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NLRX1 ligand, docosahexaenoic acid, ameliorates LPS-induced inflammatory

hyperalgesia by decreasing TRAF6/IKK/IkB-a/NF-kB signaling pathway activity
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The nucleotide-binding oligomerization domain-like receptor X1 (NLRX1) has been associated with various
anti-inflammatory mechanisms. We investigated whether the NLRX1 ligand docosahexaenoic acid (DHA)
ameliorates lipopolysaccharide (LPS)-induced inflammatory hyperalgesia by interacting with tumor necrosis
factor receptor-associated factor 6 (TRAF6)/inhibitor of kB (IkB) kinase (IKK)/IxB-o/nuclear factor-kB (NF-
«B) signaling pathway in the central nervous system. Reaction time to thermal stimuli within 30 seconds was
measured in male mice injected with saline, lipopolysaccharide (LPS), and/or DHA after 6 hours using the hot
plate test. Co-immunoprecipitation and immunoblotting studies were performed to determine the activation
of the TRAF6/IKK/IxB-0/NF-kB pathway in the brains and spinal cords of animals. Latency to the thermal
stimulus was reduced by 30% in LPS-injected endotoxemic mice compared with saline-injected mice. Treat-
ment with DHA significantly improved latency compared with endotoxemic mice. In the brain and spinal
cord of LPS-injected mice, treatment with DHA also prevented the increase in the expression and/or activity
of (1) IKKa/IKKp, IKKy, and K63 U in the NLRX1-immunoprecipitated tissues, (2) IKKa/IKKf, K63 U,
and K48 U in the IKKy-immunoprecipitated tissues, and (3) IkB-o, NF-kB p65, and interleukin-1f associated
with decreased IkB-a expression. These findings suggest that inhibition of IKK/IxB-o/NF-kB signaling by
dissociation of NLRX1 from TRAF6 in response to LPS treatment contributes to the protective effect of DHA

against inflammatory hyperalgesia.
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Introduction

Pain is a main cause of suffering in patients where sys-
temic inflammation-related diseases like infectious con-
ditions, neurological disorders, autoimmune diseases, or
trauma are frequently seen (1,2). Inflammation can lead to
not only hyperalgesia, which is defined by increased pain
sensitivity and alleviated pain threshold but also sympa-
thetic maintained pain and allodynia (3). Hyperalgesia
seen in humans can be examined with reflexive pain tests
in rodents that measure pain behavior given through noci-
ceptors using thermal (hot plate, tail flick, Hargreaves, and
cold plate tests), mechanical (such as pressure or tension)
(von Frey, Randall-Selitto, and strain gauge tests), elec-
trical, or chemical (such as acetone vapor) stimuli (2-5).
Besides its limitations, the test is one of the traditional
pain-evoked tests and is frequently used to measure the
changes in nociceptive responses when determining the
effectiveness of drug candidates having analgesic and/
or anti-inflammatory effects in pre-clinical studies (6).
Moreover, the administration of lipopolysaccharide (LPS)
is a well-proven experimental approach to investigate the
effects of acute and temporary immune stimulation on
physiological, emotional, and behavioral impacts of sic-
kness behavior which includes hyperalgesia in animals
and healthy humans (4). The lipid A component of LPS,
endotoxin, has also been shown to enhance pain sensation

in response to thermal stimuli at supraspinal and spinal
levels, as demonstrated by the hot plate test, which is con-
sidered an integration of supraspinal pathways and a su-
praspinal controlled acute pain test (5).
Nucleotide-binding oligomerization domain-like re-
ceptor (NLR) X1 (NLRX1), a mitochondrial nucleotide-
binding oligomerization domain-like receptor (NLR) has
been implicated in various inflammatory conditions (7-
9). In the central nervous system (CNS) of animals and
humans, NLRX1 was shown to be expressed ubiquitously
in the whole brain, cortical, and hippocampal tissues in
addition to a variety of cells such as neurons, astrocytes,
and microglia (10-13). It has been reported that NLRX1
can activate or suppress toll-like receptor 4 (TLR4)/my-
eloid differentiation factor 88 (MyD88)/tumor necrosis
factor receptor-associated factor 6 (TRAF6)/inhibitor of
kB kinase (IKK)/nuclear factor-kB (NF-kB) pathway de-
pending on experimental conditions (14-17). For example,
NLRX1 activates NF-kB as a result of increased reactive
oxygen species production in cells stimulated by tumor
necrosis factor-o. (TNF-) (12). NLRX1 can also inhibit
activation of the classical (canonical) NF-kB pathway via
TLR4 by interacting with TRAF6 (14). In unstimulated
cells, NLRX1 interacts with TRAF6. Upon stimulation by
LPS, however, NLRX1 dissociates from TRAF6 and un-
dergoes K63-linked polyubiquitination (17). Subsequent-
ly, it interacts with the K48 U (facilitates NF-kB activa-
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tion via inhibitor of kB [IkB]) and K63 U (controls the
binding of TRAF6 to IKKy to activate NF-xB) bonds of
lysine residues of ubiquitin in the regulatory IKKy subunit
of the IKK complex leading to its polyubiquitination. This
interaction leads to the inhibition of phosphorylation of
the IKKo/IKKp catalytic subunits of the IKK complex and
NF-«xB activation, which is associated with proinflamma-
tory cytokine formation and mortality. Overall, the results
suggest that NLRX1 also serves to prevent excessive host
responses to a variety of inflammatory stimuli in vitro and
in vivo. In addition, the results of several studies suggest
that -3 polyunsaturated fatty acids that have the ability to
enter the CNS (18), such as docosahexaenoic acid (DHA),
NLRXI1 ligand, have anti-inflammatory effects by inhibit-
ing NF-xB activity in various neuroinflammation models
with NLRX1-dependent mechanism (19-21). There is only
one study in the literature showing that intrathecal injec-
tion of DHA prevents chronic inflammatory pain in mice
as tested by punctate mechanical allodynia perceived at
the supraspinal level after intrathecal LPS or intraplantar
complete Freund's adjuvant (CFA) injection (22). How-
ever, no studies are focusing on either the role of NLRX1
or the effect of NLRX1 ligands in perceived LPS-induced
inflammatory hyperalgesia at the spinal and/or supraspinal
level.

