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Abstract Receptor interacting protein 1 (RIP1) has a critical
role in initiation of programmed necrosis or necroptosis. RIP1
in a close collaboration with RIP3 not only mediates
necroptosis but also is involved in apoptosis and inflammatory
signaling. However, the interpretation of the distinct function
of RIP1 and RIP3 is complicated. Herein, we demonstrated
that RIP1 inhibition in the context of LPS-induced neuroin-
flammation decreases RIP3 expression. Concomitant admin-
istration of Nec-1, specific inhibitor of RIP1, with LPS also
attenuated the activating effect of RIP3 on metabolic enzymes,
glutamate-ammonia ligase and glutamate dehydrogenase as
bioenergetic determinants, in hippocampal and cortical cells.
RIP1 inhibition possessed an anti-inflammatory effect and
improved the antioxidant capacity against LPS. Interestingly,
and opposed to some reports that necroptosis inhibition sen-
sitizes cells to apoptosis, our results showed that RIP1 inhibi-
tion attenuates apoptotic cell death in response to LPS. The
survival of neuronal function was also confirmed by measur-
ing spontaneous alternations of rats in Y-maze. In conclusion,
effects of RIP1 inhibition on RIP3 and cell death provide new
approaches to ameliorate neuroinflammation and relative
disorders.
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Introduction

Neuroinflammation plays a critical role in the pathogenesis
and progression of neurodegenerative disorders which are
characterized by progressive dysfunction and loss of specific
neural pathways (Hou et al. 2014). Hippocampal formation
and prefrontal cortex involved in cognitive processes particu-
larly in memory performance are assumed to be among the
most vulnerable locations in a neuroinflammatory context
(Niranjan 2013).

Although inducers of neuroinflammation vary in a disease-
specific manner, there is a striking convergence in underlying
mechanisms that result in the production of neurotoxic medi-
ators and contribute to a variety of cell death modes (Tricarico
et al. 2013). Activation of Toll-like receptors (TLRs) by host-
derived molecules, as well as exogenous ligands is among the
initial steps in activation of immune cell responses, a variety
of downstream inflammatory cascades and production of pro-
inflammatory cytokines into the surrounding areas. Of partic-
ular importance in neuroinflammation, soluble tumor necrosis
factor- (TNF-x) as a pleiotropic cytokine plays a role in cell
survival and death. The binding of TNF-« to its receptor tu-
mor necrosis factor receptor-1 (TNFR1) can alternatively in-
duce survival or cell death through the formation of two se-
quential complexes. Complex I eventually dissociates from
the receptor and promotes the formation of cytosolic complex
II or death-inducing signaling complex (DISC). Complex II
formation depends on unubiquitinated receptor interacting
protein 1 (RIP1) and RIP3 as scaffolds and recruits
procaspase-8 which is autoproteolytically cleaved and activat-
ed. Activation of caspase-8 and subsequent activation of exe-
cutioner caspases cause apoptosis (Declercq et al. 2009;
Fricker et al. 2013). Inadequate inhibitory proteolytic process-
ing of RIP1 and RIP3 by caspase-8, as an autoregulatory
mechanism, stabilizes RIP1-RIP3 interaction in a complex
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named necroptosome and induces their kinase activities
(Cabal-Hierro and Lazo, 2012). RIP1-RIP3 necroptosome
formation activates glycolysis and glutaminolysis-enhancing
bioenergetics, decreases adenosine triphosphate (ATP) levels,
increases the production of reactive oxygen species (ROS) by
mitochondria, and triggers lipid peroxidation. Disintegration
of mitochondrial, lysosomal, and plasma membranes finally
promotes the morphological features of necrosis in cells
(Vandenabeele et al., 2010).

Revelation of necroptosis or programmed/regulated necro-
sis, as a form of cell death mediated by death receptors signal-
ing, implicated in a wide range of pathological conditions has
provided a new potential approach to inhibit neurodegenera-
tion and neuroinflammation. Among the regulators of
necroptosis, RIP1 plays a crucial role in activation of RIP3
and other downstream mediators (Guire et al. 2011) and has
attracted increasing interest in the field of neuroprotection.
However, the question is that how inhibition of RIP1 can be
effective in the alleviation of neuroinflammatory process be-
cause it has been demonstrated that RIP3 can mediate
necroptosis independent of RIP1 (Kim and Li 2013), may
induce apoptosis, and can directly promote pro-
inflammatory cytokine production (Khan et al. 2014). Anoth-
er point is that whether RIP1 inhibition affects the apoptosis.
RIP1 is a main component of DISC (Cabal-Hierro and Lazo
2012) and inhibition of RIP1 may potentiate the apoptotic
pathway.

