
Modulation of Mitochondria−Endoplasmic Reticulum Contacts
(MERCs) by Small Molecules as a New Strategy for Restoring Lipid
Metabolism in an Amyotrophic Lateral Sclerosis Model
Mikel Etxebeste-Mitxeltorena, Hector Flores-Romero, Sandra Ramos-Inza, Esther Masiá,
Maria Nenchova, Jorge Montesinos, Loreto Martinez-Gonzalez, Gracia Porras, Mar Orzáez,
María J. Vicent, Carmen Gil, Estela Area-Gomez, Ana J. Garcia-Saez, and Ana Martinez*

Cite This: https://doi.org/10.1021/acs.jmedchem.4c01368 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Amyotrophic lateral sclerosis (ALS) is a fatal
neurodegenerative disease without effective treatment. The
progressive motoneuron death in ALS is associated with alterations
in lipid metabolism. As its regulation occurs in mitochondria-
associated endoplasmic reticulum (ER) membranes (MAMs),
modulation of mitochondria-ER contacts (MERCs) is emerging as
a crucial factor in MAM formation and lipid metabolism control.
Using the MERLIN biosensor in a high-throughput screening
within the EU-OPENSCREEN ERIC, we discovered small
molecules that increase MERCs in HCT116 cells, enhancing their ability to uptake cholesterol. We demonstrated that cholesterol
trafficking is decreased in an ALS patient-derived cell model, and this trafficking is restored after treatment with the discovered
MERC modulator 24. Electron microscopy revealed that treatment with compound 24 increases MERCs, promotes lipid droplet
formation, and restores mitochondrial cristae. Overall, the brain-permeable MERC modulator, compound 24, may serve as a
valuable pharmacological tool for studying MAM function and holds potential for in vivo studies in ALS and other MAM
dysfunction diseases.

■ INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a rare and fatal
neurodegenerative disease that affects 1 to 2.2 per 100,000
people between 58 and 60 years old.1 Among its pathological
molecular features, the progressive death of motor neurons, the
presence of different proteinopathies such as those caused by
aggregates of the nuclear protein TDP-43 or the antioxidant
enzyme SOD1, neuroinflammation and glutamate excitotox-
icity are the most prevalent.2 Moreover, mitochondrial
dysfunction and alterations in lipid metabolism have been
also been associated with this pathology, emerging as valuable
therapeutic targets.3,4

The regulation of multiple lipid pathways occurs at lipid
nanodomain in the endoplasmic reticulum (ER), known as
mitochondria-associated ER-membranes (MAMs). These
domains are transient and formed by local increases in the
levels of cholesterol in the ER that result in the recruitment of
specific proteins involved in multiple metabolic processes,
including the production, storage, and export of lipids.5

Moreover, the formation of MAMs provides a functional
platform for the crosstalk between these two organelles.6

Defects in the formation of MAMs have been associated
with neurodegenerative disorders, including ALS,7 but their
role in the disease remains unknown. Likewise, disruptions in

lipid metabolism have been linked to ALS. Specifically,
anomalies in the levels of cholesterol and specific sphingolipid
classes, such as ceramides and sphingomyelins, or deficiencies
in the enzymes responsible for their metabolism, such as
ceramidases and sphingomyelin synthase, are implicated in the
onset and progression of ALS.8 Taken together, these data
implicate MAM dysfunction as key step in the pathogenesis of
ALS and justify the modulation of MAMs as a potential novel
therapeutic target.

Specific tools for the quantification of MERCs have
contributed to our understanding of these contact sites. In
particular, we developed a novel bioluminescence resonance
energy transfer (BRET)−based biosensor called MERLIN
(Mitochondria−ER Length Indicator Nanosensor).9 This
biosensor is a modular, genetically encoded system in which
each of the two components of the BRET pair are linked to the
ER or the mitochondrial outer membrane (Figure 1).
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MERLIN serves as a proximity sensor for assessing distances
between the ER and mitochondria in cell under physiological
conditions or after genetic or pharmacological manipulation.10

Here, we optimized the use of the MERLIN biosensor in a
specialized screening site of the ERIC EU-OPENSCREEN to
discover small molecules capable of modulating MERCs. Our
data revealed a set of selected hits able to enhance ER-
mitochondria proximity in HCT116 mutant cells. Further hit-
to-lead optimization, lead to valuable pharmacological tools
capable of modulating MERCs in patient-derived cellular
models of ALS, thereby promoting the recovery of ER/
mitochondria lipid fluxes and enhancing mitochondrial health.

■ RESULTS AND DISCUSSION
MERLIN Assay Development and Chemical Library

Screening for the Identification of Compounds Target-
ing MERCs. Given the relevance of MERCs in ALS we aimed
to identify small molecules able to modulate the contacts
between mitochondria and ER (MERCs). For this purpose we
generated a stable human colon cell line (HCT116 cells)
expressing the BRET-based nanosensor MERLIN9 and
optimized a high-throughput assay to screen small molecules
that can modulate MERCs, which may have potential
therapeutic relevance.

First assay optimization was performed by means of the
MyriaScreen Diversity Library,11 comprised of 10,000 high-
purity screening compounds, handpicked to maximize the
chemical diversity while maintaining drug-like properties, in
96-well plates. Subsequently, the assay was miniaturized and
transferred to 384-well plate format required to screen the
European Chemical Biology Library (ECBL) from the
European chemical biology research infrastructure EU-OPEN-
SCREEN. Noteworthy, ECBL has been shown to be a valuable
tool for drug discovery.12 The screening of the entire ECBL,
comprising more than 100,000 compounds,13 was conducted
in 384-well plates, at a final concentration of 15 μM. In the
screening plates, untreated controls were included to
determine the BRET basal signal of the MERLIN-HCT116
cell line. Compounds exhibiting an increase in the BRET signal
greater than the average basal signal plus three standard
deviations were chosen for further analysis. Molecules that
induced cell death, as indicated by a decrease in donor
emission intensity of more than 25%, were excluded in order to
minimize the odds that these compounds affect to the
photophysical properties of the BRET pair proteins. Addition-
ally, compounds showing a 1.5-fold increase in the donor
signal were also eliminated, as their intrinsic fluorescence

might interfere with the assay. After a confirmatory assay to
discard false positives, we performed dose−response curves of
potential candidates, at eight different concentrations (1−46
μM, n = 4). Remarkably, we identified a number of compounds
that effectively increase BRET signal, associated with a
decrease in mitochondria-ER distance in a concentration-
dependent manner, with EC50 values ranging from 8 to 120
μM (data not shown).

All the hits found met the criteria outlined in the high-
throughput screening quality control general guidelines of EU-
OPENSCREEN, including reproducibility, EC50 values, and
low toxicity. Several potential candidates that effectively
modulate MERCs in a concentration-dependent manner
without affecting cell viability were identified. We believe
these identified small molecules may represent promising tools
for further research and analysis into MERCs modulation. In
fact, one of the hits here identified, compound EOS101130
(EC50 = 13.66 μM, R2 = 0.96), is known as MG132, a well-
known proteasome inhibitor14 that induces ER stress and
MERCs,15 which validates the screening.

Among the identified hits, we selected compound
EOS100585 (EC50 = 8.36 μM, R2 = 0.94) due to its low
EC50 value as the best hit to be analyzed. This compound
resulted to be niclosamide (1) (Figure 2), a well-known

antihelmintic agent in clinical use. Recent studies have
indicated that niclosamide may have broad clinical applications
for the treatment of diseases other than those caused by
parasites, including cancer,16 COVID-19,17 and, neurodege-
nerative diseases.18 Furthermore, niclosamide has been
postulated as a therapeutic candidate for ALS as it modulates
TDP-43 pathology in cellular models of ALS, and activates
mitophagy via the PINK1-parkin-ubiquitin pathway.19 How-
ever, nothing is known about its relationship with MERCs
regulation and the potential restoring of lipid metabolism in
ALS.

MERCs Modulation Ability of Niclosamide Deriva-
tives: A Structure−Activity Relationship Study. Niclosa-
mide (1) consists of two substituted phenyl rings linked by an
amide group. With the aim of establishing a structure−activity
relationship, different modifications in the phenyl rings were
proposed considering the inclusion of substituents of different
nature with diverse electrophilic properties, along with
different positions within the aromatic ring. Additionally,
changes in the nature of the aromatic ring were considered.
Thus, the bioisoster thiophene heterocycle, the naphtyl group
or saturated cycles and the change to benzylic or alkylic
moieties were explored (Figure 3). Following this, two parallel
series of amide derivatives were prepared to be biologically
evaluated. The first series derived from the chemical reaction
of substituted anilines with different organic acyl chlorides
such as aromatic, benzylic, aliphatic, etc. led to compounds 1−
23 (Table 1). Analogues with fluorine instead of chlorine atom
in the niclosamide-related scaffold were synthesized to check
the influence of the halogen atom in the biological activity. The
second amide series, compounds 24−34 (Table 1), derived

Figure 1. Scheme illustrating the structure of the MERLIN BRET
biosensor. In MERLIN BRET pair is formed by Renilla luciferase 8
(Rluc8) targeted to the mitochondria with the C-terminal of BCL-XL
(B33C), acting as donor, and mVenus (mVen) targeted to the ER by
the N-terminal of S-calnexin (sCal), performing as acceptor. When in
close proximity and upon the addition of cell permeable
coelenterazine h, Rluc8 processes coelenterazine h into coelenter-
amide, excited product that can transfer the energy to the acceptor by
resonance.

Figure 2. Chemical structure of niclosamide (1).
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from the reaction of 5-chloro-2-hydroxybenzoic acid with
diverse primary or secondary amines. Mainly, different
substituted aromatic or benzylic amines were used.

Although some compounds were previously described, all
the derivatives included in this work were obtained according
to the synthetic pathways outlined in Scheme 1. A convergent

Figure 3. Chemical-related niclosamide derivatives prepared and evaluated as MERCs modulators.

Table 1. 4-Nitrophenylamide (A) and 5-Chloro-2-hydroxybenzamide (B) Derivatives with Their EC50 (BRET) Values
a

an.d. = not determined.
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microwave (MW) assisted synthesis was employed for the
preparation of all the 2-chloro- or 2-fluoro-4-nitrophenylamide
derivatives (Scheme 1A). In this method, an equimolar mixture
of either 2-chloro- or 2-fluoro-4-nitroaniline and the
corresponding aryl, alkyl or benzyl acyl chloride was heated
at 150 °C for 10 min under microwave irradiation. The
compounds were purified by recrystallization from ethanol. In
cases where the acyl chloride was not commercially available, it
was synthesized from the corresponding carboxylic acid using
thionyl chloride as the chlorinating agent. Following this
synthetic procedure, compounds 1−23 were prepared and fully
characterized for biological evaluation.

Regarding the 5-chloro-2-hydroxybenzamide series, com-
pounds 24−34 were obtained through an amidation reaction
of commercial 5-chloro-2-hydroxybenzoic acid with the
corresponding amine in chloroform, and using triethylamine
as a base. 1-(3-(Dimethylamino)propyl)-3-ethylcarbodiimide
hydrochloride (EDC) was employed as a carboxyl-activating
agent, while 1-hydroxybenzotriazole hydrate (HOBt) was used
to enhance the efficiency of amine coupling and prevent side
reactions (Scheme 1B).

All the derivatives synthesized were >95% pure by HPLC
analysis and were unequivocally characterized based on their
analytical and spectroscopic data as detailed in the
Experimental section.

