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ABSTRACT

Chronic metabolic diseases, like obesity, type II diabetes and atherosclerosis often involve a low-grade and sterile
systemic inflammatory state, in which activation of the pro-inflammatory transcription factor NF-kB and the
NLRP3 inflammasome play a major role. It is well established that genetic inhibition of the NLRP3 inflammasome
ameliorates acute and chronic inflammation. Indeed, accumulating experimental evidences in murine models
and also in humans suggest that inhibition of the NLRP3 inflammasome might be a suitable approach to tackle
the deleterious effects of chronic metabolic diseases. In this work, we explored our previously synthesized
nitroalkene-Trolox™ derivative named NATxO0, as a non-conventional anti-inflammatory strategy to treat chronic
inflammatory diseases, such as obesity-induced glucose intolerance. We found that NATx0 inhibited NF-kB
nuclear translocation and pro-inflammatory gene expression in macrophages in vitro. In addition, treatment
with NATx0 prevented NLRP3 inflammasome activation after LPS/ATP stimulation in macrophages in vitro.
When tested acutely in vivo, NATx0 inhibited neutrophil recruitment in zebrafish larvae, and also diminished IL-
1p production after LPS challenge in mice. Finally, when NATx0 was administered chronically to diet-induced
obese mice, it decreased muscle tissue inflammation and glucose intolerance, leading to improved glucose ho-
meostasis. In conclusion, we propose that this novel nitroalkene-Trolox derivative is a suitable tool to tackle
acute and chronic inflammation in vitro and in vivo mainly due to inhibition of NF-kB/NLRP3 activation.

1. Introduction

During inflammatory processes several oxidized/electrophilic lipid
mediators are formed that overall, may exert anti-inflammatory actions

Inflammatory responses occurring on chronic non-communicable
diseases, NCD’s, such as cardiovascular diseases, cancer, obesity, type
II diabetes and insulin resistance, are a common feature of all NCD’s [1,
2]. There is an important amount of evidence linking inflammation with
obesity and its metabolic sequelae [3-11] and involves activation of the
pro-inflammatory transcription factor NF-kB and the inflammasomes
[12-19], especially NRLP3. Therefore, it is conceivable that aiming to
attack chronic low-grade inflammation could allow treating these dis-
eases that are collectively responsible for almost 37% of all deaths
worldwide [20].

and participate in the resolution of inflammation [21]. Inflammation
favors lipid peroxidation chain reactions and these reactive in-
termediates may be the substrate for lipid nitration, reacting with ‘NO or
its derivatives (nitrite, nitrate, peroxynitrite and nitrogen dioxide)
[22-24]. Oxidative stress and inflammation lead to the formation of
nitrated unsaturated fatty acids, which are endogenous nitroalkenes (a
nitro group attach to a C that is forming a double bond) that exert potent
anti-inflammatory actions by different cell mechanisms [25-31]. The
presence of the nitro group makes these nitrated unsaturated fatty acids
strong electrophiles that creates covalent bonding with nucleophiles in
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proteins (thiols and histidine residues) and low molecular weight thiols
(e.g. GSH) via Michael addition reactions [32]. The downstream
signaling actions of electrophilic fatty acid derivatives are predomi-
nantly ascribed to post-translational Michael addition with critical
nucleophilic amino acids located in a subproteome of
electrophile-sensitive protein [29,32]. Nitrated-unsaturated fatty acids
modulate four main signaling cascades via reversible covalent Michael
addition reactions in key regulatory or receptors proteins, altering
downstream signaling events: activation of PPARy [31]; Nrf-2/Keapl
[33,34]; and the Heat Shock Response [34]; and inhibition of NF-kB
[35,36].

Inflammasomes, including the NLRP3 inflammasome (nucleotide-
binding domain and leucine-rich repeat containing family, pyrin domain
containing 3), are multiprotein cytosolic signaling complexes that can be
activated by pathogen or danger signals through a class of cytosolic
receptors termed Nod-like receptor proteins (NLR’s) [37-40]. The first
consequence of the NLRP3 inflammasome activation is the formation of
the mature hetero-tetramer of caspase 1 by dimerization and
auto-proteolysis, which processes the pro-forms of the immature cyto-
kines IL-1f and IL-18 into its mature forms [40]. The second conse-
quence of inflammasome activation is the induction of pyroptosis, a
form of cell death characterized by being pro-inflammatory as it pro-
vokes pore formation at the membrane of the host cell favoring the
release of the generated cytokines among other molecules [41,42].

NLRP3 receptor is potentially activated through indirect interactions
with several endogenous stress molecules, which includes oligomers
amyloid polypeptide, glucose, ceramide, oxidized low density lipopro-
tein, ATP and cholesterol crystals, as well as bacterial, viral and fungal
pathogens [43,44]. Activation of NLRP3 inflammasome requires two
signals. The first is an NF-kB -activating stimulus that induces the
expression of the pro-forms of interleukins 1p and 18 and of the NLRP3
receptor itself. The second signal produces the assembly of the inflam-
masome and is provided by different signals such as ceramide, ATP and
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cholesterol crystals. The presence of this second signal finally produces
the mature forms of the cytokines which are released from the cell [43,
44]. These pro-inflammatory cytokines are implicated in disrupting in-
sulin signaling. Indeed, mice that are knock out (KO) for NLRP3 are
protected against diet-induced obesity, insulin resistance and systemic
inflammation [45]. Moreover, it has been shown that the blockade of
IL-1f using a recombinant human IL-1 receptor antagonist (Anakinra) in
clinical trials ameliorates type II diabetes and systemic inflammation
[46]. Finally, a previously described nitroalkene compound was found
to inhibit NLRP3 ATPase activity [51].

