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Abstract

The neglected Chagas disease, a zoonosis caused by the Trypanosoma cruzi parasite, has lim-
ited treatment options like nifurtimox and benznidazole, known for their toxic effects and
controversial efficacy. Natural products present opportunities for therapeutic alternatives,
particularly in Chile, which has a rich variety of endemic flora. This study focused on the
Chilean Buddleja globosa, evaluating the antioxidant activities and biological effects of its
methanolic extract (MET) and BG500, an enriched iridoid fraction (6-O-methylcatalpol),
against T. cruzi trypomastigotes. Although the trypanocidal activity of the extract was
significantly lower than that of nifurtimox (280 + 3.5 vs. 5.0 £ 0.5), its selectivity was
comparable (selectivity index > 15). The MET and enriched fraction also induced hyperpo-
larization of mitochondrial membrane potential (AYm). In silico docking studies suggested
that T. cruzi’s Old Yellow (OYE) could be a potential target for 6-O-methylcatalpol. This
work provides the first report on the potential trypanocidal activity of a B. globosa extract,
highlighting the need for further studies to connect A¥Ym and OYE inhibition to the effects
of 6-O-methylcatalpol.
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1. Introduction

Chagas disease (CD) is a vector-borne Neglected Zoonotic Disease caused by a flagel-
late protozoan, Trypanosoma cruzi (T. cruzi), that affects various mammalian species across
America, including humans and domestic animals. However, due to increased population
movements, T. cruzi infection is considered a worldwide health concern and is no longer
restricted to endemic countries [1]. According to recent data, CD has an annual incidence
of 30,000 new cases in 21 Latin American countries, affecting nearly 6 million people and
causing, on average, 12,000 deaths annually [2]. Furthermore, an estimated 8600 newborns
become infected during gestation [3]. Globally, CD creates an annual burden exceeding
800,000 disability-adjusted life years and USD 600 million in healthcare costs [4]. Currently,
the infection is treated with nifurtimox (NEX, Lampit®, Bayer (Whippany, NJ, USA), (RS)-N-
(3-metil-1,1-dioxo-1,4-tiazinan-4-il)-1-(5-nitro-2-furil)metanimine) and benznidazole (BNZ),
first manufactured by Roche (Roche 7-501, Rochagan®, N-benzyl-2-(2-nitro-1H-imidazol-
1-yl) acetamide, Basel, Switzerland). BNZ is available in the United States after being
approved by the US Food and Drug Administration in 2018. Since the early 1970s, patients
have been receiving the same NFX- or BNZ-based treatments, which are long-lasting and
induce mild-to-moderate toxic effects in adults [5,6]. It is effective in recently infected
people and controversially effective in the chronic phase, where the level of evidence for
this recommendation is only moderate [7]. Furthermore, reports indicate that naturally
resistant strains may limit the effectiveness of benznidazole and nifurtimox [8,9]. No new
treatments have been developed, although imidazole derivatives, such as posaconazole,
showed promise in preclinical studies but did not achieve the expected results in clinical
trials [10-12]. A set of very promising benzoxaborole derivatives has been successful in
non-human primates with naturally acquired CD [13]. Clinical studies are underway,
although tested against T. brucei [14]. Thus, there is an urgent need to find new compounds
with trypanocidal activity that strengthen therapeutic alternatives for treating CD in all its
stages, in which the use of natural products is an open field of intense research.

Indeed, screening natural products can provide broad structural chemical diversity
and offer significant opportunities for finding novel active principles [15,16].

Chile is a country with a wide range of geographic features and climates, leading to a
unique variety of native plants. About 50% of these plants are considered endemic, meaning
they are only found in this region [17]. Additionally, Chile is home to valuable ancestral
knowledge held by its native peoples, who have a deep understanding of nature that has
been passed down through generations [18]. In response to this rich natural heritage, the
Chilean Ministry of Health took a significant step by certifying medicinal plants as part
of its national drug policy. This certification is outlined in the Regulation of the National
System of Control of Pharmaceutical Products for Human Use (DS N°3/2010) [19]. The
goal is to recognize and promote the use of these plants as complementary options for
improving health.