These synthetic analogues were screened in a dose−
response manner using the HCT116 cell line stably expressing
MERLIN to determine their ability to modulate the contacts
or distance between mitochondria and ER. When the BRET
signal was unequivocally modulated, the EC50 value was
calculated after determining the dose−response curve with

eight increasing concentrations of the corresponding com-
pound. To fit the curves, the model of nonlinear regression of
([Agonist] vs response -- Variable slope (four parameters)
from the GraphPad software was used. Sometimes, the values
of all the four parameters were not precisely determined. In
those situations, EC50 value cannot be determined because the
R2 values are very low. The value R2 quantifies goodness of fit.
All obtained data are summarized in Table 1. Only compounds
with calculated EC50 values and R2 > 0.8 were selected for
further analysis.

Although several chemical moieties with distinct steric and
electrostatic properties were assayed, in general the chloro- or
fluoro-nitrophenylamide derivatives exhibited similar changes
in the BRET signal, with an ambiguous response regarding
MERCs modulation and low R2 values. In this context, only
compounds 1 and 2 showed EC50 values of 5.68 and 5.64 μM
with R2 > 0.8, respectively, indicating a closer distance between
both cellular organelles.

On the other hand, a larger number of compounds with
better responses for the BRET signal were observed among the
5-chloro-2-hydroxybenzamide derivatives, with EC50 values of
2.44, 9.70, and 8.32 μM for compounds 25, 27, and 29 (Table
1), respectively. In this chemical family, the presence of a π-
deficient aromatic ring attached to the nitrogen atom of the
amide bridge seemed to produce better responses in the
MERLIN biosensor. We also recovered compound 24 because,
although the dose−response curve adjustment was ambiguous
and the EC50 value cannot be determined precisely, individual
data revealed significant BRET increases at higher doses. Their
BRET curves at different concentrations are depicted in Figure
4.

Altogether, these results reveal that the 5-chloro-2-
hydroxybenzamide moiety may be a privileged structural
scaffold to induce shortening of the distance between
mitochondria and ER. Closer contacts between these two
organelles could be achieved if a π-deficient aromatic ring is
attached to the amide nitrogen atom. Thus, compounds 1, 2,
24, 25, 27, and 29 were selected for further studies.

Evaluation of the Pharmacological Modification of
Cholesterol Uptake by Niclosamide Derivatives. In-
creases in the internalization of exogenous cholesterol trigger
the delivery of this lipid to the ER, which in turn stimulates the
formation of MAM domains and MERCs. By the same token,
cholesterol turnover, a critical event in the central nervous
system (CNS) implicated in neurodegeneration,20 is among
the pathways regulated by MAMs.21 Therefore, our subsequent
investigation aimed to determine whether cholesterol internal-
ization and traffic in various cell types could be altered when

Scheme 1. Synthesis of the Two Series of Niclosamide
Derivatives: (A) 2-Chloro- or 2-Fluoro-4-nitrophenylamide
Series and (B) 5-Chloro-2-hydroxybenzamide Seriesa

aReagents and conditions: (i) MW, 150 °C, 10 min; (ii) SOCl2, 80
°C, 2 h; (iii) EDC, HOBt, Et3N, CHCl3, 12 h.

Figure 4. Quantification of BRET signal alterations upon the incubation with individual MERCs modulators in HCT116 cells containing MERLIN.
BRET signal, inversely correlated with mitochondria-ER distance, was measured upon the addition of compounds 24, 25, 27, and 29 at different
concentrations and normalized to DMSO (MOCK) treated cells (dashed lines). Data represent the mean ± SD, N ≥ 3 independent experiments
with three technical replicates per condition.
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MERCs are modulated by the compounds identified in this
study.

Before assessing the compounds impact on cholesterol
uptake by cells, their cell viability was evaluated using the 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay, a colorimetric assay for assessing cell
metabolic activity.22 In this case, the nicotinamide-adenine-
dinucleotide (NAD(P)H)-dependent cellular oxido-reductases
enzymes from metabolically active cells reduce the tetrazolium
salt to strongly purple colored and lipophilic formazan
products, which are then quantified by absorbance. We tested
the compounds at doses of 1, 5, and 10 μM, with a cell viability
threshold of >80% established as the safety limit. Initially, we
examined the HCT116 cell line, which was used in
conjunction with the MERLIN biosensor to identify the
compounds. As illustrated in Figure 5, all the MERCs

modulators tested, compounds 1, 2, 24, 25, 27, and 29 were
deemed safe at a dose of 1 μM. However, only compounds 24,
27, and 29 exhibited cellular safety above 5 μM.

Once the safe treatment dose was established, we evaluated
the cells’ ability to uptake cholesterol from the extracellular
medium after treatment with the compounds. At 1 μM, none
of the compounds altered cholesterol uptake compared to
untreated cells (Figure 6A) both after 1 and 3 h of treatment.
However, treatment with compound 24 at a dose of 5 μM
significantly increased the cells’ cholesterol uptake capacity
after 3 h of treatment, as shown in Figure 6B. The others
compounds were considered not adequate to be used at higher
doses because of their lower therapeutic window.

Altogether, we have demonstrated that compound 24
identified in the phenotypical assay using the MERCs
biosensor MERLIN not only promotes the shortening of
distances between mitochondria and the ER, but can also
enhance cholesterol internalization in HCT166 cells under
physiologically relevant conditions, suggesting its ability to
modulate lipid metabolism. Thus, we selected compound 24
for further assays.

Several studies have shown a relationship between abnormal
cholesterol profiles in plasma and ALS patients.23,24

Furthermore, TDP-43, the primary pathological hallmark of
ALS, has been found to disrupt MERCs and to alter MAM
function and lipid metabolism.25 Therefore, we measured
cholesterol internalization in ALS patient-derived lymphoblas-
tic cell lines. This patient-based cellular model recapitulates
not only TDP-43 pathology, such as cytoplasmatic localization
and increased phosphorylation, but also oxidative stress and
defects in inflammatory cytokines and autophagic efflux. This
model provides a feasible translational pharmacological
platform for drug discovery.26,27 To minimize variability
among ALS patients, we included several different cell lines
from several controls, familial and sporadic ALS (sALS)
patients. Thus, initially, we investigated if cholesterol uptake
was altered in lymphoblast from our in-house biobank of
patient-derived ALS cells in comparison with healthy controls.
We used cell lines from six control patients, six lines from
sporadic ALS, four samples from SOD1 familial ALS, two with
mutations in C9orf72, one with TBK1 mutation and two with
TARDBP mutations. Cells were incubated with a fluorescently
labeled analog of cholesterol (NBD-cholesterol) for 1 h, and
after careful washing, fluorescence intensity was measured at
469/537 nm. All the experiments were conducted in triplicate.
Figure 7 displays the uptake of cholesterol in different patient

cell lines. While variability is evident, cholesterol internal-
ization was significantly lower in sporadic, SOD1, and C9orf72
ALS patient cell lines compared to control cell lines.
Interestingly, in patient cell lines with mutations in the
TBK1 or TARDBP genes, no differences in this lipid were
found.

We next proceeded to determine the potential efficacy of our
MERCs modulator, compound 24, in the internalization of
cholesterol homeostasis in our ALS cell models. Each ALS
lymphoblastoid cell line was treated with the compounds at a
fixed concentration of 5 μM for 24 h. Subsequently, fluorescent
cholesterol was added for 1 h to the medium. After washing,
fluorescence was measured at 469/537 nm, and the data are

Figure 5. Cell viability (HCT116 cell lines) using MTT assay after
treatment with compounds 1, 2, 24, 25, 27, and 29 at 1, 5, and 10 μM
doses, for 24 h. Results are expressed as the mean ± standard error of
the mean (SEM) for three independent experiments. *, p < 0.1; **, p
< 0.01; ***, p < 0.001; ****, p < 0.0001.

Figure 6. Extracellular cholesterol uptake capacity of HCT166 cells
after treatment with (A) compounds 1, 2, 24, 25, 27, and 29 at 1 μM
for 1 and 3 h; (B) with compound 24 at 5 μM for 1 and 3 h. Results
are expressed as the mean ± standard error of the mean (SEM) for
three independent experiments. *, p < 0.1.

Figure 7. Extracellular cholesterol uptake capacity of the different
familial and sporadic ALS patient’s lymphoblastic cell lines. Results
are expressed as the mean ± standard error of the mean (SEM) for
three independent experiments. **, p < 0.01; ***, p < 0.001.
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presented in Figure 8. Notably, compound 24 significantly
enhanced cholesterol uptake in sporadic and C9orf72 familial

cell lines, but this change was not observed in the SOD1-ALS
samples under these experimental conditions.28

Altogether, our results suggest that compound 24 can
increase cholesterol internalization and ER-mitochondria
interaction in cells derived from ALS patients. To further
corroborate this, we measured the levels of cholesteryl esters
and lipid droplet formation in control or sALS lymphoblasts
before and after 24 h incubation with MERC modulator 24
(Figure 9A). In support of the contribution of this compound

on cholesterol mobilization, our treatment was able to induce
the formation of cholesteryl esters and increase the levels of
lipid droplet in control or sALS lymphoblasts (Figure 9B,C).

To begin deciphering the mechanism by which MERC
modulator 24 enhances cholesterol uptake in sALS lympho-
blasts, we repeated the experiment in the presence of various
agents known to interfere with distinct pathways of cholesterol
internalization. Thus, we have measured changes in the
cholesterol uptake with compound 24 in cotreatment with
several inhibitors of known cholesterol transporter such as
thiosemicarbazone copper chelator BTL1,29 sulfosuccinimidyl
oleate sodium (SSO)30 and ezetimibe (EZE).31 The experi-
ment has been performed in two control cell lines (C100 and
C112) and two sporadic ALS patients cell lines (E2 and E4) by
triplicate. We have observed no effects with the exception of
cotreatment with BTL1, which blocks the increase in
cholesterol uptake induced by compound 24 (Figure 10).

BTL1 inhibits the transfer of lipids between high-density
lipoproteins (HDL) and cells, mediated by the cell surface
HDL scavenger receptor B, type 1 (SR-B1).32 Thus, SR-B1
may be involved in the mechanism of action of compound 24
regarding cholesterol uptake, although further studies are
necessary for final confirmation.

Mitochondria Oxygen Consumption in Lymphoblast
from ALS Patients. Finally, and considering that the
formation of mitochondria-associated membranes (MAM)
and the establishment of ER-mitochondria contact sites are
essential for sustaining mitochondrial activity and cellular
bioenergetics,33,34 we validate our findings by measuring
mitochondrial oxygen consumption rates (OCR) in our cell
model using the Seahorse XF analyzer before and after
treatment with the MERCs modulator 24. This assay was
performed using lymphoblasts obtained from one control
subject and one sALS patient (Figure S3).

Consistent with previous findings,35,36 our data show that
basal OCR levels were elevated in sALS cells, while
mitochondrial maximal respiration levels (uncoupled respira-
tion after carbonyl cyanide-4-(trifluoro-methoxy)phenyl hydra-
zone (FCCP) treatment) was significantly reduced compared
to control cells (Figure 11A). The ratio between basal and
maximal OCR reveals the spare respiratory capacity of
mitochondria, which is a measure of the ability of the cell to
respond to increased energy demand under stress. In
agreement with previous data, sALS cells exhibited a marked

Figure 8. Extracellular cholesterol uptake capacity of the different
patient lymphoblastic cell lines without treatment and after treatment
with compound 24 (5 μM, 24 h). Results are expressed as the mean ±
standard error of the mean (SEM) for three independent experiments.
*, p < 0.1; ***, p < 0.001.

Figure 9. Cholesteryl esters (A) and lipid droplets (B,C) were
quantified in control and sALS lymphoblasts treated with MERC
modulator 24 (5 μM for 24 h) or vehicle. Individual values are shown
for cholesteryl esters quantification. Lipid droplet staining results are
expressed as the mean ± standard error of the mean (SEM). More
than 100 cells were quantified per condition. *, p < 0.1.
Representative images are included (C). Nuclei were stained using
DAPI (in blue). Scale bar = 20 μm.

