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ABSTRACT: Neurodegenerative disorders, caused by prone-to-
aggregation proteins, such as Alzheimer disease or Huntington
disease, share other traits such as disrupted homeostasis of essential
metal ions, like copper. In this context, in an attempt to identify Cu2+

chelating agents, we study several organic compounds (ethyl-
enediaminetetraacetic acid, phenylenediamine, metformin, salicylate,
and trehalose) and organic extracts obtained from Bacopa monnieri L.,
which has been used in Ayurvedic therapies and presented a broad
spectrum of biological properties. For this purpose, UV−visible
spectroscopy analysis and electrochemical measurements were
performed. Further, biological assays were performed in Caeno-
rhabditis elegans models of polyQ toxicity, in an attempt to obtain
better insights on neurodegenerative disorders.

■ INTRODUCTION

Huntington disease (HD) is a genetic neurodegenerative
disorder characterized by uncoordination and choreic move-
ments, progressive loss of cognitive functions, and psychiatric
alterations, leading to repercussions in daily life activities.1 HD
is characterized by intracellular deposits of mutant huntingtin
(mHttt), which is an essential protein in mammals but with no
clear function yet.2,3 Huntingtin is encoded by HTT, and
patients of HD have an abnormal expansion of CAG triplets
(36 or more) in the first exon of the gene. Hence, mHtt
contains an expansion of polyglutamines (polyQs) in its N-
terminal region, which makes it very prone to aggregation, and
confers it a toxic gain-of-function. Although the mechanism of
aggregation is not fully understood, several therapeutic
strategies are being studied.2,3 The present research focuses
on the limitation of the aggregation of polyQ-containing
peptides and its toxicity, which is attributed to the presence of
oligomeric and fibrillary forms. The literature shows that
certain metal ions, such as Cu2+ and Fe2+, accumulate within
mHtt-affected cells and that at least copper contributes to
mHtt aggregation.4 The brain tightly regulates the homeostasis
of many metals, such as Cu2+, Zn2+, and Fe2+, as part of normal
physiological processes.5 Copper is a redox transition metal
which plays a crucial role in several biological systems.6

Copper-based complexes have been studied as attractive

biological agents,7 since they may present relevant pharmaco-
logical properties and interact with many different biomole-
cules.8−10 In the context of neurodegenerative disorders,
copper is capable of modulating the aggregation of mutant
huntingtin.4 Additionally, Cu2+ can be reduced to Cu+, which
in turn is essential for the generation of reactive oxygen species
(ROS) via Fenton-like reaction (Cu+ + H2O2 → Cu2+ + OH•

+ OH−), thus contributing to oxidative stress, which is
extremely important to HD.2,11,12 Although HD is purely
hereditary, current therapies against these neurodegenerative
diseases are insufficient to stop the progression of the
pathology. In this context, it is increasingly urgent to develop
therapies based on the combination of molecules that can act
on several aspects of the disease. Moreover, strategies based on
medicinal plants have gained attention for the treatment of
different neurological diseases.13−16 Several studies involving
polyphenols and their metal chelating properties have been
reported.17,18 Although focused on Alzheimer’s disease (AD),
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they may apply to many other neurodegenerative diseases,
whose progression parallels with the aggregation of prone-to-
aggregation molecules, such as HD (mutant huntingtin) or
Parkinson’s disease (α-synuclein). In this regard, Picciano and
Vaden19 investigated the complexation between curcumin and
copper(II) ions using different segments of the β-amyloid
peptide, one of the molecules causative of AD. The authors
concluded that curcumin can simultaneously bind to Cu2+ and
β-amyloid, forming a ternary system. Recently, similar results
were also obtained by Kola and co-workers using rosmarinic
acid,20 and the system was characterized via different
spectroscopic techniques. Cytotoxic studies revealed that the
copper(II) complex was able to reduce the percentage of
cellular viability on NIH3T3 fibroblasts cells. The coordination
of these compounds on the copper center can enhance its
pharmacological properties, which in turn allows easy crossing
of the brain blood barrier by these compounds. Thus,
considering the metal chelating property of different natural
compounds, an extract fromBacopa monnieri L. was used to
develop an innovative method for screening anti-neuro-
degenerative agents using spectroscopic and electrochemical
techniques. For this screening, several compounds were
selected following two criteria: (i) the potential as chelating
agents rich in electron donor atoms (mimicking the chelating
properties of the natural products present in Bacopa extracts)
and (ii) the neuroprotective bioactivity. B. monnieri has been
extensively used in neuromedicine, and it has also been shown
to present many biological properties.21 Bacoside A is
suggested as the most active constituent on B. monnieri,
which is used in Ayurvedic therapies for the treatment of
several disorders.22,23 In this work, we describe the study of
different organic compounds, including the extracts from B.
monnieri, as a potential anti-neurodegenerative therapy. Since
copper-based complexes can present enhanced pharmacolog-
ical properties in comparison to the organic-free ligand, the
chelation effect may play an important role on neuro-
degenerative diseases. In this context, UV−vis and cyclic
voltammetry techniques were employed to obtain more
insights on this feature. Furthermore, due the complexity of
the vertebrate brain, twoC. elegans models of polyQ toxicity
were used to investigate the B. monnieri effects on neuro-
degenerative disorders. The analyses showed that B. monnieri
extracts reduce polyQ aggregation and reduce neurodegenera-
tion induced by these molecules.