The single mitochondria of Trypanosomatids is an attractive trypanocidal target, as it
produces Reactive Oxygen Species (ROS) and relies on the trypanothione/trypanothione
reductase system, along with other oxidoreductases like the Old Yellow Enzyme (OYE), an
NADPH oxidoreductase unique to T. cruzi that has a wide variety of substrates, including
nitro esters, nitroaromatics, or o, 3-unsaturated compounds [20,21]. These parasites, unlike
their hosts, have limited ROS scavenging capabilities, a feature that can be exploited for the
development of new therapies [22]. Various natural compounds and extracts show potential
in targeting parasite mitochondria, for example, polyphenols like quercetin from Hypericum
afrum Lam. [23], flavonoids from Delphinium staphisagria L. [24], and kaempferol derivatives
from Nectandra oppositifolia Nees & Mart. [25]. Other effective compounds include kaurenoic
acid from Castanedia santamartensis R.M. King & H. Rob. [26] and sesquiterpenoids from
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Chilean plants like Drimys winteri J.R. Forst. & G. Forst., Podanthus mitiqui Lindl., and
Maytenus boaria Molina [27], which alter mitochondrial membrane potential and contribute
to their antiparasitic effects.

Buddleja globosa Hoppe (Scrophulariaceae), also known as matico, stands out among
the many Chilean traditional medicinal plants because of its wound and gastric ulcer
healing properties [28]. Commonly used in Chile, Argentina, Peru, and Bolivia, it is
particularly significant in Mapuche and Aymara cultures, serving as a healing agent [28].
Matico is applied in various ways, including poultices for wounds and infusions for treating
stomach ulcers, scabies, and syphilis [28]. Research on its alcoholic extracts has identified
components like saponins, terpenes, flavonoids, and iridoids [28-30].

Iridoids are important secondary metabolites found in a wide variety of species of
medicinal plants in the Lamiales order [31]. Phytochemical studies show that iridoids are
major bioactive compounds with potent activities, including anti-inflammatory, antioxidant,
neuroprotective, cardioprotective, antitumor, and antibacterial effects. Notable iridoids
from B. globosa include catalpol and aucubin [32,33]. Catalpol exhibits multiple benefits,
such as leishmanicidal properties [34], antioxidative and anti-inflammatory effects, and pro-
tection against osteoporosis and knee osteoarthritis [35-37]. It also increases mitochondrial
membrane potential in liver cells [38], but its effects on T. cruzi remain unstudied.

Therefore, this study evaluated the trypanocidal activity of commercially available
catalpol, the methanolic extract of B. globosa (MET), and its fraction (BG500), enriched
in an iridoid, against T. cruzi trypomastigotes. We hypothesized that iridoids from
B. globosa could induce the death of T. cruzi by affecting mitochondrial membrane po-
tential. In addition, the possible contribution of other compounds in MET was investigated.
In parallel, an in silico assay was performed to guide the identification of potential molecu-
lar targets that predicted NADPH oxidoreductase Old Yellow Enzyme (OYE) as a promising
target in the parasite.

2. Results
2.1. NMR Characterization of the Iridoid Present in the BG500 Fraction

We searched for iridoids in the ten fractions from MET using thin-layer chromatog-
raphy. Only in the BG500 fraction was the presence of an iridoid detected. The nuclear
magnetic resonance data of the BG500 fraction are presented in Table 1 and Figure 1.

Table 1. 'H and 3C NMR data of 6-O-methylcatalpol (DMSO-d6).

N° §C 8 H (J in Hz)
1 93.81 5.07 (d, ] =9.7 Hz)
3 140.58 6.36 (d, ] =5.9 Hz)
4 102.59 5.03 (m)
5 35.95 2.35 (m)
6 87.15 3.65 (m)
7 57.77 3.68 (brs)
8 65.01 -
9 41.83 2.54 (t,] =8.1 Hz)
10 60.16 4.16 (d, ] =13.1 Hz);3.82(d, ] =13.1 Hz)
OCH; 56.62 3.50 (s)
1 98.29 4.79(d, ] =7.8 Hz)
2! 73.42 3.30 (m)
3 77.23 3.30 (m)
4 70.36 3.30 (m)
5 76.29 3.45-3.40 (m)

6 61.54 3.93 (d, ] = 12.2 Hz); 3.66 (m)
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Figure 1. 'H NMR chemical shifts of 6-O-methylcatalpol.