This study aimed to elucidate the effects of RIP1 inhibition
on apoptosis as well as RIP3 downstream signaling elements
and outcomes including glutamate-ammonia ligase (GLUL)
and glutamate dehydrogenase 1 (GLUD) activity as bioener-
getic determinants, antioxidant defense, and inflammatory
mediators. All the molecular analyses were performed in the
hippocampus and frontal cortex and accompanied with the
behavioral test of spatial memory formation.

Materials and Methods
Materials

All materials and reagents used in this study were from Sig-
ma-Aldrich (St. Louis, MO, USA) except those mentioned in
the following text. Antibodies directed against TNF-«, RIP1,
caspase-8, Bax, Bcl2, caspase-3, [3-actin, and secondary anti-
body were obtained from Cell Signaling Technology (Beverly,
MA, USA). Cyclooxygenase-2 (COX-2) antibody was ob-
tained from ABR—Affinity BioReagents (Pierce Biotechnol-
ogy, Rockford, IL). Interleukin-1[3 (IL-13) and RIP3 antibod-
ies were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Electrochemiluminescence (ECL) kit was provid-
ed from Amersham Bioscience (Piscataway, USA).
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Polyvinylidene fluoride (PVDF) membrane was from
Millipore (Billerica, MA, USA).

Animals

Male Wister rats (250-280 g) were housed in standard cages
under controlled temperature (22 = 2 °C), humidity, and a 12-h
light/dark cycle (light on 07:00-19:00), with food and water
provided ad libitum. Experimental procedure was approved
by the Ethics Committee of Shahid Beheshti University of
Medical Sciences in accordance with international guidelines
that were confirmed by the National Institutes of Health Pub-
lication (No. 80-23, revised 1996). All efforts were made to
minimize animal suffering and to reduce the number of ani-
mals used.

Experimental Design

Animals were divided into four groups. First group received
intracerebroventricular injections of 1 pl dimethylsulfoxide
(DMSO) and 3 ul normal saline, with few minutes interval.
Second group received 1 pl DMSO and 15 ug LPS (E.coli
055:B55, Sigma, USA) dissolved in 3 pl sterile saline (Gong
etal. 2011; Twai et al. 2008; Omidbakhsh et al. 2014). Rats in
third group received 1 ul of Nec-1 10 uM (dissolved in
DMSO) and 3 ul saline. Last group received Nec-1 and LPS
co-treatment. In the next step, animals were divided into two
main experimental groups of molecular and behavioral assess-
ments. For molecular assessments, animals (n = 8 per group)
were sacrificed 8 h after treatments, and for behavioral studies
(n =8 per group), spontaneous alternation was evaluated by Y-
maze at the day 3 after treatments (based on our unpublished
data).

Stereotaxic Surgery and Microinjections

The animals were anesthetized with intraperitoneal injection
of 0.2 ml mixture of ketamine hydrochloride (80 mg/kg) and
xylazine (10 mg/kg). They were then implanted with guide
cannula just above the right cerebral ventricle with stereotaxic
coordinate of AP —0.5 mm, L +1.5 mm, and DV 3 mm (from
the skull surface) according to the rat brain atlas of Paxinos
and Watson (2007). After 8 days recovery, all microinjections
were performed slowly over a period of 60 s using a Hamilton
syringe connected to the injection needle.

Tissue Collection

For molecular assessments, rats were divided into two sub-
groups. In the first subgroup, animals were sacrificed by CO,
asphyxiation and decapitated (n = 4 per group). Brain tissues
were immediately excised and rinsed in ice-cold phosphate-
buffered saline (PBS). The hippocampi and frontal cortices
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were isolated on ice, snap frozen in liquid nitrogen, and then
stored at —80 °C. In another subgroup, animals were perfused
transcardially with PBS (pH 7.4), followed by 4 % parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4) under deep
anesthesia (n = 4 per group). The whole brains were then
removed and post fixed in 4 % paraformaldehyde for 24 h
and subsequently embedded in paraffin for histopathological
studies and sectioned at a thickness of 5 um.

Preparation of Total Protein Extracts

The isolated tissues were homogenized in protein extraction
buffer containing protease inhibitor cocktail and then centri-
fuged at 3000 rpm at 4 °C (Niimura et al. 2006). Protein
content was determined according to the Bradford’s method
using bovine serum albumin as a reference standard (Brad-
ford, 1976).