■ RESULTS AND DISCUSSION
Chelation Test via UV−Vis Spectroscopy. UV−vis

spectroscopy was employed to investigate the production of
copper-based complexes upon addition of extracts of B.
monnieri (Figure 2A) and different ligands L [L = EDTA,
PPD, MET, SAL, TRE (Figure 2B)]. The influence of
concentration of MET, SAL, and TRE on CuSO4 λmax is
shown in Figure 2B. Although a slight displacement of λmax
from 818 to 808 nm was observed after increasing the
concentration of MET, there is no evidence regarding the
formation of the copper complex. A similar behavior was
observed for TRE, with a displacement from 818 to 797 nm.
By increasing the amount of SAL in the CuSO4 solution, we
noticed a shift in λmax, which decreased from 818 to 790 nm,
accompanied by a change of color from blue to light green.
Since salicylate presents a chemical structure that can
coordinate via the bidentate mode on the metal center,33 the
results suggest a possible formation of the copper complex.

Hypsochromic and hyperchromic displacements on λmax of
CuSO4 were observed when the amounts of EDTA were
increased. The λmax of CuSO4 also decreases in the presence of
PPD. In this case, the absorption centered on 810 nm
undergoes a hypsochromic displacement toward shorter
wavelengths, around 600 nm. It should be mentioned that
the solution of PPD 40 mM did not allow us to determine the
λmax of CuSO4 due the lack of resolution of the peak.
Moreover, the DCM extract does not seem to induce a shift on
CuSO4 λmax, which remains close to 818 nm. As observed in
Figure 2B, unlike DCM, the MeOH extract induces a
displacement from 818 to 770 nm on CuSO4 λmax. Since
MeOH is a coordinating solvent,34 these results suggest the
formation of a copper complex.

Chelation Test via Cyclic Voltammetry. As observed in
Figure 3, the addition of MET and TRE causes a similar profile
on the CuSO4 voltamogram. Peak reduction attributed to the

Figure 1. Images of Bacopa plants, which corresponds to the B.
monnieri L species analyzed in this work (photo was taken by the
authors).

Figure 2. Influence of concentration of (A) extracts of B. monnieri
(DCM and MeOH) and (B) MET, SAL, and TRE on λmax of CuSO4
50 mM solution.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03378
ACS Omega 2022, 7, 16260−16269

16261

https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03378?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Cu2+ + 2e → Cu0 process is observed at −0.65 V versus Ag/
AgCl (Figure 3a), which is in agreement with the literature
data for copper electrochemistry in the presence of weakly
complexing agents.35 In the subsequent anodic scan, the
deposit of solid copper is oxidized to Cu2+ in solution giving
rise to the stripping of oxidation peak at +0.20 V exhibiting
peak splitting. This feature can be attributed to the formation
of different deposits of metallic copper during the precedent
cathodic step, a situation favored by the high Cu2+

concentration used in these experiments. The cathodic signal
is very similar to that observed when MET and TRE are added
in the solution (Figure 3b,c), suggesting no evidence of
coordination of these ligands. A different voltammogram was
obtained after SAL addition. In this case, the reduction peak
was observed at more negative potentials (−0.85 V vs Ag/
AgCl) accompanied by a crossover in the following anodic
scan. These features are indicative of the coordination of the
Cu2+ ion with SAL (Figure 3d). The electrochemical results
are in agreement with those obtained via UV−vis spectroscopy,
and SAL seems to be an effective chelating ligand.
This voltammetric response to Cu2+ complexation is in

