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A Nitroalkene Benzoic Acid Derivative Targets Reactive Microglia
and Prolongs Survival in an Inherited Model of ALS via NF-κB
Inhibition
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Abstract
Motor neuron degeneration and neuroinflammation are the most striking pathological features of amyotrophic lateral sclerosis
(ALS). ALS currently has no cure and approved drugs have only a modest clinically therapeutic effect in patients. Drugs targeting
different deleterious inflammatory pathways in ALS appear as promising therapeutic alternatives. Here, we have assessed the
potential therapeutic effect of an electrophilic nitroalkene benzoic acid derivative, (E)-4-(2-nitrovinyl) benzoic acid (BANA), to
slow down paralysis progression when administered after overt disease onset in SOD1G93A rats. BANA exerted a significant
inhibition of NF-κB activation in NF-κB reporter transgenic mice and microglial cell cultures. Systemic daily oral administration
of BANA to SOD1G93A rats after paralysis onset significantly decreased microgliosis and astrocytosis, and significantly reduced
the number of NF-κB-p65-positive microglial nuclei surrounding spinal motor neurons. Numerous microglia bearing nuclear
NF-κB-p65 were observed in the surrounding of motor neurons in autopsy spinal cords from ALS patients but not in controls,
suggesting ALS-associated microglia could be targeted by BANA. In addition, BANA-treated SOD1G93A rats after paralysis
onset showed significantly ameliorated spinal motor neuron pathology as well as conserved neuromuscular junction innervation
in the skeletal muscle, as compared to controls. Notably, BANA prolonged post-paralysis survival by ~30%, compared to
vehicle-treated littermates. These data provide a rationale to therapeutically slow paralysis progression in ALS using small
electrophilic compounds such as BANA, through a mechanism involving microglial NF-κB inhibition.
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Introduction

There is no current treatment to stop disease progression in
amyotrophic lateral sclerosis (ALS), a paralytic disease

characterized by progressive degeneration of motor neurons
that control skeletal muscles. Survival after diagnosis average
3 to 5 years, and is largely determined by the rate of spread of
motor neuron pathology along the neuroaxis [1]. ALS
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etiology remains largely unknown and there is a poor under-
standing of the pathological mechanisms underlying disease
onset and subsequent progressive spreading. Currently ap-
proved drugs for ALS such as riluzole and edaravone, have
only modest, if any, therapeutic effects in most patients.
Clinical trials have shown that riluzole extends survival by a
few months [2], while edaravone improves the daily function-
ing in a restricted subset of ALS subjects [3]. Therefore, there
is an unmet medical need to develop new treatments to slow
the progression of the paralysis early after diagnosis, with the
hope of turning this fatal disease into a chronic condition.

In the SOD1G93A mutant rat model of ALS, the spread of
paralysis is associated with marked glial cell activation [4] and
the emergence of aberrant glial cells that actively proliferate
around degenerating motor neurons [5–7]. Furthermore, aber-
rant glial cells display a marked neurotoxic potential on cul-
tured motor neurons [5], which might further contribute to
paralysis progression in ALS rats. Pharmacological downreg-
ulation of microglia and aberrant glial cells using tyrosine
kinase inhibitors such as masitinib has shown to slow paraly-
sis progression in SOD1G93A rats, even when treatment starts
up to 7 days after disease onset [8]. Masitinib has proved
preliminary significant clinical efficacy in a subset of ALS
patients [9]. Therefore, drugs targeting dysfunctional or reac-
tive microglial cells that abnormally interact with motor neu-
rons in ALS appear as a valid strategy to prevent neuronal loss
and slow paralysis progression.

The transcription nuclear factor κ light-chain-enhancer of
activated B cells (NF-κB) is widely distributed among various
cell types in the CNS being involved in many physiological
and pathological processes [10, 11]. NF-κB is constitutively
expressed as a dimer usually formed by subunits p50 and p65,
which dissociate after activation to enter the cell nucleus and
promote the transcription of target genes involved in cell sur-
vival, proliferation, and inflammation [12]. In ALS models,
activation of the transcriptional factor NF-κB in non-neuronal
cells including microglia plays a crucial pathogenic role [13].
While NF-κB-mediated transcription occurs physiologically
in neurons and astrocytes [14], NF-κB activation and subse-
quent transcriptional activity in microglia appear as a distinc-
tive feature of ALS [13] and other neurodegenerative condi-
tions such as Alzheimer’s disease [15]. In the ALS SOD1G93A

mouse model, microglia-mediated motor neuron death occurs
through an NF-κB-dependent mechanism and constitutive ac-
tivation of NF-κB in microglia causes accelerated loss of mo-
tor neurons through a non-cell-autonomous mechanism [13].
Additionally, NF-κB is highly induced in microglia of spo-
radic ALS patients [16] and those with a mutation in
optineurin, a negative regulator of TNFα which induces
NF-κB activation [17]. In transgenic mice overexpressingmu-
tant TDP-43, the protein acts as an NF-κB coactivator, and
NF-κB inhibition was shown to be protective [16]. Therefore,
aberrant NF-κB activation in ALS appears to endowmicroglia

with a neurotoxic phenotype, which could be potentially phar-
macologically targeted. However, there is scarce knowledge
about NF-κB inhibitor drugs targeting neurotoxic microglia in
ALS.

Endogenous electrophilic nitroalkene fatty acids are known
to target different signaling pathways including Nrf2 and
NF-κB [18–20]. Recently, we reported the synthesis, physi-
cochemical characterization, and therapeutic effects of
nitroalkene-tocopherol analog compounds [21, 22], laying
the foundation for the rational design of novel non-
conventional anti-inflammatory compounds. The addition of
an electrophilic nitroalkene moiety to the tocopherol scaffold
confers the hybrid compound with multifaceted therapeutical
activity in a model of atherosclerosis through combined inhi-
bition of NF-κB signaling and activation of Nrf2-Keap1 [22].
In the present study, we have followed a similar approach to
synthesize a hybrid compound formed by an electrophilic
nitroalkene moiety coupled to benzoic acid as a scaffold.
Benzoic acid is a compound widely used as a food preserva-
tive that is known to be excreted in the urine [23], and it has
been used pharmacologically in large doses for the treatment
of urea cycle disorders in children [24]. Also, it has been
shown to exert neuroprotective effects in experimental models
of Alzheimer’s [25] and Parkinson’s disease [26] by a com-
plex mechanism of action that indirectly involves NF-κB in-
hibition. The lipophilic monohydroxybenzoic acid derivate,
salicylic acid, also shows recognized anti-inflammatory ef-
fects, mainly through inhibition of NF-κB [27, 28].
Although benzoic and salicylic acid are currently recognized
as safe compounds for human use, both require high micro-
molar concentrations to achieve therapeutic effects, which
limit their use in the clinical setting. In this context, we rea-
soned that a nitroalkene benzoic acid derivative could exert
anti-inflammatory effects and downregulate reactive microg-
lia via NF-κB inhibition in a rat model of ALS bearing the
SOD1G93A mutation.

In the present study, we aimed to describe the synthesis,
b io logica l , and therapeut ic ef fec ts of (E ) -4 - (2-
nitrovinyl)benzoic acid (BANA) in cellular and animal
models of ALS. Our study focused on the BANA’s potential
to downregulate deleterious microglia activation through in-
hibition of NF-κB as compared with dimethyl fumarate, a
well-known electrophilic neuroprotective marketed drug
[29]. Here, we report that BANA reduced neuroinflammation
and slowed disease progression in the transgenic SOD1G93A

rat model of ALS when administered after paralysis onset,
indicating an alternative therapeutic approach to ALS.