Recently, our group described a novel pharmacological strategy for
the treatment of atherosclerosis, based on the design and development
of a nitroalkene-a-tocopherol derivative (NATOH) [47]. Mice treated
with NATOH showed down-regulation of NF-kB-dependent pro-in-
flammatory markers (including IL-1p and adhesion molecules) and
amelioration of atherosclerosis. However, as NATOH is transported
mainly by lipoproteins, it was delivered to aortic lesions with little or no
biological activity on other tissues. We decided then to modify NATOH
structure to make it more hydrophilic but keeping the nitroalkene
properties. For that, we designed and synthesized a water-soluble
molecule, derived from Trolox™ (6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid), but lacking the isoprenoid tail [48], as shown in
Fig. 1A. The resulting molecule (2,5,7,8-tetramethyl-2-[(E)-2-ni-
trovinyl]chroman-6-ol), was named NATxO0. As we previously described
[48], NATxO0 reacted with similar second order constants to nitro-fatty
acids when challenged with a model nucleophile and reacted signifi-
cantly faster with GAPDH, an enzyme containing an acidic thiol in its
active site. In this work, we explored the anti-inflammatory properties of
NATxO, in particular its capability to inhibit NF-kB-dependent signaling
in vitro and in vivo, including NLRP3 modulation. Finally, we studied
NATx0 effects in a high fat diet (HFD)-fed mouse model of
obesity-induced glucose intolerance.

We found that NATxO0 inhibits inflammation both in vitro and in vivo,
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Fig. 1. NATxO inhibits acute inflammatory response in zebrafish larvae. A, a- Tocopherol Vitamin E, its hydrosoluble form (Trolox™) and Trolox-derived
nitroalkene NATxO0 chemical structures are shown. B, NATxO0 inhibits neutrophil recruitment in an acute inflammatory assay in zebrafish larvae. Briefly, 3 dpf
zebrafish neutrophil-specific larvae Tg (mpx:GFP) were pretreated with NATxO0, Trolox or Ibuprofen for 2 h and wounded in tail fins by transection with a scapel.
After, larvae were incubated again in the presence of the compounds during 4 h and then recruited neutrophils were imaged and quantified. Experimental diagram
and representative pictures obtained corresponding to DMSO, NATx0 0.2 uM and NATxO0 0.5 pM are shown. Graph represent the quantification of the neutrophils
recruited to wounded fins inside a defined ROL Bar graphs shown are the mean + S.D. (error bars) of at least 17 larvae in each condition. Data represents two
independent experiments. Statistical analysis: One-way ANOVA with Bonferroni’s multiple comparison test, * = 0.0487; DMSO vs Tx 2 pM ns = 0.992; DMSO vs Tx 4

pM ns = 0.844; **** <0.0001; **** <0.0001.
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specifically affecting NF-kB and NLRP3-dependent cytokine production.
Mechanistically, we found that NATxO inhibits p65/ReLA nuclear
translocation, similar to other nitroalkenes. Interestingly, we found that
NATxO inhibits NLRP3-dependent IL-1p secretion by interfering with
ASC oligomerization and inflammasome complex formation. Finally, we
found that treatment of diet-induced obese mice with NATx0 decreased
inflammasome activation in tissue, ameliorating glucose intolerance.
We conclude that scaffold selection is important to potentiate nitro-
alkene salutatory effects in vivo, opening a novel possibility for phar-
macological interventions aimed to treat chronic metabolic conditions
with inflammatory background, like glucose intolerance and type II
diabetes during obesity.

2. Methods
2.1. Materials

2.1.1. Cell culture

THP-1 cells (ATCC TIB-202; 2015) were grown in RPMI media with
10% FBS (Gibco) and differentiated to macrophages with Phorbol 12-
myristate 13-acetate (PMA) 200 nM (Sigma Aldrich; P8139) for 48 h,
at 37 °C in 5% COs, and then were used for the different experiments.
RAW 264.7 cells (ATCC TIB-71) were maintained in complete media
containing DMEM with 10% FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin, at 37 °C in 5% CO,. All treatments with NATxO0 or Tx were
done in serum-free RPMI or DMEM in order to avoid possible nitro-
alkene interaction with serum proteins. NATx0 and Tx were always
dissolved in DMSO (except for the obesity induced in mice experiment:
see Animals and Experimental Design) and the final doses were
accomplished using the corresponding media. DMSO final concentration
was always below 0.1%.

2.1.2. Cell toxicity studies

Differentiated THP-1 and RAW 264.7 cells were treated with
increasing doses of NATxO (0, 2.5, 5, 10, 17.5, 25, 50 and 100 pM) for 24
h at 37 °C in serum-free media. A standard MTT assay was performed by
measuring the mitochondrial-dependent reduction of MTT added to
cells at a 0.5 mg/mL final concentration. Formazan crystals were dis-
solved in isopropanol and absorbance was read at 570 nm using a
microplate spectrophotometer. ICsy were calculated using GraphPad
Prism 6.0 and refer to NATx0 dose at which cell viability is reduced by
half. 100% viability corresponds to DMSO control.