We have previously shown that LPS-induced inflam-
matory hyperalgesia is associated with decreased expres-
sion and/or activity of inducible nitric oxide (NO) syn-
thase, neuronal NO synthase, soluble epoxide hydrolase,
NLRC3, and peroxisome proliferator-activated receptors
o/P/y in addition to the anti-apoptotic phosphoinositide
3-kinase p85a/Aktl/cyclic adenosine monophosphate-
response element-binding protein 1/B-cell lymphoma-2
signalling pathway activity in the various tissues of mice
including brain and spinal cord (23-28). Increased activ-
ity of nucleotide-binding domain and leucine-rich repeat
protein (NLRP3)/apoptosis-associated speck-like protein
containing caspase activation and recruitment domain
(ASC)/pro-caspase-1, NLRC4/ASC/pro-caspase-1, and
caspase-11 inflammasomes, TLR4/MyD88/transforming
growth factor-activated kinase/NF-kB/cyclooxygenase
(COX)-2 pathway, and nicotinamide adenine dinucleotide
phosphate oxidase, which are associated with the produc-
tion of pro-inflammatory cytokines, were also observed
in the brain and spinal cord of LPS-treated mice (23-28).
Given the beneficial role of NLRX1 in inflammation, we
tested the hypothesis that anti-inflammatory NLRX1 li-
gands such as DHA prevent the LPS-induced inflamma-
tory hyperalgesia by inhibiting the TRAF6/IKK/IkB-o/
NF-«B signaling pathway in the CNS.

Materials and Methods

Animals

Balb/c mice (male; 20 to 40 g; n=58) (Research Center
of Experimental Animals, Mersin University, Mersin, Tur-
key) were used in the experiments. The mice were housed
under a 12-hour light/dark cycle and fed on standard chow.
The procedures on animals were approved by the Mersin
University Experimental Animals Local Ethics Committee
(Approval date: May 13, 2019; Protocol number: 2019/16)
and performed following the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Inflammatory hyperalgesia model

The inflammatory hyperalgesia model was induced
by intraperitoneal (i.p.) injection of LPS, and the latency
of pain to nociceptive response was measured by the hot
plate test as previously reported (25-29). To observe the
pain behavior, mice were randomly divided into 7 groups,
and the dose-response relationship was investigated with
different DHA doses (30): (1) saline (10 ml/kg) (control
group), (2) LPS (10 mg/kg; 10 ml/kg) (inflammatory hy-
peralgesia group), (3) LPS+DHA (1 mg/kg; 10 ml/kg), (4)
LPS+DHA (2 mg/kg; 10 ml/kg), (5) saline+tDHA (3 mg/
kg; 10 ml/kg), (6) LPS+DHA (3 mg/kg; 10 ml/kg), and
(7) LPS+DHA (10 mg/kg; 10 ml/kg). DHA (dissolved in
saline; D8768; Sigma Chemical Co., St. Louis, MO, USA)
was injected into the mice simultaneously with saline or
LPS (dissolved in saline; L4130; Escherichia coli LPS,
O111:B4; Sigma). Mice were placed individually on a
plate pre-heated to 55 + 0.2°C (AHP 9601, Commat Ltd.,
Ankara, Turkey). The latency to paw withdrawal within
30 seconds was recorded using the hot plate test after the
mice showed the first sign of paw licking 6 hours after
injection of saline, LPS, and/or DHA. The time point of
6 hours was preferred for the assessment of hyperalgesia
according to our previous time-course studies (24-28).
Mice were killed after the test by cervical dislocation, and
the brains and spinal cords of the animals were harvested.