principle equivalent to that observed with EDTA at pH 7.0, as
illustrated in Figure 4. In a solution of CuSO4, the reduction of
Cu2+ to Cu0 gives a peak at −0.65 V versus Ag/AgCl (Figure
4a). In this region of potentials, EDTA remains electrochemi-
cally silent (Figure 4b), only showing overlapping oxidation

peaks at ca. 1.0 V, associated to the oxidation of carboxylate
units. In 50 mM CuSO4 plus 50 mM EDTA solution (Figure
4c), the cathodic process for Cu2+ reduction is negatively
shifted to −0.87 while the stripping Cu0 to Cu2+ oxidation
collapses to a unique sharp peak at −0.35 V. Similarly, the
carboxylate oxidation processes define a unique, broad anodic
wave. Further addition of EDTA (Figure 4d) leads to an ill-
defined voltammetric response, probably as a result of the
overlapping of the Cu2+ reduction with the hydrogen evolution
reaction. The voltammograms in Figure 5 suggest a complex-
ation between PPD and Cu2+; again, a cathodic shift was
observed in the Cu2+ reduction wave. However, since PPD is a
non-chelating ligand, it is suggested that the formation of the
copper−EDTA complex is favored due to the chelation effect
in comparison to the copper−PPD complex.
No significant alteration on the Cu2+ reduction peak was

observed on the CuSO4 voltammogram after the addition of
MeOH extracts of B. monnieri at 1.16 mg/mL (not shown) and
3.19 mg/mL (Figure 6a). However, a cathodic shift to −0.85 V
versus Ag/AgCl was observed with an extract concentration of
7.98 mg/mL, indicating that the concentration is an important
feature on this interaction with the metal ion (Figure 6b). The
DCM extract of B. monnieri at 1.16 mg/mL (not shown) also
does not induce a change in the peak Cu2+ reduction. As
before, there is a significant change in the Cu2+ reduction
signal at higher extract concentrations (Figure 6d). In contrast

Figure 3. Cyclic voltammograms of solutions of (a) CuSO4 [50 mM], (b) CuSO4 [50 mM] + MET [50 mM], (c) CuSO4 [50 mM] + TRE [50
mM], and (d) CuSO4 [50 mM] + SAL [50 mM] in phosphate buffer 0.10 M, pH 7.0. Potential scan rate: 20 mV s−1.
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with UV−vis spectra, which do not show an auxochrome effect
on copper sulfate in these cases, voltammetric data become
sensitive to Cu2+ complexation. In this context, the cyclic
voltammetry technique will allow us to learn more about the
chelating effect of our B. monnieri extracts. Additional
experiments will be performed in an attempt to obtain more
insight on its chelating properties.
Study of Aggregation of PolyQs inC. elegans. Bacopa

extracts are believed to be neuroprotective in different models
of neurodegenerative diseases, such as Alzheimer disease or
aluminum-induced neurodegeneration in rats.36,37 Therefore,
we sought to test whether these effects may be relevant in
invertebrate models of polyQ aggregation, which recapitulates
some events produced in HD,25,32 a disease which has
associated heavy oxidative stress as it also happens in other

neurodegenerative disorders.2,38 To do so, we used the round
nematode worm C. elegans.29 This has been used extensively to
test genes and signaling pathways that are neuroprotec-
tive30,39,40 and also to test neuroprotective compounds.25,32

We used two different models of polyQ toxicity: one which
expresses 40 glutamines (40Q) fused in a frame with the
fluorescent protein YFP in the body wall muscles30 and
another which expresses 112Q in the touch receptor
neurons.25 Analysis of the first model permits investigation
of the potential of a substance to reduce polyQ aggregation
very easily, since aggregation of the 40Q::YFP can be followed
easily under a dissecting microscope equipped with fluo-
rescence. It has been described that mutant huntingtin
aggregation, which carries a polyQ expansion of 36 or more
glutamines, runs in parallel with the progression of HD.41 The

Figure 4. Cyclic voltammograms of solutions of (a) CuSO4 [50 mM], (b) EDTA [50 mM], (c) CuSO4 [50 mM] + EDTA [50 mM], and (d)
CuSO4 [50 mM] + EDTA [100 mM] in phosphate buffer 0.10 M, pH 7.0. Potential scan rate: 20 mV s−1.