Figure 10. Extracellular cholesterol uptake capacity of the different
control (C100 and C112) and sALS (E2 and E4) patient
lymphoblastic cell lines without treatment and after treatment with
compound 24 (5 μM, 24 h). Additionally, cells were treated with 10
μM BLT1 before addition of the fluorescent NBD-cholesterol. Results
are expressed as the mean ± standard error of the mean (SEM) for
three independent experiments. *, p < 0.1; **, p < 0.01.
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reduction in spare respiratory capacity levels (Figure 11B).
Notably, treatment with compound 24 successfully restored
basal OCR levels in sALS lymphoblasts, leading to a notable
improvement in spare respiratory capacity (Figure 11B). This
suggests that MERCs modulator 24 can mitigate mitochon-
drial dysfunction in sALS cells, bringing their bioenergetic
parameters closer to those observed in control cells.

Defects in MAM in ALS have been shown to alter
mitochondria substrate specificity from pyruvate to fatty
acids as carbon sources for ATP production.37 This metabolic
shift results in alterations in mitochondrial activity in sALS
lymphoblasts, resulting in increased basal OCR and reduced
spare respiratory capacity and loss of cellular metabolic
flexibility. Our previous findings indicate that compound 24
can restore ER-mitochondria contacts stimulating MAM
formation and regulating bioenergetics in ALS lymphoblasts.
While the specific molecular mechanisms behind this effect
require further investigation, our results highlight the potential
of the MERCs modulator 24 as a therapeutic agent for
correcting metabolic and mitochondrial dysfunction in ALS.

Transmission Electron Microscopy Analysis. One of
the best techniques to study and analyze MERCs is
transmission electron microscopy (TEM) and, although it is
a low throughput technique that requires samples to be fixed
and processed, it is emerging as the gold standard for
visualizing the close proximity of the ER and mitochondria
membranes.38

The first analysis was done in HCT116 cells treated with
compound 24, as this compound promoted cholesterol uptake
in this cell line (Figure 6). Representative images are shown in
Figure 12. Quantification of MERCs were done in 5
independent cells and different parameters such as the number
of contact sites, the average length of the contact site or the
minimal distance between organelles were determined. Finally
the ERMICC coefficient as described by Naon et al.39 was
determined in cells treated with DMSO or compound 24. This
coefficient is higher when the mitochondria-ER distance is
closer, which is the situation found in our samples. These data
confirm that compound 24 is a MERCs modulator promoting
the proximity between the two organelles, which may underlie
increased cholesterol uptake, one of the first step in further
lipid metabolism.

In a subsequent step, we investigated by TEM lymphoblasts
from controls and sporadic ALS patients treated with
compound 24. Previous reports have shown that ALS cells

present mitochondria with structural alterations such as
disorganized cristae and low electron density.40 Therefore, to
assess the effect of this small molecule on the morphology of
mitochondria and their contacts with ER, we analyzed control
and sporadic ALS lymphoblasts before and after treatment
with compound 24.

In agreement with our previous data,8 MERCs appeared
significantly decreased in ALS cells when compared to
controls, but treatment with compound 24 rescued the
number of contacts in lymphoblast from sALS patients (Figure
11). We note, however, that this increase in the number of
MERCs does not necessarily correlate with a stimulation of the
functional crosstalk between both organelles.

Moreover, after treatment, sALS lymphoblasts displayed
large lipid droplets in their cytosol in apposition to ER and
mitochondria (Figure 13) suggesting, perhaps a shift in
mitochondrial lipid metabolism. In lieu with this idea, our
results showed that sALS lymphoblasts presented mitochon-
dria with disorganized or absent cristae compared to those
from healthy individuals,41 and that cristae structure was
restored after incubation with compound 24 (Figure 14).

Our studies suggest that these drugs have a beneficial impact
on mitochondria in ALS cells, although further functional

Figure 11. Mitochondrial oxygen consumption rates (OCR) and spare respiratory capacity in lymphoblasts derived from a healthy control and one
sALS patient with and without treatment with MERCs modulator 24. (A) Basal OCR, and after addition of oligomycin, FCCP and rotenone +
antimycin. (B) Spare respiratory capacity, calculated as the difference between maximal and baseline OCR. The data show the mean of four
experimental replicates ± the standard error of the mean.

Figure 12. Effect of compound 24 on MERCs formation in HCT116
cells. (A) Left, Representative TEM-images of a mitochondria-ER
contact site in HCT116 cells treated with 24 or with DMSO
(MOCK). Right, zoomed area (marked with a red box).
Mitochondria is shown in yellow; the ER appears in blue. Scale bar,
100 nm. (B) Quantification of MERCs on compound 24 treated and
untreated cells. NCS- Number of contact sites in N = 5 cells. L-
Average Length of the contact sites measured in nm. CS-Contact site,
minimal distance between organelles in nm. ERMICC- ER-
Mitochondria contact coefficient. (C) ERMICC coefficient of
individual contact sites in DMSO and compound 24 treated cells.
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studies are necessary to fully elucidate the mechanism behind
these changes.

ADME Properties and Blood-Brain Barrier Perme-
ability Prediction of MERCs Modulators. Absorption,
Distribution, Metabolism, and Excretion (ADME) properties
are critical in drug discovery as they determine the
pharmacokinetics, safety, and overall effectiveness of drug
candidates. Computational tools are extensively used to
estimate these parameters, including solubility, permeability,
oral absorption, and central nervous system (CNS) pene-

tration. These predictions guide compound selection and
optimization, reducing the dependence on time-consuming
and expensive experimental methods.

Using QikProp (Schrödinger)42 for in silico calculations, we
assessed key physicochemical and ADME properties of the
MERCs modulators (compounds 24, 25, 27, and 29)
alongside the reference compound, niclosamide. The results
are summarized in Table 2. Overall, the calculated properties
fall within acceptable ranges (as detailed in the experimental
section). Notably, compound 24 exhibits particularly favorable
permeation values, including Caco-2 permeability and
predicted human oral absorption.

As one of the primary challenges in treating CNS diseases is
the penetration of the drug candidates through the blood-brain
barrier (BBB), we tested experimentally the brain penetration
of niclosamide and compounds 24, 25, 27, and 29 using the
parallel artificial membranes permeability assay (PAMPA)
which utilizes a porcine brain lipid membrane. The in vitro
permeabilities (Pe) of ten commercial drugs for human use
through the lipid membrane extract, along with those of the
compounds, were determined and are detailed in Figure S1
and Table S1. Niclosamide was not completely soluble under
the experimental conditions and could not be tested. In fact,
this is the less soluble compound (QPlogS) in the previous
calculated properties (Table 2). Compounds were classified as
CNS+ when they exhibited a value of permeability >4.4 × 10−6

cm s−1 (Figure 15).
As shown in Figure 15, all the compounds tested (5-chloro-

2-hydroxybenzamide derivatives 24, 25, 27 and 29) and in
particular 24, demonstrated the capability to cross the BBB
through passive permeation, indicating their potential as
candidates for further advancement.

■ CONCLUSIONS
Overall, we have reported for the first time a high-throughput
screening using the MERLIN sensor to discover small
molecules capable of modulating mitochondrial-ER contact
sites (MERCs). Through structural optimization of the
antihelmintic drug niclosamide, we developed a series of
MERCs modulators based on a hydroxybenzamide scaffold.
Our findings demonstrate that the MERLIN biosensor, initially
designed to assess distances between mitochondria and the ER,
is a valuable tool for discovering effective MERCs modulators
that can reduce ER-mitochondria distance and increase the
cholesterol uptake in HCT116 cells. Interestingly, we also
demonstrated that not only the internalization of cholesterol
was altered in sporadic and familial ALS patient-derived cell

Figure 13. TEM images on control, sALS and sALS with MERCs
modulator 24 (5 μM for 24 h). The white arrow shows a lipid droplet
and the yellow ones remark the MERCs.

Figure 14. TEM images of control, ALS and ALS + compound 24. In
ALS lymphoblast disorganized or absent cristae inside the
mitochondria is observed in comparison to healthy controls
lymphoblasts. Treatment with compound 24 (5 μM for 24 h)
restored mitochondria structure.

Table 2. Prediction of Relevant Physicochemical and ADME Propertiesa

Comp. no. MW (D) QP log Po/w QPlogS (mol dm−3) QPPCaco (nm s−1) QPlogBB HOA (%) PSA (Å2)

niclosamide 327.12 3.107 −4.64 248.19 −0.937 87.99 97.98
24 247.68 3.267 −3.92 1756.47 −0.152 100.00 53.86
25 292.68 2.68 −4.12 208.74 −1.145 84.16 98.89
27 272.69 2.858 −4.34 366.19 −0.914 89.56 79.57
29 292.68 2.624 −4.15 208.65 −1.147 83.82 98.80

aMW: molecular weight; QP log Po/w: Predicted octanol/water partition coefficient; QPlogS: Predicted aqueous solubility, log S. S in mol dm−3 is
the concentration of the solute in a saturated solution that is in equilibrium with the crystalline solid; QPPCaco: Predicted apparent Caco-2 cell
permeability in nm/s. Caco-2 cells are a model for the gut-blood barrier; QPlogBB: Predicted brain/blood partition coefficient; HOA: Predicted
human oral absorption on 0 to 100% scale. The prediction is based on a quantitative multiple linear regression model. This property usually
correlates well with human oral absorption, as both measure the same property; PSA: Polar surface area. van der Waals surface area of polar
nitrogen and oxygen atoms and carbonyl carbon atoms.
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models such as SOD1 and c9orf72, but that our selected
MERCs modulator compound 24 could significantly restore
the uptake levels of this lipid. Compound 24 increased the
number of MERCs, promoted the formation of lipid droplets,
restore mitochondrial oxygen consumption rates and re-
established mitochondrial cristae in lymphoblasts from sALS
patients as revealed by EM analysis. Additionally, niclosamide
derivative 24 was also capable of crossing the blood-brain
barrier through passive permeation, thus being suitable for
further in vivo studies. Altogether, we report novel valuable
tools for investigating the potential of modulating mitochon-
drial-ER contacts to promote mitochondria health. Moreover,
we here report biologically active compounds with an
appealing therapeutic profile for the treatment of neuro-
degenerative diseases like ALS, associated with defects in the
formation of MAM and lipid metabolism dysfunctions.

■ EXPERIMENTAL SECTION
Chemistry. All solvents were purchased from Sigma-Aldrich

(anhydrous solvents), and commercially available reagents were used
as received without further purification. All reactions were monitored
by thin-layer chromatography (TLC) (TLC plates GF254, Merck) or
LC−MS (liquid chromatography mass spectrometry). The MW-
assisted synthesis was carried out using a Biotage Initiator eight single-
mode cavity instrument from Biotage. The crude reaction products
were purified by flash chromatography on prepacked silica gel
columns using the Isolera One system from Biotage. 1H and 13C
NMR (nuclear magnetic resonance) spectra were recorded on a
Bruker AVIII HD 300 MHz BACS-60 operating at 300 and 75 MHz
respectively, using CDCl3 or DMSO-d6 as solvents and tetramethylsi-
lane (TMS) as the internal standard. Chemical shifts are reported in δ
values (ppm) and coupling constants (J) are reported in hertz (Hz).
Multiplicities are given by the following abbreviations: s (singlet), d
(doublet), dd (doublet of doublets), ddd (doublet of doublet of
doublets), t (triplet), td (triplet of doublets), q (quartet), quint
(quintet), m (multiplet), and br (broad signal). Melting points (mp)
were determined in a Büchi Melting Point M-560 apparatus. HPLC−
MS (high-pressure liquid chromatography coupled to mass spectrom-
etry) analysis was carried out on an Agilent 1260 Infinity II HPLC
instrument coupled with an Agilent MSD XT quadrupole and
equipped with a ZORBAX SB-C18 column (3.5 μM, 50 mm × 4.6
mm) using scan positive electrospray. High-resolution mass
spectrometry (HRMS) was performed on a QTOF hybrid quadrupole
time-of-flight Agilent 6500 mass spectrometer, coupled with an

Agilent 1100 liquid chromatograph. Values are expressed in mass
units (m/z). Derivatives 1,43 2,43 3,44 5,45 6,45 7,46 13,47 20,48 24,49

25,49 26,50 27,50 29,51 30,52 31,53 32,54 3355 and 3454 have been
previously described although their synthetic procedures are different
or their structural characterizations are missed. Compounds 9, 10, 11,
12, 14, 16, 18, 21, 22, and 28 are found with CAS number but
without synthesis or structural characterization. Niclosamide deriva-
tives 4, 8, 15, 17, 19, and 23 are completely new. All the compounds
are >95% purity by HPLC analysis.