2.1.3. Quantitative real-time PCR

The effect of NATx0 over NF-kB -dependent gene expression was
studied in THP-1 cells by qPCR. Differentiated THP-1 cells were incu-
bated with NATxO (5 and 10 pM) or vehicle for 2 h in serum-free media.
Then, cells were treated with LPS (1 pg/mL) for 3 h. To evaluate HO-1
and GCLM induction, NATxO0 (5 and 10 pM) or vehicle were incubated
for 5 h in serum-free media. Supernatant were removed and mRNA was
isolated with TRIzol reagent (Invitrogen). Total RNA was retro-
transcribed to c¢DNA using SuperScript™ II Reverse Transcriptase
(Invitrogen) using a Piko 24 Thermal Cycler (Thermo Scientific). Gene
expression analysis was calculated using the AACt method with p-Actin
as the house keeping gene. SYBR Green (Roche) was used as DNA
binding dye and the RT-PCR was done in an Eco Illumina thermocycler.
Primers sequences used were: f- Actin forward: 5'-CATGTACGTTGC-
TATCCAGGC-3’; p- Actin reverse: 5CTCCTTAATGTCACCCACGAT-3’;
IL-6 forward: 5'-AGTGAGGAACAAGCCAGAGC-3’; IL-6 reverse: 5'-
ATTTGTGGTTGGGTCAGGGG-3’; TNFa forward: 5'-
GCCTCTTCTCCTTCCTGATCG-3’; TNFa reverse: 5'-TCGAGAA-
GATGATCTGACTGCC-3’; HO-1 forward: 5-AAGACTGCGTTCCTGCT-
CAA-3’; HO-1 reverse: 5-GGGGGCAGAATCTTGCACTT-3’; GCLM
forward: 5'-AGACGGGGAACCTGCTGAA-3’; GCLM reverse: 5'-TCAT-
GAAGCTCCTCGCTGTC-3’.
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2.1.4. Cytokine detection by ELISA

For the analysis of the pro-inflammatory cytokines, RAW 264.7 cells
were seeded in 12-or 24-well plates the night before each treatment in
complete DMEM. The next day, cells were incubated with NATxO0 (5 and
10 pM) or vehicle for 2 h in serum-free media and then treated with LPS
(1 pg/mL) for 16 h. Supernatant was collected and the production of IL-6
and MCP-1 cytokines was analyzed by ELISA (BD 555240 and BD
555260, respectively, BD OptEIA).

2.1.5. Immunocytochemistry for NF-kB

Differentiated THP-1 cells were incubated with NATx0 for 2 h (10
uM) or vehicle. Cells were later activated with LPS from Escherichia coli
serotype 0111:B4 (1 pg/mL; Sigma Aldrich) for 30 min and then fixed
with 4% paraformaldehyde for 30 min at room temperature, per-
meabilized with 2% BSA - Triton 0.3% in PBS for 30 min, and blocked
with 3% BSA in PBS. NF-kB labeling was performed overnight at 4 °C
using rabbit anti-p65 antibody (Cell Signaling) and then Alexa Fluor
488-conjugated secondary antibody against rabbit was used. Nucleus
were stained using DAPI. Images were acquired using an Olympus IX81
epifluorescence microscope equipped with an Orca-Hamamatsu CCD
camera. Images were processed using Image J 1.51 h (Wayne Rasband,
National Institutes of Health USA).

2.1.6. NLRP3 inflammasome activation assays

THP-1 monocytes were differentiated to macrophages in 12 or 24-
well plates. 48 h later, the medium was removed and replaced with
serum-free medium containing LPS (250 ng/mL from Escherichia coli
serotype 0111:B4, + control) or LPS plus NATxO0 (0.5-20 pM) or DMSO
(1:1000) (“first signal protocol™) for 3 h at 37 °C. A negative control was
added with only medium. Cells were then stimulated with the inflam-
masome activator adenosine 5'-triphosphate disodium salt hydrate ATP
(5 mM) or ATP plus NATx0 (0.5-20 pM) or DMSO (1:1000) (“second
signal protocol”) for 45 min. Cells were analyzed for viability by MTT as
described above. Supernatants were removed and analyzed for IL-1f
concentration using ELISA kits (BD 557953BD, BD OptEIA™), according
to the manufacturer’s instructions. LDH release was measured using
Pierce LDH Cytotoxicity Assay Kit (Thermo Scientific).

2.1.7. Western blotting

THP-1 monocytes were differentiated to macrophages in 6-well
plates and treated for inflammasome activation, as detailed before. In
these experiments, second signal protocol was always used (compounds
added in concomitant with ATP). After treatments, cells were washed
with cold PBS and cell lysates were prepared in lysis buffer (20 mM Tris
pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% NP40 with 1 M NaF, 1 M
Nicotinamide, 1 M p-glycerophosphate pH 7.9 and protease inhibitor
cocktail, Roche). Protein quantification was achieved using the Bradford
method. Proteins released to culture media (sup.) were precipitated with
cold acetone using a volume four times that of the protein sample,
incubating 1 h at —20 °C. After centrifuging 10 min at 13.000 g pellets
were repeatedly washed with cold acetone. Protein samples were pre-
pared in Laemmli sample buffer 4x, resolved on 12% SDS-PAGE gels and
transferred onto nitrocellulose membranes using a semi-dry transfer
system. Membranes were blocked in 5% dried milk in TBS-T for 2 h at
room temperature. After that, membranes were incubated with primary
antibody diluted in 2% BSA in TBS-T overnight at 4 °C. Finally, mem-
branes were incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody diluted in 2% BSA in TBS-T for 1
h and developed using chemiluminescent substrates (Thermo). Primary
antibodies used were: p-Actin (Abcam ab8224), caspase-1 (Santa Cruz
sc-515), IL-1p (Santa Cruz sc-7884), ASC (Santa Cruz sc-514414), p-Akt
(Cell Signaling T308), Akt (Cell Signaling 9272), GAPDH (Cell Signaling
14C10). Secondary HRP-conjugated antibodies used were anti-mouse
IgG and anti-rabbit IgG from Sigma.
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2.1.8. ASC oligomers detection

Inflammasome activation procedure was done as described for
western blotting. For the cross-linking assay, 16% formaldehyde was
added in RMPI to plates and left 10 min at room temperature under slow
agitation. 1.25 M Glycine was added to inhibit non-reactive formalde-
hyde and after, cells were washed twice with cold PBS. Cells were
scraped in cold PBS and centrifuge at 5.000 rpm for 10 min. Pellets were
dissolved in RIPA buffer and mixed for 1 h in cold chamber. Protein
quantification was done by Bradford method and samples were prepared
in Laemmli sample buffer for western blotting without heating the
samples. For the detection of ASC specks by fluorescence microscopy,
cells were fixed with 4% paraformaldehyde after treatments, per-
meabilized with PBS- BSA 2% - Triton 0.3%, and blocked with PBS
containing 3% BSA. Cells were stained with anti-ASC antibody and
Alexa Fluor 633-conjugated secondary antibody. DAPI was used to stain
nuclei. Cell images were taken with Olympus IX81 epifluorescence
microscope.