Figure 5. Cyclic voltammograms of solutions of (a) CuSO4 [50 mM] and (b) CuSO4 [50 mM] + PPD [50 mM] in phosphate buffer 0.10 M, pH
7.0. Potential scan rate: 20 mV s−1.
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second strains allow us to investigate how a substance may be
neuroprotective25 (see below). Analysis of the 40Q worms,
treated with different Bacopa extracts, showed that this plant
contains chemicals with the power to reduce polyQ
aggregation (Figure 7). For example, treating the worms
with the B. monnieri extracts (whole plant), obtained with
DCM, reduces the rate of aggregation from 30 inclusion bodies
(30.9 ± 0.8, average ± SEM), in the control worms treated
with the vehicle (DMSO), compared to 13 (13.5 ± 1.3) in the
worms treated with the extract (p < 0.001) (Figure 7A). The
rest of extracts, obtained with DCM, followed the same trend
of reduction of aggregation of polyQs, but there were
substantial differences depending on the part of the plant
being tested. While the whole plant extract reduced massively
the number of inclusion bodies (13.5 ± 1.3), the extract
obtained just with the leaves did not, at least not to the same
extent (25.3 ± 1.3) (Figure 7A). The root extract, in contrast,
reduced substantially the aggregation process (p < 0.001) (16.5
± 1.6) (Figure 7A). Since reduction from the whole plan
extract and reduction from the root part are not statistically
different, we may assume that the most active compound is in
the root of Bacopa plants, although the leaves seem to have
also protective substances. With regard to MeOH extracts of
Bacopa, the trend is similar to the results obtained with DCM
extracts. The whole plant MeOH extract reduced the inclusion
bodies to 12.7 ± 1.6, which is not statistically different to the
effect observed with the treatment with the DCM extract (13.5
± 1.3) (Figure 7A). Interestingly, both leaves and roots show
the same level of reduction of aggregation patterns (18.7 ± 1.2
and 20.0 ± 1.6 respectively) (Figure 7A). This result is
substantially softer than the reduction observed with the whole

extract (12.7 ± 1.6) (p < 0.001), which suggests that different
species from both plant parts may act together to reduce the
formation of inclusion bodies of polyQs in C. elegans (Figure
7A). Both methods to produce the Bacopa extracts seem to
provide with functional bacosides since both kind of extracts
reduces polyQ aggregation in worms. In this regard, it has been
shown that hexane-produced Bacopa extracts provided with
products that enhanced the lifespan, by reducing oxidative
stress caused by glutamate toxicity in worm murine
models.42−44 With regard to the reduction of polyQ
aggregation and polyQ-induced stress, it has been shown
that bacosides were able to induce chaperone expression in rats
and also promote anti-oxidative molecules.45

Analysis of Neuroprotective Activity in C. elegans
Neurons Stressed with polyQs. The above results are
interesting, from the mechanistical point of view, because it
does suggest that these extracts may act in favor of protein
homeostasis. However, we wanted to investigate whether they
have an effect on functional matters. To do so, we studied the
effect of these extracts on neurons stressed with polyQs.
Hence, we incubated the 112Q strain in the same conditions
described above and then assayed for the touch response.
Typically, the 112Q animals respond around 20−25% of the
times that they are touched with an eyelash mounted on a
toothpick24 because the touch receptor neurons are stressed
with the polyQs. However, analysis of the touch response of
the animals grown on Bacopa shows that these extracts are able
to partially restore the functionality on these neurons (Figure
7B). For example, 112Q worms grown on DCM-produced
Bacopa extract increased up to 50% more than their capacity of
mechanosensation (Figure 7B) (from 18.9% ± 0.6 to 30.3% ±

