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ABSTRACT: The debilitating neurodegenerative disease known as amyotrophic lateral sclerosis (ALS) is characterized by the
progressive loss of motor neurons (MNs) in the brain, spinal cord, and motor cortex. The ALS neuroinflammatory component is
being characterized and includes the overexpression of mediators, such as inducible nitric oxide synthase (iNOS) and tumor necrosis
factor-a (TNF-a). Currently, there are no effective treatments for ALS. Indeed, riluzole, an N-methyl-D-aspartate (NMDA)
glutamate receptor blocker, and edaravone, a reactive oxygen species (ROS) scavenger, are currently the sole two medications
approved for ALS treatment. However, their efficacy in extending life expectancy typically amounts to only a few months. In order to
improve the medicaments for the treatment of neurodegenerative diseases, preferably ALS, novel substituted 2-methyl-3-
indolylacetic derivatives (compounds II—-IV) were developed by combining the essential parts of two small molecules, namely, the
opioids containing a 4-piperidinyl ring with indomethacin, previously shown to be efficacious in different experimental models of
neuroinflammation. The synthesized compounds were evaluated for their potential capability of slowing down neurodegeneration
associated with ALS progression in preclinical models of the disease in vitro and in vivo. Notably, we produced data to demonstrate
that the treatment with the newly synthesized compound III: (1) prevented the upregulation of TNF-a observed in BV-2 microglial
cells exposed to the toxin lipopolysaccharides (LPS), (2) preserved SHSY-SY cell survival exposed to -N-methylamino-L-alanine (L-
BMAA) neurotoxin, and (3) mitigated motor symptoms and improved survival rate of SOD1G93A ALS mice. In conclusion, the
findings of the present work support the potential of the synthesized indolylacetic derivatives II—-IV in ALS treatment. Indeed, in the
attempt to realize an association between two active molecules, we assumed that the combination of the indispensable moieties of
two small molecules (the opioids containing a 4-piperidinyl ring with the FANS indomethacin) might lead to new medicaments
potentially useful for the treatment of amyotrophic lateral sclerosis.
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1. INTRODUCTION
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spinal cord, and motor cortex." The disease often manifests at
its peak between 45 and 60 years of age, with a 3—5 year
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postdiagnosis survival period. However, ALS may manifest a
clinically diverse pathophysiology, with some patients exhibit-
ing a less severe course and longer survival times.”* Clinically,
fasciculation and an increase in muscular weakness are linked
to motor neuron loss. Patients suffer from paralysis in the final
stages of the illness. Furthermore, minor memory loss and
cognitive impairment may be present in up to 50% of
individuals. The ultimate result of ALS is paralysis and an early
death that is typically brought on by respiratory failure.*™

Degeneration of motor neurons in the spinal anterior horn
and motor cortex, as well as axon loss in the lateral columns of
the spinal cord, are the neuropathological characteristics of this
neuromuscular disease.”

ALS is classified in two types: the familiar form (fALS) is the
less frequent type of ALS and comprises approximately 5—10%
of cases and the sporadic form (sALS) that represents the most
common cause of ALS.*’

The neuroinflammatory component of ALS is being
characterized and includes the overexpression of mediators
such as iINOS and TNF-a. Furthermore, complement
involvement, macrophages and lymphocyte infiltration, micro-
glia activation, and reactive astrocytes have been associated
with this condition.'’

Currently, there are no effective treatments for ALS. Indeed,
riluzole, a NMDA glutamate receptor blocker, and edaravone,
a ROS scavenger, are currently the sole two medications
approved for ALS treatment. However, their efficacy in
extending life expectancy typically amounts only few months."!

Indole scaffolds are the most common moiety in bicyclic
heterocyclic structures present in natural and synthetic
biologically relevant compounds. The indole group may be
found in neurotransmitters and autacoids such as serotonin,
melatonin, and melanin, derived from the amino acid
tryptophan, and in several alkaloids. Numerous synthetic
methods have been elaborated to obtain thousands of small
molecules based on the indole scaffold,'”'® and almost 500
indole-based compounds are listed in DrugBank."*

Over the years, indole has proved to be a useful scaffold for
the design of compounds provided with anti-inflammatory
properties such as indomethacin, acemetacin, and etodolac.
Additionally, indomethacin has been previously demonstrated
to be efficacious in different experimental models of neuro-
inflammation.">™"”

Aiming to develop novel medicaments for the treatment of
this neurodegenerative disease, two 2-methyl-3-indolylacetic
derivatives, hereinafter identified as compounds II and III
(Figure 1), already described as analgesic and anti-inflamma-
tory compounds,'® were selected and evaluated for their
potential capability of slowing down neurodegeneration
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Figure 1. Chemical structures of compound II (R = H) and
compound III (R = CH,CH;).
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associated with ALS progression preclinical models in vitro
and in vivo.