2.1.9. Animals and Experimental Design

All mice and zebrafish used in this study were maintained at the
Institut Pasteur de Montevideo Animal facility (UATE). The experi-
mental protocol was approved by the Institutional Animal Care and Use
Committee of the Institut Pasteur de Montevideo (CEUA, Protocol
numbers 014-14 and 019-15). Studies were performed according to the
methods approved in the protocol.

For the LPS challenging experiment in mice, seven C57BL/6 mice
were injected intraperitoneally (i.p) with 20 mg/kg NATxO0 or vehicle
(DMSO) 1 h before i.p. injection of 10 mg/kg LPS Escherichia coli 055:
B5 (Sigma-Aldrich) or PBS. After 2 h mice were killed and levels of IL-1f
in serum and peritoneum was measured by ELISA (BD 559603, BD
OptEIA).

For the inflammation assay in zebrafish, fish were raised and main-
tained according to standard protocols. The neutrophil-specific zebra-
fish line Tg (mpx:GFP)i114, referred to as Tg(mpx:GFP), was used for the
acute inflammation assays as previously described [48]. Larvae were
pre-incubated for 2 h with the compounds at the doses indicated in
Fig. 1B. Larvae tail fins were transected with a sterile scalpel at the re-
gion indicated in Fig. 1B. After, they were incubated in the presence of
the compounds for 4 h and fixed in 4% paraformaldehyde overnight. To
assess neutrophil number, whole mount immunohistochemistry was
performed using rabbit polyclonal anti-GFP (Invitrogen A-11122). Im-
ages were captured in an inverted fluorescence microscope (Olympus) at
10x magnification and neutrophils in the region posterior to the circu-
latory loop were counted.

For the diet-induced obesity in mice experiment, male C57BL/6 mice
(starting at 24 weeks of age) were randomly assigned in two groups and
were treated by gavage with NATx0 (150 mg/kg) or vehicle for 4 weeks
once per day 5 days a week (Monday through Friday) under normal
rodent chow diet. Vehicle consisted in a 1% carboxymethylcelullose
solution with 1% Tween 80 (MC/Tween 1%) in high purity water. The
compound needed to be sonicated in the vehicle until a proper suspen-
sion was obtained. Compound preparation was performed once a week
according to the average weights of the group. After, animals were fed
with HFD (42% fat and 0.25% cholesterol) and treated by gavage with
NATx0 (150 mg/kg) or vehicle over 11 weeks once per day Monday
through Friday. Basal glycaemia was controlled at the beginning of the
experiment and before starting administration. Glucose tolerance tests
(GTT) were performed by ip injection of 1.5 g/kg body weight of glucose
solution to 12 h-fasted mice. Plasma glucose concentrations were
measured in blood from the tail using a hand-held glucometer (Accu-
Chek, Roche) before and after 15, 30, 60, and 120 min of the injection.
Area under the curve (AUC) was calculated by using the trapezoid rule.
For blood and organ extraction mice were injected with 0.5 U/kg body
weight of insulin 20 min prior they were anesthetized with ketamine/
xylacine solution. Plasma was separated by centrifugation, aliquoted
and stored at —80 °C. Tissues of interest were frozen in liquid nitrogen
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and stored at —80 °C. Protein extraction was performed from muscle. In
all experiments, groups consisted of 4-5 mice per group.

2.1.10. Statistical analysis

Statistical analysis was performed using Ordinary one-way ANOVA
followed by the Bonferroni post hoc or unpaired Student’s t-test, in which
a value of p < 0.05 was considered statistically significant. All data is
presented as mean + SD. Calculations were done using GraphPad Prism
6.0.

3. Results
3.1. NATxO inhibits acute inflammatory response in zebrafish larvae

In order to characterize the potential anti-inflammatory properties of
a novel a-tocopherol nitroalkene derivative NATx0 (Fig. 1A), we first
evaluated its effect using a widely validated zebrafish inflammation
model. We used a transgenic zebrafish line that expresses GFP under the
neutrophil-specific myeloperoxidase promoter [49]. Zebrafish larvae
are transparent, which allows the visualization of fluorescence proteins
in cellular processes in vivo, including neutrophil movement, which
could be identifiable from 48 h after fertilization. In this widely vali-
dated system, transection of the tail of the larvae induces an inflam-
matory focus which is resolved over a similar time course to mammalian
systems [48,50]. Three days post fertilization (3 dpf) larvae were pre-
treated with NATxO0, Trolox or Ibuprofen for 2 h and after wound was
performed in tail fins (Fig. 1B). Wounded larvae were incubated again in
the presence of the compounds during 4 h and then recruited neutrophils
were imaged and quantified in the region of interest (ROI) (Fig. 1B).
NATxO pre-treatment in larvae inhibited the recruitment of neutrophils
to the site of injury, improving the effect of the well-known anti-in-
flammatory Ibuprofen used at even higher dose. Even more, NATx0
backbone (Trolox) had no effect over neutrophil recruitment used at
higher doses than NATxO0 (2 and 4 pM compared with 0.2 and 0.5 uM of
NATxO0, see Fig. 1B).