Materials and Methods

Synthesis of (E ) -4- (2-Nitrovinyl ) Benzoic Acid 4-
Formylbenzoic acid (4.00 g, 26.6 mmol), nitromethane
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(20mL, 369.2mmol), ammoniumacetate (2.55 g, 33.1mmol),
and acetic acid (30 mL) were sequentially introduced into a
round bottom flask; then it was placed with stirring in an oil
bath preheated at 90 °C for 4 h. The reaction mixture was then
allowed to cool, the precipitate was isolated via filtration and
wash with cold water. After drying the desired product was
obtained as a yellow solid (4.20 g, 82%). mp 270–272 °C
(decomposition is observed). 1H-NMR (acetone-d6): δ = 8.30
(d, J = 13.6 Hz, 1H, CH=CHNO2); 8.18 (d, J = 13.6 Hz, 1H,
CH=CHNO2); 8.00 (d, J = 8.4 Hz, 2H, H-Ar); 7.97 (d, J =
8.4 Hz, 2H, H-Ar).

13C-NMR: δ = 167.1 (C=O); 140.1 (CH=CHNO2); 138.3
(CH=CHNO2); 134.9 (C4-Ar); 133.8 (C1-Ar); 130.3
(C2,C3,C5,C6-Ar). MS (IE, 70 eV): m/z(%) = 193 (M+, 86),
148 (51, M+–CO2H), 121 (10, M+–CH=CHNO2), 102 (43:
148–NO2), 91 (85: 121–H2C=O), 77 (100, Ar).

BANA Electrophilic Reactivity The electrophilic reactivity of
the BANA compound was determined by analyzing the UV-
Visible spectra of the reaction between BANA and β-
mercaptoethanol. BANA (30 μM) was incubated with β-
mercaptoethanol (300 μM) in phosphate buffer (20 mM)
pH = 7.4, and scans were taken each minute up to 10 min.

Sulforhodamine B Assay Cell viability was performed by the
sulforhodamine B assay. Briefly, cells were placed in a 96-
multi-well plate and incubatedwith different concentrations of
BANA (5–110 μM) for 24 h. After media removal, cells were
washed twice with PBS pH = 7.4. Cells were fixed with tri-
chloroacetic acid for 1 h at 4 °C and then washed five times
with distilled water. A total of 50 μL of sulforhodamine B
0.4% m/v in acetic acid 1% v/v was added to each well and
incubated 30 min at room temperature. After staining, the
plate was washed at least five times with acetic acid 1% v/v.
Once the plate was dry the protein-bound dye was dissolved in
10 mM Tris and the absorbance at 570 nm was read using a
microplate spectrophotometer. The concentration which killed
half of the tested cells in culture (LC50) was determined using
GraphPad Prism 7.03.

Analysis of NF-κB Activation In Vivo For NF-κB in vivo imag-
ing studies, we used the NF-κB-RE-Luc random transgenic
mouse model (Taconic, BALB/c-Tg(Rela-luc)31Xen) aged
6–8 weeks. These animals carry a transgene containing 6
NF-κB-responsive elements (RE) from the CMVα (immedi-
ate early) promoter placed upstream of a basal SV40 promot-
er, and a modified firefly luciferase cDNA (Promega pGL3).
The reporter is inducible by LPS and TNFα intraperitoneal
injection [30]. Animals were randomized divided into four
groups and intraperitoneally injected with increasing doses
of BANA (10, 20, and 30 mg/kg), benzoic acid (30 mg/kg),
dimethyl fumarate (30 mg/kg), or vehicle (DMSO 10% (v/v)/
PEG 20% (v/v) in phosphate buffer). After 2 h, animals were

intraperitoneally injected with LPS (1 mg/kg). Differences in
luciferase activity were compared between groups after 3 h
following LPS injection. To accomplish that, 150 mg/kg of
the substrate D-luciferin (#K9918PE, XenoLight) dissolved in
PBS, pH 7.4 was injected intraperitoneally to each mouse.
Mice were anesthetized with isoflurane (3.0% induction,
2.5% maintenance), placed in a ventral position in the light-
tight imaging chamber, and imaged 10 min after luciferin
injection using bioluminescence and X-ray modes (5 s acqui-
sition, performed in Preclinical In-Vivo Xtreme II Optical/X-
ray imaging system, Bruker, USA). Changes in NF-κB activ-
ity were calculated after comparing the differences of lumi-
nescence between groups, using ImageJ software.

LPS Challenge in Mice C57BL/6 mice were randomized divid-
ed into 3 groups (n = 3 mice, per group) and intraperitoneally
injected with BANA (50 mg/kg), benzoic acid (50 mg/kg), or
vehicle (DMSO 10% v/v in phosphate buffer). After 1 h ani-
mals were intraperitoneally injected with LPS (10 mg/kg) or
PBS. Two hours following injection mice were sacrificed, and
after peritoneal wash, blood was extracted and were both
stored to measure IL-1β with a commercially available
ELISA kit (BD OptEIA).

Study of Nuclear Translocation of NF-κB in HT-29 Reporter
Cell Line The effect of BANA on nuclear translocation of
NF-κB was studied by using the HT-29 NF-κB reporter cell
line as previously described [31]. Briefly, cells were treated
with increasing doses of BANA (10, 20, and 30 μM), benzoic
acid (30 μM), dimethyl fumarate (30 μM), or vehicle
(DMSO) for 3 h. After treatment, cells were stimulated and
coincubated with TNFα (1 ng/ml) for 24 h. Finally, cells were
trypsinized and resuspended for flow cytometry analysis.
Cells were analyzed using an Attune NxT Flow Cytometer
(Thermo Fisher Scientific) equipped with 488 and 405 nm
lasers. Attune NxT Software was used for data acquisition
and FlowJo v.10 for data analysis. Green Fluorescent
Protein and propidium iodide fluorescence emissions were
detected using band-pass filters 530/30 and 695/40, respec-
tively. For each sample, 10,000 counts gated on a forward
scatter versus side scatter dot plot, excluding doublets, were
recorded. Only single living cells (cells that excluded
propidium iodide) were considered for results comparison.

Effect of BANA on Nuclear Translocation of NF-κB in BV2
Murine Microglial Cell Line The effect of BANA on nuclear
translocation of NF-κBwas studied by immunocytochemistry
using murine microglia cell line BV2. Cells were treated with
BANA (10, 20, and 30μM), benzoic acid (30 μM), or dimeth-
yl fumarate (30 μM) for 3 h. After treatment, cells were stim-
ulated with LPS (100 ng/ml) for 30 min. Then, cells were
washed and fixed with PFA 4% for 20min at 4 °C and washed
with PBS. Immunocytochemistry was performed as follows:
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cells were permeabilized using Triton 0.5% (v/v) in PBS
pH = 7.4 for 15 min, and then blocked using BSA 5% (v/v)
in PBS pH = 7.4 for 1 h at room temperature. 1:200 rabbit anti-
NF-κB-p65 (Abcam, #ab16502) and 1:100 mouse anti-
CD11b (BD Bioscience, #BD550219) were incubated over-
night at 4 °C. Then, primary antibodies were removed,
washed with PBS 3 times for 10 min, and 1:1000 Alexa
Fluor-conjugated goat anti-rabbit 546/488 (Thermo Fisher
Scientific, #A11035 #A11034) or 1:1000 goat anti-mouse
488/633 (Thermo Fisher Scientific, #A11029 #A21052) anti-
bodies were incubated for 2 h at room temperature. After
secondary antibodies were removed, cells were covered in
glycerol mounting medium with 1:2000 DAPI staining.
Cells were analyzed by confocal microscopy using a confocal
ZEISS LSM 800. NF-κB-p65-positive nuclei were counted
and the ratio NF-κB-p65/DAPI was analyzed and compared
among groups. Data were analyzed using analyzing tools of
ImageJ and GraphPad Prism 7.03 software.