Co-Immunoprecipitation (IP) and immunoblotting
(IB) studies

Co-immunoprecipitation studies were performed to
determine the changes in the association of NLRX1 or
IKK with TRAF6, IKKa, IKKf, phosphorylated IKKao/
IKKB (p-IKKa/IKKp), IKKy, phosphorylated IKKy
(p-IKKY), K63 U, or K48 U proteins according to previ-
ously described methods (7,17,31,32). In addition, the ex-
pression of IkB-a, phosphorylated IkB-a (p-IkB-a), NF-
kB p65, phosphorylated NF-xB p65 (p-NF-xB p65), and
interleukin-1f (IL-1B) proteins using the IB method. Pro-
tein A/G PLUS-Agarose Immunoprecipitation Reagent
(sc-2003; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was used to prepare immunoprecipitated samples
as described by the manufacturer. Briefly, 500 pg of pro-
tein for each sample was precleared with 20 pl of protein
A/G-agarose beads for 1 hour at 4°C, the beads were pel-
leted (1.000 x g for 5 minutes at 4°C), and the supernatants
were incubated for 1 hour at 4°C with 2 pg of antibodies
specific for NLRX1 (sc-374514; Santa Cruz) or IKK (sc-
71331; Santa Cruz). 20 pl of protein A/G-agarose beads
were added and incubated for 12 hours at 4°C in a rotating
apparatus, centrifuged at 1.000 x g for 5 minutes at 4°C,
washed four times with 1 ml of HEPES buffer, resuspend-
ed in 60 pl of HEPES and 40 pl of Laemmli sample buffer.
The immunoprecipitated samples were kept at -80°C for
measurement of protein expression of -tubulin, TRAF6,
IKKa, IKKp, p-IKKa/IKKB, IKKYy, p-IKKy, K63 U, or
K48 U. The total amount of protein in the immunopre-
cipitated samples was determined by the Coomassie blue
method (33). Samples (10 ug protein) were subjected to
a sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (10%). Nonfat dry milk in Tris-buffered saline (5%)
was used to block the nitrocellulose membranes contain-
ing the transferred proteins. The membranes were then
incubated with the primary antibodies in bovine serum
albumin (BSA) (1:500 in 5% BSA) overnight at 4°C: (1)
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NLRX1 antibody (sc-374514; Santa Cruz); (2) TRAF6
(sc-8409; Santa Cruz); (3) IKKa antibody (2682; Cell Sig-
naling, Danvers, MA, USA); (4) IKKp antibody (8943;
Cell Signaling); (5) p-IKKo/IKKp antibody (2078; Cell
Signaling); (6) IKKy antibody (sc-71331; Santa Cruz);
(7) p-IKKy antibody (sc-293135; Santa Cruz); (8) K63
U antibody (recognizes K63-linked polyubiquitin chains)
(BML-PWO0600; Enzo Life Sciences, Lausen, Switzer-
land); (9) K48 U antibody (recognizes polyubiquitin chains
formed by lysine-48 [K48] residue linkage) (ab140601;
Abcam, Waltham, MA, USA); (10) IkB-o antibody (sc-
1643; Santa Cruz); (11) p-IkB-a antibody (sc-7977; Santa
Cruz); (12) NF-kB p65 antibody (sc-8008; Santa Cruz);
(13) p-NF-kB p65 antibody (sc-33020; Santa Cruz), and
(14) IL-1B antibody (sc-52012; Santa Cruz). Secondary
antibodies were sheep anti-mouse IgG-horseradish pe-
roxidase (RPN4201; Amersham Life Sciences, Cleveland,
OH, USA) (for NLRX1, TRAF6, IKKy, p-IKKYy, IkB-a,
K63 U, NF-xB p65, p-NF-kB p65, and IL-1p, and goat
anti-rabbit IgG-horseradish peroxidase (RPN4301; Amer-
sham Life Sciences) (for IKKa, IKKp, p-IKKa/IKKp,
K48 U, and p-IkB-a) in 0.1% BSA (1:1.000). Membranes
were reprobed and used for anti-p-tubulin antibody (D-
10) (sc-5274; Santa Cruz) (1:500 in 5% BSA) followed
by incubation with sheep antimouse IgG-horseradish
peroxidase (1:1000 in 0.1% BSA). Blots were developed
using Enhanced Chemiluminescence (ECL Prime Western
Blotting Detection Reagent) (RPN2232; Amersham) was
used the develop the blots. Immunoreactive band images
were acquired using a gel imaging system (EC3-CHEMI
HR Imaging System; Ultra-Violet Products, UVP, Cam-
bridge, UK). Image J densitometry analysis software
(Image J 1.46r, Wayne Rasband, National Institute of
Health, Bethesda, MD, USA) was used to quantify the
relative densities of the immunoreactive bands. The ratio
of each band/B-tubulin was considered for the expression
of NLRX1, TRAF6, IKKa, IKKB, p-IKKo/IKKB, IKKy,
p-IKKy, K63 U, K48 U, IkB-a, p-IkB-a, NF-kB p65, p-
NF-B p65, and IL-1p proteins.