The 'H and '*C NMR data of the iridoid found in BG500 are shown in Table 1 and
Figure 1. The 'H-NMR spectrum (400 MHz; CD30D) (Figure S1) exhibited signals for
0H 6.36 (d, ] = 5.9 Hz, H-3), 6H 5.07 (d, | = 9.7 Hz, H-1), 6H 5.03 (m, H-4), 6H 4.16
(d, ] =13.1 Hz), and 3.82 (d, | = 13.1 Hz) for methylenic protons at C-10, H 3.68 (b.s, H-7),
dH 3.65 (m, H-6), H 3.50 (s, OCH3), 6H 2.54 (t, | = 8.1 Hz, H-9), and §H 2.35 (m, H-5).
Additionally, sugar core protons were observed. The doublet at 6H 4.79 (d, ] = 7.8 Hz)
corresponds to the proton of the anomeric carbon. The coupling constant indicates the
B configuration of the glucopyranose unit linked to the iridoid scaffold. The 3C-NMR
(Figure S2) and DEPT spectra (101 MHz; CD30OD) (Figure S3) revealed the signals for 6C
140.58 (C-3), 5C 102.59 (C-4), 6C 93.81 (C-1), 6C 87.15 (C-6), 5C 65.01 (C-8), 6C 57.77 (C-7),
dC 56.62 (OCHj3), 6C 41.83 (C-9), and 6C 35.96 (C-5), corresponding to the carbons of the
iridoid core.

Upon analyzing the available spectral data, a resemblance to the spectra previously
published for catalpol, a compound already reported in B. globosa, can be observed [39].
However, in addition to the signal for a methoxy group, a notable difference is found in the
13C NMR concerning the chemical shift value of carbon 6, which appears downfield with a
variation of approximately 10 ppm in the current iridoid.

A comparison of the IH and 13C NMR, as well as the TH-'H COSY (Figures 54 and S5)
and HMBC spectral data of the iridoid, indicates very similar signal patterns to those of
6-O-methylcatalpol, reported by Hamedi et al. [40].

2.2. Antioxidant Activity and Polyphenol Identification and Quantification
2.2.1. Antioxidant Activity of MET and Fractions

It is known that methanolic extracts from Scrophulariaceae plants contain various
chemical compounds often associated with antioxidant activity [41]. To evaluate the
antioxidant content and capacity of the MET and its various fractions, we quantified the
total polyphenol and flavonoid content and assessed their antioxidant capacity. These
results are summarized in Table 2. However, we did not evaluate the flavonoid content of
the BG300 and BG400 fractions due to sample depletion.

As shown in Table 2, there are statistically significant differences between the MET
and its fractions for all of the performed assays (p < 0.0001, according to one-way ANOVA
analysis and Tukey’s post-test; see Tables 51-510). MET values were higher for three
methods (FRAP, DPPH, and TPC) than those of their fractions (Table 2). The BG400 fraction
exhibited the most significant antioxidant activity, as determined by means of the ABTS
assay. The MET and BG600 fractions followed this. In the DPPH assay, the MET fraction
exhibited the most significant activity, followed by the BG600 fraction. These results suggest
that compounds with the highest bioactivity are present in these intermediate polarity
fractions (Table 2).

The most active fraction in the TPC assay was BG600, followed by BG400. How-
ever, in the TFC assay, the most active fraction was BG200, suggesting that flavones and
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flavonols that react with AICl3 are probably not responsible for most of MET’s antioxidant
activity (Table 2).

Table 2. Total phenolic content (TPC), total flavonoid content (TFC), ferric reducing antioxidant
power (FRAP), and radical scavenging capacity (ABTS and DPPH) of MET and its fractions.

Extract or TPC # pmol TFC # umol FRAP t umol ABTS*# umol  DPPH f umol
Fractions GAE/g dw QE/g dw TE/g dw TE/g dw TE/g dw
MET 1614.7 £ 10592 2711 +3.02 10215 +33.62  849.0+ 3392 849.7 +27.42

BG100 NA NA 462 +1.1° NA NA
BG200 448+ 53b 655.6 + 4.6° 226.0+1.4°¢ NA NA
BG300 662.5+9.5¢ NE 558.0 +1.74 505.2 +10.9°b 2595+ 5.6P
BG400 1036.1 4+ 14.5 4 NE 903.0+1.4¢ 9682 4+ 18.6 ¢ 4310 £114°
BG500 6489 +£55¢ 131.8 + 4.9 ¢4 537.7 £ 294 3813+ 1794 3127+ 954
BG600 1224.9 4+ 43.6 ¢ 1182 +5.1°¢ 7499 + 124 f 517.3 4+ 14.3P 605.3 + 1624
BG700 3082 4+ 13.1 8 186.8 £5.1¢ 559.2 + 1894 2124+ 116¢ 3269+ 7.3¢
BG800 2133+ 89f 2211+50f 2739 +£11.38 198.6 +10.4 ¢ 1103 +15f
BG900 331.1+ 3848 1452 +3.74 3332 +11.8h 1942 +£11.6¢ 1186 +29f
BG1000 NA 136.0 +4.24 150.5 + 5.3 1 835+56f NA

1 See the list of abbreviations for their meanings. NA: no activity; NE: not evaluated. The values are the mean
+ standard deviation from three independent assays. A one-way ANOVA was performed separately for each
parameter, followed by Tukey’s multiple comparisons test. Different letters indicate statistical differences within
each column. (For statistical details, see Tables S1-510).