Microglia Cell Cultures from Symptomatic SOD1G93A Rats
Primary microglial cell cultures were obtained from the spinal
cord of symptomatic SOD1G93A rats according to the proce-
dures described by Trias et al. 2013 [6] with minor modifica-
tions. Briefly, animals were euthanized by overdosing with
ketamine/xylazine, and the spinal cords were dissected on ice.
After the meninges were removed, the spinal cord was chopped
finely and dissociated with trypsin 0.25% (v/v) in a calcium-
free buffer for 5min at 37 °C. Trypsin treatment was stopped by
adding DMEM/10% (vol/vol) Fetal Bovine Serum, in the pres-
ence of 50 μg/mL DNaseI and mechanical disaggregation by
repeated pipetting. The resulting extract was passed through an
80-μm mesh to eliminate tissue debris and then was spun. The
pellet was resuspended in culture medium [DMEM/10% (vol/
vol) Fetal Bovine Serum, Hepes (3.6 g/L), penicillin (100 IU/
mL), and streptomycin (100 μg/mL)] and then was placed in a
24 multi-well culture or p35 Petri dishes. The culture medium
was removed after 24 h and subsequently replaced every 24 or
48 h depending on the procedure.

Nuclear Translocation Analysis of NF-κB in SOD1G93A Adult
Primary Microglia The effect of BANA on nuclear transloca-
tion of NF-κB was studied by immunocytochemistry using
SOD1G93A primary microglia cells. Cells were treated with
BANA (10, 20, and 30μM), benzoic acid (30 μM), or dimeth-
yl fumarate (30 μM) for 3 h. After treatment, cells were stim-
ulated with LPS (100 ng/ml) for 30 min. Then, cells were
washed and fixed with PFA 4% for 20min at 4 °C and washed
with PBS. Immunocytochemistry was performed as follows:
cells were permeabilized using Triton 0.5% (v/v) in PBS
pH = 7.4 for 15 min, and then blocked using BSA 5% (v/v)
in PBS pH = 7.4 for 1 h at room temperature. 1:200 rabbit anti-
NF-κB-p65 (Abcam, #ab16502) and 1:100 mouse anti-
CD11b (BD Bioscience, #BD550219) were incubated

overnight at 4 °C. Then, primary antibodies were removed,
washed with PBS 3 times for 10min, and 1:1000Alexa Fluor-
conjugated goat anti-rabbit 488 (Thermo Fisher Scientific,
#A11034) or 1:1000 goat anti-mouse 633 (Thermo Fisher
Scientific, #A21052) antibodies were incubated for 2 h at
room temperature. After secondary antibodies were removed,
cells were covered in glycerol mounting medium with 1:2000
DAPI staining. Cells were analyzed by confocal microscopy
using a confocal ZEISS LSM 800. NF-κB-p65-positive nuclei
were counted and the ratio NF-κB-p65/DAPI was analyzed
and compared among groups. Data were analyzed using ana-
lyzing tools of ImageJ and GraphPad Prism 7.03 software.

Analysis by RT-qPCR of NF-κB-Dependent Gene Expression
The effect of BANA or benzoic acid over NF-κB-dependent
gene expression was studied by RT-qPCR in SOD1G93A adult
primary microglia cells. Cells were treated with BANA (10,
20, and 30 μM), benzoic acid (30 μM), or dimethyl fumarate
(30 μM) for 3 h. After treatment, cells were stimulated with
LPS (100 ng/mL, 30 min). After harvesting the cells, mRNA
extraction using the RNeasy Micro Kit (QIAGEN) was per-
formed according to the manufacturer’s instructions. mRNA
yields were measured on Nanodrop device (Thermo Fisher
Scientific) and cDNA was obtained from 0.5 μg of RNA,
4 μL of iScript reverse transcription Supermix for RT-qPCR
(Bio-Rad, − 20 °C) in a final volume of 20 μL filled with
nuclease-free water. The Thermocycler was set as follows:
priming 5 min at 25 °C followed by 30 min at 42 °C for
reverse transcription and 5′ at 85 °C for RT inactivation.
RT-qPCR was performed on reverse-transcribed cDNA using
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-
Rad) on a CFX96 Touch™ real-time PCR detection system.
For each well, 5 μL of diluted DNAwas added to 20μL of the
mix (containing 1 μL of each primer, 12.5 μL of
SsoAdvanced™ Universal SYBR® Green Supermix, 5.5 μL
of nuclease-free water). Each sample was run in duplicate.
The cycling parameters were as follows: 30 s at 95 °C then
40 cycles at 95 °C for 10 and 30 s at 60 °C. Cq values were
obtained for every cycle. Primers were designed on NCBI
Primer-BLAST following the best guidelines to exclude ge-
nomic DNA amplification. The analysis was done using Bio-
Rad CFX manager 3.1 with a threshold set at 650 RFU cor-
responding to the amplification curves linear portion.
Variations between samples were normalized using two
housekeeping genes β-Actin and HPRT. All primers were
validated for specificity and efficiency. The following rat
primers were used:

TNF-αforward: 5′- ATC CGA GAT GTG GAA CTG
GC -3′;
TNF-αreverse: 5′- TGGGAACTT CTC CTCCTTGTT
G -3′;
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IL-6 forward: 5′- TTCTCTCCGCAAGAGACTTCC -
3′;
IL-6 reverse: 5′- TCT CCT CTC CGG ACT TGT GAA -
3′;
MCP-1 forward: 5′- TGT CTC AGC CAG ATG CAG
TTA AT -3′;
MCP-1 reverse: 5′- TCCAGCCGACTCATTGGGAT
-3′.
IL-1β forward: 5′- TAG CAG CTT TCG ACA GTG
AGG -3′;
IL-1β reverse: 5′- CTC CAC GGG CAA GACATA GG
-3′;
HPRT forward: 5′- GTC ATG TCG ACC CTC AGT CC
-3 ́ .
HPRT reverse: 5′- GCAAGTCTT TCAGTCCTGTCC -
3′;

AnimalsMale SOD1G93A progeny were used for further breed-
ing to maintain the line. Rats were housed in a centralized animal
facilitywith a 12 h light-dark cyclewith ad libitum access to food
and water. Perfusion with fixative was performed under 90%
ketamine–10% xylazine anesthesia and all efforts were made to
minimize animal suffering, discomfort, or stress. All procedures
using laboratory animals were performed under the national and
international guidelines and were approved by the Institutional
Animal Committee for animal experimentation (CEUA
Approved protocol: #005-17 to Dr. Luis Barbeito). This study
was carried out in strict accordance with the Institut Pasteur de
Montevideo Committee’s requirements and under the current
ethical regulations of the Uruguayan Law N° 18.611 for animal
experimentation that follow the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (USA).