Statistical analysis

Data are expressed as means + standard error of the
mean (SEM). Parametric or nonparametric statistical ana-
lysis was performed with Student's #-test or Mann-Whitney
U-test for normally or nonnormally distributed data, res-
pectively. Statistical analysis was performed using Graph-
Pad Prism version 7.04 for Windows (GraphPad Software,
San Diego California USA; http://www.graphpad.com). A

P value < 0.05 was considered statistically significant.
Results

DHA treatment prevents hyperalgesia induced by LPS

To determine the contribution of NLRX1 to the LPS-
induced hyperalgesia, the NLRX1 ligand, DHA, was ad-
ministered to mice alone or in combination with saline
or LPS. Consistent with our previous results (24-28), hot
plate latency was decreased 6 hours after LPS injection
compared with control group values (Figure 1) (P<0.05).
DHA at doses of 3 and 10 mg/kg prevented the reduction in
latency compared with LPS-injected mice (P<0.05). DHA
at doses of 1 and 2 mg/kg was not effective in prevent-
ing the reduction in latency compared with LPS-injected

mice (P>0.05). At a dose of 3 mg/kg, treatment with DHA
had no effect on hot plate latency in mice injected with sa-
line (P>0.05). Also, no mortality was observed during the
experiments. Therefore, tissues from mice injected with
DHA at the minimum effective dose (3 mg/kg) in the LPS-
induced hyperalgesia were used for further experiments.

DHA treatment does not prevent the LPS-induced de-
crease in the dissociation of NLRX1 from TRAF6

The results of previous studies show that NLRX1 dis-
sociates from TRAF6 to inhibit NF-xB signaling pathway
activity after LPS stimulation (14,17,34). To test whether
DHA has an effect on the dissociation of NLRX1 from
TRAF6 in the CNS, the brains and spinal cords of mice
treated with saline-, LPS- and/or DHA were immunopre-
cipitated with the NLRX1 antibody and then immunoblot-
ted with the antibody for TRAF6. Decreased expression
of TRAF6 was associated with increased NLRX1 expres-
sion in the brain (Figure 2a) and spinal cord (Figure 2b)
of LPS-treated mice compared with levels in the control
group (P<0.05). The expression of NLRX1 and TRAF6 in
the tissues of DHA-treated mice was not different from the
levels in the control (P>0.05).

DHA treatment prevents the LPS-induced increase in
the IKK complex activity, but not expression, through
inhibiting the association of NLRX1 with the active
regulatory and catalytic complex subunits

Since NLRX1 inhibits NF-«kB signaling pathway acti-
vity through its dissociation from TRAF6 and interaction
with the IKK complex in response to LPS stimulation in
vitro (17), we aimed to test whether DHA affects the asso-
ciation of NLRX1 with the catalytic (IKKa and IKK) and
regulatory (IKKy) subunits of the IKK complex in addi-
tion to IKK complex activity in the CNS. For this purpose,
the brains and spinal cords of mice treated with saline-,
LPS- and/or DHA were immunoprecipitated with the
NLRX1 antibody and subsequently immunoblotted with
the antibodies for IKKa, IKKf, p-IKKa/IKKf (on Ser!”
and Ser'”’, respectively), IKKy, and p-IKKy (on Ser’’).

30 4

20 1

10 1

Hot plate latency (seconds)

Figure 1. Effect of DHA on LPS-induced hyperalgesia. Response
time to thermal stimuli within 30 seconds was determined 6 hours
after injection of saline (10 ml/kg; i.p.), LPS (10 mg/kg; i.p), or DHA
(1, 2, 3, or 10 mg/kg; i.p.) in mice using the hot plate test. Data are
expressed as means + SEM from 6-10 animals. * P<0.05 vs. saline-

injected group; “P<0.05 vs. LPS-injected group.
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Figure 2. Effect of DHA on LPS-induced decrease in dissociation
of NLRX1 and TRAF6 in the brain (a) and spinal cord (b) mea-
sured 6 hours after injection of saline (10 ml/kg; i.p.), LPS (10 mg/
kg; i.p), or DHA (3 mg/kg; i.p.) injection into mice. NLRX1 and
TRAF6 protein expression in NLRX1-immunoprecipitated tissues
was measured using IB. Data are expressed as means + SEM from 4
animals. *P<0.05 vs. saline-injected group; #P<0.05 vs. LPS-injected

group.