General Procedure for the Synthesis of 2-Chloro- or 2-
Fluoro-4-nitrophenylamide Derivatives 1−23. A convergent
synthetic pathway using MW-assisted synthesis was used. Thus, either
2-chloro- or 2-fluoro-4-nitroaniline (1 equiv) and the corresponding
acyl chloride (1 equiv) were mixed in a microwave tube and the
mixture was reacted at 150 °C for 10 min. After this time, the formed
solid was washed with n-hexane and recrystallized from ethanol to
yield the desired product. In some cases, the synthesis of the
corresponding acyl chloride reagent was necessary prior to the
formation of the amide bond. These compounds were obtained by the
reaction of the carboxylic acid (1 equiv) with thionyl chloride (15
mL) and the mixture was left stirring for 2 h at 80 °C. The resulting
product was isolated by the rotatory evaporation of the solvent and
washed with methylene chloride (2 × 20 mL). The acyl chlorides
were used without further purification.

5-Chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenzamide (1).
The title compound was synthesized from 5-chloro-2-hydroxybenzoic
acid (300 mg, 1.74 mmol), thionyl chloride (15 mL), and 2-chloro-4-
nitroaniline (271 mg, 1.74 mmol). A white solid was obtained. Yield:
50%; mp: 229−230 °C (lit.43 228−231 °C). 1H NMR (300 MHz,
DMSO-d6) δ 12.53 (br, 1H), 11.34 (s, 1H), 8.81 (d, J = 9.3 Hz, 1H),
8.44 (d, J = 2.6 Hz, 1H), 8.30 (dd, J = 9.3 and 2.7 Hz, 1H), 7.97 (d, J
= 2.8 Hz, 1H), 7.54 (dd, J = 8.8 and 2.8 Hz, 1H), 7.10 (d, J = 8.8 Hz,
1H). 13C NMR (75 MHz, DMSO-d6) δ 163.1, 155.7, 143.1, 141.6,
134.5, 130.5, 125.3, 124.4, 124.2, 122.9, 121.3, 119.9, 119.7. HPLC−
MS (M + H)+ = 327.1, purity 99.4%, Rt = 3.97 min.

5-Chloro-N-(2-fluoro-4-nitrophenyl)-2-hydroxybenzamide (2).
The title compound was synthesized from 5-chloro-2-hydroxybenzoic
acid (220 mg, 1.27 mmol), thionyl chloride (15 mL), and 2-fluoro-4-
nitroaniline (200 mg, 1.27 mmol). A brown solid was obtained. Yield:
40%; mp: 263−264 °C (lit.43 248−252 °C). 1H NMR (300 MHz,
DMSO-d6) δ 12.37 (s, 1H), 11.11 (d, J = 3.2 Hz, 1H), 8.67 (dd, J =
9.1 and 7.8 Hz, 1H), 8.26 (dd, J = 11.0 and 2.6 Hz, 1H), 8.19 (ddd, J
= 9.1, 2.6, and 1.1 Hz, 1H), 7.94 (d, J = 2.8 Hz, 1H), 7.53 (dd, J = 8.8
and 2.8 Hz, 1H), 7.08 (d, J = 8.8 Hz, 1H). 13C NMR (75 MHz,
DMSO-d6) δ 162.8, 155.2, 155.2 (d, J = 244.9 Hz), 142.5 (d, J = 8.1
Hz), 133.9, 133.0 (d, J = 10.8 Hz), 129.8, 123.7, 121.1 (d, J = 2.6 Hz),
120.8 (d, J = 1.8 Hz), 119.5, 119.2, 111.3 (d, J = 23.5 Hz). HPLC−
MS (M + H)+ = 311.1, purity 97.4%, Rt = 3.85 min.

N-(2-Chloro-4-nitrophenyl)-2-methoxybenzamide (3). The title
compound was synthesized from 2-chloro-4-nitroaniline (300 mg,
1.74 mmol) and 2-methoxybenzoyl chloride (259 μL, 1.74 mmol). A
white solid was obtained. Yield: 59%; mp: 203−204 °C. 1H NMR
(300 MHz, CDCl3) δ 10.99 (s, 1H), 8.98 (d, J = 9.3 Hz, 1H), 8.33 (d,
J = 2.6 Hz, 1H), 8.30 (dd, J = 7.9 and 1.8 Hz, 1H), 8.19 (dd, J = 8.8
and 2.6 Hz, 1H), 7.57 (td, J = 8.3 and 1.8 Hz, 1H), 7.17 (t, J = 8.2 Hz,
1H), 7.08 (d, J = 7.2 Hz, 1H), 4.12 (s, 1H). 13C NMR (75 MHz,
CDCl3) δ 163.9, 157.6, 142.8, 141.9, 134.6, 133.0, 124.9, 123.8, 122.6,
122.0, 120.8, 111.8, 56.5. HPLC−MS (M + H)+ = 307.1, purity
99.7%, Rt = 4.18 min.

N-(2-Fluoro-4-nitrophenyl)-2-methoxybenzamide (4). The title
compound was synthesized from 2-fluoro-4-nitroaniline (200 mg,
1.28 mmol) and 2-methoxybenzoyl chloride (191 μL, 1.28 mmol). A
beige solid was obtained. Yield: 72%; mp: 163−164 °C. 1H NMR
(300 MHz, CDCl3) δ 10.73 (s, 1H), 8.87 (dd, J = 9.3 and 7.7 Hz,
1H), 8.29 (dd, J = 7.9 and 1.8 Hz, 1H), 8.15−8.07 (m, 1H), 8.03 (dd,
J = 10.9 and 2.5 Hz, 1H), 7.57 (ddd, J = 8.4, 7.3, and 1.9 Hz, 1H),
7.17 (td, J = 8.2 and 1.0 Hz, 1H), 7.07 (dd, J = 8.4 and 1.1 Hz, 1H),
4.11 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 163.7, 157.6, 151.2 (d, J
= 246.7 Hz), 142.5 (d, J = 8.8 Hz), 134.6 (C-14), 133.9 (d, J = 9.6
Hz), 132.8, 122.1, 121.15 (d, J = 2.8 Hz), 120.7, 120. 6, 111.9, 110.9

Figure 15. Permeability (Pe 10−6 cm s−1) across the BBB of control
drugs (used in the experiment validation) and MERCs modulators 24,
25, 27, and 29 evaluated by the PAMPA methodology (CNS+,
permeable, green; CNS−, not permeable, red).
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(d, J = 24.3 Hz), 56.5. HRMS m/z: calcd for C14H11FN2O4 [M +
Na]+ 313.0595; found 313.0584. HPLC−MS (M + H)+ = 291.1,
purity 99.7%, Rt = 4.01 min.

2-Chloro-N-(2-chloro-4-nitrophenyl)benzamide (5). The title
compound was synthesized from 2-chloro-4-nitroaniline (300 mg,
1.74 mmol) and 2-chlorobenzoyl chloride (220 μL, 1.74 mmol). A
white solid was obtained. Yield: 31%; mp: 192−193 °C. 1H NMR
(300 MHz, DMSO-d6) δ 10.62 (s, 1H), 8.40 (d, J = 2.6 Hz, 1H), 8.28
(dd, J = 9.0 and 2.6 Hz, 1H), 8.17 (d, J = 9.0 Hz, 1H), 7.69−7.45 (m,
4H). 13C NMR (75 MHz, DMSO-d6) δ 165.6, 144.4, 140.7, 135.7,
131.7, 130.1, 129.8, 129.3, 127.3, 126.9, 125.9, 125.1, 123.0. HRMS
m/z: calcd for C13H8Cl2N2O3 [M + Na]+ 332.9804; found 332.9803.
HPLC−MS (M + H)+ = 311.0, purity 99.9%, Rt = 3.91 min.

2-Chloro-N-(2-fluoro-4-nitrophenyl)benzamide (6). The title
compound was synthesized from 2-fluoro-4-nitroaniline (200 mg,
1.28 mmol) and 2-chlorobenzoyl chloride (162 μL, 1.28 mmol). A
beige solid was obtained. Yield: 78%; mp: 171−172 °C. 1H NMR
(300 MHz, CDCl3) δ 8.81 (t, J = 9.1 Hz, 1H), 8.63 (s, 1H), 8.15 (dd,
J = 9.1 and 1.9 Hz, 1H), 8.06 (dd, J = 10.7 and 2.6 Hz, 1H), 7.87 (dd,
J = 7.0 and 1.7 Hz, 1H), 7. 56−7.38 (m, 3H). 13C NMR (75 MHz,
CDCl3) δ 164.5, 151.2 (d, J = 247.7 Hz, 143.4 (d, J = 8.4 Hz, C-5),
133.5, 133.0, 132.6 (d, J = 10.0 Hz, C-2), 131.3, 131.0, 130.9, 127.8,
121.1 (d, J = 3.3 Hz), 120.8 (d, J = 1.3 Hz), 111.2 (d, J = 24.5 Hz).
HRMS m/z: calcd for C13H8ClFN2O3 [M + Na]+ 317.0100; found
317.0096. HPLC−MS (M + H)+ = 295.1, purity 99.6%, Rt = 3.67
min.

N-(2-Chloro-4-nitrophenyl)-4-methylbenzamide (7). The title
compound was synthesized from 2-chloro-4-nitroaniline (200 mg,
1.16 mmol) and 4-methylbenzoyl chloride (153 μL, 1.16 mmol). A
white solid was obtained. Yield: 37%; mp: 162−164 °C (lit.46 161−
163 °C). 1H NMR (300 MHz, DMSO-d6) δ 10.20 (s, 1H), 8.41 (d, J
= 2.6 Hz, 1H), 8.26 (dd, J = 9.0 and 2.6 Hz, 1H), 8.08 (d, J = 9.0 Hz,
1H), 7.92 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 7.8 Hz, 2H), 2.40 (s, 3H).
13C NMR (75 MHz, DMSO-d6) δ 165.3, 144.4, 142.6, 141.5, 130.6,
129.2, 128.0, 127.9, 126.5, 124.9, 122.9, 21.1. HPLC−MS (M + H)+

= 291.1, purity 97.3%, Rt = 4.07 min.
N-(2-Fluoro-4-nitrophenyl)-4-methylbenzamide (8). The title

compound was synthesized from 2-fluoro-4-nitroaniline (200 mg,
1.28 mmol) and 4-methylbenzoyl chloride (169 μL, 1.28 mmol). A
brown solid was obtained. Yield: 45%; mp: 177−178 °C. 1H NMR
(300 MHz, DMSO-d6) δ 10.45 (s, 1H), 8.22 (dd, J = 10.5 and 2.4 Hz,
1H), 8.17−8.05 (m, 2H), 7.90 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 7.7
Hz, 2H), 2.40 (s, 3H). 13C NMR (75 MHz, DMSO-d6) δ 165.6, 153.5
(d, J = 251.5 Hz), 143.9 (d, J = 8.3 Hz), 142.6, 133.1 (d, J = 11.6 Hz),
130.6, 129.1, 128.2, 125.2 (d, J = 2.5 Hz), 120.2 (d, J = 3.3 Hz), 111.8
(d, J = 24.9 Hz), 21.1. HRMS m/z: calcd for C14H11FN2O3 [M +
Na]+ 297.0646; found 297.0642. HPLC−MS (M + H)+ = 275.1,
purity 98.2%, Rt = 3.78 min.