Immunohistochemical Staining of Rats’ Spinal Cords At least
4 rats were analyzed for each immunohistochemistry experi-
ment. Three different conditions were studied as follows: 1)
non-transgenic (NonTg) rats of 160–180 days; 2) transgenic
SOD1G93A rats of 195–210 days treated with vehicle
(paralysis, 15d-vehicle) and 3) transgenic SOD1G93A rats of
195–210 days treated with 50 or 100 mg/kg/day of BANA
during 15 days. After treatment animals were deeply anesthe-
tized and transcardial perfusion was performed with parafor-
maldehyde 4% (v/v) in PBS pH = 7.4. Fixed spinal cords were
removed, post-fixed by immersion overnight in paraformalde-
hyde 4% (v/v) in PBS pH = 7.4, and then transverse sectioned
(30 μm) in a Leica cryostat. Serial sections were collected in
PBS pH = 7.4 for immunohistochemistry. Free-floating sec-
tions were blocked and permeabilized for 1 h at room temper-
ature with Triton X-100 0.5% (v/v)/BSA 5% (v/v) in PBS
pH = 7.4, passed through washing buffered solutions, and in-
cubated overnight at 4 °C in a solution of Triton X-100 0.5%
(v/v)/BSA 1% (v/v) in PBS pH = 7.4 containing the following

primary antibodies: 1:500 rabbit anti-Iba1 (Wako, #019-
19741), 1:300 mouse anti-Iba1 (Millipore, #MABN92),
1:300 rabbit anti-ChAT (Millipore, #AB143), 1:300 mouse
anti-CD68 (Abcam, #ab31630), 1:200 rabbit anti-CD34
(Abcam, #ab81289), 1:400 mouse anti-GFAP (Sigma,
#G3893), 1:400 rabbit anti-GFAP (Sigma, #G9269), 1:400
mouse anti-S100β (Sigma, #S2532), 1:200 rabbit anti-
NF-κB-p65 (Abcam, #ab16502), 1:200 rabbit anti-Ki67
(Abcam, #ab16667), 1:200 rabbit anti-ubiquitin (Millipore,
#05-1307), 1:200 mouse anti-nitrotyrosine (Millipore,
#05233), 1:300 anti-VGlut-1 (SySy, #135-303), 1:300 anti-
synaptophysin (Abcam, #206870), 1:200 anti-βIII-Tubulin
(Millipore, #MAB1637). Immunostaining with rabbit anti-
NF-κB-p65, mouse anti-Iba1, rabbit anti-Ki67, mouse anti-
CD68, and rabbit anti-ubiquitin required free-floating citrate
buffer (sodium citrate 10 mM, pH 6) antigen retrieval at 95 °C
for 5 min. NeuroTrace 530/615 red fluorescent Nissl stain
(Thermo Fisher Scientific, #B34650) was also used for visu-
alizing neurons. After incubation with primary antibodies,
free-floating slices were washed with PBS 3 times for
10 min, incubated for 2 h at room temperature with the fol-
lowing secondary antibodies: 1:500 goat anti-rabbit-Alexa
Fluor 488 (Thermo Fisher Scientific, #A21052), 1:500 goat
anti-mouse-Alexa Fluor 546 (Thermo Fisher Scientific,
#A11035), 1:500 goat anti-mouse-Alexa Fluor 633 (Thermo
Fisher Scientific, #A21052), 1:500 Streptavidin-Alexa Fluor
405 or Alexa Fluor 633 (Thermo Fisher Scientific, #S21375),
washed with PBS 3 times for 5 min and mounted in DPX
mounting medium (Sigma, #06522-100ML).

Analysis of Gliosis in the Ventral Horn of the Lumbar Spinal
Cord Microgliosis and astrogliosis were assessed by measur-
ing the expression intensity for the different markers in the
gray matter of the lumbar spinal cord of non-transgenic and
symptomatic SOD1G93A rats that were treated with either ve-
hicle or BANA. Microgliois was assessed by the analysis of
different microglia typical markers such as Iba1, CD68,
CD34, and Isolectin. The number of aberrant glial cells
coexpressing the astrocytic markers GFAP and S100β was
assessed by counting the respective positive cells for both
markers in gray matter from the lumbar cord among groups
as previously described [5]. All analyses were performed in at
least 10 histological sections per animal (3–5 different rats for
each condition) using the ImageJ software.

Analysis of Motor Neuron Number and Size The number of
motor neurons expressing ChATwas assessed by counting the
positive cells in the gray matter of the lumbar spinal cord of
non-transgenic compared with symptomatic SOD1G93A,
vehicle- and BANA-treated rats. Motor neuron counting was
based on a stereological approach as previously reported [32].
Briefly, ChAT-positive cells were quantified on ten 30 μm
sections taken 300 μm apart from the ventral horn, comparing
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the cell numbers in both Rexed laminae VII and IX, which
display low and high density of large motor neurons, respec-
tively. The longest axis (length) of each soma was taken into
consideration to quantify the mean size of motor neuron soma.
The analysis was performed manually in at least 25 histolog-
ical sections per animal (4 different rats for each condition)
using the cell counter tool of the ImageJ software.

Analysis of Synaptic Terminals Contacting Motor Neuron in
the Spinal Cord The number of synaptic vesicles contacting mo-
tor neuron cell bodies was assessed by immunohistochemistry by
counting VGlut-1-positive and synaptophysin-positive puncta in
Rexed laminae VII and IX. Synaptic terminals were quantified in
at least 20 motor neurons per animal (4 different rats per condi-
tion) using the Analyze Particles tool of ImageJ software.

Immunohistochemistry of Whole-Mounted Muscle and
Neuromuscular Junction Innervation Analysis As previously
described [33], extensor digitorium longus (EDL) muscles from
the NonTg and SOD1G93A hind limbs were dissected. Then,
tissues were blocked for 2 h at room temperature (BSA 5%
v/v/, Triton X-100 0.8% v/v in PBS pH= 7.4), incubated with
primary antibodies or fluorescent probes at 4 °C overnight: axon
and postsynaptic plates were carried out using 1:1000 rabbit anti-
heavy chain neurofilament-Alexa Fluor 555 (Millipore,
#MAB5256A5) and fluorescently labeled α-bungarotoxin-
FITC [αBTX, (Thermo Fisher Scientific, B13422)], axon pre-
synaptic terminals were labeled with 1:300 rabbit anti-
synaptophysin–Alexa Fluor 555 (Abcam, #ab206870). After
washing 4 times with PBS, whole-mount muscles were mounted
using DPX. Structural changes of the neuromuscular junction
were scored using maximum intensity projections of images ac-
quired from whole-mounted muscles. Briefly, neuromuscular
junction innervation analysis was performed taking into consid-
eration those postsynapticmotor endplates occupied by a presyn-
aptic axon terminal, where full innervationwas defined as at least
80% of overlapping between pre- and postsynaptic. An average
of 100 neuromuscular junctions per animal was analyzed using
the ImageJ software.

Human Tissue Collection The collection of postmortem human
ALS and control samples was approved by the University of
Alabama, Birmingham (UAB) Institutional Review Board
(Approved IRB Protocol: X091222037 to Dr. Peter H. King).
All ALS patients were cared for at UAB and so detailed clinical
records were available. Control samples were age-matched and
were harvested from patients who expired from non-neurological
causes. The average collection time after death was less than
10 h. All tissues were harvested by PHK and YS at the time of
autopsy and preserved within 30 min.