Increased expression of IKKa, IKKp, and IKKy, as well
as IKKo/IKKp and IKKy phosphorylation, was detected in
the brains (Figure 3a) and spinal cords (Figure 3b) of LPS-
treated mice compared with levels in the control group
(P<0.05). Treatment with DHA inhibited the LPS-induced
increase in IKKo/IKKf and IKKy phosphorylation, but
not the expression of IKK, IKKf, and IKKYy, in the tis-
sues compared with LPS-injected mice (P<0.05). The
expression of IKKa, IKKp, and IKKy, and IKKo/IKKf
and p-IKKy phosphorylation, in the tissues of DHA-trea-
ted mice was not different from the levels in the control
group (P>0.05).

DHA treatment prevents the LPS-induced decrease in
the polyubiquitination of NLRX1 through the K63 U,
but not K48 U, linkage

It was found that NLRX1 undergoes rapid polyubi-
quitination via the K63 U, but not K48 U, linkage 10-15
minutes after treatment of mouse embryonic fibroblasts
with LPS, but is then reduced (17). To test whether DHA
affects the polyubiquitination of NLRX1 via the K63 U
and K48 U linkages in the CNS, the brains and spinal
cords of mice treated with saline-, LPS- and/or DHA were
immunoprecipitated with the NLRX1 antibody and then
immunoblotted with the antibody for K63 U or K48 U.
The expression K63 U was decreased in the brains (Figure
4a) and spinal cords (Figure 4b) of LPS-treated mice com-
pared with levels in the control group (P<0.05). Treatment
with DHA inhibited the LPS-induced decrease in K63 U
expression in tissues compared with LPS-injected mice
(P<0.05). On the other hand, K48 U expression was not
different in the tissues of mice injected with saline, LPS,
and/or DHA. The expression of K63 U and K48 U in the
tissues of DHA-treated mice was not different from the
levels in the control group (P>0.05).
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Figure 3. Effect of DHA on LPS-induced increase in IKK complex
expression and activity in the brain (a) and spinal cord (b) mea-
sured 6 hours after saline (10 ml/kg; i.p.), LPS (10 mg/kg; i.p), or
DHA (3 mg/kg; i.p.) injection into mice. The expression of unphos-
phorylated and phosphorylated IKKa, IKKf, and IKKy proteins in
the NLRX 1-immunoprecipitated tissues was measured using IB. Data
are expressed as means = SEM from 4 animals. " P<0.05 vs. saline-
injected group; “P<0.05 vs. LPS-injected group.

DHA treatment prevents the LPS-induced increase in
the association of IKKy with the active catalytic subu-
nits of the IKK complex

It has also been shown that polyubiquitination of
NLRX1 via K63 U linkage in response to LPS treatment of
RAW264.7 cells leads to inhibition of IKKo/IKKf phos-
phorylation and recruitment of IKKy and its IKK complex
to form a stable complex (17). Therefore, we aimed to
test whether DHA affects the association of IKKy with
the catalytic subunits of IKK complex, IKKa and IKK},
in addition to IKK/IKKP activity in the CNS. For this
purpose, the brains and spinal cords of mice treated with
saline-, LPS- and/or DHA were immunoprecipitated with
the IKKy antibody and then immunoblotted with the an-
tibodies for IKKa, IKKf, or p-IKKa/IKKf (at Ser'’® and
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Figure 5. Effect of DHA on LPS-induced increase in IKKa and
IKKp expression and activity in the brain (a) and spinal cord (b)
measured 6 hours after saline (10 ml/kg; i.p.), LPS (10 mg/kg;
i.p), or DHA (3 mg/kg; i.p.) injection into mice. The expression of
unphosphorylated and phosphorylated IKKa and IKKf proteins in
IKKy-immunoprecipitated tissues was measured using IB. Data are
expressed as means = SEM from 4 animals. “P<0.05 vs. saline-inject-
ed group; “P<0.05 vs. LPS-injected group.
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Ser!””, respectively). The expression of IKKa and IKK,
as well as IKKo/IKKp phosphorylation, was increased

in the brains (Figure 5a) and spinal cords (Figure 5b) of
LPS-treated mice compared with levels in the control
group (P<0.05). Treatment with DHA inhibited the LPS-
induced increase in IKKo/IKKf phosphorylation, but not
the expression of IKKa and IKKf, in tissues compared
with LPS-injected mice (P<0.05). The expression of [IKKa
and IKK, as well as IKKo/IKKf} phosphorylation, in the
tissues of DHA-treated mice was not different from the
levels in the control group (P>0.05).