The analgesic activities were comparable to indomethacin,
while notably neither of the compounds exhibited any gastric
effects (gastric damage evaluated as the lengths of the lesions
in millimeters;15 indomethacin 50 + 8 mm vs compound III 3
+ 0.6 mm and compound II 0 mm).

Additionally, compound IV was synthesized as a molecular
hybrid of compound II with 4-hydroxythiobenzamide (Figure

2).
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Figure 2. Chemical structure of compound IV.

The design of these molecules was done with the attempt of
reducing the release of proinflammatory factors in the CNS.
Neuroinflammation represents a crucial neurodegenerative
mechanism; in fact, over the years, several findings associated
this process to many neurodegenerative diseases, including
multiple sclerosis (MS), Alzheimer’s disease (AD), Parkinson’s
disease (PD), and amyotrophic lateral sclerosis. For this
reason, several therapeutic interventions have been proposed
with the aim of slowing down or blocking inflammation
progression occurring in neurodegenerative diseases, with
particular emphasis given to the role of TNF-a.'” >

2. MATERIAL AND METHODS

All of the commercial reagents and solvents have been
purchased from Merck-Sigma-Aldrich. Utilizing a Heidolph
MR Hei-Standard magnetic stirrer, reactions were agitated at
400 rpm. A Buchi R-114 rotary evaporator was used to
concentrate the solutions under low pressure. Using Merck
silica gel 60 F254 plates that had a fluorescent indicator
applied and UV light (254 nm) to visualize the reactions, TLC
was used to monitor each reaction. A silica gel column
(Kieselgel 60) was used for preparatory chromatographic
purifications.

Utilizing a microwave oven (ETHOS 1600, Milestone)
specifically developed for organic synthesis, microwave
reactions were carried out. A preliminary analysis was done
to determine the ideal profile power/time and temperature for
the synthesis. An embedded fluoroptic probe that was
microwave-transparent was used to directly measure the
temperature of the agitated reaction mixture.

The uncorrected melting points were obtained with a Buchi
Melting Point B-540 device. Final product mass spectra were
obtained using an LTQ Orbitrap XLTM Fourier transform
mass spectrometer (FTMS) fitted with a positive mode-
operating ESI ION MAXTM (Thermo Fisher, San José, CA,
USA) source. Utilizing a Varian Mercury Plus 600 MHz
device, we recorded NMR studies. Every spectrum was
captured in DMSO-dg. Chemical shifts are indicated in ppm.
When applicable, the abbreviations s (singlet), d (doublet), dd
(double doublet), q (quartet), and m (multiplet) are used to
indicate peak patterns.
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Scheme 1. Synthetic Route for Compounds II-IV
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2.1. Chemistry. For the preparation of compounds II-IV,
we followed with modifications the procedures adopted in the
literature.”’ The synthetic route is reported in Scheme 1.
Microwave irradiation proved to increase the yields and reduce
the reaction times for the preparation of intermediates 1,
compound III and II. Briefly, a reductive amination of p-
anisidine with 1-methylpiperidin-4-one in the presence of
sodium cyanoborohydride in CH;OH containing 1% of acetic
acid by microwave irradiation was carried out to obtain the
aniline derivative 1. The hydrazine 2 was obtained via
nitrosation and subsequent reduction with LiAlH, of the
resulting nitro group. Afterward, compound III was prepared
by the Fischer indole synthesis, using a single acid catalyst in
“one-pot” conversion by flash microwave irradiation yielding
compound III in very high yield 92% and short irradiation time
(55') (Scheme 1). Starting from compound III, compound II
was obtained by ethyl ester saponification. Coupling of this
latter with 4-OH-thiobenzamide by EDC gave the desired ester
corresponding to compound IV.