Human Spinal Cord Immunohistochemistry As previously de-
scribed [34], 10-μm spinal cord paraffin sections were sliced

using a microtome. Following deparaffinization, slices were
blocked and permeabilized in BSA 5% (v/v)/Triton X-100 0.5%
(v/v) for 2 h at room temperature. Previously described primary
antibodies were incubated in BSA 1% (v/v)/Triton X-100 0.5%
(v/v) in PBS pH= 7.4 at 4 °C overnight. After washing, second-
ary antibodies were incubated for 3 h at room temperature. After
PBS washing, Mowiol medium (Sigma, St. Louis, MO, USA)
was used for mounting. Only ventral lumbar spinal cord sections
were analyzed.Motor neuron somas were identified in the ventral
spinal cord by typical morphology and nuclei.

Fluorescence Imaging Fluorescence imaging was performed
with a laser scanning Zeiss LSM 800 or LSM 880 confocal
microscope with either a × 25 (1.2 numerical aperture) objec-
tive or × 63 (1.3 numerical aperture) oil immersion objective
using Zeiss Zen Black software. Maximum intensity projec-
tions of optical sections were created with Zeiss Zen software.
Maximum intensity projections of optical sections, as well as
3D reconstructions, were created with Zeiss Zen software.

BANA Post-paralysis Survival Trial The preclinical trial was
performed as previously described with modifications [8]. To

�Fig. 1 BANA inhibits NF-κB activation and transcription. (a) A synthe-
sis scheme of (E)-4-(2-nitrovinyl) benzoic acid (BANA, red). (b) BANA
inhibits NF-κB activation in NF-κB-RE-Luc transgenic mice. BANA,
Benzoic acid (BA), or dimethyl fumarate (DMF) were administered 2 h
before intraperitoneal injection of LPS. The graph shows the quantitative
analysis in different experimental conditions. All quantitative data are
expressed as mean ± SEM; data were analyzed by Ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test, ***p =
0.0009 ****p < 0.0001. n = 4 animals per condition. (c) Confocal images
of BV2 microglia treated with BANA, BA, or DMF before LPS stimu-
lation. BANA inhibits LPS-induced NF-κB-p65 nuclear translocation.
Cells in the sham condition were not treated with LPS. Nuclear NF-κB-
p65 colocalizing with DAPI nuclear staining is denoted in yellow. The
graph shows the quantitative analysis of the ratio nuclear NF-κB-p65/
DAPI among experimental conditions. All quantitative data are expressed
as mean ± SEM; data were analyzed by Ordinary one-way ANOVA
followed by Tukey’s multiple comparisons test, *p = 0.0148 **p =
0,0031 ****p < 0,0001. 3 replicates of 3 independent experiments.
Scale bar = 10 μm. (d) Confocal images show CD11b-positive
SOD1G93A primary microglia (gray) treated with BANA, BA or vehicle,
before LPS stimulation. BANA inhibits LPS-induced NF-κB-p65 nuclear
translocation in SOD1G93A microglia. Nuclear NF-κB-p65 colocalizing
with DAPI nuclear staining is denoted in yellow. The graph shows the
quantitative analysis of the ratio nuclear NF-κB-p65/DAPI among exper-
imental conditions. All quantitative data are expressed as mean ± SEM;
data were analyzed by Ordinary one-way ANOVA followed by Tukey’s
multiple comparisons test, ****p < 0.0001, 3 replicates of 4 independent
experiments. Scale bar = 20 μm. (e) Analysis by RT-qPCR of mRNA
levels of NF-κB-associated proinflammatory cytokines CCL2, IL-6, IL-
1β, and TNFα following LPS stimulation in SOD1G93A primary microg-
lia. BANA prevents NF-κB-mediated gene transcription induced by LPS.
Data are expressed as mean ± SEM; data were analyzed by Ordinary one-
way ANOVA followed by Tukey’s multiple comparisons test, *p =
0,0395 (CCL2) *p = 0.0409 (IL-6) **p = 0.0049 (IL-1β) *p = 0.0292
**p = 0.0063 (TNFα). 2 replicates of 3 independent experiments
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reduce sex variability, only female transgenic SOD1G93A rats
showing weakness and gait alterations in the hind limbs as the
first clinical sign were selected for BANA treatment studies.
Rats were divided randomly into BANA or vehicle-treated
groups. A total of 10 female rats were assigned to each

experimental group. BANA was freshly prepared in phosphate
buffer, and administrated daily at a dose of 100 mg/kg using a
curved stainless steel gavage needle with a 3-mm ball tip. Rats
were treated from day-1 after paralysis onset until the end stage
when they were euthanized.
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Determination of Disease Onset and End-Stage All rats were
weighed and evaluated for motor activity daily. Disease onset

was determined for each animal when pronounced muscle
atrophy accompanied by an abnormal gait, typically expressed

Fig. 2 Post-paralysis treatment with BANA (100 mg/Kg) reduces
microgliosis and prevents microglial NF-κB-p65 nuclear translocation
in the spinal cord of SOD1G93A rats. (a) Scheme of the experimental
design. SOD1G93A female rats were treated with 100 mg/Kg/day of
BANA or vehicle immediately after the first signs of paralysis onset of
one hindlimb and continue for 15 days. Immunohistological analysis of
the lumbar spinal cord of nontransgenic and vehicle- and BANA-treated
SOD1G93A symptomatic rats were performed. (b) Confocal images show-
ing Iba1-positive microglia (white) in the ventral spinal cord. Yellow
dotted lines delimit white from gray matter. Insets show microglia-
associated motor neurons (MTN, yellow dotted lines). Note that post-
paralysis treatment with BANA significantly reduced microgliosis after
15 days as well as the number of hypertrophic microglia that surround
motor neurons in the ventral spinal cord. The graph shows a quantitative
analysis of microgliosis in the ventral spinal cord. Data are expressed as
mean ± SEM; data were analyzed by the Kruskal–Wallis test followed by

Dunn’s multiple comparisons test, ****p < 0.0001. n = 4 animals per
condition. Scale bars = 100 μm, 10 μm (inset). (c) Confocal images show
NF-κB-p65 (green) and DAPI (red) expression in the ventral horn of the
spinal cord of nontransgenic and symptomatic SOD1G93A rats, treated
with vehicle or BANA, in the surroundings of motor neurons (white
dotted lines). Nuclei stained in yellow denote nuclear NF-κB-p65 and
DAPI colocalization (white arrows). The graph to the right shows the
quantitative analysis of the ratio NF-κB-p65/DAPI in the surroundings
ofmotor neurons. Data are expressed as mean ± SEM; data were analyzed
by the Kruskal–Wallis test followed by Dunn’s multiple comparisons
test, **p = 0.0018, ***p = 0.0003. n = 4 animals per condition. Scale
bar = 20 μm. (d) High magnification confocal images showing NF-κB-
p65 nuclear expression in Isolectin-positive microglia (white) surround-
ing degenerating motor neurons stained with Nissl (blue) in the symp-
tomatic SOD1G93A ventral spinal cord. Scale bar = 10 μm
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as subtle limping or dragging of one hind limb. The end stage
was defined by a lack of righting reflexes or the inability to
reach food and water.

Determination of BANA Plasma Levels For the detection of
BANA in plasma, we performed an RP-HPLC analysis
(Agilent 1200 HPLC system). SOD1G93A rats were treated
with 100 mg/kg/day BANA or vehicle for 15 days. After
treatment rats were sacrificed and plasma samples were ob-
tained. 100 μL of plasma was incubated with HgCl2 (20 mM)
at 37 °C for 30 min. Then, extraction with 900 μL of aceto-
nitrile (ACN) was performed and injected into HPLC in a 20–
40% gradient of B phase for 10 min. BANA plasma concen-
tration was calculated from a standard curve using salicylate
as an internal standard. (CPAK C-18, 4 μM, 150 mm ×
3.9 mm I.D. column; A phase: H2O 0.1% formic acid; B
phase: ACN 0.1% formic acid; detection at 300 nm).

