNK1(Thr197/202) Cell signaling technology 2111 1/1000 Rabbit
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Antibody Company Lot Number Dilute Source
MNK1 Cell signaling technology 2195 1/1000 Rabbit
Caspase-3 Cell signaling technology 9662 1/1000 Rabbit

examined synaptic markers. Nec-1 S treatment attenu-
ated LPS-induced depressive-like behaviors, as evi-
denced by decreased immobility and increased sucrose
preference (Fig. 7A). Concurrently, Nec-1 S reversed
LPS-mediated impairments in synaptic protein expres-
sion (mature-BDNF, p-TrkB, PSD95, SNAP25, Synap-
tophysin, Synapsin-1, and p-elF4E) and spine density
(Figs. 7B and 4A). However, eFT508 administration
reversed these beneficial effects of Nec-1 S, except for
PSD95 expression (Fig. 7C). Furthermore, eIF4E inhibi-
tion potentiated RIPK1, p53, and Bax expression in the
LPS+Nec-1 S-treated mice hippocampus. Nec-1 S also
rescued LPS-induced reductions in BDNF and p-TrkB
expression in BV2 cells (Fig. 4B).

Interplay between RIPK1 and elF4E

To further elucidate the intricate relationship among
RIPK1, eIF4E, and PI3K, we investigated the influence of
PI3K inhibition on this axis. Given the well-established
interplay between RIPK1 and PI3K signaling in diverse
cellular functions, we employed Wortmannin to inhibit
PI3K in BV2 cells. Unexpectedly, Wortmannin treatment
augmented BDNF expression. Conversely, it attenu-
ated phosphorylation of RIPK1, eIF4E, PI3K, AKT, and
mTOR, in LPS-stimulated BV2 cells (Fig. S3).

To further elucidate the underlying mechanisms, we
investigated the interactions between RIPK1, eIF4E, and
PI3K in the absence of LPS using citronellol and eFT508
treatment in BV2 cells (Fig. 4C). Citronellol decreased
mature BDNF expression (Fig. S4, right) while concur-
rently increasing p-RIPK1, p-elF4E, and p-PI3K levels.
These effects were reversed by Nec-1 S treatment (Fig.
S4, left). Moreover, eFT508 reduced the phosphorylation
of elF4E, PI3K, and AKT but had no significant impact
on p-RIPK1 or p-mTOR (Fig. 4C). These findings collec-
tively indicate a complex interplay among RIPK1, eIF4E,
and PI3K signaling pathways.

Next, we extended our investigation to N2a cells to
elaborate further on the mechanisms. Pre-treatment
with Nec-1 S attenuated RIPK1 expression while con-
currently increasing p-eIF4E and decreasing PI3K/Akt/
mTOR phosphorylation. Subsequent eFT508 treatment
reduced p-eIF4E and p-mTOR levels, with no significant
changes observed in RIPK1, p-PI3K, or p-Akt expression
(Fig. 5A). Additionally, Nec-1 S-induced eIF4E phos-
phorylation was reversed by eFT508 in the presence of
citronellol, without affecting p-PI3K, p-Akt, or p-mTOR
levels (Fig. 5B). These results in N2a cells support the

complex interplay between RIPK1, eIF4E, and the PI3K/
Akt/mTOR pathway.

Discussion

The present study unveils a novel role for RIPK1 in the
pathophysiology of depression. Depletion of RIPK1
attenuated depressive-like behaviors that co-occurred
with neuroinflammation. We demonstrate that LPS-
induced activation of RIPK1 is associated with neuro-
inflammation, depressive-like symptoms, and synaptic
impairment. Critically, these effects were mitigated by
RIPK1 antagonism. Mechanistic investigations revealed
that elF4E inhibition reversed the beneficial effects of
Nec-1 S by augmenting cytokine production, astrogliosis,
microgliosis, and inflammatory signaling, concomitantly
with synaptic dysfunction and oxidative stress. These
findings were corroborated in N2a cells, and the effects
of Nec-1 were validated by citronellol treatment in BV2
and N2a cells.