2.1.1. N-(1-Methyl-4-piperidinyl)-4-anisidine (1). p-Anisi-
dine (10 g, 0.081 mol) and 1-methylpiperidin-4-one (7.1 g
0.063 mol) were dissolved in a CH;OH/CH;COOH mixture
(60 mL, 99:1, v/v) and were stirred at room temperature for
10 min. NaBH;CN (2.58 g, 0.041 mol) was dissolved in
methanol (10 mL), and once added to the reaction, the
mixture was heated by microwave (1 h, 45 °C, 300W). The
solvent was removed by evaporation, and the crude substance
was then dissolved in 350 mL of ethyl acetate. Three S0 mL
portions of brine and 50 mL of water were used to wash it.
Na,SO, anhydrous was used to dry the organic layer, and the
solvent was then evaporated once more. After chromatography
with a 6:4 dichloromethane/methanol eluent on a silica gel
column, 13.04 g of compound 1 was obtained as an oil in a
yield of 95%.

2.1.2. N-(1-Methyl-4-piperidinyl)-4-anisylhydrazine (2). N-
(1-Methyl-4-piperidinyl)-4-anisidine (1, 6.5 g, 0.03 mol) in 70
mL of absolute ethanol was cooled to 0 °C and stirred. Slowly,
63.3 mL of 37% HCl was added. A solution of NaNO, (2.64 g,
0.04 mol) in 1S mL of water was then added dropwise,
maintaining the temperature below 0 °C. The mixture was
stirred at 0 °C for an additional 3 h. Then, 200 mL of water
was added, and the mixture was treated with 6N NaOH until it
became alkaline. The solution was extracted with ethyl acetate

1998

(3 X 200 mL), washed with water, dried over anhydrous
Na,SO,, and filtered, and the solvent was removed. The
resulting crude nitroso compound was utilized without
additional purification. It was dissolved in THF and added
dropwise to a suspension of LiAlH, (3.2 g) in 28 mL of THF.
The mixture was stirred at reflux for 1 h and then allowed to
cool to room temperature. Subsequently, 10 mL of water and
10 mL of 3N NaOH were added dropwise. The mixture was
filtered through Celite, and the residue was washed multiple
times with dichloromethane. The solvent was evaporated,
yielding 6.1 g of compound 2 (88%).

2.1.3. Ethyl 2-(5-methoxy-2-methyl-1-(1-methylpiperidin-
4-yl)-1H-indol-3-yl)acetate (Compound Ill). N-(1-Methyl-4-
piperidinyl)-4-anisylhydrazine 2 (4.7 g, 0.020 mol) and ethyl
levulinate (2.88 g, 0.020 mol) were placed in a closed vessel,
using 80 mL of absolute ethanol as the solvent. The mixture
was heated using microwave irradiation at 78 °C, and the
reaction was stirred for 40 min (400W). The residue was
dissolved in absolute ethanol, treated with sulfuric acid (96%, 1
mL), and added in a closed vessel. The mixture was heated to
78 °C by microwave irradiation (400 W) for 1S min and then
alkalinized by adding 1IN NaOH solution.

After removing the ethanol by evaporation, ethyl acetate was
added as a solvent and the extraction was performed three
times (3 X 150 mL). The organic phases were washed with
brine and then dried over anhydrous Na,SO, and filtered.
Finally, the solvent was removed under vacuum and the crude
product was purified by silica gel open chromatography using
dichlorometane/methanol/NH,OH (94:5:1 v/v) as an eluent.
Compound III (6.4 g) was obtained with a yield of 92% and a
melting point of 68—70 °C.

'H NMR (600 MHz, DMSO-d,) & 7.39 (d, 1H, J = 8.9 Hz),
693 (d, 1H, J = 2.1 Hz), 6.66 (dd, 1H, J = 8.9 Hz, 2.1 Hz),
4.16 (m, 1H), 4.06 (q, 2H, ] = 6.9 Hz), 3.74 (s, 3H), 3.62 (s,
2H), 2.91 (m, 2H), 2.36 (m, SH), 2.24 (s, 3H), 2.10 (m, 2H),
1.69 (m, 2H), 1.18 (t, 3H, J = 6.9 Hz).

3C NMR (150 MHz, DMSO-d,) § 172.0, 153.4, 135.3,
129.9, 1292, 112.1, 110.0, 104.1, 100.8, 60.4, 55.8, 55.6, 53.4,
46.4, 30.6, 30.5, 14.6, 11.5. ESI-MS: 3452 [M + H]*.