Western Blotting

Equal amounts of each sample (60 pg) were loaded on SDS-
PAGE and transferred to PVDF membrane. Subsequently,
membranes were blocked by non-fat dry milk-TBST solution
(2 %) and probed with specific primary antibodies overnight
at4 °C. After washing, membranes were incubated for 90 min
at room temperature with horseradish peroxidase-conjugated
secondary antibody. Immunoreactive polypeptides were de-
tected by chemiluminescence using ECL kit reagents. Finally,
quantification of results was performed by scan of X-ray films
and densitometric analysis by ImageJ software.

Glutamate-Ammonia Ligase Activity Assay

Activity of glutamine synthetase in hippocampus and
frontal cortex was measured according to Kingdon
et al. method (1968). Fifty microgram of each sample
was mixed with the reaction cocktail containing
100 mM imidazole HCI buffer, 3 M sodium glutamate
solution, 250 mM adenosine 5's-triphosphate solution
(ATP), 900 mM MgCl,, 1 M KCl, 1.2 M NH,CI. Final
concentrations of the components in the assay were as
follows: 33 mM phospho(enol)pyrovate solution,
12.8 mM [-Nicotinamide adenine dinucleotide solution
(B-NADH), and pyruvate kinase/lactic dehydrogenase
enzyme solution. Condition of the reaction mixtures
was constant (T = 37 °C and pH 7.1); finally, the ab-
sorbance of samples was recorded at 340 nm with re-
spect to the blank solution.

Glutamate dehydrogenase 1 Activity Measurement

GLUD activity was determined using a spectrophotometric
assay, based on oxidation of the reduced co-enzyme NADH

(Doherty, 1970). Reaction mixture contained 1 M potassium
phosphate buffer pH 7, 0.5 mg/ml NADH, 1 M NH4CL 0.1 M
2-Oxo-glutarate, and 200 pg protein of hippocampi and fron-
tal cortices homogenized tissues. Lastly, the absorbance of
samples was recorded at 340 nm.

Measurement of Lipid Peroxidation

Malondialdehyde (MDA) levels were measured by the double
heating method (Draper and Hadley, 1990). Based on this
method, generation of the purple color by the reaction of thio-
barbituric acid (TBA) with MDA is measured spectrophoto-
metrically. Briefly, 200 pg of total protein of hippocampus or
frontal cortex homogenate were mixed with 2.5 ml of
tricholoroacetic acid (TCA, 10 % w/v) solution and then were
boiled for 15 min in a water bath. After cooling to the room
temperature, the samples were centrifuged at 3000 rpm for
10 min. Next, 2 ml of each sample was homogenized and
tissue transferred to a test tube containing 1 ml of TBA solu-
tion (0.67 % w/v). Then, each tube was placed in boiling water
for 15 min. After cooling to room temperature, the absorbance
was measured at 532 nm with respect to the blank solution.

Determination of Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was measured accord-
ing to the method of Kakkar et al. (1984). Briefly, homoge-
nized tissues were added to assay mixture including 0.052 M
sodium pyrophosphate buffer pH 8.3, 186 uM
phenazinemethosulphate, and 300 uM nitrobluetetrazolium.
Reaction was initiated by adding 780 uM NADH and stopped
by the addition of glacial acetic acid. Intensity of color was
measured spectrophotometrically at 560 nm.

Measurement of Catalase Activity

Catalase activity was measured based on the method de-
scribed by Aebi (1984). Briefly, 60 pg of total protein of each
homogenized tissue sample was added to H,O, (0.01 M). De-
composition of H,O, by the activity of catalase was monitored
at 240 nm spectrophotometrically.

Measurement of Reduced Glutathione

Reduced glutathione level was determined according to the
method of Ellman (1959). Sixty microgram of total protein
was added to Ellman’s reagent containing 19.8 mg of
dithionitrobenzoic acid (DTNB) in 100 ml of 0.1 % sodium
nitrate and phosphate buffer (0.2 M, pH 8.0). The absorbance
was determined at 412 nm.
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Terminal-Transferase dUTP Nick-End Labeling Staining