2.2.2. Polyphenol Identification and Quantification

To determine if the antioxidant properties were due to iridoids and other antioxidants,
such as polyphenols, a UPLC-ESI-MS/MS analysis was performed on the MET and BG500
fraction to identify the present phenolic compounds. The results are presented in Table 3.
Eight polyphenolic compounds were identified, including rutin, quercetin, and caffeic
acid. MET has higher levels of caffeic acid and luteolin, while quercetin levels remain
consistent between the two fractions. Notably absent from the BG500 fraction are rutin and
chlorogenic acid.

Table 3. UPLC-MS/MS identification and quantification of phenolic compounds of MET and the
BG500 fraction.

Compound Rt [M—H]- MS/MS MET BG500 Fraction
(min) mg/100g mg/100g

Syringic acid 4.30 197.0 181.9 0.81 £ 0.04 1.48 +0.13

Chlorogenic acid 3.85 353.1 191.0 0.22 + 0.03 0.36 + 0.03

Caffeic acid 3.85 178.9 135.0 3.27 £0.27 0.04 + 0.02
Rutin 5.61 609.0 299.8 15494 +7.24 nd

Chrysin 11.38 253.0 208.9 244 +1.01 6.00 £ 1.25

Quercetin 8.10 301.0 150.9 45.88 £+ 3.07 43.66 4 3.60

Luteolin 7.98 285.0 133.0 6.34 £ 0.50 54.65 + 1.07
Cryptochlorogenic acid 3.60 353.0 173.0 1.80 £0.12 nd

Rt: retention time; [M—H]~: molecular ion performed in negative ion mode. nd: not detected. Values represent
the mean + SD from quadruplicates.

2.3. In Vitro Cytotoxic Activity of MET and the BG500 Fraction

Table 4 shows that the MET fraction BG500 exhibited trypanocidal activity with an
IC5¢ value of 358 + 4.2, while the MET fraction exhibited an ICsq value of 280 + 3.5. Addi-
tionally, all evaluated samples presented a selectivity index (SI) greater than 15. Nifurtimox
was used as a positive control. Notably, although the potency of MET and the BG500 frac-
tion was approximately two orders of magnitude lower than nifurtimox, their selectivity
was similar.
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Table 4. Biological activity of MET and BG500 on T. cruzi trypomastigotes (Dm28c strain).
IC5 for Trypomastigotes IC5p for Vero Cells
(ug/mL) (ug/mL) SI
R2 R2
MET 280 £ 3.5 0.99 >5000 0.97 >20
BGS00 554 49 0.98 >5000 0.98 >15
fraction
Nifurtimox 50+£05 0.96 184 +1.3% 0.99 >20

TMRM incorporation (%)

250+

IC5 values, calculated from a non-linear fitting using the least-squares method of the effect on parasite viability,
correspond to the mean = standard deviation (SD) of three individual experiments. The dose-response curves
and concentration ranges used are indicated in Supplementary Figures S6-S8. § Values are taken from ref [26].

2.4. Effect of MET and Catalpol on AYm

It is well known that polyphenols affect the AYm independently of their typical
antioxidant properties [42]. Therefore, we investigated the effects of MET, BG500 fraction,
and catalpol on the AYm of T. cruzi by using the specific probe TMRM and measuring
intracellular calcium flux.

Figure 2a shows that the MET extract significantly hyperpolarized the A¥m, reaching
231.1% (95% CI: 229.4-231.7; CV: 0.21%) after 60 min of incubation at a concentration of
2000 pg/mL, compared to control parasites with a mean of 100.9% (95% CI: 94.7-107.0%;
CV: 2.46%). This effect depends on concentration and time, the time effect being more
noticeable at a concentration of 500 pug/mL (two-way ANOVA, p < 0.0001).