3.2. NATxO inhibits NF-kB-dependent signaling and activates anti-
oxidant responses through Nrf2/keap1 system

In order to determine the mechanism of action of NATxO in pre-
venting inflammation, we measured inflammatory response in macro-
phages in vitro. First, we evaluated cellular in vitro toxicity of NATx0 in
macrophages. In order to avoid cell-dependent effects, we used murine
and human macrophages for the in vitro experiments. RAW 264.7 and
THP-1 macrophages were treated with increasing concentrations of
NATxO0 for 24 h resulting in a calculated ICs for each cell line of 28.1
and 18.3 pM, respectively (Fig. 2A). Next, we assayed the effect of
NATx0 on NF-kB translocation to the nucleus in differentiated THP-1
macrophages, using anti-p65 subunit antibody and Alexa-488 second-
ary antibody (Fig. 2B). In the control condition, p65 subunit is cyto-
plasmic (represented in green and pointed by arrowheads) and when
cells are treated with LPS, p65 is found almost completely in the nucleus
(DMSO plus LPS condition). We found that NATxO0 partially inhibits the
translocation of p65 to the nucleus when macrophages are treated with
LPS in the presence of the compound (Fig. 2B). Moreover, gene
expression of IL-6 and TNFa downstream targets of NF-kB activation and
nuclear translocation were inhibited by NATx0 in macrophages after an
LPS stimulus (Fig. 2C), which was paralleled by decreased cytokines
released to the culture media (Fig. 2D). This inhibition was not observed
when Trolox was incubated in the presence of LPS at the same concen-
trations (see Fig. 2C and D). We saw a slight and significant decrease in
IL-6 secretion with Trolox (Fig. 2D). However the inhibition with NATx0
was significantly more profound (Fig. 2D). Even more, incubation with
NATx0 activated Keapl-Nrf2 pathway. HO-1 and GCLM gene-
overexpression was observed in macrophages incubated with NATx0
at 5 and 10 pM and also HO-1 and GCLM protein were over-expressed
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Fig. 2. NATxO inhibits NF-kB-dependent signaling and activates anti-oxidant responses through Nrf2/keap1 system. A, Differentiated THP-1 and Raw 264.7
macrophages were incubated with increasing concentrations of NATxO0 (0, 2.5, 5.0, 10, 25, 50 and 100 pM) for 24 h. Then a standard MTT assay was performed.
DMSO control was added resulting in 100% viability. ICs, refers to NATxO0 dose at which cell viability is reduced by half. B, Differentiated THP-1 cells were incubated
with NATxO for 2 h (10 pM) or vehicle and activated with 1 pg/mL LPS for 30 min and then fixed with 4% PFA. Rabbit anti-p65 antibody and Alexa Fluor 488-con-
jugated secondary antibody were used for labeling NF-kB-p65 subunit (green). Nucleus were stained using DAPI (blue). Arrowheads point nuclear or cytoplasmic
localization of p65/RelA subunit. Graph shows the percentage of nuclear signal quantification after stimulation with PBS (control) or LPS after pre-incubation with
DMSO (control +) or NATx0 10 uM. One-way ANOVA with Bonferroni’s multiple comparison test: **** <0.0001; *** = 0.0002. C, Differentiated THP-1 cells were
incubated with 5 and 10 pM of NATxO or Tx for 2 h and treated with LPS (1 pg/mL) for 3 h. IL-6 and TNF« gene expression was studied by gPCR. One-way ANOVA
with Bonferroni’s multiple comparison test, IL-6: LPS vs Tx 5 pM ns = 0.9796; LPS vs Tx 10 pM ns >0.999; LPS vs NATx0 5 pM * = 0.0186; LPS vs NATx0 10 pM ***
= 0.0002. TNFa: LPS vs Tx 5 pM ns = 0.9454; LPS vs Tx 10 pM ns = 0.998; LPS vs NATx0 5 pM ns = 0.1522; LPS vs NATx0 10 pM *** = 0.0005. D, Raw 264.7
macrophages were incubated with NATx0 or Tx (5 and 10 uM) or vehicle for 2 h and then treated with LPS (1 pg/mL) for 16 h. IL-6 and MCP-1 cytokines released to
supernatant were analyzed by ELISA. Control refers to untreated cells. One-way ANOVA with Bonferroni’s multiple comparison test, IL-6: LPS vs Tx 5 pM ** =
0.0032; LPS vs Tx 10 pM **** <0.0001; LPS vs NATx0 5 pM **** <0.0001; LPS vs NATx0 10 pM **** <0.0001. MCP-1: LPS vs Tx 5 pM ns >0.999; LPS vs Tx 10 pM
** =0.0076; LPS vs NATX0 5 pM ns = 0.1002; LPS vs NATxO0 10 pM **** <0.0001; Tx 5 pM vs NATx0 5 pM ** = 0.0052; Tx 10 pM vs NATxO0 10 pM **** <0.0001. E,
HO-1 and GCLM gene expression after 5 h incubation with NATx0 and Tx (5 and 10 pM) was studied by qPCR. One-way ANOVA with Bonferroni’s multiple
comparison test, HO-1: Control vs Tx 5 and 10 pM ns >0.999; Control vs NATx0 5 pM * = 0.010; Control vs NATxX0 10 pM ns = 0.1979; Tx 5 pM vs NATx0 5 pM
<0.0001; Tx 10 pM vs NATx0 10 pM <0.0001. F, HO-1 and GCLM protein expression by western blot after 5 h incubation with NATx0 5 and 10 pM.Data are
representative of two or three independent experiments. Bar graphs shown are the mean + S.D. (error bars). . (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

(Fig. 2E and F, respectively), compared with the control condition,
showing that NATxO0 also regulates the canonical nitroalkene regulated
pathways already known [33,34]. Again, Trolox was not able to induce
Keapl-Nrf2 pathway at the same doses as NATxO0 (see Fig. 2E).