Neuroinflammation involvement in depression is well-
established and documented, where it affects metabo-
lism, neuroplasticity, and neurogenesis concurrent with
cytokines production and HPA-axis activation [30]. Ood-
less studies are going on to avert and limit neuroinflam-
mation by targeting the neuroinflammation regulatory
factors and processes to suppress neurological diseases,
including depression. Apropos, RIPK1 is considered a
possible target for limiting neuroinflammation because
it can switch inflammatory response via NF-kB depen-
dent, apoptosis via caspase-8 dependent, and necropto-
sis via MLKL (mixed lineage kinase domain-like protein)
dependently [13, 15]. Moreover, RIPK1 can be activated
during TLR4-mediated necroptosis [31, 32]: a necrotic
cell death of neurons and glial cells in the CNS. Thus,
targeting necroptosis could be a potential mechanism
to avert and relieve neuroinflammatory diseases, as sug-
gested by a previous study [33, 34]. The present study
demonstrates that LPS treatment significantly upregu-
lated RIPK1 expression, accompanied by neuroinflam-
mation. Mechanistically, LPS-induced TNF-a production
in N2a cells triggered RIPK1 signaling, corroborating
RIPK1 activation following LPS administration in our
model. Notably, RIPK1 inhibition using Nec-1 S attenu-
ated cytokine release, reduced glial activation, and sup-
pressed inflammatory signaling in LPS-treated mice,
suggesting a critical role for RIPK1 in LPS-induced
neuroinflammation.

Mounting evidence favors that neuroinflammation con-
currents with depressive-like behaviors [35]. As we and
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others reported previously, LPS-treated mice displayed
enhanced cytokines levels and dysregulated inflamma-
tory signaling coincident with altered synaptic signaling
and reduced spine numbers [27, 29, 35]. It shows that LPS
enhances peripheral cytokines level untimely transport
to CNS, leading to glial cell activation. As the glial cells
shape the synapse’s structure, dysregulated glial cells in
pathological conditions such as neuroinflammation could
sculpt neuronal synapses by increasing or decreasing the
elimination of synapses [36]. Our findings demonstrate
that RIPK1 inhibition mitigated neuroinflammation and
synaptic deficits, concomitantly ameliorating depressive-
like behaviors. Nec-1 S treatment effectively reversed
LPS-induced synaptic impairment in both the murine
hippocampus and BV2 cells; the unexpected attenua-
tion of RIPK1 inhibitor benefits by eFT508 treatment
suggests a complex interplay between eIlF4E and RIPK1
in the pathophysiology of neuroinflammation-associated
synaptic dysfunction. eIlF4E involves mRNA translation,
and its (p-eIF4E) ablation downregulates IxkBa, ultimately
activating the transcription factor NF-kB, leading to
cytokine production [37]. Surprisingly, in our findings,
elF4E inhibition by eFT508 reversed Nec-1 S effects by
increasing neuroinflammation, inflammatory signaling
dysregulation, and synaptic impairment. It proposes that
RIPK1 contributes to neuroinflammation and synaptic
impairments via dysregulating eIF4E signaling. Besides,
recent studies have revealed a potential role of eIF4E in
the antidepressant action of psychiatry drugs, including
antidepressants [38].

Moreover, MNK1/2 phosphorylates eIlF4E via MAPK/
ERK signaling [39, 40], which we found also downregu-
lated after eFT508 treatment, although it was increased
after RIPK1 inhibition by Nec-1 S in LPS-treated mice
hippocampus. It shows an interplay between RIPK1
and MNK1/2 in the regulation of eIF4E. Besides, active
PI3K/mTORcl signaling can increase elF4E availability
for translational initiation via downstream phosphory-
lation of 4E-BPs [41, 42]. Our study found decreased
p-RIPK1, p-elF4E, and p-PI3K/Akt/mTOR expression in
the BV2 cells, further validating PI3K/Akt/mTOR signal-
ing association with eIF4E via RIPK1. The RIPK1 agonist
(Citronellol) enhanced p-elF4E and p-PI3K expression,
showing that RIPK1 could regulate eIF4E activity.