Figure 6. Cyclic voltammograms of solutions of (a) CuSO4 [50 mM] + methanolic extract of B. monnieri (3.19 mg/mL), (b) CuSO4 [50 mM] +
methanolic extract of B. monnieri (7.98 mg/mL), (c) CuSO4 [50 mM] + dichloromethane extract of B. monnieri (1.16 mg/mL), and (d) CuSO4
[50 mM] + dichloromethane extract of B. monnieri (3.19 mg/mL), in phosphate buffer 0.10 M, pH 7.0. Potential scan rate: 20 mV s−1.
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1.0, p < 0.001). The DCM extracts from leaves and roots also
restored the mechanosensation of the 112Q worms, raising the
touch response substantially, from 18.9 ± 0.6 of the worms
treated with the vehicle (DMSO) to 32.0% ± 1.1 (p < 0.001)
and 35.3% ± 1.0 (p < 0.001), respectively (Figure 7B).
Interestingly, the extracts obtained with the MeOH method
resulted slightly better in rescuing the touch phenotype. The
whole plant extract, for example, rescued worms from 18.9% ±
0.6 to 40% ± 1.1 (p < 0.001) (Figure 7B). The results obtained
with leaf and root extracts resulted in very similar effects 37.3%
± 1.3 and 38.5% ± 1.0, respectively. Both were statistically
significant and different from controls but not substantially
different from the MeOH extract of the whole plant. This
suggests that both tissues contain similar protective com-
pounds and probably at similar concentrations. These
neuroprotective effects have been shown in murine models
of Parkinson disease, a pathology that shares many traits with

HD.46 Moreover, these extracts also reduce phenotypes in the
models of epilepsy in worms47 and rats.48

■ CONCLUSIONS

Spectroscopic and electrochemical screening of molecules and
plant extracts with neuroprotective activity, through the
cooper-binding mechanism, can be performed, in aqueous
media at biological pH, using voltammetry of microparticles.
Electrodes are modified with microparticulate films of the
tested compounds and immersed into Cu2+ solutions. In all
cases, the voltammetric signals of Cu2+ exhibit significant peak
splitting in the presence of compounds interacting significantly
with copper. Peak splitting observed in voltammetric peaks for
electrodes modified with compounds displaying neuroprotec-
tive activity can be interpreted on the basis of a Hess’ cycle
process involving surface-confined complexes. The described
solid-state electrochemistry screening provides high sensitivity

Figure 7. Bacoside extracts protect C. elegans from polyQ-induced toxicity and restores the neuronal function. (A) Transmission and fluorescent
microscopy images from worms expressing 40Q::YFP in body wall muscles, treated with MetOH extract of Bacopa (below), and their respective
control with DMSO (above); (B) quantification of the aggregation phenotype, from worms treated with different extracts from different parts of
the Bacopa plants and also different methods of extraction. Bacosides reduce substantially the aggregation phenotype of worms; (C) Bacosides are
able to induce neuroprotection in worms stressed by polyQs (112Q::tdTomato expressed in mechanosensory neurons). Asterisk show statistical
significance from the ANOVA test with Tukey posthoc: *p < 0.05; ***p < 0.001.
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with the amounts of compound to be tested in the
microgram−nanogram range. This methodology is particularly
interesting because it opens the possibility of testing cooper−
ligand interactions in the aqueous environment at physiological
pH, with no need of previous incubation, and it can be used at
the nanoscopic level. Using this technology, we were able to
test Bacopa extracts, which showed great ability to chelate
copper ions. This, together with the literature about Bacopa
and the neurodegenerative diseases field, strongly pointed out
that the extracts may be of interest to reduce phenotypes in the
animal models of HD. As we hypothesized, these compounds
were able to reduce the aggregation of polyQ-containing
proteins in C. elegans worms expressing these toxic molecules
in muscle cells. However, the reduction of aggregation does
not always parallel the recovery of function. Hence, we tested
these extracts into a worm model of neuronal toxicity.
Interestingly, these extracts are able to restore neuronal
function of worms with mechanosensory neurons challenged
by polyQs. Proteins containing abnormal expansions of CAG,
hence encoding long tracks of polyQs are causative of a
number neurodegenerative diseases, including HD, spinocer-
ebellar ataxias, and a few more, which to date are orphan of a
treatment. Our findings places Bacopa as a new player to fight
neurodegenerative disorders, caused by prone-to-aggregation
proteins.