The terminal-transferase dUTP nick-end labeling (TUNEL)
method was performed using a TUNEL assay kit (Chemicon
Millipore, Temecula, CA, USA) to detect apoptotic cells in rat
hippocampi. In short, coronal sections were dewaxed and then
hydrated. Hydrogen peroxide 3 % was used for blocking the
endogenous peroxidase activity for 3—5 min at room temper-
ature. The sections were washed with PBS and digested for
15 min with 20 pg/ml proteinase K at room temperature.
Then, tissues were incubated with 50 pul TUNEL reaction
mixture for 60 min at 37 °C and further incubation with
50 pl converter-POD for 30 min at 37 °C. After rinsing with
PBS, sections were incubated with 50 pl substrate solution
diaminobenzidine (DAB) for 4 min at 15-25 °C and washing
with PBS. Then, sections were dehydrated and cover-slipped
for analysis under light microscopy. Negative controls were
achieved by the omission of enzyme solution.
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Fig.1 Co-administration of Nec-1 with LPS (i.c.v.) significantly reduced
the expression of RIP1 and RIP3. Representative immunoblots of RIP1
and RIP3 in the hippocampus (a) and frontal cortex (e). RIP3
immunofluorescence staining in the hippocampal CAl region.
Bar = 50 pm (d). The quantitative densitometric data of Western blots
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Immunofluorescence

The prepared coronal sections of hippocampi were blocked
with goat serum and incubated with RIP3-specific antibody
(1:250 dilution) overnight at 4 °C followed by fluorescent
secondary antibody Alexis Fluor 488-conjugated anti-rabbit
IgG (1:150, Molecular Probes, Invitrogen, CA). Data analysis
was conducted using a fluorescence microscope
(OlympusIX71, Japan).

Spontaneous Alternation Y-Maze Test

Immediate working memory performance was assessed by
recording spontaneous alternation behavior during a sin-
gle session in a symmetrical Y-maze apparatus as de-
scribed previously (Kimura et al. 2010; Ohno et al.
2004). The test is based on the tendency of rodents to
enter an arm of a Y-maze that was not explored in the

D DMSO+Saline

DMSO+LPS

.NEC“I‘SQHHG

Nec1+LPS

(b, ¢, f, g) represented as relative density against (3-actin. Data are
mean + SEM (n = 4 for each group).*p < 0.05, **p < 0.01,
#+%p < 0,001 vs. DMSO + saline group and *p < 0.01, "*p < 0.001
vs. DMSO + LPS group
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Fig. 1 (continued)

last two choices. Each rat was placed in the center of
the Y-maze and allowed to explore freely through the
maze during an 8-min session. The sequence and total
number of arms entered were recorded visually. Arm
entry was considered to be complete when the hind
paws of the rat had been completely placed in the
arm. Alternation was defined as successive entries into
the three arms in a triple set without repetition. Percent-
age of alternation is calculated by following formula:
((number of alternation)/(total number of arm
entries — 2)) x 100.

Data Analysis

All data are represented as the mean + SEM. Comparison
between groups was made by one-way analysis of variance
(ANOVA) followed by a Tukey post hoc test to analyze the
difference among groups. The statistical significances were
achieved when p < 0.05.

Results

Effects of RIP1 Inhibition on RIP3 Expression
in Hippocampus and Frontal Cortex Following LPS
Injection

Our data showed that LPS significantly increases
necroptosis-regulatory factors, RIP1 and RIP3, in target
tissues and therefore results in necroptotic cell death.
Here, Nec-1 efficiency as a specific RIPI1 inhibitor
was studied in a preliminary dose-response experiment,
and the best inhibitory effect on RIP1 in LPS-induced
neuroinflammatory state was found at the concentration
of 10 uM (data not shown). As shown in Fig. la—c, co-
administration of Nec-1 with LPS reduced RIP1 along
with RIP3 in hippocampus (p < 0.001 and p < 0.01,
respectively) compared to the group that received vehi-
cle instead of Nec-1. Consistent with Western blot find-
ings, our immunofluorescence data also showed an in-
creased expression of RIP3 in LPS-injected group and a
profound reduction of RIP3 in the group that received
Nec-1 before LPS (Fig. 1d). Induction of necroptosis by
intracerebroventricular injection of LPS was also ob-
served in frontal cortex, and co-administration of Nec-
1 decreased the levels of RIP1 and RIP3 (p < 0.01 and
p < 0.001, respectively), in comparison to LPS-treated

group (Fig. le—g).