2.1.4. 2-(5-methoxy-2-methyl-1-(1-methylpiperidin-4-yl)-
1H-indol-3-yl)acetic acid (Compound II). Ethyl 2-(S5-me-
thoxy-2-methyl-1-(1-methylpiperidin-4-yl)-1H-indol-3-yl)-
acetate (III, 4 g, 0.011 mol) was placed in a closed vessel and
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dissolved in 70 mL of ethanol. Then, a solution of 1 N NaOH
(40 mL) was added. The mixture was heated to 78 °C by
microwave irradiation for 3 min (500 W) and then neutralized
with a solution of 1 N HCL

After removal of the ethanol by evaporation, ethyl acetate
was added as a solvent, and the extraction was performed three
times (3 X 150 mL). The organic phases were washed with
brine and then dried over anhydrous Na,SO, and filtered.
Finally, the solvent was removed under vacuum, and
compound II was obtained (3.4 g) with a yield of 98% and a
melting point of 172—173 °C.

'H NMR (600 MHz, DMSO-d;) 5 7.49 (d, 1H, J = 8.9 Hz),
693 (d, 1H, J = 2.1 Hz), 6.66 (dd, 1H, J = 8.9 Hz, 2.1 Hz),
425 (m, 1H), 3.73 (s, 3H), 3.55 (s, 2H), 3.05 (m, 2H), 2.54
(m, 2H), 2.36 (m, SH), 2.35 (s, 3H), 1.73 (m, 2H).

BC NMR (150 MHz, DMSO-dg) & 173.8, 153.3, 135.0,
129.8, 129.4, 112.0, 109.8,105.1,101.1, S5.8, 55.2, 52.8, 45.8,
31.0, 30.0, 11.5. ESL-MS: 317.2 [M + HJ".

2.1.5. 4-Carbamothioylphenyl-2-(5-methoxy-2-methyl-1-
(1-methylpiperidin-4-yl)-1H-indol-3-yl)acetate (Compound
V). [5-Methoxy-2-methyl-1-(1-methylpiperidin-4-yl)-1H-
indol-3-yl]-acetic acid (II, 1 g, 0.00316 mol) was dissolved in
dimethylformamide (10 mL); EDAC (0.67 g, 0.00340 mol)
and DMAP (0.040 g, 0.000316 mol) were added, and the
reaction mixture was kept under stirring for 10 min at a
temperature of 0 °C. Then, 4-hydroxythiobenzamide (0.73 g,
0.00474 mol) was added to the mixture, and the reaction was
kept under stirring at room temperature overnight. The solvent
was removed by distillation under reduced pressure, and the
residue was purified by silica gel column chromatography
(dichloromethane/methanol, 8:2, v/v) giving 630 mg of
compound IV. Yield 44%. Yellow solid. M.p.: 145—146 °C.

'H NMR (600 MHz, DMSO-d,) & 9.90 (s, 1H), 9.52 (s,
1H), 7.93 (d, 2H, J = 8.6 Hz), 7.49 (d, 1H, ] = 8.9 Hz), 7.14
(d,2H, ] =8.6 Hz),6.93 (d, 1H, ] = 2.1 Hz), 6.73 (dd, 1H, ] =
8.9 Hz, 2.1 Hz), 4.53 (m, 1H), 3.99 (s, 2H), 3.78 (s, 3H), 2.94
(m, 2H), 2.43 (s, 3H), 2.42 (m, 2H), 2.28 (s, 3H), 2.14 (m,
2H), 1.73 (m, 2H).

3C NMR (150 MHz, DMSO-d,) 6: 199.0, 170.2, 153.1,
152.8, 137.0, 135.2, 129.7, 128.8, 128.7, 121.2, 114.3,
109.7,102.9,100.4, SS.4, §S5.1, 52.9, 45.9, 30.0, 29.9, 11.1.
ESL-MS: 452.3 [M + H]*.

2.2. Cell Lines. Human neuroblastoma SH-SYSY cell
cultures (Cell bank Line Collection ICLC) and immortalized
murine microglial BV-2 cell lines were grown as monolayers in
polystyrene dishes (12 or 6 wells plate) in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% (v/v) fetal bovine serum
(FBS), L-glutamine (2 mM), 1% penicillin (50 IU/mL), and
streptomycin (S0 pg/mL). Cells were grown in a humidified
atmosphere containing 95% air and 5% CO2, and the medium
was changed every 2 days. All experiments were conducted in
cultures containing cells between the fourth and eighth
passages.

SH-SYSY and BV-2 cells were plated with a confluence of
65.000 cell/mL. After 24 h of cell seeding, medium was
changed for 6 h starvation in a medium without FBS.

In order to reproduce in vitro some of the ALS features, the
cyanobacterial toxin -N-methylamino-L-alanine (L-BMAA) at
2 mM for 120 h in a medium without FBS was used on SH-
SYSY cells, as previously reported.”* > The neurotoxin was
replaced after 1, 3, or S days while indolylacetic derivatives II,
I, and IV (1,10, 100 nM and 1 uM) were added 20 min
before each L-BMAA treatment to the medium.