N-(2-Chloro-4-nitrophenyl)thiophene-2-carboxamide (9). The
title compound was synthesized from 2-chloro-4-nitroaniline (300
mg, 1.74 mmol) and 2-thiophenecarbonyl chloride (186 μL, 1.74
mmol). A gray solid was obtained. Yield: 70%; mp: 182−183 °C. 1H
NMR (300 MHz, CDCl3) δ 8.78 (d, J = 9.2 Hz, 1H), 8.55 (s, 1H),
8.34 (d, J = 2.6 Hz, 1H), 8.21 (dd, J = 9.2 and 2.6 Hz, 1H), 7.71 (dd, J
= 3.8 and 1.2 Hz, 1H), 7.66 (dd, J = 5.0 and 1.1 Hz, 1H), 7.20 (dd, J
= 5.0 and 3.8 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 159.8, 143.2,
140.3, 138.1, 132.7, 129.7, 128.4, 124.9, 123.9, 122.4, 120.2. HRMS
m/z: calcd for C11H7ClN2O3S [M + Na]+ 304.9758; found 304.9751.
HPLC−MS (M + H)+ = 283.0, purity 99.8%, Rt = 3.76 min.

N-(2-Fluoro-4-nitrophenyl)thiophene-2-carboxamide (10). The
title compound was synthesized from 2-fluoro-4-nitroaniline (200 mg,
1.28 mmol) and 2-thiophenecarbonyl chloride (137 μL, 1.28 mmol).
A brown solid was obtained. Yield: 50%; mp: 186−187 °C. 1H NMR
(300 MHz, CDCl3) δ 8.72 (dd, J = 9.1 and 7.8 Hz, 1H), 8.18−8.08
(m, 2H), 8.06 (dd, J = 10.8 and 2.5 Hz, 1H), 7.70 (dd, J = 3.8 and 1.1
Hz, 1H), 7.66 (dd, J = 5.0 and 1.1 Hz, 1H), 7.19 (dd, J = 5.0 and 3.8
Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 159.8, 150.9 (d, J = 246.8
Hz), 143.0 (d, J = 8.4 Hz), 137.9, 132.8 (d, J = 9.6 Hz), 132.7, 129.7,
128.4, 121.1 (d, J = 3.4 Hz), 120.5 (d, J = 1.6 Hz), 111.2 (d, J = 24.3
Hz). HRMS m/z: calcd for C11H7FN2O3S [M + Na]+ 289.0054;

found 289.0052. HPLC−MS (M + H)+ = 267.1, purity 99.5%, Rt =
3.52 min.

N-(2-Chloro-4-nitrophenyl)-1-naphthamide (11). The title com-
pound was synthesized from 2-chloro-4-nitroaniline (300 mg, 1.74
mmol) and 1-naphthoyl chloride (263 μL, 1.74 mmol). A white solid
was obtained. Yield: 35%; mp: 193−195 °C. 1H NMR (300 MHz,
CDCl3) δ 8.97 (d, J = 9.2 Hz, 1H), 8.52 (s, 1H), 8.43 (m, 1H), 8.36
(d, J = 2.6 Hz, 1H), 8.27 (dd, J = 9.2 and 2.6 Hz, 1H), 8.06 (d, J = 8.5
Hz, 1H), 7.84 (dd, J = 7.1 and 1.2 Hz, 1H), 7.98−7.92 (m, 1H),
7.68−7.53 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 167.5, 143.3,
140.7, 134.1, 133.0, 132.5, 130.2, 128.8, 128.1, 127.1, 125.9, 125.1,
124.9, 124.9, 123.9, 122.8, 120.5. HRMS m/z: calcd for
C17H11ClN2O3 [M + H]+ 327.0531; found 327.0531. HPLC−MS
(M + H)+ = 327.0, purity 99.0%, Rt = 4.09 min.

N-(2-Fluoro-4-nitrophenyl)-1-naphthamide (12). The title com-
pound was synthesized from 2-fluoro-4-nitroaniline (200 mg, 1.28
mmol) and 1-naphthoyl chloride (194 μL, 1.28 mmol). A beige solid
was obtained. Yield: 58%; mp: 170−171 °C. 1H NMR (300 MHz,
CDCl3) δ 8.97 (dd, J = 9.2 and 7,7 Hz, 1H), 8.43−8.34 (m, 1H),
8.25−8.14 (m, 2H), 8.10−8.01 (m, 2H), 7.98−7.91 (m, 1H), 7.81
(dd, J = 7.2 and 1.3 Hz, 1H), 7.67−7.51 (m, 3H). 13C NMR (75
MHz, CDCl3) δ 167.5, 151.1 (d, J = 246.0 Hz), 143.2 (d, J = 8.8 Hz),
134.0, 133.1 (d, J = 8.8 Hz), 132.9, 132.5, 130.2, 128.8, 128.1, 127.1,
125.8, 125.0, 124.8, 121.1 (d, J = 3.3 Hz), 120.7 (d, J = 1.3 Hz), 111.2
(d, J = 24.3 Hz). HRMS m/z: calcd for C17H11FN2O3 [M + H]+

333.0646; found 333.0642. HPLC−MS (M + H)+ = 311.1, purity
99.9%, Rt = 3.85 min.

N-(4-Nitrophenyl)-1-naphthamide (13). The title compound was
synthesized from p-nitroaniline (200 mg, 1.44 mmol) and 1-
naphthoyl chloride (219 μL, 1.44 mmol). A beige solid was obtained.
Yield: 45%; mp: 200−202 °C (lit.47 213-215 °C). 1H NMR (300
MHz, DMSO-d6) δ 11.19 (s, 1H), 8.30 (d, J = 9.2 Hz, 2H), 8.24−
8.00 (m, 5H), 7.84 (d, J = 7.1 Hz, 1H), 7.70−7.55 (m, 3H). 13C
NMR (75 MHz, DMSO-d6) δ 167.9, 145.5, 142.6, 133.8, 133.2,
130.8, 129.5, 128.4, 127.3, 126.5, 126.0, 125.0, 125.0, 124.9, 119.5.
HPLC−MS (M + H)+ = 293.1, purity 97.9%, Rt = 3.80 min.

N-(2-Chloro-4-nitrophenyl)-2-phenylacetamide (14). The title
compound was synthesized from 2-chloro-4-nitroaniline (300 mg,
1.74 mmol) and 2-phenylacetyl chloride (230 μL, 1.74 mmol). A
white solid was obtained. Yield: 55%; mp: 92−94 °C. 1H NMR (300
MHz, CDCl3) δ 8.68 (d, J = 9.3 Hz, 1H), 8.20 (d, J = 2.6 Hz, 1H),
8.14 (dd, J = 9.2 and 2.6 Hz, 1H), 7.95 (br, 1H), 7.49−7.32 (m, 5H),
3.58 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 169.6, 143.2, 140.2,
133.3, 129.9, 129.8, 128.5, 124.7, 123.7, 122.4, 119.9, 45.4. HRMS m/
z: calcd for C14H11ClN2O3 [M + H]+ 291.0531; found 291.0524.
HPLC−MS (M + H)+ = 291.1, purity 98.5%, Rt = 3.82 min.

N-(2-Fluoro-4-nitrophenyl)-2-phenylacetamide (15). The title
compound was synthesized from 2-fluoro-4-nitroaniline (200 mg,
1.28 mmol) and 2-phenylacetyl chloride (169 μL, 1.28 mmol). A
beige solid was obtained. Yield: 77%; mp: 154−155 °C. 1H NMR
(300 MHz, CDCl3) δ 8.68 (dd, J = 9.2 and 7.7 Hz, 1H), 8.09−8.02
(m, 1H), 7.93 (dd, J = 10.7 and 2.5 Hz, 1H), 7.62 (br, 1H), 7.48−
7.31 (m, 5H), 3.83 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 169.5,
150.7 (d, J = 247.2 Hz), 143.0 (d, J = 8.3 Hz), 133.3, 132.7 (d, J = 9.7
Hz), 129.7, 129.6, 128.3, 120.9 (d, J = 3.5 Hz), 120.3 (d, J = 1.7 Hz),
111.0 (d, J = 24.4 Hz), 45.1. HRMS m/z: calcd for C14H11FN2O3 [M
+ Na]+ 297.0646; found 297.0640. HPLC−MS (M + H)+ = 275.1,
purity 99.1%, Rt = 3.61 min.

N-(2-Chloro-4-nitrophenyl)-2-(4-chlorophenyl)acetamide (16).
The title compound was synthesized from 2-chloro-4-nitroaniline
(200 mg, 1.16 mmol) and 2-(4-chlorophenyl)acetyl chloride (170 μL,
1.16 mmol). A white solid was obtained. Yield: 59%; mp: 148−149
°C. 1H NMR (300 MHz, CDCl3) δ 8.67 (d, J = 9.2 Hz, 1H), 8.24 (d,
J = 2.6 Hz, 1H), 8.15 (dd, J = 9.2 and 2.6 Hz, 1H), 7.90 (s, 1H), 7.42
(d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 3.75 (s, 2H). 13C NMR
(75 MHz, CDCl3) δ 168.9, 143.3, 140.0, 134.5, 131.7, 131.1, 129.8,
124.8, 123.8, 122.5, 120.1, 44.6. HRMS m/z: calcd for
C14H10Cl2N2O3 [M + Na]+ 346.9961; found 346.9951. HPLC−MS
(M + H)+ = 325.0, purity 99.7%, Rt = 3.95 min.
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2-(4-Chlorophenyl)-N-(2-fluoro-4-nitrophenyl)acetamide (17).
The title compound was synthesized from 2-fluoro-4-nitroaniline
(200 mg, 1.28 mmol) and 2-(4-chlorophenyl)acetyl chloride (188 μL,
1.28 mmol). A brown solid was obtained. Yield: 65%; mp: 156−157
°C. 1H NMR (300 MHz, CDCl3) δ 8.61 (dd, J = 9.1 and 7.7 Hz, 1H),
8.10−8.03 (m, 1H), 7.96 (dd, J = 10.7 and 2.5 Hz, 1H), 7.56 (br,
1H), 7.40 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 3.79 (s, 2H).
13C NMR (75 MHz, CDCl3) δ 168.9, 150.8 (d, J = 247.0 Hz), 143.2
(d, J = 4.3 Hz), 134.4, 132.5 (d, J = 10.0 Hz), 131.7, 130.9, 129.7,
121.0 (d, J = 3.5 Hz), 120.4 (d, J = 1.7 Hz), 111.1 (d, J = 24.2 Hz),
44.3. HRMS m/z: calcd for C14H10ClFN2O3 [M + Na]+ 331.0256;
found 331.0245. HPLC−MS (M + H)+ = 309.1, purity 99.4%, Rt =
3.79 min.