Statistics AnalysisQuantitative data were expressed as mean ±
SEM. Ordinary one-way ANOVA followed by Tukey’s mul-
tiple comparisons test, Kruskal–Wallis followed by Dunn’s
multiple comparisons test, Mann–Whitney comparisons test,
or unpaired t test were used for statistical analysis, with
p < 0.05 considered significant. The GraphPad Prism 7.03
software was used for statistical analyses. All selected images
represent the mean value for each condition.

Results

BANA Inhibits NF-κB Activation Induced by LPS and TNFα As
shown in Fig. 1a, BANAwas obtained in a one-step synthetic
route by condensation of commercially available p-
formylbenzoic acid with nitromethane, in the presence of am-
monium acetate. The analysis of1H NMR and 13CNMR spec-
tra confirmed that only one stereoisomer was formed (Fig. S1a
and b). Due to the coupling constant of the doublets of the
alkene observed in the 1H NMR spectra (Fig. S1a), the con-
figuration of the nitroalkene was consistent with an E isomer.
As previously shown for other endogenous or synthetic
nitroalkene compounds [21], BANA also displayed electro-
philic properties as shown by its ability to react via the
Michael addition reaction with nucleophiles such as β-
mercaptoethanol (Fig. S1c).

To determine whether BANA was capable of preventing
LPS-induced NF-κB activation, intraperitoneal administration
of BANA (10, 20, and 30 mg/Kg) were followed by LPS
intraperitoneal administration to an NF-κB-reporter transgen-
ic mouse. Its scaffold benzoic acid (30 mg/Kg) and dimethyl
fumarate (30 mg/Kg), an electrophilic drug currently assayed
in ALS clinical trials [35], were used as controls. BANA treat-
ment significantly decreased NF-κB activation pathway at all
studied doses (Fig. 1b and Fig. S2). In comparison, the

benzoic acid scaffold (30 mg/Kg) and the electrophilic drug
dimethyl fumarate (30 mg/kg) were devoid of inhibitory effect
in NF-κB pathways in this model. In turn, BANA was able to
reduce IL-1β concentration in plasma and peritoneum of mice
intraperitoneally injected with LPS with respect to controls
(Fig. S3).

The effects of BANA on LPS- or TNFα-induced NF-κB
activation were also assayed in cell cultures of BV2microglial
cell line and primary adult microglia isolated from symptom-
atic SOD1G93A rats, and HT-29 NF-κB reporter cell line, re-
spectively. As shown in Fig. 1c and d and Fig. S4, BANA
(10–30 μM) potently prevented NF-κB activation as assessed
by either LPS-induced NF-κB-p65 nuclear translocation in
BV2 cells and SOD1G93A microglia or TNFα-induced
NF-κB-p65 nuclear translocation in HT-29 NF-κB reporter
cell line. In addition, BANA prevented LPS-induced upregu-
lation of NF-κB-dependent transcriptional activity of MCP1,
IL-6, IL-1β, and TNFα assessed by RT-qPCR in adult mi-
croglia isolated from symptomatic SOD1G93A rats (Fig. 1e).
The benzoic acid scaffold and dimethyl fumarate were devoid
of inhibitory effect in NF-κB pathways in these experimental
settings. The LC50 values assessed in cell cultures were
50 μM, 30 μM, and 80 μM, for BV2, SOD1G93A adult mi-
croglia, and HT-29, respectively.

Post-paralysis Treatment with BANA in SOD1G93A Rats
Abrogates NF-κB Activation in Microglia Next, we assessed
the effect of BANA on markers of neuroinflammation in
the degenerating spinal cords. First, dosing with 100 mg/
Kg/day of BANA administered orally to rats was defined
b a s e d o n p r e v i o u s r e p o r t s s h o w i n g a n t i -
neuroinflammatory effects and safety of benzoic acid at
the same concentration [36]. Moreover, BANA plasma
levels reached 3.49 μM as assessed by HPLC following
100 mg/Kg/day dosing (Table S1), a concentration con-
sidered within the expected therapeutic range.

SOD1G93A rats were treated daily with BANA (100mg/kg)
or vehicle at the onset of motor symptoms as previously de-
scribed [8]. After 15 days of treatment, rats were euthanized
and spinal cords were dissected for immunohistological anal-
ysis. Compared to vehicle-treated rats, post-paralysis treat-
ment with BANA significantly reduced microgliosis in the
ventral horn of the spinal cord as assessed by Iba1-, CD68-,
and CD34-positive microglial cells (Fig. 2b and Fig. S5). In
addition, post-paralysis treatment with BANA significantly
reduced astrocytosis assessed by GFAP staining as well as
the emergence of aberrant glial cells characterized by the dou-
ble staining GFAP/S100β in the surroundings of motor neu-
rons (Fig. S6). Treatment with BANA also reduced cell pro-
liferation in the ventral horn as assessed by Ki67-positive
nuclei staining (Fig. S7). In comparison, lower doses of
BANA (50 mg/Kg/day) significantly reduced microgliosis
but failed to reduce astrogliosis (Fig. S8a and b).
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Remarkably, post-paralysis treatment with BANA at 100 mg/
Kg/day significantly reduced the number of Isolectin-positive
microglia displayingNF-κB-p65-positive nuclei immunoreactiv-
ity, which appears typically spatially associated with motor neu-
rons somas in the ventral horn of spinal cord of vehicle-treated

SOD1G93A rats (Fig. 2c and d, and Fig. S9a). Because NF-κB
activation in microglia has been shown to induce motor neuron
death in ALS models [13], the observed BANA-induced down-
regulation of a subpopulation of NF-κB-positive perineuronal
microglia may have therapeutic significance.
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Microglia Bearing Nuclear NF-κB-p65 Surrounds Motor
Neurons in Autopsied Spinal Cords from ALS Patients To as-
sess the potential pathogenic significance of nuclear NF-κB-
p65-positive microglia interacting with motor neurons in hu-
man ALS, we analyzed whether these cells also occurred in
autopsied lumbar spinal cord tissue from sporadic ALS pa-
tients (Fig. 3a). As shown in Fig. 3b, there was a systematic
accumulation of Iba1-/p65-positive microglia in the surround-
ings of spinal motor neurons in 3 ALS patients as compared

with an almost complete absence of such phenotype in 3 con-
trol subjects. Nuclear NF-κB-p65-positive microglia were
characterized by hypertrophic cell bodies, in some cases orga-
nized as cell clusters (Fig. 3c and Fig. S9b, ALS#3 subject).
This phenotype was reminiscent of senescent microglia previ-
ously reported in mutant SOD1G93A rats [37]. Nuclear
NF-κB-p65 was also localized in other perineuronal cells
lacking Iba1 staining displaying apparent astrocytic morpho-
logical features (Fig. S9).

BANA Prolongs Post-paralysis Survival in SOD1G93A RatsNext,
we designed a randomized preclinical trial using BANA to
determine how the drug affected survival in female
SOD1G93A rats with hind limb onset. As reported previously
[8], our rat colony develop the disease with delayed onset
(187 ± 15 days for vehicle rats), when compared with that
originally described by Howland et al. [4], and the post-
paralysis survival in females with hind limb onset has been
reproducible in nontreated animals (20 ± 3.8 days).