3.3. NATx0 modulates NLRP3 inflammasome in vitro

The NLRP3 inflammasome has been proposed to play a major role in

the regulation of chronic inflammatory diseases in humans [14-16]. It is
well established that its chronic activation, along with other inflam-
matory processes, generates a low-grade systemic chronic inflammation
that instigates the development of type II diabetes, atherosclerosis,
cancer, dementia and other pathologies [15,16]. NLRP3 protein can
recognize, directly or indirectly, several danger signals through its LRR
domain leading to its oligomerization via its NOD domain. After, oli-
gomerized NLRP3 can recruit the adaptor protein ASC via PYD-PYD
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domain interactions that also provokes ASC to oligomerize and recruit media of LPS/ATP treated macrophages (Fig. 3C, DMSO + LPS/ATP).
caspase-1 via CARD-CARD domain, to generate the final NLRP3 When the compound was applied concomitant with the second signal at

inflammasome complex. Finally, caspase-1 is activated and able to 10 pM (Fig. 3C), mature IL-1f was almost undetectable and proIL-1 was
cleave proIL-1p and proIL-18 to produce its mature forms for secretion. detected as expected. In a previous work [51], another nitroalkene
The liberation of the mature cytokines from the cell is thought to be compound (3,4-methylenedioxy-p-nitrostyrene) prevented ASC-speck
through pores formed by gasdermin D in the cell membrane, also a formation by binding directly to NLRP3 and inhibiting its ATPase ac-
consequence of inflammasome assembly and caspase-1 activation tivity. Due to the homology of the nitrostyrene molecule with NATxO,
[40-44]. In this work, we assayed the capability of NATxO0 to inhibit we thought to investigate if NATx0 was preventing ASC oligomerization
inflammasome activation both during the priming step (“first signal”) as in LPS/ATP treated macrophages (Fig. 3D and E). The oligomerization of
well as during the complex assembly step (“second signal™). In our in ASC was detected using fluorescence microscopy evaluating the for-
vitro experiments, THP-1 macrophages were incubated with first signal mation of ASC “specks” or by immunoblotting of oligomers after

(3 h-treatment LPS 250 ng/mL). Later on, the second signal consisted in chemical crosslinking. NATx0 diminished ASC dimer formation (48
ATP incubation for 45 min. First, we tested cell viability after NLRP3 KDa) at 10 pM incubated together with the second signal and did not

activation and NATxO0 treatment (Fig. 3A). When NATx0 treatment was affect ASC monomer which was expressed constitutively in untreated
performed during the first signal (together with LPS) a protective effect cells (control) or treated with LPS/ATP only (DMSO + LPS/ATP). ASC
of NATx0 was observed at 10 pM. This protection was not evidenced “speck” inhibition was also observed in LPS/ATP stimulated macro-
when NATx0 was applied together with second signal, however no cell phages treated with NATx0 by fluorescence microscopy (Fig. 3E). These
toxicity was observed under those conditions (see Fig. 3A, graph cor- results implicate that NATx0 inhibition is upstream to ASC oligomeri-
responding to NATxO in concomitant with first signal and second zation and/or by inhibiting ASC itself. LDH release inhibition was also

signal). Moreover, a dose-dependent inhibitory effect of NATx0 on IL-1p observed when stimulated macrophages were treated with NATxO0 at 5
release was observed (Fig. 3B), when applied either during the first pM and 10 pM at the same time than the second signal (Fig. 3F),
signal or with the second signal, with an ICsg of 8.8 pM and 6.1 uM, implicating that inflammasome formation is inhibited and therefore
respectively. Since NATxO inhibits nuclear NF-kB translocation (Fig. 2), pyroptosis is blocked.

and considering that the IL-1p transcriptional step is dependent of
NF-kB, the inhibition effect of NATx0 observed during the first signal
was expected. However, to our surprise, we found an even greater in-
hibition of IL-1p release when NATx0 was applied during the second
signal, were NF-kB-dependent transcription was already established.
Moreover, mature 17 KDa form of IL-1f was detected in the culture

3.4. NATxO inhibits acute NLRP3 activation and IL-1f production in vivo

We next decided to further investigate NATxO0 capability of inhibiting
NLRP3 inflammasome and IL-1f production in vivo. For that, we assayed
serum and peritoneum levels of IL-1p in C57BL/6 J after an i.p. injection
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Fig. 3. NATx0 modulates NLRP3 inflammasome in differentiated THP-1 cells. A, % Cell viability calculated by MTT after NLRP3 activation, when NATx0 was
applied in concomitant with LPS (“first signal protocol™) for 3 h and after with ATP for 45 min; or when NATx0 was applied together with ATP for 45 min (“second
signal protocol™) after 3 h LPS stimulus. One-way ANOVA with Bonferroni’s multiple comparison test: **** <0.0001. B, IL-1p formation is inhibited by NATx0 in a
dose-dependent manner when it is applied together with first signal or second signal. One-way ANOVA with Bonferroni’s multiple comparison test: =0.001 O vs.
10 pM NATx0; *** = 0.0002 0 vs. 20 pM NATxO (left graph); *** = 0.0024; **** <0.0001 (right graph). C, Western blot analysis of proIL-1p, pro-caspase 1 (p45) and
active IL-1p after inflammasome activation in the presence of 10 pM NATx0 or DMSO (vehicle) when applied in concomitant with “second signal”. D, Western blot
analysis of ASC oligomers formation in crosslinked cells after inflammasome activation in the presence of 10 pM NATx0 or DMSO (vehicle) when applied in
concomitant with “second signal”. ASC monomers were detected at 24 kDa, dimers at 48 kDa and oligomers over 65 kDa (dotted arrows). E, ASC “speck” detection by
fluorescence microscopy after inflammasome activation in the presence of 10 pM NATx0 or DMSO when applied in concomitant with “second signal”. Cells were
fixed, permeabilized and stained for ASC (green). Specks are denoted in white arrows. Percentage of ASC speck formation over ASC- positive cells is shown. One-way
ANOVA with Bonferroni’s multiple comparison test: **** <0.0001; ** = 0.0087. F, LDH (lactate dehydrogenase) release after inflammasome activation in the
presence of 5 and 10 pM NATx0 or DMSO when applied in concomitant with “second signal”. One-way ANOVA with Bonferroni’s multiple comparison test: =