Previous studies have shown that RIPK1 activated the
p-AKT/elF4E signaling pathway during necroptosis and
cell death via AKT, mTORCI, 4E-BP, and elF4E pathway
[18, 43]. It shows that RIPK1 contributes to different cell
signaling via distinct mechanisms. As here from our find-
ings, we may also propose that eIF4E acts downstream of
RIPK1 because, in BV2 cells, RIPK1 activation enhances
elF4E activities by increasing its phosphorylation sequen-
tially; it promotes cytokine production and reduces
mature-BDNF release. Meanwhile, in the neuron, RIPK1
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activation decreases eIF4E phosphorylation, which could
affect synaptic protein production and, hence, neuro-
plasticity. Thus, during neuroinflammation, BV2 cells
(microglia) promote high cytokine production and fewer
BDNEF releases, affecting synaptic signaling and synapses
that could be linked to depressive-like behaviors.

In conclusion, RIPK1 contributes to LPS-induced
neuroinflammation and depression. Moreover, elF4E,
recently linked to depression and neuroinflammation,
was down-phosphorylated after RIPK1 inhibition, con-
current with the improved synaptic protein expression.
Thus, RIPK1 is a potential target for neuroinflammation-
coinciding depression via eIF4E signaling.

Abbreviations
AKT Serine-threonine protein kinase

ANOVA Analysis of variance

ASC/TSM1 Apoptosis-associated speck-like protein containing a CARD,
PYD and CARD domain-containing protein

AMPKa 5'-AMP-activated protein kinase subunita

BDNF Brain-derived neurotrophic factors

Citronellol 2,6-DIMETHYL-2-OCTEN-8-OL

CNS Central nervous system

eEF2 Eukaryotic elongation factor 2
elF2a Eukaryotic translation initiation factor 2a
elF4E Eukaryotic translation initiation factor 4E

ERK Signal-regulated kinase

ELISA enzyme-linked immunosorbent assay

eFT508 6-[(6-Amino-4-pyrimidinyl)amino]-8'-
methylspiro[cyclohexane-1,3'(2'H)-imidazo[1,5-Al
pyridine]-1;5"-diketone

FST Force swimming test

GFAP Glial Fibrillary Acidic Protein

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HO-1 Heme oxygenase 1

IL-1a Interleukin 1 alpha

IL-1B Interleukin 1 beta

I-6 Interleukin 6

IL-4 Interleukin 4

IL-10 Interleukin 10

IRETa Serine/threonine-protein kinase/endoribonuclease subunita

IBAT Allograft inflammatory factor 1

INK stress-activated protein kinase

LPS Lipopolysaccharides

mTOR mammalian target of rapamycin

MAPK Mitogen-Activated Protein Kinase

MDD Major depressive disorder

Nec-1S 5-((7-CI-1 H-indol-3-yl)
Methyl)-3-MethyliMidazolidine-2,4-dione)

Wortmannin 3 H-Furo[4,3,2-delindenol4,5-h]-2-benzopyran-3,6,9-
trione,11-(acetyloxy)-1,6b,7,8,9a,10,11,11b-octahydro-1-
(methoxymethyl)-9a,11b-dimethyl-(1 S,6bR,9aS,11R,11bR)

NLRP3 NLR family pyrin domain containing 3

NF-kB Nuclear Factor Kappa B Subunit

NRF2 Nuclear factor erythroid 2-related factor 2

OFT Open field test

PI3K phosphatidylinositol 3-kinase

p38 Mitogen-activated protein kinase

PSD-95 postsynaptic density protein 95

RIPK1 receptor (TNFRSF)-interacting serine-threonine kinase 1

SPT Sucrose preference test

SOD2 Superoxide dismutase [Mn], mitochondrial
SNAP25 Synaptosome Associated Protein 25

TST Tail suspension test

TNF-a Tumor Necrosis Factor-alpha
TGF-B1 Transforming Growth Factor beta-1
TrkB Tropomyosin receptor kinase B
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