1999

BV-2 cells were exposed to bacterial toxin lipopolysacchar-
ides (LPS) at 100 ng/mL and indolylacetic derivatives II, III,
and IV (100 nM) for 24 h in a medium without FBS.

Cells were exposed to compounds or vehicle (control, ctl,
medium without FBS) and, after 24 h, were analyzed for
Western blotting experiments or MTT assay.

2.3. Determination of Cell Viability and Nitric Oxide
Production. Cell viability was revealed as previously
described”* by using the MTT (Sigma-Aldrich, Milan Italy)
staining.

In particular, the media was removed from the cells after 24
h of treatment, the cells were then incubated for 1 h at 37 °C
in 0.5 mg/mL of MTT solution. Acidified isopropanol (500
uL) was added to halt the incubation and dissolve the
formazan salt. A spectrophotometer was used to measure the
absorbance at 540 nm to determine the viability.

Using the Griess method, nitrite was evaluated to determine
the amount of nitric oxide (NO) produced in supernatants.”
The media was reacted with the same volume of Griess reagent
(0.1% N-1-naphthylenediamine dihydrochloride and 1%
sulfanilamide in 1% phosphoric acid) for 10 min, and
absorbance at 540 nm was measured by a spectrophotometer
(SpectraMax iD$). Background correction was achieved using
the same cell culture medium as blank.

2.4. Western Blot Analysis. Western blot analysis was
performed as previously described.”* Protein samples (50 pg)
were analyzed on 8% SDS-polyacrylamide gel subjected to
electrophoresis (SDS-PAGE) and electrotransferred onto
Hybond ECL nitrocellulose paper (Amersham, Milan, Italy).
Membranes were blocked with 3% BSA in 0.1% Tween-20
(TBS-T; 2 mM Tris—HCI, 50 mM NaCl, pH 7.5) for 1 h at
RT and subsequently incubated overnight at 4 °C in the
blocked buffer with antibodies against iNOS (Rabbit
monoclonal 1:1000 dilution; abcam), COX2 (Rabbit poly-
clonal 1:1000 dilution, byorbyt), TNF-a (Rabbit polyclonal
1:1000 dilution, Cell Signaling), and p-Actin (Mouse
monoclonal, 1:10000, Sigma-Aldrich). Tween 20 (0.1%) was
used to wash membranes that were then incubated with the
secondary antibodies at room temperature for 1 h (1:1000;
Amersham, Milan, Italy).

Immunoreactive bands were detected using an ECL
(Amersham). Chemi-Doc Imaging System (Bio-Rad, Segrate,
Italy) was used to determine the optical density of the bands
(normalized for S-actin).

2.5. Animal Model. Tests were carried out on mice
B6SJLTgN(SOD1G93A)1Gur overexpressing human SODI,
containing the Gly93Ala mutation (The Jackson Laboratory,
stock number 002726). They were identified by PCR
genotyping according to protocol provided by The Jackson
Laboratory’s.”

In total, 24 male and female mice maintained in rooms with
12 h darkness and light cycles were used. Every experimental
group included an equal number of male and female mice (12
vs 12).

According to international criteria for animal research,
experiments, which included chemical administrations and
behavioral tests, were conducted between 12 and 4 p.m. and
were approved by the Ministry of Health, Italy (759/2019-PR)
and the Animal Care Committee of Federico II University of
Naples, Italy. Every attempt was made to lessen the amount of
pain experienced by animals and to use fewer animals overall.

2.6. In Vivo Treatment. The compound III, dissolved in
0.9% (isotonic) saline, was intraperitoneally administered (1
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Figure 3. Survival of SHSY-5Y cells exposed to L-BMAA neurotoxin induced by compounds II, III, and IV. The MTT assay was performed 24 h
after the last exposure to compounds and L-BMAA. Compounds II, III, and IV were added 20 min before each L-BMAA-exposure. Each data point
is the mean &+ SEM. One-way ANOVA followed by Bonferroni’s multiple comparison test was used for statistical analysis. n = at least 3 for group.

*p < 0.05 versus control.

uL) everyday at a dose of 1 or 10 mg/kg, starting at 2 months
of age up until 4.5 months of age.