N-(2-Chloro-4-nitrophenyl)-2-cyclohexylacetamide (18). The
title compound was synthesized from 2-chloro-4-nitroaniline (300
mg, 1.74 mmol) and 2-cyclohexylacetyl chloride (267 μL, 1.74
mmol). A white solid was obtained. Yield: 38%; mp: 117−118 °C. 1H
NMR (300 MHz, DMSO-d6) δ 8.32 (d, J = 1.6 Hz, 1H), 8.16−8.21
(m, 2H), 2.39 (d, J = 7.0 Hz, 2H), 1.85−1.53 (m, 6H), 1.30−0.92 (m,
5H). 13C NMR (75 MHz, DMSO-d6) δ 171.5, 143.2, 141.2, 124.9,
124.6, 124.1, 123.0, 43.6, 34.8, 32.4, 25.8, 25.6. HRMS m/z: calcd for
C14H17ClN2O3 [M + Na]+ 319.0820; found 319.0815. HPLC−MS
(M + H)+ = 297.1, purity 99.9%, Rt = 4.22 min.

2-Cyclohexyl-N-(2-fluoro-4-nitrophenyl)acetamide (19). The title
compound was synthesized from 2-fluoro-4-nitroaniline (200 mg,
1.28 mmol) and 2-cyclohexylacetyl chloride (197 μL, 1.28 mmol). An
orange solid was obtained. Yield: 52%; mp: 162−163 °C. 1H NMR
(300 MHz, CDCl3) δ 8.67 (dd, J = 9.1 and 7.8 Hz, 1H), 8.10−8.05
(m, 1H), 8.00 (dd, J = 10.8 and 2.5 Hz, 1H), 7.52 (br, 1H), 2.33 (d, J
= 7.0 Hz, 2H), 1.85−1.64 (m, 5H), 1.37−0.96 (m, 6H). 13C NMR
(75 MHz, CDCl3) δ 171.2, 150.6 (d, J = 246.0 Hz), 142.7 (d, J = 8.8
Hz), 132.9 (d, J = 9.9 Hz), 121.0 (d, J = 3.3 Hz), 120.4 (d, J = 1.7
Hz), 111.0 (d, J = 24.8 Hz), 46.1, 35.5, 33.2, 26.2, 26.1. HRMS m/z:
calcd for C14H17FN2O3 [M−H]− 279.1150; found 279.1151. HPLC−
MS (M + H)+ = 281.1, purity 99.2%, Rt = 4.03 min.

N-(2-Chloro-4-nitrophenyl)propionamide (20). The title com-
pound was synthesized from 2-chloro-4-nitroaniline (300 mg, 1.74
mmol) and propionyl chloride (152 μL, 1.74 mmol). A yellow solid
was obtained. Yield: 80%; mp: 105−107 °C (lit.48 108 °C). 1H NMR
(300 MHz, CDCl3) δ 8.71 (d, J = 9.2 Hz, 1H), 8.29 (d, J = 2.6 Hz,
1H), 8.16 (ddd, J = 9.2, 2.6, and 0.6 Hz, 1H), 7.89 (br, 1H), 2.54 (q, J
= 7.5 Hz, 2H), 1.29 (t, J = 7.5 Hz, 3H). 13C NMR (75 MHz, CDCl3)
δ 172.3, 143.0, 140.5, 124.8, 123.8, 122.0, 120.2, 31.3, 9.4. HRMS m/
z: calcd for C9H9ClN2O3 [M−H]− 227.0229; found 227.0229.
HPLC−MS (M + H)+ = 229.0, purity 99.0%, Rt = 3.41 min.

N-(2-Fluoro-4-nitrophenyl)propionamide (21). The title com-
pound was synthesized from 2-fluoro-4-nitroaniline (300 mg, 1.92
mmol) and propionyl chloride (168 μL, 1.92 mmol). A brown solid
was obtained. Yield: 34%; mp: 167−168 °C. 1H NMR (300 MHz,
CDCl3) δ 8.66 (dd, J = 9.1 and 7.8 Hz, 1H), 8.10−8.04 (m, 1H), 8.00
(dd, J = 10.8 and 2.5 Hz, 1H), 7.60 (s, 1H), 2.52 (q, J = 7.5 Hz, 2H),
1.28 (t, J = 7.5 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 172.4, 150.6
(d, J = 246.4 Hz), 142.7 (d, J = 8.8 Hz), 133.0 (d, J = 9.8 Hz), 121.0
(d, J = 3.3 Hz), 120.4 (d, J = 1.8 Hz), 111.0 (d, J = 24.6 Hz), 31.1,
9.3. HRMS m/z: calcd for C9H9FN2O3 [M−H]− 211.0524; found
211.0525. HPLC−MS (M + H)+ = 213.1, purity 99.7%, Rt = 3.20
min.

N-(2-Chloro-4-nitrophenyl)hexanamide (22). The title compound
was synthesized from 2-chloro-4-nitroaniline (300 mg, 1.74 mmol)
and hexanoyl chloride (243 μL, 1.74 mmol). A white solid was
obtained. Yield: 40%; mp: 98−99 °C. 1H NMR (300 MHz, CDCl3) δ
8.71 (d, J = 9.2 Hz, 1H), 8.29 (d, J = 2.6 Hz, 1H), 8.16 (dd, J = 9.2
and 2.6 Hz, 1H), 7.88 (s, 1H), 2.49 (t, J = 7.5 Hz, 2H), 1.84−1.69
(m, 2H), 1.46−1.27 (m, 4H), 0.98−0.86 (m, 3H). 13C NMR (75
MHz, CDCl3) δ 171.8, 143.0, 140.5, 124.8, 123.8, 122.1, 120.2, 38.2,
31.4, 25.1, 22.5, 14.0. HRMS m/z: calcd for C12H15ClN2O3 [M−H]−

269.0698; found 269.0702. HPLC−MS (M + H)+ = 271.1, purity
99.8%, Rt = 4.04 min.

N-(2-Fluoro-4-nitrophenyl)hexanamide (23). The title compound
was synthesized from 2-fluoro-4-nitroaniline (300 mg, 1.92 mmol)

and hexanoyl chloride (269 μL, 1.92 mmol). A beige solid was
obtained. Yield: 56%; mp: 166−167 °C. 1H NMR (300 MHz,
CDCl3) δ 8.66 (dd, J = 9.1 and 7.8 Hz, 1H), 8.11−8.04 (mm, 1H),
8.00 (dd, J = 10.8 and 2.5 Hz, 1H), 7.57 (s, 1H), 2.45 (d, J = 7.6 Hz,
2H), 1.75 (quint, J = 7.3 Hz, 2H), 1.43−1.28 (m, 4H), 0.97−0.86 (m,
3H). 13C NMR (75 MHz, CDCl3) δ 171.9, 150.6 (d, J = 246.2 Hz),
143.1 (d, J = 9.6 Hz), 132.9 (d, J = 9.6 Hz), 121.0 (d, J = 3.1 Hz),
120.4 (d, J = 1.7 Hz), 111.0 (d, J = 24.5 Hz), 38.0, 31.4, 25.0, 22.5,
14.0. HPLC−MS (M + H)+ = 255.1, purity 99.7%, Rt = 3.85 min.

General Procedure for the Synthesis of 5-Chloro-2-
hydroxybenzamide Derivatives 24−34. 5-Chloro-2-hydroxyben-
zoic acid (500 mg, 2.90 mmol) was solved in 15 mL of chloroform
with 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochlor-
ide (EDC, 71 mg, 0.37 mmol), 1-hydroxybenzotriazole hydrate
(HOBt, 40 mg, 0.30 mmol), Et3N (600 μL, 4.30 mmol) and the
corresponding amine (2.90 mmol). The mixture was stirred overnight
at room temperature. After this time, the organic mixture was
evaporated, solved in 15 mL of ethyl acetate and washed with brine (2
× 10 mL) and water (2 × 10 mL). The organic layer was dried over
anhydrous sodium sulfate and concentrated in vacuo. The crude
product was purified using silica gel flash chromatography with a
gradient of hexane/ethyl acetate 9:1 as the elution solvent.

5-Chloro-2-hydroxy-N-phenylbenzamide (24). The title com-
pound was synthesized from 5-chloro-2-hydroxybenzoic acid (500
mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg, 0.30
mmol), Et3N (600 μL, 4.30 mmol) and aniline (265 μL, 2.90 mmol).
A white solid was obtained. Yield: 74%; mp: 211−212 °C (lit.49 209−
210 °C). 1H NMR (300 MHz, DMSO-d6) δ 11.84 (s, 1H), 10.40 (s,
1H), 7.96 (d, J = 2.7 Hz, 1H), 7.72−7.67 (m, 2H), 7.47 (dd, J = 8.8
and 2.7 Hz, 1H), 7.41−7.34 (m, 2H), 7.18−7.11 (m, 1H), 7.02 (d, J =
8.8 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ 165.0, 156.6, 138.0,
133.0, 128.8, 128.4, 124.3, 122.7, 120.8, 119.6, 119.1. HPLC−MS (M
+ H)+ = 248.0, purity 98.7%, Rt = 3.84 min.

5-Chloro-2-hydroxy-N-(4-nitrophenyl)benzamide (25). The title
compound was synthesized from 5-chloro-2-hydroxybenzoic acid
(500 mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg, 0.30
mmol), Et3N (600 μL, 4.30 mmol) and p-nitroaniline (400 mg, 2.90
mmol). A yellow solid was obtained. Yield: 45%; mp: 264−265 °C
(lit.49 246−247 °C). 1H NMR (300 MHz, DMSO-d6) δ 11.45 (s,
1H), 10.82 (s, 1H), 8.27 (d, J = 9.4 Hz, 2H), 7.99 (d, J = 9.4 Hz, 2H),
7.83 (d, J = 2.7 Hz, 1H), 7.48 (dd, J = 8.8 and 2.7 Hz, 1H), 7.04 (d, J
= 8.8 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ 165.0, 155.9, 144.5,
142.7, 133.1, 128.8, 126.4, 124.9, 122.9, 120.1, 118.9. HPLC−MS (M
+ H)+ = 293.0, purity 99.7%, Rt = 3.84 min.

5-Chloro-N-(4-fluorophenyl)-2-hydroxybenzamide (26). The title
compound was synthesized from 5-chloro-2-hydroxybenzoic acid
(500 mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg, 0.30
mmol), Et3N (600 μL, 4.30 mmol) and 4-fluoroaniline (274 μL, 2.90
mmol). A white solid was obtained. Yield: 62%; mp: 238−239 °C
(lit.50 239−240 °C). 1H NMR (300 MHz, DMSO-d6) δ 11.80 (s, 1H,
H8), 10.43 (s, 1H), 7.94 (d, J = 2.7 Hz, 1H), 7.76−7.67 (m, 2H), 7.47
(dd, J = 8.8 and 2.7 Hz, 1H), 7.26−7.17 (m, 2H), 7.01 (d, J = 8.8 Hz,
1H). 13C NMR (75 MHz, DMSO-d6) δ 165.1, 158.9 (d, J = 241.2
Hz), 156.9, 134.3 (d, J = 2.5 Hz), 133.1, 128.3, 122.8 (d, J = 8.0 Hz),
122.7, 119.5, 119.1, 115.3 (d, J = 22.4 Hz). HPLC−MS (M + H)+ =
266.1, purity 99.5%, Rt = 3.85 min.