Effects of RIP1 Inhibition on GLUL and GLUD Enzymes
Activity in Hippocampus and Frontal Cortex Following
LPS Injection

As shown in Fig. 2a—d, LPS injection enhanced GLUL
and GLUD activity in the hippocampus and frontal cor-
tex. Surprisingly, this increased activity of enzymes
GLUL and GLUD was significantly alleviated by Nec-
1 co-administration with LPS. GLUL activity was de-
creased by 29 % and 44 % in hippocampus and frontal
cortex respectively, in groups that received Nec-1 and
LPS compared to the group that received DMSO and
LPS. Nec-1 also attenuated hippocampal GLUD activity
by 56 % and cortical GLUD activity by 23 % in the
LPS-injected rats compared to the DMSO and LPS co-
administrated animals.
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Fig. 2 RIP1 inhibition affected the activity of two enzymes catalyzing
glutamate—glutamine interconversion. Analysis of the activity of GLUL
and GLUD in the hippocampus (a, b) and frontal cortex (¢, d) showed a
significant increase in LPS-injected rats and decrease in those co-treated

Effects of RIP1 Inhibition on Bax/Bc¢l2 Ratio, Cleaved
Caspase-3, and Cleaved Caspase-8 in the Hippocampus
and Frontal Cortex Following LPS Injection

Efficiency of RIP1 inhibition for downregulation of ap-
optosis pathway is controversial. In order to reveal the
effect of RIP1 inhibition on procedure of apoptosis
pathway in designed groups, we measured protein levels
of main proapoptotic factors; Bax, cleaved caspase-3
and cleaved caspase-8, and anti-apoptotic factor Bcl2
by Western blot. Morphological evaluation was also per-
formed by TUNEL assay in the hippocampus. As shown
in Fig. 3a—d, intracerebroventricular injection of LPS
increased Bax/Bcl2 ratio, cleavage of caspase-3, and
cleavage of caspase-8 (p < 0.001). However, co-
injection of Nec-1 with LPS prevented from the increase
of apoptotic factors compared to the animals that re-
ceived DMSO and LPS (p < 0.001). Histological anal-
ysis also confirmed less TUNEL-positive (apoptotic)
cells in the sections of rats co-treated with Nec-1 and
LPS compared to the group that received DMSO and
LPS (Fig. 3e). It should be mentioned that while bio-
chemical assays were performed on whole hippocampus,
morphological data referred to specific subdivision, i.e.,
CAl area. Also, as shown in Fig. 3f—i, Bax/Bcl2 ratio,
cleaved caspase-3, and cleaved caspase-8 in the frontal
cortex of Nec-1 and LPS co-administrated rats were also
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with Nec-1. Data are mean + SEM (n = 4 for each group).*p < 0.05,
#*p < 0.01 vs. DMSO + saline group and *p < 0.05, *p < 0.01 vs.
DMSO + LPS group

significantly decreased compared to the animals that re-
ceived DMSO and LPS (p < 0.001).

Effects of RIP1 Inhibition on Oxidative Stress Relative
Enzymes Activity, GSH Content, and MDA
Concentration

As was expected, LPS injection provoked an oxidative stress
manifested by decreased activity of oxidative stress-related
enzymes SOD and catalase, reduced concentration of gluta-
thione (GSH), and increased levels of MDA in the hippocam-
pus and frontal cortex of rats. Augmentation of SOD and
catalase activity, increase in GSH content, and decrease in
MDA concentration in Nec-1 co-administrated group revealed
the protective effect of RIP1 inhibition against LPS-induced
oxidative stress (Table 1).

Fig.3 RIPI inhibition prevented the activation of apoptotic pathways in P>
response to LPS. Representative immunoblots of Bax, Bcl-2, cleaved
caspase 3, and cleaved caspase-8 in the hippocampus (a) and frontal
cortex (f). TUNEL staining of apoptotic cells in the hippocampal CA1
region. Bar = 10 um (e). The quantitative densitometric data of Western
blots (b—d and g—i) represented as relative density against (3-actin. Data
are mean = SEM (n = 4 for each group).*p < 0.05, **p < 0.01,
##%p < 0,001 vs. DMSO + saline group and *p < 0.001 vs. DMSO +
LPS group



J Mol Neurosci (2015) 57:219-230 225

Hippocampus

DMSO + DMSO +  Nec1 + Nec1+

B saline [ saline LPs c

°
.
4

g

°
.