—— Untreated —= TX-100 -+ Catalpol -+ MET

B 30 min

= 60 min
B 120 min 15_
m
2
8
% 1.0-
& o
© 3
o“—
23
2 0.5 i
£
'g' —y—
00T T T T T T T T T T T 11
SRS PSS LSS
Time (min)
Treatment
(a) (b)

Figure 2. (a) Effect of the MET, BG500 fraction, and catalpol on T. cruzi A¥Ym. Trypanosomes were
exposed to CCCP, MET, BG500 fraction, or catalpol for 2 h. CCCP was used as a depolarization
control. The values represent the mean =+ SD of triplicate determinations from three independent
experiments. Statistical analysis was performed using two-way ANOVA, followed by Dunnett’s
multiple comparison test. * p = 0.05, *** p < 0.001, *** p < 0.0001 vs. untreated parasites (details in
Figures S9 and 510 and Tables S11 and S12). (b) Intracellular Ca?* levels in T. cruzi trypomastigotes
treated with MET (500 pg/mL), BG500 (500 ug/mL), or catalpol (72.4 pg/mL) for 4h. Untreated
and 0.5% TX-100-treated trypomastigotes were controls. Fluorescence is reported as the percentage
relative to time 0. Statistical analysis was performed using ANOVA followed by Dunnett’s multiple
comparison test, *** p < 0.0001. The values correspond to the three independent experiments’ mean
=+ SD of triplicate determinations.

In contrast, the hyperpolarization caused by 1000 ug/mL of BG500 was more pro-
nounced after 60 and 120 min of incubation (p < 0.0002 and p < 0.0006, respectively) than
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the control, though still less than that observed with MET. Changes in A¥Ym caused by
catalpol were comparable to those induced by BG500 (p > 0.9999), particularly at the highest
concentrations. However, it is important to note that MET, BG500, and catalpol did not
affect intracellular calcium flux (Figure 2b).

2.5. Docking Study on T. cruzi Oxidoreductases

To correlate the observed mitochondrial hyperpolarization and the antioxidant effects
of MET and 6-O-methylcatalpol, an in silico docking study was performed on four enzymes
that present oxidoreductase activity (Table 5).

Table 5. Estimated binding energy for 6-O-methylcatalpol as an inhibitor of T. cruzi oxidoreductases.

Enzyme Binding Energy of the Inhibitor
Old Yellow enzyme (PDBID: 4E2B) —6.411 Kcal/mol
Trypanothione reductase (PDBID: 1INDA) —6.018 Kcal /mol
Cruzipain (PDBID:1eWL) —5.841 Kcal/mol
SOD-Tc (PDBID:4dvh) —5.051 Kcal/mol

Of all of the trypanosomatid oxidoreductases analyzed, OYE had the lowest binding
energy (Table 5). Therefore, it was chosen for further docking analyses.

A redocking model was generated between the enzyme and flavin mononucleotide
(FMN), one of its natural ligands, to model the active site of the OYE enzyme, allowing
for the identification and comparison of the main interactions with the docking of 6-O-
methylcatalpol (root-mean-square deviation (RMSD) 2.0 A). Comparative redocking using
Maestro provided an RMSD of 4.36 A. A hydrophobic contact is observed when both
molecules are present in the enzyme’s active site (Figure S11). This effect is evident in
inhibitors such as menadione [43]. Docking of OYE with 6-O-methylcatalpol was performed
without the cofactor, and the main interactions of the compound were evaluated using
the cavity method. FMN and 6-O-methylcatalpol exhibited maximum affinity values of
—7.000 kcal/mol and —6.411 kcal /mol, respectively, for different clusters (Table S13). These
differences suggest strong interactions between the ligand and protein in the in silico model.

To validate the in silico model, redocking was performed between the enzyme and
flavin mononucleotide (FMN), one of the enzyme’s natural ligands, to model the active
site of the OYE enzyme. A 2.0 A RMSD suggests that the docking protocol accurately
reproduced the ligand’s conformation and orientation in the active site, enabling the
identification and comparison of the primary interactions between 6-O-methylcatalpol and
the amino acids of the OYE enzyme. A hydrophobic contact was also observed when both
molecules were present in the enzyme’s active site (Figure S11). This effect is evident in
classic inhibitors, such as menadione [43] (Figure S11B).

Docking of the OYE enzyme with 6-O-methylcatalpol was performed without the
cofactor, and the main interactions of the compound were evaluated using the cavity
method. FMN and 6-O-methylcatalpol exhibited maximum affinity values of —7.000 and
—6.411 kcal/mol, respectively, across different clusters (Table S13). These differences
suggest strong interactions between the ligand and the protein in the in silico model.