DHA treatment prevents the LPS-induced increase
in the polyubiquitination of IKKy through K63 U and
K48 U linkages

Polyubiquination of IKKy via K63 U, but not K48 U,
linkage in response to LPS treatment in mouse peritoneal
macrophages has also been reported (35). To test whe-
ther DHA affects the polyubiquitination of IKKy via K63
U and K48 U linkages in the CNS, the brains and spinal
cords of mice treated with saline-, LPS- and/or DHA were
immunoprecipitated with the IKKy antibody and then im-
munoblotted with the specific antibodies for K63 U or K48
U. Increased expression of K63 U and K48 U was obser-
ved in the brains (Figure 6a) and spinal cords (Figure 6b)
of LPS-treated mice compared with levels in the control
group (P<0.05). Treatment with DHA inhibited the LPS-
induced increase in K63 U and K48 U expression in tissues
compared with LPS-injected mice (P<0.05). Expression of
K63 U and K48 U in the tissues of DHA-treated mice was
not different from the levels in the control group (P>0.05).

DHA treatment prevents the LPS-induced decrease in
the IkB-o expression and increase in the IkB-a activity

Under physiological conditions, NLRX1, particularly
its leucine rich repeat (LRR) domain, is thought to interact
with the imputed kinase domain of p-IKK. Certain phos-
phatases, in addition to their kinase activity for phosphory-
lation of IxB-a, cause NLRX1-associated IKK complexes
to lose phosphorylation (17). To test the effect of DHA
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Figure 6. Effect of DHA on LPS-induced increase in the K63 U
and K48 U in the brain (a) and spinal cord (b) measured 6 hours
after saline (10 ml/kg; i.p.), LPS (10 mg/kg; i.p), or DHA (3 mg/
kg; i.p.) injection into mice. The expression of K63 U and K48 U
proteins in IKKy-immunoprecipitated tissues was measured using IB.
Data are expressed as means + SEM from 4 animals. * P<0.05 vs.

saline-injected group; “P<0.05 vs. LPS-injected group.
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on the LPS-induced changes in expression and activity of
IkB-a in the CNS, the brains and spinal cords of mice trea-
ted with saline-, LPS- and/or DHA were immunoblotted
with the antibodies for IkB-a and p-IxB-a (at Ser®?). De-
creased expression of [kB-o was associated with increased
IxB-a phosphorylation in the brains (Figure 7a) and spinal
cords (Figure 7b) of mice treated with LPS compared with
levels in the control group (P<0.05). Treatment with DHA
inhibited the LPS-induced changes in the expression of
IxB-a and IxB-a phosphorylation in the tissues compared
with LPS-injected mice (P<0.05). The expression of [kB-a
and IxB-a phosphorylation in the tissues of DHA-treated
mice was not different from levels in the control group
(P>0.05).

DHA treatment prevents the LPS-induced increase in
the NF-kB p65 expression and activity

It has been shown that NLRX1 negatively regulates
TLR4-induced NF-B signaling in various cell types (17).
To test the effect of DHA on the changes induced by LPS
in the expression and activity of NF-kB p65 in the CNS,
the brains and spinal cords of mice treated with saline-,
LPS- and/or DHA were immunoblotted with the antibod-
ies for NF-kB p65 and p-NF-kB p65 (at Ser>*). Consistent
with our previous results (26,27), increased expression of
NF-kB p65 and NF-kB p65 phosphorylation was obser-
ved in the brains (Figure 8a) and spinal cords (Figure 8b)
of LPS-treated mice compared with levels in the control
group (P<0.05). Treatment with DHA inhibited the LPS-
induced increase in the expression of NF-kB p65 and NF-
kB p65 phosphorylation in the tissues compared with LPS-
injected mice (P<0.05). The expression of NF-kB p65 and
NF-«xB p65 phosphorylation in the tissues of DHA-treated
mice was not different from the levels in the control group
(P>0.05).
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Figure 7. Effect of DHA on LPS-induced increase in the IkB-a ex-
pression and activity in the brain (a) and spinal cord (b) measured
6 hours after saline (10 ml/kg; i.p.), LPS (10 mg/kg; i.p), or DHA
(3 mg/kg; i.p.) injection into mice. The expression of unphosphory-
lated and phosphorylated IkB-a proteins in tissues was measured us-
ing IB. Data are expressed as means + SEM from 4 animals. * P<0.05
vs. saline-injected group; #P<0.05 vs. LPS-injected group.
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Figure 8. Effect of DHA on LPS-induced increase in NF-kB p65
expression and activity in the brain (a) and spinal cord (b) mea-
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or DHA (3 mg/kg; i.p.) injection into mice. The expression of un-
phosphorylated and phosphorylated NF-kB p65 proteins in tissues
was measured using IB. Data are expressed as means = SEM from 4
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group.