°

Cleaved caspase-3

Cleaved caspase-3/B-actin (A.U.)

g
o &
‘Il

kS
3
%

o >
g

Cleaved caspase-8 @;""

B-actin

B .. D

e
: g*®
i \:' 02
E E 0.15 i
g s pot
% g o1
i L.
i 1" N a
= 6 o

¢ S R w5

A

b . 3
Q o 3 -
Y& ot ¥ v
= - N St \\ G 3
= ,\P a o - ::..
DMsO+Saline . + Nec 1+1pS o o
Frontal cortex
DMSO + DMSO + Nec-1 + Nec-1 +
F Saline LPS Saline LPS H
_ 20 KD =: o
< 02
"E 0.2 #8
? >
28 KD =
g o
g
S
Cleaved caspase-3 15KD -E 005 .
g 0
T 4 a\\‘\e k\g'a s?\"‘\e '\k\ys
Cleaved caspase-8 10KD o ‘,‘50" o \\e"’“ W
e _ ©
o 2 -
T s : 03 e
£ 16 <
€ 02
E 14 E #hh
S 12 ? 02 *
S <
8 1 <
= 0.15
g °® s 3
€ o6 2 01
% 04 8
& o2 '§ 005
0 g 0
e ° R o . < ) o
o “&ox\ e N “ec\.\? r R 30"\? . 53\“@ «\"\Y
0\4‘ Y 3 0‘;\‘30 0"‘ @Qc‘ W

@ Springer



226

J Mol Neurosci (2015) 57:219-230

Table 1

The effect of RIP1 inhibition on SOD and catalase activity and GSH and MDA contents in hippocampal and frontal cortex tissues of rats

Tissues Groups SOD (U/mg protein) Catalase (nmol/mg protein) GSH (U/mg protein) MDA (nmol/mg protein)
Hippocampus DMSO + saline 76.54 + 0.64 23+0.26 123 +£0.12 1.8 £0.07

DMSO + LPS 70.14 + 1.33%* 0.75 + 0.21%* 11.79 + 0.06* 2.07 + 0.04*

Nec-1 + saline 77.58 + 1.132 2.19 + 034 1174 + 0.1 1.78 + 0.02

Nec-1 + LPS 79.33 + 1.327%# 1.93 +0.16* 11.75 + 0.07* 1.74 + 0.02
Frontal cortex ~ DMSO + saline  86.54 + 1.04 0.52 + 0.03 13.50 + 0.18 1.71+0.14

DMSO + LPS 78.14 + 0.35%** 0.12 + 0.08** 12.24 + 0.12% 2.03 £ 0.06*

Nec-1 + saline 82.79 + 0.41 0.47 + 0.05 13.41 + 045 1.75 + 0.05

Nec-1 + LPS 82.42 + 1.5 0.48 + 0.03" 13.41 + 0.4 1.62 + 0.004™

Each point shows the mean + SEM; number per group, 4

*Compared to DMSO + saline group, * compared to DMSO -+ LPS group. * or * p < 0.05; ** or  p < 0.01; *** or " p < 0.001

Effects of RIP1 Inhibition on Inflammatory Mediators
in the Hippocampus and Frontal Cortex of LPS-Injected
Rats

To confirm the neuroinflammatory effect of LPS and the po-
tential anti-inflammatory role of RIP1 inhibition, we mea-
sured the levels of key inflammatory mediators, TNF-cx, IL-
13, and COX-2, in the hippocampus and frontal cortex of
animals in experimental groups. As shown in Fig. 4, LPS
significantly increased the expression of TNF-«, IL-1[3, and
COX-2 (p<0.001), in the hippocampus and frontal cortex and
this effect was hampered by RIP1 inhibition. As shown in
Fig. 4a—d, Nec-1 co-administration with LPS decreased the
level of TNF-«, IL-1{3, and COX-2 in the hippocampus com-
pared to the group that received DMSO and LPS (p < 0.001).
In the same way, the levels of TNF-& and COX-2 (p <0.001)
and IL-1$3 (p < 0.01) decreased in the frontal cortex of Nec-1-
and LPS-administered rats compared to animals that received
DMSO and LPS (Fig. 4e—h).

Effect of RIP1 Inhibition on LPS-Induced Spatial
Memory Impairment

As shown in Fig. 5, our results in Y-maze test showed that
LPS significantly decreases the percent of spontaneous alter-
nation (p < 0.001), while RIP1 inhibition protects against im-
pairment of spatial short-term memory induced by LPS
(» <0.05). LPS and other treatments had no effect on the total
number of arm entries.