■ MATERIALS AND METHODS
A library of compounds employed in this study was composed
of two different groups of molecules (Chart 1): (a) organic

molecules with copper(II)-chelating properties: ethylenedia-
minetetraacetic acid (EDTA),24 phenylenediamine (PPD), and
extracts of B. monnieri (dichloromethane [DCM] and
methanol [MeOH]) and (b) active molecules against neuro-
degenerative diseases involving or not involving Cu-binding:
metformin (MET),25 salicylate (SAL),26,27 and trehalose
(TRE).28

Collection and Treatment of the Plant Material. B.
monnieri L. (Figure 1) was collected on March 21, 2019 at “La
maison de la mangrove”, in the commune of Abymes
(Guadeloupe, France). The plant was immediately cleaned
with distilled water and dried three weeks in the ambient air
before being crushed.
Extraction of the Plant Material by Soxhlet. B. monnieri

is composed of different triterpenoid saponins, known as
bacosides; bacoside A is its major constituent.23 For the
extraction, pumice stones were introduced to regulate the
boiling in a 1 L glass flask previously weighted. A cellulose

cartridge containing 51.24 g of plant material (B. monnieri) was
introduced into the glass body of the Soxhlet extractor. Then,
the cartridge was impregnated with 600 mL of dichloro-
methane. The extraction was carried out for 48 h. After the
extraction, the solvent was dry evaporated using a rotary
evaporator, obtaining 1.2 g (yield of 2.4%) of product. The
cartridge underwent a second extraction cycle with 600 mL of
methanol for 48 h. Then, the solvent was totally evaporated
using a rotary evaporator, and 12.4 g of product was obtained
(yield: 24.2%).

UV−Vis Spectroscopy Experiments. A PerkinElmer
brand spectrophotometer was used to define the λmax of
CuSO4 (∼800 nm) and analyze the solutions. The λmax of
different solutions has been studied by scanning a predefined
wavelength range. For these experiments, several molecules
(EDTA, PPD, MET, SAL, TRE, and the extracts of B. monnieri
in DCM and MeOH) have been analyzed according to their
ability to chelate the metal ion Cu2+. 50 mM of CuSO4
solution (pH ≈ 7.0) was added in each solution, and
increasing amounts of EDTA (10 to 200 mM), PPD (10 to
40 mM), MET, SAL, or TRE (10, 20 and 50 mM) was added.
For experiments using the extracts of B. monnieri, copper
solutions were prepared by adding increasing amounts of dry
extracts.

Electrochemical Experiments. Solution-phase electro-
chemical experiments were performed on a glassy carbon
electrode at 298 ± 1 K using conventional equipment. The
solutions of different molecules (EDTA, PPD, MET, TRE, and
SAL) previously prepared to develop the spectroscopic
experiments were used to study the electrochemical profile
of Cu2+. For these experiments, phosphate buffer, 0.10 M pH
7.0, was added in each solution, at a ratio of 8:2 (8 mL of
solution to be analyzed + 2 mL of buffer), and a CuSO4
solution 50 mM was employed.

C. elegans Strains. C. elegans nematode was maintained at
20 °C as previously described by Brenner.29 AM141 and
RVM131 strains were used to evaluate the protective effect in
muscle cells and neurons of B. monnieri L., respectively.
AM141 contains a transgene that express 40 glutamines (40Q)
in frame with the fluorescent protein YFP in muscle cells with
genotype rmIs133[unc-54p::40Q::YFP].30 This strain was
provided by the Caenorhabditis Genetics Center (University
of Minnesota, Minnesota, USA). The transgene included in
RVM131 animals drives the expression of 112Q fused to the
fluorescent protein tandem tomato (TdTomato) in mechano-
sensory neurons (genotype vltEx131[mec-3p::112Q::TdToma-
to; myo-2p::GFP]).25

C. elegans Maintenance and Culture. The nematode
growth medium (NGM) was used in order to grow and culture
the worms.29 NGM was prepared with 3 g of NaCl, 20 g of
bacteriological agar, and 2.5 g of peptone in 1 L of H2O. After
autoclaving, the NGM medium was supplemented with
cholesterol (5 mg/mL in ethanol), nystatin suspension (12.5
mg/mL), 1 mL of CaCl2 1 M, 1 mL of MgSO4 1 M, and 25 mL
of KH2PO4 1 M, pH 6.0. The medium was immediately
poured into plates (10 mL/well). After drying in an extractor
with laminar flow, the plates were seeded with the OP50
Escherichia coli strain and also dried. For the amplification, the
nematodes were transplanted from one Petri dish after 72 h.
Then, the selection of plates was based on those that contain
hermaphrodites carrying eggs. The selected plates were washed
with few milliliters of M9 buffer medium and collected in
falcon 15 mL centrifuge tubes. Then, a standard bleaching