BANA (100 mg/kg/day) was orally administrated immedi-
ately upon abnormal gait onset and continued until the end
stage (Fig. 4a). Rats treated with BANA (n = 10) had a 32%
increase in the probability of post-paralysis survival as com-
pared with vehicle-treated rats (p = 0.0007 in Kaplan-Meier
survival curves) (Fig. 4b). The mean post-paralysis survival
time was respectively 21.8 days and 29.2 days for vehicle and
BANA-treated groups, respectively (Fig. 4c).

BANA Ameliorates Motor Neuron Pathology and
Neuromuscular Junction Denervation Motor neuron loss is a
remarkable pathological feature in ALS patients and animal
models. Therefore, we analyzed the effect of BANA on motor
neuron number and size as well as on markers of neuronal
damage, such as ubiquitin aggregates and nitrotyrosine stain-
ing. In vehicle-treated animals, the number of ChAT-positive
motor neurons decreased by 40% with respect to
nontransgenic animals in the following 15 days of disease
progression after onset (Fig. 5a). In comparison, a 15-day
treatment with BANA starting after paralysis onset signifi-
cantly prevented subsequent motor neuron loss by 15%. As
compared to vehicle-treated rats, BANA also ameliorated the
reduction in motor neuron size (Fig. 5a). In addition, BANA
significantly prevented ubiquitin aggregation and
nitrotyrosine staining in motor neurons as previously de-
scribed [38, 39] (Fig. 5b). In comparison, lower doses of
BANA (50 mg/Kg/day) failed to prevent motor neuron loss
(Fig. S8c).

To further investigate the protective effect of BANA on
motor neuron pathology in SOD1G93A symptomatic rats,
we assessed the number of synaptic terminals contacting
motor neuron cell bodies in the ventral spinal cord as well
as the denervation of neuromuscular junctions. Post-
paralysis treatment with 100 mg/Kg/day of BANA

�Fig. 3 Nuclear NF-κB-p65 increased expression in microglia surround-
ing motor neurons in autopsied ventral spinal cords from ALS subjects.
(a) Scheme of the experimental design. b) Representative confocal im-
ages showing the expression of nuclear NF-κB-p65 in the cellular micro-
environment surrounding spinal motor neurons (white dotted lines) of
ALS and control subjects. Upper panels: NF-κB-p65 staining (green)
and DAPI (red) in control subjects. Note the lack of nuclear NF-κB-p65
expression. The panel to the right represents a highermagnification image
of few Iba1-positive microglia (white) that lack cytoplasmatic or nuclear
expression of NF-κB-p65 (green). Lower panels: represent confocal im-
ages showing a systematic increase expression of nuclear NF-κB-p65 in
the surroundings of motor neurons in 3 sporadic ALS subjects. Arrows
indicate yellow nuclei with NF-κB-p65 colocalizing with DAPI. The
graph to the right shows the quantitative analysis of NF-κB-p65-
positive nuclei surrounding motor neurons. All quantitative data are
expressed as mean ± SEM; data were analyzed by the Mann-Whitney
test, ****p < 0.0001. n = 3 ALS patients and 3 controls. Scale bars =
20 μm. (c) Higher magnification confocal images showing the cytoplas-
mic and nuclear expression (magenta arrows) of NF-κB-p65 in Iba1-
positive microglia in the ventral spinal cord of ALS subjects. Scale bars =
10 μm

Fig. 4 BANA (100 mg/Kg) treatment after paralysis onset prolongs
survival in SOD1G93A rats. (a) Scheme of the experimental design.
SOD1G93A female rats were treated with 100 mg/Kg/day of BANA or
vehicle immediately after paralysis onset until the end stage (n = 10 per
group). (b) Kaplan–Meier survival curves from BANA- and vehicle-
treated rats. There was a statistically significant difference in the proba-
bility of survival for the BANA-treated group when compared with the
vehicle, according to the Log-rank test of the Kaplan–Meier analysis
(***p = 0.0007). (c) The graph shows the mean survival of both cohorts.
All data are expressed as mean ± SEM; data were analyzed by unpaired t
test **p = 0.0018
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significantly prevented the loss of VGlut-1-positive and
synaptophysin-positive synaptic terminals as compared
with vehicle-treated rats (Fig. 6). In accordance, BANA

treatment significantly reduced motor endplate denerva-
tion in the EDL muscle as compared to vehicle-treated
rats (Fig. 6).

Fig. 5 BANA (100 mg/Kg) ameliorates motor neuron pathology. (a)
Upper panels: confocal images of ChAT-positive motor neurons in the
lumbar spinal cord (dotted line indicates the limit between white and gray
matter) of nontransgenic, vehicle-treated, and BANA-treated SOD1G93A

rats immediately after the first signs of paralysis onset during 15 days.
The graph represents the quantitative analysis of the number of motor
neurons in laminae VII and IX of the ventral horn among conditions. All
data are expressed as mean ± SEM; data were analyzed by the Kruskal–
Wallis test followed by Dunn’s multiple comparisons test, *p = 0.0217
****p < 0.0001. n = 4 animals per condition. Scale bar = 50 μm. Lower
panels: represent the immunohistochemical analysis of motor neuron so-
ma size. The graph represents the quantitation of the motor neuron soma
diameter in the different experimental conditions. All data are expressed
as mean ± SEM; data were analyzed by the Kruskal–Wallis test followed

by Dunn’s multiple comparisons test, ****p < 0.0001. n = 4 animals per
condition. Scale bar = 20 μm. (b) Immunohistochemical analysis of ubiq-
uitin and nitrotyrosine (NO2Tyrosine) aggregation in motor neurons (yel-
low dotted lines) of the lumbar spinal cord. Vehicle-treated rats showed a
significantly increased number of ubiquitinated motor neurons and in-
creased expression of NO2Tyrosine when compared with nontransgenic
littermates. Post-paralysis treatment with BANA significantly prevented
ubiquitin aggregation and NO2Tyrosine accumulation in surviving motor
neurons. The graph to the right shows the number of motor neurons
showing ubiquitin and NO2Tyrosine aggregates in the ventral horn of
the spinal cord. Data are expressed as mean ± SEM; data were analyzed
by the Kruskal–Wallis test followed by Dunn’s multiple comparisons
test, *p = 0.0219 ****p < 0.0001. n = 4 animals per condition. Scale
bars = 20 μm
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Discussion

Anti-inflammatory benzoic acid derivatives, including
salicylic and acetylsalicylic acids as well as vanillic acid, are
recognized to inhibit NF-κB [27, 40], but they are poorly
effective in therapeutically controlling deleterious microglial
activation. Here, we show evidence that the nitroalkene
benzoic acid derivative BANA, modulates the neuroinflam-
mation associated with the ALS progression in SOD1G93A

rats. BANA reduced microgliosis and prevented the emer-
gence of microglia displaying nuclear NF-κB-p65 typically
surrounding motor neurons in the degenerating spinal cord
of both SOD1G93A rats and ALS patients, further indicating
the potential relevance of this subset of neurotoxic microglia
as a target of BANA. Strikingly, the treatment of already

paralytic rats with BANA resulted in a 32% increase in post-
paralysis survival. Therefore, our data extend previous studies
showing that genetic or pharmacological inhibition of NF-κB
pathways in ALS models can reduce disease symptoms and
prolong survival [13, 16, 41], and for the first time we report
the benzoic acid derivative BANA as an NF-κB inhibitor that
exerts a protective effect when delivered post-paralysis in an
ALSmodel. Such a therapeutic approach seems adapted in the
clinical setting of ALS where drug treatment is initiated only
after the development of motor symptoms. Translated to ALS
patients, the protective effect of BANA might result in de-
layed paralysis progression and extended survival.