0.0002; ** = 0.0098. Control in all cases refers to untreated cells.
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of LPS and measured IL-1p release, a surrogate of in vivo NLRP3 acti-
vation [52]. Mice were pretreated with NATxO or vehicle for 1 h before a
2-h LPS treatment. Plasma and peritoneum levels of IL-1f in
NATx0-pretreated animals were greatly diminished (Fig. 4) as compared
with animals that were pretreated with vehicle (control).

3.5. NATxO0 reduces glucose intolerance in a mouse model of diet induced
obesity

Finally, the effect of NATx0 was assayed on a diet-induced obesity
mouse model that generates glucose intolerance in C57BL6/J mice
[53-55]. The purpose was to inhibit the pro-inflammatory signaling
cascades involved in the onset of inflammation in metabolic tissues that
pathogenically links obesity to glucose intolerance and therefore
improve this parameter in the mouse. C57BL6/J mice were pretreated
with NATx0 (150 mg/kg gavage, five days a week) during 4 weeks fed
with normal diet. Pre -treatment was done in order to turn on the mo-
lecular pathways in which the nitroalkene is involved, for example the
activation of Nrf2/keapl antioxidant system and other protective
mechanisms known for nitroalkenes, shown elsewhere. These mecha-
nisms could include activation of PPARy and heat shock responses [31,
34]. After, mice were fed with a high fat diet (HFD) for another 11 weeks
plus NATx0 (150 mg/kg) or vehicle (gavage administration). Mice
gained similar weight and ate similar amount of food independently of
whether they received NATxO or vehicle during the experiment (Fig. 5A
and B). However, when challenged with a GTT, NATx0 treated mice
showed improved glucose tolerance compared with vehicle-treated mice
(Fig. 5C).

Furthermore, after an injection of insulin, animals were sacrificed
and increase in the Akt phosphorylation level was observed at muscle in
the NATx0O treated animals as compared with the vehicle group
(Fig. 5D). This result reinforces the positive effect of the compound
ameliorating insulin sensitivity, as mice treated with NATxO0 exhibited

1h .
Pretreatment with: , 2h  peritoneal lavage

NATx0 or DMSO (i.p) LPS i.p 10 mg/kg

Plasma
1500-
[
E 1000-
>
2
@
% 500-
0
AN
& & S
® > «'\9

&

Redox Biology 39 (2021) 101833

improved Akt response under this experimental setup. We were also able
to probe that active IL-1$ was reduced in the NATxO treated group in
muscle as compared to the vehicle treated animals (Fig. 5D). This vali-
dates our hypothesis that NATx0 can reduce the chronic inflammation
generated during obesity and therefore diminish its metabolic
consequences.

4. Discussion

We have previously demonstrated that a rationally designed nitro-
alkene derived from a natural and safe drug delivery system (e.g.
a-tocopherol or Vitamin E), was a novel and thriving pharmacological
strategy for the treatment of atherosclerosis [47]. This strategy, which
was named NATOH (5-nitroethenyl-y-tocopherol) and was specifically
designed to be carried by the VLDL/LDL system to atheroma lesions by
homologizing the o-tocopherol structure, probed to work as a
non-conventional anti-inflammatory compound in vitro and in vivo.
Moreover, NATOH was able to decrease the atherosclerotic plaque for-
mation and to inhibit the expression of relevant cytokines and adhesion
molecules liberated at the lesions site in an atherosclerosis mouse model
(ApoE knock out mice) [47]. In this work, we show that a novel and
hydro soluble derivative of NATOH, named NATx0, previously
described by our group [48], has promissory beneficial effects over in-
flammatory processes occurring during obesity, glucose intolerance and
type II diabetes.

Our results show that NATxO0 effects are mainly anti-inflammatory
and cytoprotective, as it inhibits NF-kB, NLRP3 inflammasome and
induce the Keap1-Nrf2 pathway. Nuclear factor-kB controls cell survival,
proliferation and different pro-inflammatory mediators, including cy-
tokines, chemokines, and adhesion molecules and is one of the principal
mediators in obesity-induced insulin resistance [12]. Nitro-linoleic acid
and nitro-oleic acid inhibit NF-kB-dependent cytokine expression via
alkylation of p65 subunit of NF-kB [35]. More recently, Villacorta et al.
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Fig. 4. NATxO inhibits acute NLRP3 activation and IL-1$ production in vivo. C57BL/6 mice were injected intraperitoneally (i.p) with 20 mg/kg NATxO or vehicle
(DMSO) 1 h before i.p. injection of 10 mg/kg LPS Escherichia coli or PBS. After 2 h mice were killed and levels of IL-1p in serum and peritoneum was measured by
ELISA. One-way ANOVA with Bonferroni’s multiple comparison test: *** <0.0001; **** <0.0001; ** = 0.0004 (n = 7 per group).
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Fig. 5. NATxO0 reduces glucose intolerance in a mouse model of diet-induced obesity. C57BL/6 mice were treated orally with NATx0 (150 mg/kg) or vehicle for
4 weeks under normal rodent chow diet. After, animals were fed with high fat diet (HFD) and treated orally with NATx0 (150 mg/kg) or vehicle for another 11 weeks.
A, Graph shows animal weight evolution during the course of the experiment. At week 4, mice started to ate HFD. B, At week 12, consumed water, diuresis, feces and
food intake parameters were measured in metabolic cages within 24 h in NATxO0 treated or vehicle treated mice. Two-tailed unpaired t-test: ns > 0.25. C, Glucose
tolerance test (GTT) was performed by i.p injection of 1.5 g/kg body weight of glucose solution to fasted mice and plasma glucose was measured in blood before and
after 15, 30, 60, and 120 min of the injection. Two-tailed unpaired t-test: ** = 0.0031. Inset shows calculated area under the curve (AUC) for NATxO0 or vehicle
treated mice glucose response. Two-tailed unpaired t-test: * = 0.0319. D, At the end of the experiment, mice were injected with 0.5 U/kg body weight of insulin and
sacrificed to obtain muscle. Western blot analysis was performed to analyze p-Akt, Akt and IL-1p protein expression in muscle. Two-tailed unpaired t-test: vehicle vs.