2.6.1. Evaluation of Motor Performance. Behavioral tests
were performed once per week. For the hind limb test, the
mouse was positioned on a grid (45 cm long X 28 cm large).
The lid was lightly shaken to allow the animal to hold onto the
grid, before it was quickly turned upside down. The amount of
time that the mouse was able to stay on the grid was used to
calculate its grip score. Cut-off time was arbitrary set at 90 s.¢

A five-station mouse rotarod apparatus was used to evaluate
balance and motor coordination (Ugo Basile; Milan, Italy).26
The rod measured 6 cm in length and 3 cm in diameter at each
site. The mice were trained to keep their balance while being
sped up to a steady speed of 14 rpm for three trials in a row. A
single rotarod trial, given once a week, was used to administer
the tests. For a time interval of 180 s, the rotational speed was
increased from 4 to 14 rpm. The latencies to fall of the mice
were assessed once a week and then averaged after they
completed three trials on the rotarod. The mice that did not
fall at all were given a maximum delay of 180 s. The paralysis of
the rear limbs was assessed every week. The animal was scored
for having paralyzed hind limbs when it was dragged by one of
its hind limbs. When the mouse was unable to utilize its
forelimbs to walk or turn itself around, it was assessed as
having paralysis of that limb. The weight of the mouse was
taken at the right before each behavioral test session.

When mice were placed on their sides and could not correct
themselves after 20 s, it was considered the final stage of the
disease.

2.7. Statistical Analysis. The data was assessed using
means + SEM. One-way ANOVA was used to identify
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statistically significant differences between means, and for
Western blotting, the Student—Newman—Keuls/Bonferroni
posthoc test was used to confirm the results.

Behavioral test (grip and rotarod) results were analyzed by
two-way ANOVA followed by the posthoc test. Utilizing the
Kaplan—Meier plot, survival was assessed. The student’s ¢ test
was employed to compare the two groups. At the 95%
confidence level, statistical significance was deemed acceptable
(p < 0.05). In order to conduct statistical analysis, GraphPad
Prism 5.0 (La Jolla, CA, USA) was used. Every experiment was
conducted in a blinded manner.

3. RESULTS AND DISCUSSION

3.1. Indolylacetic Derivatives Enhanced the Survival
of Neuronal Cells Exposed to L-BMAA and Reduced
Neuroinflammation. To test whether indolylacetic deriva-
tives protect against L-BMAA-induced toxicity, human SH-
SYSY neuroblastoma cell cultures were treated with L-BMAA
and compounds II-IV. MTT assay, used to quantify cell
survival, was carried out in (1) vehicle exposed cells (control,
Ctl), (2) L-BMAA exposed cells, and (3) cells exposed to L-
BMAA and different concentrations of the newly synthesized
compounds II-IV (1, 10, and 100 nM and 1 uM)).
Surprisingly, all derivatives were able to rescue the toxic effect
induced by L-BMAA exposure (Figure 3).

Indolylacetic derivatives II-IV enhanced the survival of
neuronal cells exposed to L-BMAA. Furthermore, Western
blotting with the inflammation markers COX,, iNOS, and
TNF-a antibodies revealed that compounds II and IV were
able to prevent iNOS elevation in microglial BV2 cells elicited
by LPS (Figure 4), unlike compound III, which did not even
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Figure 4. Effects of compounds II-IV on iNOS expression induced
by LPS exposure in microglia cell cultures. Representative Western
blots and densitometric quantification of iNOS levels in BV-2
microglial cell cultures. Data were normalized on the S-actin levels. n
= at least 3 for column. Each data point is the mean + SEM. One-way
ANOVA followed by Bonferroni’s multiple comparison test was used
for statistical analysis. *p < 0.0S versus control.
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Figure 6. Effects of compounds II-IV on LPS-induced TNF-a
expression in microglia cells. Representative Western blot and
densitometric quantification of TNF-a in BV-2 microglial cells.
Data were normalized on the f-actin levels. n = at least 3 for column.
Each data point is the mean + SEM. One-way ANOVA followed by
Bonferroni’s multiple comparison test was used for statistical analysis.
*p < 0.05 versus control; Ap < 0.05 versus LPS 100 ng/mL.

attenuate the production of nitric oxide (Figure S5). By
contrast, compound III was able to prevent the overexpression
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Figure 5. Effect of compound III on NO generation induced by LPS
in BV-2 microglia cell cultures. Each data point is the mean + SEM.
One-way ANOVA followed by Bonferroni’s multiple comparison test
was used for statistical analysis. n = at least 3 for column. ****p <
0.0001 vs control group.