Chart 1. Chemical Structures Employed in This Work:
EDTA, PPD, Bacoside A, a Major Constituent of B.
monnieri, MET, SAL and TRE
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buffer was performed according to Porta-de-la-Riva et al.31

with modifications. The tubes were centrifuged to 20 °C at
1500 rpm during 1 min, and the supernatant was removed.
The mixture was prepared by adding 250 μL of H2O, 0.5 mL
of commercial bleach solution (4−6% hypochlorite), and 1.25
mL of NaOH, in water. The solution was shacked during 5−6
min on a vortex, the supernatant was removed, and 15 mL of
M9 buffer medium (1×) was added. M9 buffer is a
physiological buffer consisting of 3 g of KH2PO4, 6 g of
Na2HPO4, and 5 g of NaCl in 1 L of H2O, and then, after
autoclaving it, 1 mL of MgSO4 1 M was added. This operation
was repeated but leaving 1 mL of supernatant. The worms
were suspended before incubation at 20 °C in agitation for 24
h for the embryos to hatch. Then, the larvae were left in the
physiological solution without food to synchronize to the L1
stage. Then, L1 animals were incubated with different plant
extracts, using microplates of 96 wells with a capacity of 100
μL, during 72 h at 20 °C on a wet atmosphere and agitated. L4
and young adults were evaluated by counting the number of
inclusion bodies and mechanosensory response, respectively.
The experiments were reproduced at least three times. Manual
isolation of stage L4 nematodes was performed using a tin wire
soldered to a glass Pasteur pipette, allowing the worms to be
gently handled, as described elsewhere25,32 under a dissecting
microscope equipped with fluorescence (Leica M165 FC,
Leica Microsystems, Wetzlar, Germany).
Analysis of polyQ Aggregation. The average number of

inclusion bodies in muscle cells was analyzed under a
dissecting microscope equipped with fluorescence (Leica
M165 FC). To analyze aggregation, we observed AM141
worms under a microscope, since these proteins collapse into
inclusion bodies. We counted in vivo the number of these
inclusion bodies, from at least 30 L4 larvae, per treatment.
Then an average was calculated and plotted into graphs.
Touch Assays. Touch assays were performed by gently

passing an eyelash, mounted on a toothpick, through the tail of
the worms, as described elsewhere.25,32 The tail of each worm
was scored approximately 10 times. This test was performed on
approximately 50 animals, and the average response was
plotted. Each assay was repeated at least three independent
times.
Statistical Analyses. Statistical analyses were performed in

GraphPad Prism by subjecting the data to one-way ANOVA,
followed by the Tukey multiple comparison test as can be seen
in other similar studies.25,32 The results are presented as means
± SEM (standard error of the mean) of the mean number of
inclusion bodies in muscle cells by a nematode. Then, they
were compared to nematodes treated only with DMSO
(0.0025%) in the control.
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Moncol, J.; Kozí̌sěk, J. Synthesis, Crystal Structure, Spectroscopic
Properties and Potential Biological Activities of Salicylate−Neo-
cuproine Ternary Copper(II) Complexes. Molecules 2015, 20, 2115.
(34) Mondal, B.; Kumar, P.; Ghosh, P.; Kalita, A. Fluorescence-
based detection of nitric oxide in aqueous and methanol media using
a copper(II) complex. Chem. Commun. 2011, 47, 2964.
(35) Anderson, J. L.; Shain, I. Cyclic Voltammetric Studies of Ionic
Strength and Nitrate Ion Dependence of Copper(II) Reduction in
Acidic Aqueous Nitrate and Perchlorate Solutions. Anal. Chem. 1978,
50, 163.
(36) Abdul Manap, A. S.; Vijayabalan, S.; Madhavan, P.; Chia, Y. Y.;
Arya, A.; Wong, E. H.; Rizwan, F.; Bindal, U.; Koshy, S. Bacopa
monnieri, a Neuroprotective Lead in Alzheimer Disease: A Review on
Its Properties, Mechanisms of Action, and Preclinical and Clinical
Studies. Drug Target Insights 2019, 13, 117739281986641.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03378
ACS Omega 2022, 7, 16260−16269