NATx0 * = 0.0147 for p-Akt/Akt and * = 0.0131 for pro-IL-1p/IL-1p.

demonstrated that nitrated fatty acids also inhibit NF-kB signaling by
disrupting the Toll Like Receptor 4 (TLR4) [36]. NATxO0 inhibited the
translocation of p65/RelA to the nucleus and inhibited NF-kB depend-
ent-gene expression and cytokines release to culture media in macro-
phages in vitro. Also, NATx0 induced the expression of hemoxigenase-1
and the glutamate-cysteine ligase modifier subunit (GCLM), both phase
II enzymes controlled by the keap1-Nrf2 pathway, a major regulator of
cytoprotective responses caused by reactive oxygen and nitrogen species
(ROS, RNS) and electrophiles.

NATx0 anti-inflammatory effects were also assayed in vivo using a
widely validated zebrafish inflammation model. In that system,
neutrophil response to injury can be visualized in genetically manipu-
lated zebrafish larvae that expresses GFP under the neutrophil-specific
myeloperoxidase promoter. The mpo:GFP expression can be observed
under the microscope in vivo, in anesthetized animals, because zebrafish
larvae are transparent and neutrophils are already apparent 48 h after
fertilization [49,50]. Neutrophil recruitment to the site of injury was
dose-dependently diminished by NATx0 as compared to the vehicle
group or even when compared with a group treated with Ibuprofen
(positive control). This could mean that the damage response was
resolved faster in the presence of NATx0 which is essential to avoid
irreparable tissue damage mediated by toxic granule release of persist-
ing neutrophils. The effect over neutrophil survival and
pro-inflammatory activation is mainly regulated by NF-kB [56].

Emerging evidence unveiled that NLRP3 inflammasome, an intra-
cellular supramolecular complex that regulate caspase-1 activation and
the subsequent processing of pro-IL-1p and pro-IL-18, triggers inflam-
matory responses and instigates obesity-induced inflammation and in-
sulin resistance [17]. Interestingly, NATxO inhibited the NLRP3
inflammasome and IL-1f production both in vitro and in vivo, by possibly
inhibiting NF-kB translocation to the nucleus, but also during the

activation step by inhibiting up-stream ASC oligomerization or ASC it-
self. In fact, this effect may be involved at least partially on its
anti-inflammatory effects in vivo. Other mechanisms could be as well
involved in the observed NLRP3 inhibition by NATxO0, including the
modulation of xanthine oxidoreductase which has been previously re-
ported to regulate NLRP3 inflammasome and to be potently inhibited by
other nitroalkene [60].

Actually, activation of NLRP3 inflammasome has been shown to be a
major pathogenic pathway in obesity-induced insulin resistance [17].
From a clinical perspective, a lot of expectation is centered in the inhi-
bition of this pathway to treat type II diabetes, Coronary Artery Disease
(CAD) and Cardiovascular Diseases (CVD) [46,57-59].

Obesity is associated with self-directed tissue inflammation where
local or systemic factors, other than infectious agents activate the cells of
the innate immune system. Spiegelman and colleagues were pioneers in
the identification of the first links between inflammation, obesity and
insulin resistance [61-63], showing that the adipose tissue of obese
animals express tumor necrosis factor alpha (TNF-a), a
pro-inflammatory cytokine that was found to promote insulin resistance
via serine phosphorylation of insulin receptor substrate 1 (IRS1) [62].
By increasing bioavailability and electrophilicity of NATOH, we
designed NATxO0. The results obtained are promissory for the treatment
of obesity-glucose intolerance in mice. NATxO treated animals showed
protection against glucose intolerance despite gaining similar weight
than control mice. This was accompanied by increased Akt response in
skeletal muscle after insulin exposure in both groups, confirming the in
vivo results. However, we acknowledge that additional supportive evi-
dence is necessaire to determine insulin resistance levels in the
diet-induced obesity mice, such as euglycemic clamp or insulin levels
determinations. These approaches will be incorporated for future studies
with NATxO0. Active IL-1p was also found diminished in skeletal muscle
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implying that the effects observed in vivo are at least partially due to
inflammasome inhibition.

Overall, this work describes a potential new strategy to tackle in-
flammatory related-conditions. Using different biologically relevant
molecular scaffolds to carry the nitroalkene group to different target
tissues/organs may contribute to open novel pharmacological strategies
aimed to ameliorate chronic inflammation and metabolic diseases.
Accumulating evidence shows that acute and chronic inflammation are
not necessarily regulated similarly by pharmacological interventions. As
such, providing evidence that an anti-inflammatory novel molecule has
an impact on such an important metabolic disease as obesity and glucose
intolerance may open new venues for therapeutic interventions.
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