of TNF-a induced by LPS exposure (Figure 6). All considered
compounds did not modify the COX, expression (Figure 7).
Notably, reactive astrocytes and microglia in the central
nervous system (CNS) may release TNF-q, one of the primary
mediators of the inflammatory response. Indeed, elevated
TNEF-a has been reported in CNS tissue, serum, cerebrospinal
fluid, and plasma from ALS patients as well as transgenic
animal models of the disease.
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Figure 7. Effects of compounds II-IV on LPS-induced COX2
expression in microglia cells. Representative Western blot and
densitometric quantification of COX2 in BV-2 microglial cells. Data
were normalized on the f-actin levels. n = at least 3 for column. Each
data point is the mean + SEM. One-way ANOVA followed by
Bonferroni’s multiple comparison test was used for statistical analysis.

3.2. Prolonged Compound Il Treatment of SOD1
G93A Mice Reduced Motor Symptoms and Improved
Survival Rate. Behavioral tests were conducted on WT and
SOD1 G93A mice on a weekly basis beginning from the
second month after birth (P60), when ip administration of
compound III commenced and the mice were asymptomatic,
to determine whether the reduced neuroinflammatory
response seen in vitro through the effect on TNF-a expression
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Figure 8. Effect of prolonged compound III treatment on motor symptoms and survival rates in ALS-affected mice (SOD1 G93A).

was accompanied by an improvement of these mice’s motor
performance. Mice were divided into three experimental
groups: SOD1 G93A+vehicle, SOD1 G93A + compound III
at 1 mg/kg, and SOD1 G93A + compound III at 10 mg/kg,
then weighed, and subjected to rotarod and grip tests.

3.2.1. Survival. Compound III at the higher dose considered
prolonged the ALS mice survival rate (Figure 8A). Indeed, the
lifespan of vehicle-treated SOD1 G93A mice was 95 + 13 days,
while that of ALS mice treated with compound III at the dose
of 1 mg/kg was 128.0 & 4.8 days and that of ALS mice treated
with compound III at the dose of 10 mg/kg was significantly
longer, being 134.0 & 4.7 days (Figure 8B).

When denervation-induced muscle atrophy produced 15—
20% of the reduction in motor performance, including grip
strength and rotarod performance, it was considered to be the
start of the disease. In fact, the paralysis onset was 33.69 + 1.31
days for the SOD1G93A group treated with vehicle and 42.47
+ 1.59 days for the compound IIl-treated SOD1G93A group.

3.2.2. Body Weight. Body weight loss is usually detected
quite late in vehicle-treated SOD1 G93A mice. Indeed, in all
group SOD1 G93A treated with both vehicle or compound III
for 10 weeks, the weight remained stable over time (Figure
8C).

3.2.3. Grip-Strength Test. The hindlimb grip test was
carried out by placing the mouse upside-down on a grid and
evaluating the latency to fall off the grid up to a maximum of
90 s. After S weeks of therapy, the loss of limb strength became
apparent in the vehicle-treated SOD1 G93A mice (ALS
+vehicle: 71.9 + 25.8 s). However, in ALS mice treated with
compound III, the grip performance was slightly but not
significantly improved from the fifth week of treatment (ALS
+1 mg/kg: 84.8 + 11.6 s; ALS+10 mg/kg: 86.9 + 5.5 s), in
particular with the higher dosage of compound II (Figure
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8D). The best results were observed with compound III 10
mg/kg at the thenth and eleventh week of treatment (Figure
8D).

3.2.4. Rotarod Test. The ability of G93A mice to maintain
balance on an accelerating rotarod during the course of the 10-
week treatment was used to measure the mice’s motor
coordination. Typically, the first 2 weeks of behavioral testing
are regarded as the training phase. Therefore, a progressive
impairment of motor coordination in G93A mice became
evident at the age of 3 months approximatively, at fifth week
after treatment beginning. Unfortunately, there were no overall
statistically significant differences between G93A treatment
groups. A significant improvement in rotarod performance was
observed in G93A mice treated with 10 mg/kg of compound
III at the seventh week of treatment (VII: ALS+vehicle: 99.1 +
61 s; ALS+10 mg/kg: 117.4 + 32.7 s). A slightly but not
significant improvement in motor performances was observed
also after 8 and 10 weeks of treatment (Figure 8E).

4. CONCLUSIONS

In the current manuscript, we provided evidence that the
newly synthesized 2-methyl-3-indolylacetic derivatives: (1)
prevented the upregulation of TNF-a observed in BV-2
microglial cells exposed to the toxin LPS, (2) preserved SHSY-
SY cell survival exposed to L-BMAA neurotoxin, and (3)
enhanced survival rate and alleviated motor signs of
SOD1G93A ALS mice.