Discussion

In this study, RIP1 inhibition in an inflammatory context in-
fluenced RIP3 downstream signaling elements and outcomes
including GLUL and GLUD activity, antioxidant defense, ap-
optosis pathway and inflammatory hallmarks, and also re-
stored short-term spatial memory formation.
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Regarding RIP1-independent effects of RIP3 on cell
death (Kaiser et al. 2011), the question was that whether
RIP1 inhibition can influence RIP3 and its downstream
events. In answering this question, we first measured
RIP3 and its downstream events like GLUL and GLUD
enzyme activity and the anti-oxidative defense against
LPS-induced toxicity and showed that in parallel to
RIP1, RIP3 expression and function also increases in
response to LPS. Interestingly, this RIP3 increment
was reversed by Nec-l-mediated-RIP1 inhibition, and
this is while Takahashi and his colleagues have proved
that Nec-1 and its analogues have no direct inhibitory
effects on RIP3 activity (Takahashi et al. 2012).

A crucial function of RIP3 signaling is to promote cell
survival by increasing cellular energy level. In fact, RIP3 gov-
erns the cell’s metabolic state. RIP3 directly interacts with
GLUL and GLUD1. Both GLUL and GLUD have vital func-
tions for the use of glutamate or glutamine as substrates for
ATP production in oxidative phosphorylation. GLUL
catalyzes the condensation of glutamate (Glu) and am-
monia to form glutamine (GIn). Gln transfers into the
mitochondria and is converted to Glu to function as an
energy substrate. Then, GLUD converts Glu to «-
ketoglutarate. RIP3 activity is necessary to enhance the
activity of these enzymes in cellular and animal models.
(Zhang et al. 2009; Declercq et al. 2009). However,
little is known about the regulation of GLUL and
GLUD in necroptotic cells. Our study showed that inhi-
bition of RIP1 attenuates RIP3 and its downstream ele-
ments including GLUL and GLUD enzyme activities.
Actually, this decrement in RIP3 level and GLUL and
GLUD activity through RIP1 inhibition finally leads to
attenuation of cell metabolism rate; and therefore, there
is a direct link between necroptosis and metabolism rate
of the cell.

Activated RIP3 enhances the energy metabolism
which results in ROS accumulation (Zhang et al.
2009). To evaluate the inhibitory effects of RIPI
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Fig. 4 RIP1 inhibition reduced the expression of inflammatory
mediators in response to LPS. Representative immunoblots of TNF-«,
IL-1B, and COX-2 in the hippocampus (a) and frontal cortex (e). The
quantitative densitometric data of Western blots (b—d and f-h)

inhibition on RIP3-induced impairment of antioxidant
defense, we measured SOD and catalase activity and
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(n = 4 for each group).*p < 0.05, **p < 0.01, ***p < 0.001 vs.
DMSO + saline group and *p < 0.01, “*p < 0.001 vs. DMSO + LPS

group

content of GSH and MDA. Our results showed that
RIP1 inhibition improves antioxidant protection against
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Fig. 5 RIPI inhibition protected against LPS-induced memory
impairment. Spatial short-term memory was studied 3 days after LPS
injection using Y-maze. Co-administration of Nec-1 with LPS
significantly improved spontaneous alternation percentage (a). No
significant differences in total arm entries among groups (b). Data are
mean + SEM (n = 8 for each group). ***p < 0.001 vs. DMSO + saline
group and *p < 0.05 vs. DMSO + LPS group

LPS-induced toxicity. In agreement to these data, it has
been shown that Nec-1 decreases GSH depletion follow-
ing glutamate treatment (Xu et al. 2007). Nec-1 admin-
istration also reduces the expression of some genes re-
lated to oxidative stress in myocardial ischemic reperfu-
sion injury model (Oerlemans et al. 2012), enhances the
activity of SOD, and reduces MDA concentration in a
model of spinal cord injury (Wang et al. 2014).