The results showed that the predominant interactions in ligand-receptor binding are
hydrogen bonds and hydrophobic contacts. THR 28 appears to be key in ligand-protein binding,
with distances of 2.96 A and 2.68 A for FMN and 6-O-methylcatalpol, respectively, as observed in
models with higher affinity energy. PRO26 (2.16 A) and TYR364 (1.87-2.66 A), on the other hand,
interact with FMN (Figure 3), while 6-O-methylcatalpol interacts with ASN198 (1.93 A), HIS195
(2.39 A), ARG249 (3.22 A), and TYR200 (2.25 A). Additionally, the epoxide group interacts more
strongly with the protein than with residue ASN313 (3.44 A) (Figure 4).
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Figure 3. The main hydrogen bond interactions of the natural ligand FMN (redocking) with the
amino acid residues of the OYE from T. cruzi are shown. The left panel shows the 2D structure of
the FMN ligand, with green circles highlighting the chemical groups involved in hydrogen bonding
with the key enzyme residues (tyrosine 364 [TYR], threonine 28 [THR], and proline 26 [PRO]), along
with the corresponding distances in angstroms. The right panel shows a 3D representation of the
interaction where FMN (magenta) binds to the active site of the OYE enzyme (cream). Black dashed
lines indicate hydrogen bond distances, corroborating the interactions detailed in the 2D panel and
highlighting the importance of these residues in stabilizing the ligand—-enzyme complex.

( OH\ THR 28
N/ 2.68A°
TYR 200
2.25A°

Figure 4. Main hydrogen bond interactions of 6-O-methylcatalpol with amino acid residues of OYE
from T. cruzi. These interactions were obtained from a molecular docking study and visualized in
Chimera X. The left panel shows the 2D structure of 6-O-methylcatalpol. Green circles highlight
the hydroxyl groups involved in key hydrogen bond interactions. Specific enzyme amino acid
residues (Alanine 337 (ALA), Threonine 28 (THR), and Tyrosine 200 (TYR)) and their corresponding
bond distances in angstroms are indicated. The right panel shows the 3D representation of 6-O-
methylcatalpol (beige) bound in the active site of the OYE enzyme (light blue ribbon). Black dashed
lines indicate formed hydrogen bonds and their respective distances, confirming the interactions
detailed in the 2D scheme and emphasizing their role in stabilizing the ligand—enzyme complex.

To better understand the ligand’s disposition, ChimeraX (Version 1.10.1) mapped
the cavity’s surface. The hydrophobic zones and the electrostatic surface potential of
the enzyme were identified. The models showed that the glycoside portion of the 6-O-
methylcatalpol structure would have an affinity for zones with hydrophobic groups where
the residues TYR200, PHE71, and TYR264 are located primarily (Figure 5). Comparing
the surfaces with electrostatic potential reveals that the epoxide group is oriented toward
residues such as ASN313 and ARG249, which generate positive polar surfaces (Figure 6).
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Figure 5. Molecular lipophilicity potential (MLP) maps for OYE and the 6-O-methylcatalpol ligand
generated by Chimera X. The coloring on the enzyme’s molecular surface ranges from dark cyan
(most hydrophilic) through white to dark goldenrod (most lipophilic). The bound ligand is shown in
a stick model. This analysis highlights putative interactions between the ligand and the lipophilic
pockets of the OYE enzyme.

Figure 6. Coulombic electrostatic potential (ESP) maps for OYE and the 6-O-methylcatalpol ligand
generated by Chimera X: the zones vary according to the color: red for negative potential, through
white, to blue for positive potential. The bound ligand is shown in a stick model. The ligand’s
position in the blue regions suggests favorable electrostatic interactions with negatively charged areas
of the enzyme.

3. Discussion

Countless reports document the trypanocidal activity of various natural products,
including aqueous and alcoholic extracts, oleoresins, and essential oils derived from dif-
ferent plant sources [44]. However, there are no reports of trypanocidal activity against
T. cruzi from extracts obtained from Buddleja species. Our results suggest that the methanolic
extract of B. globosa exhibits trypanocidal activity, albeit to a lesser extent than the con-
ventional antichagasic nifurtimox. MET’s trypanocidal activity could be at least partially
linked to the presence of 6-O-methylcatapol, an iridoid related to catapol. Our results
also suggest an effect associated with mitochondrial hyperpolarization. However, the
extract’s effect may be enhanced by polyphenolic compounds, which could explain MET’s
significant activity in contrast to the BG500 fraction, whose major iridoid component is
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6-O-methylcatapol. The effect on T. cruzi may be related to the inhibition of OYE. This
enzyme participates in maintaining the parasite’s intracellular redox balance. The observed
AYm hyperpolarization and antioxidant activity with MET could explain the selectivity of
BG500 and MET, as these are protective factors in the host [38]; however, this link must be
further demonstrated.