5-Chloro-N-(4-cyanophenyl)-2-hydroxybenzamide (27). The title
compound was synthesized from 5-chloro-2-hydroxybenzoic acid
(500 mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg, 0.30
mmol), Et3N (600 μL, 4.30 mmol) and 4-aminobenzonitrile (342 mg,
2.90 mmol). A white solid was obtained. Yield: 51%; mp: 247−249
°C (lit.50 246−247 °C). 1H NMR (300 MHz, DMSO-d6) δ 11.48 (br,
1H), 10.68 (s, 1H), 7.94−7.88 (m, 2H), 7.85−7.80 (m, 3H), 7.47
(dd, J = 8.8 and 2.7 Hz), 7.03 (d, J = 8.8 Hz, 1H). 13C NMR (75
MHz, DMSO-d6) δ 165.0, 156.0, 142.6, 133.3, 133.0, 128.7, 122.8,
120.7, 120.4, 119.0, 105.8. HPLC−MS (M + H)+ = 273.1, purity
99.9%, Rt = 3.71 min.

5-Chloro-2-hydroxy-N-(4-(methylcarbamoyl)phenyl)benzamide
(28). The title compound was synthesized from 5-chloro-2-
hydroxybenzoic acid (500 mg, 2.90 mmol), EDC (71 mg, 0.37
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mmol), HOBt, (40 mg, 0.30 mmol), Et3N (600 μL, 4.30 mmol) and
4-amino-N-methylbenzamide (435 mg, 2.90 mmol). A yellow solid
was obtained. Yield: 44%; mp: 257−258 °C. 1H NMR (300 MHz,
DMSO-d6) δ 11.84 (s, 1H), 10.52 (s, 1H), 8.45 (m, J = 4.5 Hz, 1H),
8.14 (t, J = 1.9 Hz, 1H), 7.99 (d, J = 2.7 Hz, 1H), 7.87 (ddd, J = 8.1,
2.3, and 1.1 Hz, 1H), 7.59 (dt, J = 7.8 and 1.3 Hz, 1H), 7.50−7.41
(m, 2H), 7.03 (d, J = 8.8 Hz, 1H), 2.79 (d, J = 4.5 Hz, 3H). 13C NMR
(75 MHz, DMSO-d6) δ 166.4, 165.2, 157.0, 138.1, 135.3, 133.2,
128.7, 128.4, 123.3, 122.8, 122.6, 120.0, 119.4, 119.2, 26.3. HRMS m/
z: calcd for C15H13ClN2O3 [M + Na]+ 327.0507; found 327.0506.
HPLC−MS (M + H)+ = 305.1, purity 99.1%, Rt = 3.13 min.

5-Chloro-2-hydroxy-N-(3-nitrophenyl)benzamide (29). The title
compound was synthesized from 5-chloro-2-hydroxybenzoic acid
(500 mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg, 0.30
mmol), Et3N (600 μL, 4.30 mmol) and 3-nitroaniline (400 mg, 2.90
mmol). A white solid was obtained. Yield: 55%; mp: 243−244 °C
(lit.51 260 °C). 1H NMR (300 MHz, DMSO-d6) δ 11.55 (br, 1H),
10.73 (s, 1H), 8.74 (t, J = 2.2 Hz, 1H), 8.06 (ddd, J = 8.2, 2.1, and 1.0
Hz, 1H), 7.98 (ddd, J = 8.3, 2.3, and 1.0 Hz, 1H), 7.89 (d, J = 2.7 Hz,
1H), 7.65 (t, J = 8.2 Hz, 1H), 7.47 (dd, J = 8.8 and 2.7 Hz, 1H), 7.03
(d, J = 8.8 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ 165.3, 156.4,
147.9, 139.4, 133.2, 130.2, 128.5, 126.6, 122.8, 120.1, 119.1, 118.6,
114.7. HPLC−MS (M + H)+ = 293.1, purity 99.6%, Rt = 3.82 min.

N-(2-Aminophenyl)-5-chloro-2-hydroxybenzamide (30). The
title compound was synthesized from 5-chloro-2-hydroxybenzoic
acid (500 mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg,
0.30 mmol), Et3N (600 μL, 4.30 mmol) and benzene-1,3-diamine
(313 mg, 2.90 mmol). An orange solid was obtained. Yield: 29%; mp:
305−307 °C. 1H NMR (300 MHz, DMSO-d6) δ 12.27 (br, 1H),
10.00 (s, 1H), 8.06 (d, J = 2.7 Hz, 1H), 7.46 (dd, J = 8.8 and 2.7 Hz,
1H), 7.26 (dd, J = 7.9 and 1.5 Hz, 1H), 7.03−6.93 (m, 2H), 6.79 (dd,
J = 8.0 and 1.5 Hz, 1H), 6.60 (td, J = 7.5 and 1.5 Hz, 1H), 4.99 (br,
2H). 13C NMR (75 MHz, DMSO-d6) δ 165.7, 157.8, 143.0, 133.1,
128.5, 126.8, 126.4, 122.5, 122.3, 119.1, 118.4, 116.3, 116.0. HRMS
m/z: calcd for C13H11ClN2O2 [M + H]+ 263.0582; found 263.0577.
HPLC−MS (M + H)+ = 263.0, purity 98.4%, Rt = 3.29 min.

5-Chloro-2-hydroxy-N-(4-methoxybenzyl)benzamide (31). The
title compound was synthesized from 5-chloro-2-hydroxybenzoic acid
(500 mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg, 0.30
mmol), Et3N (600 μL, 4.30 mmol) and 4-methoxybenzylamine (379
μL, 2.90 mmol). A white solid was obtained. Yield: 62%; mp: 142−
144 °C (lit.53 134−136 °C). 1H NMR (300 MHz, DMSO-d6) δ 12.56
(s, 1H), 9.32 (t, J = 5.9 Hz, 1H), 7.97 (d, J = 2.6 Hz, 1H), 7.43 (dd, J
= 8.8 and 2.6 Hz, 1H), 7.26 (d, J = 8.6 Hz, 2H), 6.94 (d, J = 8.8 Hz,
1H), 6.90 (d, J = 8.7 Hz, 2H), 4.43 (d, J = 5.8 Hz, 2H), 3.73 (s, 3H).
13C NMR (75 MHz, DMSO-d6) δ 167.3, 158.6, 158.4, 133.3, 130.6,
128.8, 127.3, 122.3, 119.3, 116.8, 113.8, 55.1, 42.0. HPLC−MS (M +
H)+ = 292.1, purity 99.1%, Rt = 3.80 min.

(5-Chloro-2-hydroxyphenyl)(4-methylpiperazin-1-yl)methanone
(32). The title compound was synthesized from 5-chloro-2-
hydroxybenzoic acid (500 mg, 2.90 mmol), EDC (71 mg, 0.37
mmol), HOBt, (40 mg, 0.30 mmol), Et3N (600 μL, 4.30 mmol) and
N-methylpiperazine (321 μL, 2.90 mmol). A white solid was obtained.
Yield: 53%; mp: 152−154 °C (lit.54 164−165 °C). 1H NMR (300
MHz, DMSO-d6) δ 10.09 (s, 1H), 7.25 (dd, J = 8.7 and 2.7 Hz, 1H),
7.13 (d, J = 2.7 Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 3.57 (br, 2H), 3.18
(br, 2H), 2.29 (br, 4H), 2.18 (s, 3H). 13C NMR (75 MHz, DMSO-
d6) δ 165.3, 152.2, 129.7, 127.4, 125.8, 122.6, 117.4, 54.6, 54.3, 45.6.
HPLC−MS (M + H)+ = 255.1, purity 98.6%, Rt = 1.95 min.

5-Chloro-2-hydroxy-N-(naphthalen-1-ylmethyl)benzamide (33).
The title compound was synthesized from 5-chloro-2-hydroxybenzoic
acid (500 mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg,
0.30 mmol), Et3N (600 μL, 4.30 mmol) and naphthalen-1-
ylmethanamine (425 μL, 2.90 mmol). A white solid was obtained.
Yield: 60%; mp: 188−189 °C. 1H NMR (300 MHz, DMSO-d6) δ
12.47 (s, 1H), 9.37 (t, J = 5.7 Hz, 1H), 8.16 (dd, J = 7.9 and 1.7 Hz,
1H), 8.01 (d, J = 2.6 Hz, 1H), 7.97 (dd, J = 8.0 and 1.6 Hz, 1H), 7.88
(dd, J = 7.2 and 2.3 Hz, 1H), 7.62−7.48 (m, 4H), 7.44 (dd, J = 8.9
and 2.7 Hz, 1H), 6.95 (d, J = 8.8 Hz, 1H), 4.99 (d, J = 5.6 Hz, 2H).
13C NMR (75 MHz, DMSO-d6) δ 167.2, 158.4, 133.7, 133.3, 130.8,

128.6, 127.8, 127.6, 126.4, 125.9, 125.7, 125.5, 123.3, 122.4, 119.3,
117.0, 40.7. HPLC−MS (M + H)+ = 312.1, purity 97.9%, Rt = 4.10
min.

5-Chloro-2-hydroxy-N-phenethylbenzamide (34). The title com-
pound was synthesized from 5-chloro-2-hydroxybenzoic acid (500
mg, 2.90 mmol), EDC (71 mg, 0.37 mmol), HOBt, (40 mg, 0.30
mmol), Et3N (600 μL, 4.30 mmol) and 2-phenylethanamine (364 μL,
2.90 mmol). A white solid was obtained. Yield: 76%; mp: 121−122
°C (lit.54 120−121 °C). 1H NMR (300 MHz, DMSO-d6) δ 12.53 (s,
1H), 8.93 (t, J = 5.6 Hz, 1H), 7.91 (d, J = 2.6 Hz, 1H), 7.43 (dd, J =
8.8 and 2.6 Hz, 1H), 7.34−7.17 (m, 5H), 6.93 (d, J = 8.8 Hz, 1H),
3.56−3.48 (m, 2H), 2.86 (t, J = 7.4 Hz, 2H). 13C NMR (75 MHz,
DMSO-d6) δ 167.3, 158.5, 139.2, 133.2, 128.7, 128.4, 127.3, 126.2,
122.3, 119.3, 116.9, 40.6, 34.7. HPLC−MS (M + H)+ = 276.1, purity
97.9%, Rt = 3.93 min.

Biology. Cell Culture and Cell Viability. HCT116, and MERLIN-
HCT116 cells were maintained in McCoy’s5A (free phenol red)
medium (Sigma-Aldrich) and supplemented with 10% FBS
(Invitrogen) and 1% penicillin/streptomycin (Invitrogen).

Lymphoblastic Cell Lines: Peripheral blood samples of all the
individuals enrolled in this study were collected after written informed
consent of the patients or their relatives (demographic information is
presented in Table 3) to establish the lymphoblastoid cell lines

(LCLs) as previously described,56 by infecting peripheral blood
lymphocytes with the Epstein−Barr virus (EBV). All study protocols
were approved by the Hospital Doce de Octubre (Approval number
CEI 18/004) and the Spanish Council of Higher Research
Institutional Review Board (date of approval Feb 1, 2018) and are
in accordance with National and European Union Guidelines. All
patients were diagnosed by applying the revised El Escorial criteria.57

Lymphoblastoid cells lines were grown in suspension in T flasks in an
upright position, in approximately 8 mL of RPMI-1640 medium that
contained 2 mM L-glutamine, 100 μg/mL streptomycin/penicillin and
10% (v/v) fetal bovine serum (FBS) and maintained in a humidified
5% CO2 incubator at 37 °C. Fluid was routinely changed every 3 days
by removing the medium above the settled cells and replacing it with
an equal volume of fresh medium.