BANAwas particularly active to target NF-κB inmicroglia
cultures including those isolated from the symptomatic
SOD1G93A rat spinal cord. SOD1G93A microglia can exhibit

Fig. 6 BANA (100 mg/Kg) reduces synaptic input loss of motor neurons
and prevents NMJ denervation. (a) Representative confocal images show-
ing βlll-Tubulin-positive neurons (blue) in the ventral horn of lumbar
spinal cord costained with synaptic vesicle markers VGlut-1 (green)
and synaptophysin (red). Note that post-paralysis treatment with BANA
after 15d of from onset significantly prevented synaptic terminal loss that
contact motor neuron cell bodies. Scale bar = 10 μm. (b) NMJs denerva-
tion analysis in whole-mounted EDLmuscles. The panels show represen-
tative confocal images used to assess the innervation pattern of NMJs in
different experimental conditions. α-bungarotoxin-FITC (red) staining
was used to analyze motor endplates. Synaptophysin-AlexFluor 555

and heavy chain of neurofilaments-Alexa Fluor 555 (green) were used
to visualize the motor axon branches and presynaptic terminals. Arrows
indicate typical denervated motor endplates. Scale bar = 50 μm. (c)
Graphs represent the quantitative analysis of synaptic vesicles in contact
with motor neuron cell bodies (left and middle graphs), and NMJ occu-
pancy defined as the overlapping of neurofilament/synaptophysin and
αBTX staining (graph to the right), expressed as percent with respect to
the nontransgenic condition. All data are expressed as mean ± SEM; data
were analyzed by the Mann–Whitney comparisons test or unpaired t test
between vehicle and BANA groups, *p = 0.0474 (VGlut-1), *p = 0.0447
(synaptophysin) *p = 0.0324 (NMJ). n = 4 animals per condition
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an aberrant phenotype with increased proliferation and neuro-
toxic potential [5, 6], suggesting they fuel local inflammation
and exert a deleterious influence on neuronal survival. In ALS
models, the classical NF-κB pathway is related to persistent
microglial activation with accelerated disease progression [13,
42]. Here, we identified a specific subset of microglia
displaying NF-κB-p65 nuclear translocation localized in the
close surrounding of spinal motor neurons. Such microglia
appeared to functionally interact with motor neurons in
autopsied spinal cords from sporadic ALS patients and also
in symptomatic SOD1G93A rats, but not in respective controls.
These results are in accordance with previous reports showing
20% of spinal cord microglia displaying nuclear NF-κB-p65
colocalized with TDP43 in sporadic ALS subjects [16]. Our
results strongly suggest a clear causal association of nuclear
NF-κB in microglia with progressive motor neuron damage
and neuromuscular junction loss. Notably, post-paralysis
treatment with BANA for 15 days resulted in a significant
reduction of perineuronal microglia bearing NF-κB-p65-
positive nuclei, suggesting the potential of BANA to target
this particular subset of microglia.

SOD1G93A rats receiving post-paralysis treatment with
BANA not only had prolonged survival and decreased nuclear
NF-κB-p65-positive microglia but also exhibited healthier
motor neurons as assessed by reduction of neurons displaying
nitrotyrosine and ubiquitin staining. Accumulation of ubiqui-
tin immunoreactivity denotes ER stress and proteinopathy
[43, 44] while nitrotyrosine staining is a marker of oxidative
and nitrative stress preceding apoptosis in motor neurons [39,
45]. BANA treatment also preserved the reduction of the num-
ber, size, and synaptic inputs of spinal motor neurons as well
as the number of innervated neuromuscular junctions in the
EDL muscle, further confirming the neuroprotective effect of
BANA in ALS SOD1G93A rats.

Because of the nitroalkene functional electrophilic group,
BANA appears as a covalent binder drug with the ability to
react with nucleophiles such as glutathione or sulfhydryl
groups in cysteine residues. The advantages and limitations
of such a drug class have been previously reviewed [46, 47].
However, the reactivity with cysteine residues in key protein
complexes controlling inflammatory signaling pathways such
as NF-κB, Keap1-Nrf2, and PPARγmay be of significant
therapeutic value in neurodegenerative diseases [48–51]. In
this context, BANA may be compared with electrophilic en-
dogenous nitro-fatty acids that in addition to inhibiting NF-κB
by covalently targeting NF-κB-p65, also induce the Keap1/
Nrf2 pathways and exert neuroprotective effects in ALS
models [20]. BANA could also be compared with the electro-
philic drug dimethyl fumarate approved for the treatment of
multiple sclerosis and currently assayed in ALS clinical trials
[35, 52, 53]. While the mechanism of action of dimethyl fu-
marate seems to primarily involve Keap1/Nrf2 activation and
NF-κB inhibition [54, 55], in our experimental setup it failed

to inhibit NF-κB stimulated by LPS and TNFα in cultured
microglia, suggesting a different mechanism of action than
BANA.

It is unlikely that BANA’s neuroprotective effect in
SOD1G93A rats is solely due to its specific effect on NF-κB-
activated microglia. Firstly, targeting NF-κB is complicated
due to its ubiquitous expression and diverse functions in dif-
ferent cell types [12]. Also, BANA could target other
cytoprotective signaling pathways in addition to NF-κB, in-
cluding Nrf2-ARE and/or PPARγ as is the case of other elec-
trophilic nitroalkene-containing compounds [19, 22]. BANA
could also target neural and immune cells in the peripheral
nervous system, which are also known to modulate paralysis
progression in ALS [33, 56, 57]. Finally, BANA may also
target relevant cysteine residues that affect mutant SOD1 con-
formational states and neurotoxicity, thus comparing with the
proposed mechanisms of action of CuATSM [58, 59].

After oral administration, BANA appears to reach a low
micromolar concentration in plasma. Although we have not
directly determined the uptake of BANA through the blood-
spinal cord barrier, it can be inferred that BANA can be a
substrate of monocarboxylic acid type-1 transporters, which
are known to transport benzoic acid and salicylic acid to the
CNS [60]. Evidence also indicates significant alterations in the
blood-spinal cord barrier in ALS, including endothelial cells
and pericyte degeneration, capillary leakage, downregulation
of tight junction proteins, and microhemorrhages [61], which
likely play a pathogenic mechanism aggravating motor neu-
ron damage [62]. Because restoring blood-brain-barrier integ-
rity retards the disease process in ALS animal models [62],
BANA might also protect vascular pathology in ALS through
modulation of NF-κB signaling in endothelial cells and
pericytes [63].

In conclusion, here we show evidence for the neuro-
protective effect of the nitroalkene benzoic acid derivative
BANA in a model of inherited ALS exerting a disease-
modifying effect when administered after paralysis onset.
While the inhibitory effects of BANA on NF-κB activa-
tion are systemic and possibly involves multifaceted cell
types, strikingly, the present data identifies a subset of
NF-κB-positive ALS-associated microglia surrounding
spinal motor neurons as pathogenic-relevant targets of
the drug. Here we show for the first time the emergence
of such perineuronal NF-κB-positive microglia in autopsy
samples from sporadic ALS cases, providing further in-
sight on pathological microglia-motor neuron crosstalk in
ALS that can be pharmacology targeted by BANA.
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