Currently, ALS represents a medical need since only few,
nonresolutive treatments are available for this debilitating
neurodegenerative condition, which progresses and results in
the death of motor neurons in the brainstem, spinal cord, and
motor cortex.''
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The ALS neuroinflammatory component is being charac-
terized, and different from the canonical knowledge in the field
attribute to COX activity the main player of this process, it
includes the overexpression and activation of molecular
pathways involving the tumor necrosis factor-a.”"~>* TNF-a
is a cytokine that plays a role in many physiological and
pathological processes. These processes include cell prolifer-
ation, cell death, and inflammation.*~>* In the context of ALS,
TNF-a has been implicated in the neuroinflammatory
processes that contribute to the progression of the
disease.”" >’

Several studies have suggested that compared to healthy
subjects, TNF-a levels are increased in the CNS of people
affected by ALS. This increase is thought to be associated with
the activation of microglia and astrocytes, leading to neuro-
inflammation and subsequent neuronal damage. TNF-a can
induce the generation of further proinflammatory cytokines
and promote inflammatory (})athways, further exacerbating
neuroinflammation in ALS.*°™>* Furthermore, TNF-a has
been linked to neurotoxicity and neuronal death. It can trigger
apoptotic pathways and contribute to excitotoxicity, leading to
the degeneration of motor neurons.”’~*’

However, the role of TNF-a in ALS is intricate and not
completely understood. Some findings indicate that TNF-a
may be not directly involved in SOD1-related ALS.”

Overall, it is possible to hypothesize that TNF-« likely plays
a different role in different ALS phenotypes/genotypes,
contributing to both neuroinflammation and neurotoxicity.
Targeting TNF-a and its downstream pathways may hold
therapeutic potential for ALS treatment.

Based on that reported above, we have developed novel 2-
methyl-3-indolylacetic derivatives able to prevent ALS-induced
TNF-a upregulation. These compounds have been then
evaluated for their potential capability of slowing down
neurodegeneration associated with ALS progression in
preclinical in vitro and in vivo ALS models.

The synthesized compounds II-IV showed that a significant
effect in the control of cell death induced in vitro by the
exposure of SH-SYSY neuronal cell lines to the neurotoxin L-
BMAA. In fact, we and others demonstrated that a form of
ALS/Parkinson’s dementia phenotypically similar to familial
forms of ALS can be induced by the exposure to the L-BMAA
toxin.”* " It has indeed been demonstrated that exposure to
L-BMAA can induce endoplasmic reticulum stress, accumu-
lation of misfolded proteins, and alterations in intracellular
calcium concentrations.”” ™" Furthermore, our research group
recently demonstrated that chronic intraperitoneal admin-
istration of 30 mg/kg for 30 days in Wt mice was able to
reproduce motor and cognitive impairments. Moreover, it was
able to induce the accumulation of the TDP43 protein in the
cytosol of cells exposed to L-BMAA, reproducing the form of
ALS frontotemporal dementia. Therefore, we believe that for
the objectives of the current study, the model of L-BMAA
appears to be adequate to reproduce in vitro some toxicity
mechanisms related to ALS.””

As for the mechanism of action, compounds II and IV were
able to prevent iNOS expression induced in BV2 microglial
cells by LPS exposure. Compound III was able to prevent
TNEF-a expression but not COX,, induced in BV2 microglial
cells by LPS exposure. Furthermore, compound III did not
interfere with NO production, thus avoiding possible damage
to motor neurons recently attributed to high levels of NO.*>**
The use of SHSYSY cells to test the protective effect of the
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newly synthesized compounds in vitro may represent a
limitation of the study. However, in vitro studies were carried
out on SHSYSY cells for a rapid preliminary screening. The
most promising compound, that is, compound III, has been
then evaluated in vivo. Notably, compound III treatment
increased the survival rate in ALS mice (SOD1 G93A), thus
further supporting the neuroprotective effect of this class of
compounds in ALS.

In conclusion, the results described herein support the
potential of the synthesized indolylacetic derivatives II-IV in
ALS treatment. Indeed, in the attempt to realize an association
between two active molecules, we assumed that the
combination of the indispensable moieties of two small
molecules (the opioids containing a 4-piperidinyl ring with
the FANS indomethacin) might lead to new medicaments
potentially useful for the treatment of amyotrophic lateral
sclerosis.
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