Catalpol, methylcatalpol, and several catalpol derivatives with aromatic substituents
such as benzoyl, caffeoyl, cinnamoyl, and coumaroyl, linked at C6, have been isolated
from various Buddleja species [45], specifically 6-O-methylcatalpol from B. globosa [39].
The 6-O-methylcatalpol characterized in this study was consistent with that reported by
Hamedi et al. [40]. Similarly, the polyphenol content and antioxidant activity of B. globosa
were consistent with previous reports [29]. However, MET’s antioxidant and biological
activities and its fractions cannot be attributed solely to the presence of phenolic compounds;
iridoids also contribute to these activities [33,46-48]. Thus, our findings may be linked to
potential synergistic effects, as has already been reported [49-52], although combinatorial
studies are required to validate this interaction.

Notably, two phenolic compounds in MET, quercetin and caffeic acid, have trypanoci-
dal activity [23,53]. Quercetin may affect mitochondrial function in trypanosomatids by
inhibiting enzymes, including heat shock proteins, topoisomerases, and kinases. Quercetin
and caffeic acid also protect mitochondrial function by preventing increases in intracellu-
lar calcium levels [54]. The literature suggests that the polyphenols in B. globosa extract,
such as rutin, can counteract the loss of AYm induced by rotenone [55], and luteolin and
chrysin have been linked to membrane collapse [55,56], suggesting that antagonistic inter-
actions may occur in BG500 due to hyperpolarizing iridoids and polyphenols that cause
membrane collapse.

An interesting finding was the broad selectivity of BG500 and MET, which is compa-
rable to nifurtimox. It has been reported that catalpol’s hepatocyte AYm hyperpolarizing
effect is protective [38]. However, this may not be the case in parasites. T-cadinol, a
sesquiterpene isolated from Casearia sylvestris, exhibits anti-T. cruzi activity but also causes
A¥m hyperpolarization without Ca?* mobility [57]. This effect was also observed with
MET and the iridoid-enriched BG500 fraction in the present study. Whether this effect is
linked to trypanocidal activity remains to be demonstrated because no direct molecular
target was identified in the inner mitochondrial membrane [57]. However, docking analysis
of several oxidoreductases involved in T. cruzi redox balance suggested that OYE may be a
potential target.

Inhibiting the OYE enzyme may cause an imbalance in physiological processes and
has been linked to changes in mitochondrial dynamics and shifts in A%Ym [21,58]. Indeed,
6-O-methylcatalpol exhibited the lowest calculated affinity and, consequently, a higher
probability of stable interaction with OYE and trypanothione reductase. Nevertheless, the
expected binding affinity of 6-O-methylcatalpol is moderate and comparable to that of the
naturally occurring substrate 3-lapachone [58]. It is also lower than the binding affinity
for the cofactor FMN, menadione [43,58], and benzimidazolequinone derivatives [59].
Nevertheless, the isoalloxazine ring of 6-O-methylcatalpol correlates with that of the
simulated FMN, which is the biologically active part of the cofactor.

Our study suggests that there is a hydrophobic interaction between 6-O-methylcatalpol
and OYE. While such interactions are common in molecular recognition, they tend to be less
specific and weaker than other interactions, like hydrogen bonding or stronger n-7 stacking,
which is observed with menadione. Consequently, the affinity between 6-O-methylcatalpol
and OYE is a significant limitation that may not adequately account for a strong phar-
macological effect. Additionally, by not explicitly including FMN in our simulations, we
simplified the model, which may have led to a decrease in the reported docking energy. This
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simplification could underestimate the actual affinity of the ligand in a more physiological
context where the cofactor is present. Therefore, while 6-O-methylcatalpol shows potential
as a hit for OYE, it requires further analysis to be validated as a lead compound. Further
studies are essential because docking is a static tool that simulates only one ideal state,
without accounting for the molecular dynamics or thermal fluctuations that occur in real
biological systems. Predicting a single binding mode does not guarantee biological activity,
as it often overlooks critical factors like the entropic cost of binding and desolvation effects.
Moreover, the mechanistic hypothesis proposed herein is based on correlation rather than
proven causality. To enhance the robustness of our findings, molecular dynamics stud-
ies or more advanced methods for estimating binding free energies, such as Generalized
Born Surface Area or Poisson-Boltzmann Surface Area calculations, are necessary. These
methods consider energy changes associated with ligand solvation and the entropic effects
arising from the ligand’s interaction with the enzyme’s active site. Additionally, biological
and biochemical validation studies comparing menadione’s inhibitory kinetic parame-
ters (including Ki) with purified OYE, as well as site-directed mutagenesis experiments,
are needed.