16268

https://doi.org/10.1186/1750-1172-5-40
https://doi.org/10.3390/antiox9070577
https://doi.org/10.3390/antiox9070577
https://doi.org/10.1007/s11910-021-01093-3
https://doi.org/10.1007/s11910-021-01093-3
https://doi.org/10.1371/journal.pone.0000334
https://doi.org/10.1371/journal.pone.0000334
https://doi.org/10.1016/j.ccr.2012.03.013
https://doi.org/10.1016/j.ccr.2012.03.013
https://doi.org/10.1016/j.cub.2011.09.040
https://doi.org/10.1039/c2mt00174h
https://doi.org/10.1039/c2mt00174h
https://doi.org/10.3390/ijms21113965
https://doi.org/10.3390/ijms21113965
https://doi.org/10.1007/s00775-021-01888-2
https://doi.org/10.1007/s00775-021-01888-2
https://doi.org/10.1002/chem.201202482
https://doi.org/10.1002/chem.201202482
https://doi.org/10.1002/chem.201202482
https://doi.org/10.1016/j.cbi.2010.04.010
https://doi.org/10.1016/j.cbi.2010.04.010
https://doi.org/10.2174/1389450115666140115113734
https://doi.org/10.2174/1389450115666140115113734
https://doi.org/10.2174/1389450115666140115113734
https://doi.org/10.3390/molecules24162939
https://doi.org/10.3390/molecules24162939
https://doi.org/10.3389/fphar.2019.01334
https://doi.org/10.3389/fphar.2019.01334
https://doi.org/10.22038/IJBMS.2020.35288.8419
https://doi.org/10.22038/IJBMS.2020.35288.8419
https://doi.org/10.1016/j.prostaglandins.2021.106587
https://doi.org/10.1016/j.prostaglandins.2021.106587
https://doi.org/10.1016/j.prostaglandins.2021.106587
https://doi.org/10.3389/fnins.2020.619667
https://doi.org/10.3389/fnins.2020.619667
https://doi.org/10.3389/fnins.2020.619667
https://doi.org/10.3233/JAD-200185
https://doi.org/10.3233/JAD-200185
https://doi.org/10.1016/j.bpc.2013.09.004
https://doi.org/10.1016/j.bpc.2013.09.004
https://doi.org/10.3390/life10070118
https://doi.org/10.3390/life10070118
https://doi.org/10.3390/life10070118
https://doi.org/10.4103/0974-8520.92549
https://doi.org/10.4103/0974-8520.92549
https://doi.org/10.4103/0974-8520.92549
https://doi.org/10.1016/j.phymed.2003.12.008
https://doi.org/10.1016/j.phymed.2003.12.008
https://doi.org/10.2174/1570159X16666180419123022
https://doi.org/10.2174/1570159X16666180419123022
https://doi.org/10.1149/2.070207jes
https://doi.org/10.1149/2.070207jes
https://doi.org/10.1149/2.070207jes
https://doi.org/10.1038/s12276-019-0264-9
https://doi.org/10.1038/s12276-019-0264-9
https://doi.org/10.1007/s11095-017-2199-y
https://doi.org/10.1007/s11095-017-2199-y
https://doi.org/10.1111/jphp.12108
https://doi.org/10.1111/jphp.12108
https://doi.org/10.1111/jphp.12108
https://doi.org/10.1093/genetics/77.1.71
https://doi.org/10.1073/pnas.152161099
https://doi.org/10.1073/pnas.152161099
https://doi.org/10.1073/pnas.152161099
https://doi.org/10.1073/pnas.152161099
https://doi.org/10.3791/4019
https://doi.org/10.3791/4019
https://doi.org/10.1016/j.phrs.2020.105105
https://doi.org/10.1016/j.phrs.2020.105105
https://doi.org/10.1016/j.phrs.2020.105105
https://doi.org/10.3390/molecules20022115
https://doi.org/10.3390/molecules20022115
https://doi.org/10.3390/molecules20022115
https://doi.org/10.1039/C0CC04054A
https://doi.org/10.1039/C0CC04054A
https://doi.org/10.1039/C0CC04054A
https://doi.org/10.1021/ac50023a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac50023a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac50023a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/1177392819866412
https://doi.org/10.1177/1177392819866412
https://doi.org/10.1177/1177392819866412
https://doi.org/10.1177/1177392819866412
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(37) Jyoti, A.; Sharma, D. Neuroprotective role of Bacopa monniera
extract against aluminium-induced oxidative stress in the hippo-
campus of rat brain. Neurotoxicology 2006, 27, 451.
(38) Yeung, A. W. K.; Tzvetkov, N. T.; Georgieva, M. G.; Ognyanov,
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