RIP1 inhibition has proved potential to inhibit
necroptotic cell death (Degterev et al. 2005); however,
the possibility of the conversion of cell death to an
apoptotic state is a contentious zone in the crossroad
of apoptosis and necroptosis. While some reports show
that Nec-1 has no effects on apoptosis (Degterev et al.
2005; You et al. 2008; Rosenbaum et al. 2010), some
others have demonstrated that inhibition of necroptosis
may sensitize the cells to apoptosis (Han et al. 2012;
Han et al. 2009; Northington et al. 2011). Interestingly,
in a rat model of traumatic spinal cord injury, it has
been shown that Nec-1 inhibits apoptosis in parallel to
necroptosis inhibition (Wang et al. 2014). Though there
is no doubt that these controversies can be attributed to
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different contexts of studies, our results showed that
RIP1 inhibition reduces the cleaved caspase-8 as a key
molecule in the death receptor-mediated apoptosis. In-
vestigating the role of caspase-8 in different kinds of
cell death, Kikuchi et al. have reported that caspase-8
knockdown cells not only undergo necroptosis but also
endure apoptosis and autophagic cell death. The occur-
rence of apoptosis in caspase-8-deficient cells can be
assigned to the accumulation of ROS and activation of
intrinsic pathway; however, Kikuchi et al. have demon-
strated that both RIP1 and RIP3 are key factors in me-
diating cell death in these conditions. They showed that
RIP1 inhibition as well as RIP3 gene knockdown are
both effective in attenuating all kinds of cell death
(Kikuchi et al. 2012). Accordingly and as described,
our results further to the decrease in cleaved caspase-8
showed the downregulation of Bax/Bcl2 ratio and apo-
ptosis executioner enzyme caspase-3 in response to in-
hibition of RIP1 in neuroinflammatory context induced
by LPS. Similarly, in a mouse model of intracerebral
hemorrhage, RIP1 inhibition attenuates apoptotic path-
way and exerts neuroprotective effects by decreasing
caspase-3 cleavage and augmentation of Bcl2 upregula-
tion (Chang et al. 2014).

Administration of LPS results in robust glial activa-
tion and induces brain inflammation. Activated microg-
lia are the main source of inflammatory cytokines, such
as IL-13 and TNF-x (Miwa et al. 2011; Wyss-Coray
and Rogers 2012). Our data demonstrated that RIP1
inhibition by Nec-1 could alleviate pro-inflammatory cy-
tokines production, including TNF-«, IL-13, and also
COX-2 enzyme in the hippocampus and frontal cortex.
It sounds that one of the possible mechanisms through
which LPS increases the production of inflammatory
mediators is activation of RIP1. As the others have also
shown, inhibition of RIP1 can reduce inflammation in
CNS (Northington et al. 2011; Wang et al. 2014; You
et al. 2008) and other tissues like the liver (Zhou et al.
2013) and heart (Oerlemans et al. 2012). The anti-
inflammatory effects of RIP1 inhibition may be attribut-
ed to the reduction of necroptotic cell death and the
downstream events in hippocampal and cortical cells.

Balanced energy metabolism, enhanced antioxidant capac-
ity, reduced cell death, and less cytokine production following
RIP1 inhibition can improve functional survival of hippocam-
pal and cortical neurons in LPS-induced neuroinflammatiory
events. The survival of neuronal function was confirmed in
this study by measuring spontaneous alternations of rats
in Y-maze.

Evidence suggests that spontaneous alternation in Y-
maze is a measure of spatial working memory (Richman et al.
1987) and neural activities in the septohippocampal pathway
are critical circuits for this type of memory (Givens 1995). It
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Fig. 6 Schematic diagram of
possible downstream events of
RIP1 inhibition
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has been reportedly shown that LPS-induced neuroin-
flammation impairs learning and memory in different
tasks like Y-maze and morris water maze (Hou et al.
2014). Inhibition of RIP1 is demonstrated to potentially
improve mice learning and memory functions and cog-
nitive performance due to upregulation of mGluR2 and
mGIluR5 in cerebral cortical tissue in an aluminum-
induced neurotoxicity model (Qinli et al. 2013). Protec-
tive effect of RIP1 inhibition on learning and memory
performance has been also observed in a mouse model
of traumatic brain injury by administration of Nec-1
(You et al. 2008).

In summary, we demonstrated that RIP1 inhibition
attenuates RIP3 expression and function, reserves cell
metabolism rate, enhances the power of anti-oxidative
defense, prevents hippocampal and cortical cell death,
reduces inflammatory mediators, and finally protects
against short-term spatial memory impairment induced
by LPS (Fig. 6). Although Nec-1 is a selective inhibitor
of RIP1 and therefore inhibits necroptosis, the broad
range of observed beneficial effect can be also attributed
to an indirect effect on RIP3 and disruption of the vi-
cious cycle of oxidative stress, cell death, and inflam-
matory reactions. Further studies are strongly encour-
aged on the role of RIPI and its potential as a thera-
peutic target in neurodegenerative diseases and brain
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injuries. Further studies are also required to discriminate
other possible RIP1-independent functions of Nec-1.
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