Cell viability was determined by the MTT assay (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), as previously

Table 3. Demographic and Clinical Characteristics of
Participants

code gender age mutation

C100 female 83
C105 female 54
C106 female 67
C110 male 75
C112 male 71
C122 male 55
E2 female 76 sporadic ALS
E4 female 54 sporadic ALS
E6 female 79 sporadic ALS
E8 male 55 sporadic ALS
E10 male 68 sporadic ALS
ED10 male 67 sporadic ALS
E18-5 male 49 SOD1 p.Leu117Val c.352C > G
E18-6 female 58 SOD1 p.Asn139His c.418A > C
E18-7 male 59 SOD1 p.Leu117Val c.352C > G
E20-1 female 63 SOD1
E9 male 64 C9orf72
E21-1 male 72 C9orf72
E7 male 88 TBK1 Het R573G
E18-1 female 59 TARDBP c.1146 A > G Het; p. ile Val
E18-3 female 40 TARDBP Exon 6: c.883G > A Hom.; p.G295S
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described.58 Cell survival was estimated as the percentage of the value
of untreated controls.

BRET HTS Measurements. In BRET assays, MERLIN-HCT116
cells10 were seeded at 4500 cells/well in a white 384 well plate for 24
h and incubated at cell culture conditions (37 °C with 5% CO2). This
is followed by overnight treatment with the EOS library compounds
or their derivatives. Then cells were incubated with 5 μM
coelenterazine h (PROLUME) for 8 min in the dark and BRET
measurements were carried out in a CLARIOstar microplate reader at
RT. The BRET signal is determined by calculating the acceptor
emission relative to the donor emission, and corrected by subtracting
the background ratio detected when RLuc8 (the Donor) is expressed
alone. As an internal positive control, we used a fusion construct that
contains both parts of the biosensor expressed in tandem (RLuc8-
mVenus), which show high BRET efficiency due to close proximity.10

In each plate of the screening, we included as controls: HCT116 cells
transfected with RLuc8 alone (negative control), HCT116 cells
transfected with RLuc8-mVenus fusion (positive control), MERLIN-
HCT116 cells treated with DMSO (untreated condition or basal
value for the MERCs in the cells). For every plate, Z’ factor was
calculated and only those plates with a Z’ factor higher than 0.7 were
considered for further analysis. The Z’ factor was calculated using the
formula: Z’ = 1 − 3(σp + σn)/|μp − μn|, where μ and σ are the mean
and standard deviation of positive (p) and negative (n) controls,
respectively.

In this screening, cell seeding as well as drug addition were
performed using the MCA96 robot (TECAN). Substrate addition and
BRET measurements were performed with the CLARIOstar plate
reader (BIOGEN Cientif́ica).

After a preliminary screening with a fixed drug concentration of 15
μM, a confirmatory screening was done, maintaining the same
concentration in order to minimize false positives. Next, for those
components showing consistent differences, a titration with 8 different
concentrations ranging from nanomolar levels up to ∼46 μM was
carried out. Results were fitted to the equation: Y = Bottom + (Top −
Bottom)/(1 + 10log EC50 − X) ([Agonist] vs response − Variable slope
(four parameters) using the GraphPad software. When synthesized
niclosamide derivatives were tested, we performed directly the dose−
response determination at the eight different concentrations.

Cholesterol Internalization Measurement. HCT116 cells were
seeded in a black 96 well plate for 24 h and incubated at cell culture
conditions (37 °C with 5%CO2). Then, cells were treated with
compounds for other 24 h. After this time, fluorescence NDB
Cholesterol (Invitrogen) was added for 1 and 3 h. Cells were washed
for 3 times with PBS and fluorescence was measured at 469/537 nm.

Lymphoblastoid cells lines were seeded in 24 well plates, treated
with compounds for 24 h and incubated at cell culture conditions (37
°C with 5%CO2). Then, fluorescence NDB Cholesterol (Invitrogen)
was added for 1 h. Cells were washed for 3 times with PBS and
fluorescence was measured at 469/537 nm. In some experiments, 10
μM BLT1 (Sigma-Aldrich), SSO (Sigma-Aldrich) or EZE (Sell-
eckChem) were incubated 15 min before addition of the NBD-
cholesterol.

Cholesteryl-Esters Determination. Lymphoblastoid cells lines were
treated with compound 24 for 24 h. Total levels of cholesteryl-esters
were determined using the Amplex Cholesterol kit (A12216,
Thermofisher Scientific). Briefly, lipids were extracted from cells by
incubating equal amount of cells with a mixture of chloroform:me-
thanol (2:1, v/v). After centrifugation and recovery of the organic
phase, lipids were dried by speed-vac, resuspended in the provided
assay buffer and cholesteryl-esters quantified following manufacturer’s
instructions.

Quantificacion of Lipid Droplets. Lymphoblastoid cells lines
previously treated for 24 h with compound 24 were fixed with 4%
PFA and, after extensive washing with PBS, lipid droplets were stained
by 2 h incubation with LipidTOX Green reagent (H34475,
Thermofisher Scientific) following manufacturer's instructions. Nuclei
were stained using DAPI. Images were obtained using a Leica SP8
confocal microscope and lipid droplet staining quantified using
ImageJ software.

Oxygen Consumption Rates Measurements. Energy metabolism
of control and ALS lymphoblasts was assessed in the presence or
absence of compound 24 by using the Extracellular Flux Analyzer XFp
(Agilent Seahorse). 200,000 cells/well were seeded in the Seahorse
XFp miniplates, previously coated with a Poly-L-lysine solution (Poly-
L-lysine 0.2 mg mL−1, borax 1X). Before measurements were made,
cells were cultured for 24 h in supplemented RPMI medium (as
described above) with or without compound 24 (5 μM). Bioenergetic
profiles of ALS and control lymphoblasts were performed using the
Mito Stress Test Kit (Agilent Technologies for Seahorse XFp). After
24 h of treatment, the culture medium was removed and 180 μL of
bicarbonate-free DMEM (Sigma-Aldrich) supplemented with 2 mM
L-glutamine, 5 mM glucose, 2% FBS, 1 mM pyruvate (Sigma-Aldrich),
and HEPES 5 mM pH 7.4 was added. Cells were incubated for 1 h in
a CO2-free incubator.

The glycolytic activity and mitochondrial respiration were
determined from the oxygen consumption rate (OCR). First, four
measurements under basal conditions were made. To inhibit
mitochondrial ATP synthesis, oligomycin (1 μM) was added. Then,
the uncoupler carbonylcyanide-p-trifluoromethoxy-phenylhydrazone
(FCCP) was subsequently incorporated (3 μM) to determine the
maximum respiratory rate. Finally, three measurements were made in
the presence of antimycin (2.5 μM) and rotenone (2.5 μM) to inhibit
mitochondrial respiration.

Mitochondrial-ER Contact Sites Quantification by Transmission
Electron Microscopy (TEM). Mitochondrial cristae images were
obtained as described previously with some modifications.59 Briefly,
HCT116 cells were seeded on Aclar discs and cultivated for 24 h
before incubation with 25 μM of MERCs modulators. Then cells were
fixed for 1 h at room temperature and 30 min at 4 °C in 4%
formaldehyde with 2.5% sucrose and 100 mM CaCl2 in HEPES buffer
pH 7.4. Samples were washed three times with 0.1 M cacodylate
buffer. Then, they were incubated with 1% osmium tetroxide, 1%
potassium ferricyanide, in 0.1 M CaCo Buffer with 1.25% Sucrose for
30 min at 4 °C. After 3 × 5 min wash with 0.1 M cacodylate buffer,
samples were dehydrated using an ascending ethanol series (50, 70,
90, 100%) for 7 min each at 4 °C. Next, samples were infiltrated with
a mixture of 50% Epon/ethanol for 1 h, 66% Epon/ethanol for 2 h
and with pure Epon overnight at 4 °C. TAAB capsules filled with
Epon were placed in TAAB capsules and filled with Epon and cured
for 48 h at 60 °C as described previously.60 Ultrathin sections of 70
nm were performed using an ultramicrotome (Leica Microsystems,
UC6) and a 45° diamond knife (Diatome, Biel, Switzerland) and
stained with 1.5% uranyl acetate for 15 min at 37 °C and 3% lead
citrate solution for 4 min at room temperature. Images were acquired
using a JEM2100 Plus Transmission Electron Microscope (JEOL)
operating at 80 kV equipped with a OneView 4K camera (Gatan).
Image analysis for mitochondria-ER contact sites was performed
manually using Fiji. ERMICC value to calculate the contact between
ER and the mitochondria was calculated as described.39

ADME Properties Calculations. 3D structures were prepared using
LigPrep (Schrödinger).61 Briefly, hydrogens were added if needed,
tautomers and protonation states were calculated at pH 7.4 ± 2.0
using Epik and the structures were energetically minimized. For each
compound, the most favorable state was retained for the subsequent
calculation of the described properties using QikProp (Schrö-
dinger).42

The reference value intervals for each of the calculated properties
are as follows: MW (130.0−725.0); QP log Po/w (−2.0−6.5);
QPlogS (−6.5−0.5); QPPCaco (<25 poor, > 500 great); QPlogBB
(−3.0−1.2); HOA (>80% high, < 25% poor); PSA (7.0−200.0).

Parallel Artificial Membrane Permeability Assay (PAMPA).
Prediction of the BBB penetration was done using the PAMPA
methodology.62 Ten commercial drugs of known BBB permeability,
namely atenolol, caffeine, desipramine, enoxacin, hydrocortisone,
ofloxacin, piroxicam, promazine, testosterone and verapamil were
used as controls in each experiment. An assay validation was
conducted by comparing the reported permeability values of these
commercial drugs with the experimental data obtained using this
method. Controls and MERCs modulators were dissolved in 5 mL of
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a phosphate buffer saline solution of PBS/EtOH (70:30 respectively)
at pH 7.4. The donor 96-well plate (Millipore, catalog no.
MAIPS4510) was coated with 4 μL of porcine brain lipid in
dodecane at 20 mg/mL (Avanti Polar Lipids, catalog no. 141101) and
then filled with 180 μL of each filtered compound solution. The
acceptor 96-well plate (Millipore, catalog no. 141101) was filled with
180 μL of the phosphate buffer. The donor plate was then carefully
placed above the acceptor plate to form a “sandwich” which was
incubated at room temperature for 2 h and 30 min. During the
incubation time, compounds diffused from the donor plate through
the brain−lipid membrane into the acceptor plate. At the termination
point, the donor plate was removed and the concentration of the
compounds diffused into the acceptor plate was determined by
absorbance measurements in a microplate reader (Thermoscientific,
Varioskan). Every sample was analyzed at 2−5 wavelengths in three
wells and in two independent experiments. Results are given as the
mean ± standard deviation (SD) of the two runs. Commercial drugs,
PBS, ethanol and dodecane were purchased from Sigma-Aldrich,
Acros Organics and Fluka.

Electron Microscopy (EM) of Lymphoblast Cells. Differentes
lymphoblasts from controls and sporadic ALS patients with or
without treatment were fixed in a fixative solution containing 4%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer
[pH 7.3] for 4 h at 4 °C and then postfixed for 1 h in a 1:1 solution of
2% aqueous osmium tetroxide and 3% aqueous potassium
ferrocyanide. The tissue was dehydrated in a graded series of acetone
dilutions and finally embedded in Spurr’s resin. Ultrathin sections (60
nm) were stained with lead citrate and electron micrographs were
obtained using a JEOL 1010 electron microscope operated at 80 kV
and equipped with a CCD Gatan Erlangshen ES500w camera.

Statistical Analysis. Statistical analyses were performed with
Graph Pad Prism 6 (La Jolla, CA, USA). All the statistical data are
presented as mean ± standard error of the mean (SEM). Normality
was checked with the Shapiro−Wilk test. Parametric tests were
therefore used in the statistical analysis. Unless indicated differently,
data are representative for three independent experiments. Statistical
significance was estimated by Student’s t test or by analysis of variance
(ANOVA) followed by the Fisher’s LSD test for multiple
comparisons. A value of p < 0.01 was considered significant.
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