DHA treatment prevents the LPS-induced increase in
IL-1P expression

The results of previous studies in the LPS-induced sep-
tic shock model in NLRX1 KO and WT mice also demons-
trated that NLRX1 inhibits the NF-xB signaling pathway-
dependent formation of pro-inflammatory cytokines (e.g.,
IL-6) and prevents mortality (17). To test the effect of DHA
on the changes induced by LPS in the expression of one of
the major pro-inflammatory cytokines, IL-1p, in the CNS,
the brains and spinal cords of mice treated with saline-,
LPS- and/or DHA were immunoblotted with the 1L-1P
antibody. Consistent with our previous findings (24-27),
increased expression of IL-1J3 was observed in the brains
(Figure 9a) and spinal cords (Figure 9b) of LPS-treated
mice compared with levels in the control group (P<0.05).
Treatment with DHA inhibited the LPS-induced increase
in IL-1B expression in tissues compared with LPS-injected
mice (P < 0.05). The expression of IL-1p in the tissues of
DHA-treated mice was not different from the levels in the
control group (P>0.05).

Discussion

The results of the present study provide the first evi-
dence that a decrease in the activity of IKKa/B/y, IkB-a,
and NF-xB in addition to IL-1f expression as a result of
the dissociation of NLRX1 from TRAF6, increased polyu-
biquitination of NLRX1 via K63 U linkage, and binding to
the IKK complex in the CNS contributes to the preventive
effect of the NLRX1 ligand, DHA, against inflammatory
hyperalgesia in response to LPS (Figure 10).

TRAF6 has been shown to be closely associated with
NLRX1 in unstimulated cells while possessing ubiquitin
ligase activity and rapidly leading to its own and NLRX1
ubiquitination after LPS stimulation (17,34). According to
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Figure 10. Diagram showing the effect of NLRX1 ligand, DHA, on
LPS-induced changes in TRAF6/IKK/NF-kB signaling pathway
and pro-inflammatory mediator formation during inflammatory
hyperalgesia in mice based on the results of the present study in
addition to our previous findings (23-28). Presumably, a decrease
in the activity of IKKa/IKK, IKKy, IkB-0, and NF-«xB in addition
to IL-1P protein expression as a result of binding to the IKK com-

Al

INFLAMMATORY HYPERALGESIA

plex after increased polyubiquitination via K63 U linkage following
dissociation of NLRX1 from TRAF6 in response to LPS in the CNS
contributes to the preventive effect of DHA against inflammatory
hyperalgesia. ( 1) Increased by LPS; ( | ) decreased by LPS; ( —)
prevented by DHA.

the results of the studies conducted to further identify the
involvement of NLRX1 in TLR4-mediated NF-xB signa-
ling pathway activity in response to LPS in vitro and in
vivo (14,17), NLRX1 negatively regulates NF-kB-induced
TLR4 activity by dynamically interacting with TRAF6
and the IKK complex and promoting the formation pro-
inflammatory cytokines. In addition, suppression of
NLRX1 expression has been reported to increase suscep-
tibility to septic shock induced by LPS in association with
elevated plasma levels of IL-6 in mice (17). NLRX1 has
also been shown to attenuate LPS-induced apoptosis and
inflammation in chondrocytes via negative regulation of

NF-«B signaling in an in vitro model of osteoarthritis (34).
In a study conducted in NLRX1-knockout mice (32), data
on exacerbation of LPS-induced cardiac injury were obtai-
ned as a result of increased reactive oxygen species forma-
tion with the IKKo/IKKf/IkB-a/NF-«B signaling pathway
and NLRP3 inflammasome activity. Moreover, the results
of a recent study suggest that after administration of the
conjugate of the LRR domain of NLRX1 with the pep-
tide "C10", which efficiently transports cargo molecules
to macrophages, the increase in blood levels of IL-6 and
IL-1p associated with mortality was prevented in the LPS-
induced sepsis model in mice (36). In addition, Zhao et
al. (35) demonstrated that LPS caused phosphorylation
of IKKa/IKKp, IkB-a, and NF-kB p65 proteins and K63-
linked polyubiquitination of IKKy, without affecting the
total amount of IKK protein, which was associated with
increased formation of inflammatory cytokines (e.g., IL-
1B, IL-6, and TNF-a). In the current study, we demonstra-
ted that intraperitoneal injection of LPS into mice resulted
in hyperalgesia associated with decreased TRAF6 protein
expression, increased protein expression of NLRX1 and
K63 U, but not K48 U, and phosphorylation of IKKa,
IKKp, and IKKy in NLRX1-immunoprecipitated mouse
brain and spinal cords. Increased phosphorylation of IKKa
and IKK 3 was observed in association with K63 U and K48
U protein expression in the IKKy-immunoprecipitated tis-
sues of LPS-injected mice. Decreased protein expression
of IkB-a was also associated with increased expression
of NF-xB p65 and phosphorylation of IkB-a and NF-xB
p65 in the tissues. Therefore, in agreement with the stu-
dies mentioned above (14,17,32,34-36) and our previous
findings (23-28), increased formation of pro-inflammatory
mediators as a result of increased activity of the TRAF6/
IKK/IxB-0/NF-kB signaling pathway in conjunction with
up-regulation of NLRX1 in the CNS of mice appears to be
involved in the LPS-induced inflammatory hyperalgesia.
It has also been shown that intraperitoneal injection of
the NLRX1 ligand DHA reduces brain volume loss and
improves neurological functions in a perinatal hypoxia-
ischemia rat model potentiated by systemic inflammation
induced by LPS (30). As shown by Lu et al. (37), intrat-
hecal injection of DHA in mice exerts an anti-nocicep-
tive effect on inflammatory pain induced by intraplantar
injection of carrageenan by inhibiting the activity of p38
mitogen-activated protein kinase in the spinal cord. More-
over, both the NLRX1 ligand DHA itself and specialized
pro-resolving mediators synthesized from DHA, such as
maresins, resolvins, and protectins and have been shown
to exert analgesic and anti-inflammatory effects in vario-
us acute and chronic inflammatory pain models (19,38).
On the other hand, there is only one study showing that
intrathecal injection of DHA reduces chronic inflamma-
tory pain as determined by the mechanical allodynia test
induced by intrathecal injection of LPS or intraplantar in-
jection of CFA into mice by inhibiting the up-regulation
of TRAF6 in the spinal cord and allograft inflammatory
factor 1 (a microglial marker) (22). In the present study,
treatment with DHA showed a significant improvement
in latency compared with endotoxemic mice. DHA also
prevented the LPS-induced increase in K63 U protein ex-
pression, as well as phosphorylation of IKKa, IKKp, and
IKKy proteins, in NLRXI-immunoprecipitated tissues.
On the other hand, treatment with DHA failed to prevent
the LPS-induced changes in NLRX1 and TRAF6 prote-
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in expression. In the IKKy-immunoprecipitated tissues
of LPS-injected mice treated with DHA, IKKa and IKKf3
phosphorylation, as well as K63 U and K48 U protein ex-
pression, were decreased. In addition, the LPS-induced
decrease in protein expression of IkB-a associated with
the increased expression of p-IkB-a, NF-kB p65, p-NF-«kB
p65 and IL-1p proteins in the tissues was also prevented
by treating the mice with DHA. Based on the results of
studies in the literature (14,17,19,21,22,30,32,35,36,37)
and our previous findings on the model of inflammatory
hyperalgesia induced by LPS injection (23-28), it appe-
ars that reduced formation of pro-inflammatory mediators
as a result of inhibition of the TRAF6/IKK/IxB-a/NF-
kB signaling pathway at the transcriptional and/or post-
transcriptional level in the CNS of mice is involved in the
analgesic and anti-inflammatory effects of DHA. It is also
possible that increased polyubiquitination via the K63 U,
but not the K48 U, linkage after dissociation of NLRX1
from TRAF6 and/or decreased K63 U- and K48 U-linked
polyubiquitination of IKKYy leading to suppression of IKK/
IxB-a/NF-kB signaling pathway activity contribute to the
protective effects of DHA against inflammatory hyperal-
gesia in response to LPS.

A limitation of this study is that we did not explore the
molecular mechanisms of the analgesic and anti-inflam-
matory effects of DHA in LPS-induced hyperalgesia. For
example, we did not investigate whether DHA exerts its
beneficial effects (1) either directly, by acting as an en-
dogenous NLRX1, or indirectly, by increasing endogeno-
us NLRX1 expression and/or decreasing the expression/
activity of factors/enzymes involved in the TRAF6/IKK/
IkB-a/NF-kB signaling pathway in the specific cell types
of the CNS expressing NLRX1 such as neuronal and non-
neuronal cells, including astrocytes and microglia, and/
or (2) due to its synergistic effects on signal transduction
pathways involved in the pathogenesis of LPS-induced
inflammatory hyperalgesia. Therefore, further investiga-
tion will contribute to the preclinical and clinical studies
currently underway to develop NLRX1 ligands, such as
DHA, as drugs for the treatment of hyperalgesia-related
inflammatory diseases.

In conclusion, we demonstrated for the first time that
the NLRX1 ligand DHA can prevent inflammatory hy-
peralgesia and increase the activity of the LPS-induced
TRAF6/IKK/IxB-0/NF-kB signaling pathway in the CNS
of mice. Our results indicate that NLRX1 ligands such as
DHA, which can also enter the CNS when administered
systemically, may be useful as analgesic/anti-inflammato-
ry drugs in the prevention and treatment of chronic pain
conditions in which inflammation plays a role in the patho-
physiology, as well as acute inflammatory diseases associ-
ated with pain that may result from bacterial infections.
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