4. Materials and Methods
4.1. Plant Material

Leaves of Buddleja globosa were collected in Peralillo, commune of Peralillo, province
of Colchagua, Region of Libertador General Bernardo O’Higgins, Chile (coordinates:
—34.4731757; —71.4740390), in January 2024. The plant material was taxonomically iden-
tified by forest engineer Scarlett Denisse Norambuena. A voucher specimen was de-
posited in the SQF Herbarium of the University of Chile (voucher No. 22899) on 14 May
2024. B. globosa is not listed as a protected or endangered species in Chile. The material
was collected from non-protected areas for non-commercial research purposes. In accor-
dance with national regulations and institutional guidelines, no specific collection permit
was required.

4.2. Extration Procedures and MET Fractionation

The crude methanol extract was obtained from 30 g of the dried aerial parts of
B. globosa using ultrasound-assisted maceration with an Elmasonic S 10 H ELMA de-
vice (ELMA, Singen, Germany) for 30 min. This extraction was performed four times, and
the combined extracts were dried using a rotary evaporator under reduced pressure at
50 °C. From 5 g of the dried methanolic extract, column chromatography on silica gel-60
(Merck KGaA, Darmstadt, Germany) was conducted. The chromatography device used
a linear gradient of 0 to 100% dichloromethane to methanol, This process produced ten
fractions (labeled as BG100-BG1000) (Scheme 1). After concentrating these fractions to dry-
ness using 40-50 °C, depending on the solvent used, they were analyzed using thin-layer
chromatography (TLC) on Merck GF-254 type 60 silica gel. The same eluent was used, and
the spots were visualized with a vanillin-sulfuric acid reagent.

The iridoid 6-O-methylcatalpol was characterized through NMR analysis from fraction BG500.

4.3. Characterization via Nuclear Magnetic Resonance (NMR)

The 'H and '3C NMR spectra were recorded on a Varian 400 MHz spectrometer
(running at 400 MHz for 1H and 100 MHz for 13C). The spectra were obtained in CD3;0OD
using tetramethylsilane (TMS) (Merck) as an internal standard. The chemical shifts (5) are
given in ppm and coupling constants in Hertz. The analyzed sample volume was 0.6 mL at
a concentration of 41.666 pL./mL in deuterated methanol.



Plants 2025, 14, 2749 12 of 22
MET
S
16.6%
CC on Silica gel l Increasing polarity
CH,CL,/MeOH | CH,CL,/MeOH CH,CL,MeOH | CH,CLyMeOH | CH,CLyMeOH | CH,CLyMeOH | CH,CL,MeOH | CH,CL,MeOH | CH,CLyMeOH | MeOH
9:1 8:2 7:3 6:4 5:5 4:6 3:7 2:8 1:9
BG100 BG200 BG300 BG400 BG500 BG600 BG700 BG800 BGY900 BG1000
020¢g 030g 0.024 g 0.06¢g 020¢g 124 ¢ 1.50 g 0.06¢g 0.03¢g 1.17 g
4% 6% 0.5% 1.2% 4% 25% 30% 1.2% 0.6% 27.5%

Scheme 1. Scheme of fractionation of MET. CS100-1000: codes of the fractions obtained via column
chromatography (CC) on silica gel; the absolute amount and yield percentages of the fractions are
indicated. Increasing polarity: increasing polarity of solvent mixtures.

4.4. UPLC-ESI-MS/MS Analysis from MET

Ultra-performance liquid chromatography—electrospray tandem mass spectrometry
coupled to tandem mass spectrometry (MS/MS) was performed following the method-
ology described elsewhere, with minor modification [60-62] in a 4500 triple quadrupole
mass spectrometer controlled by Analyst® 1.6.2 software (AB Sciex™, Darmstadt, Ger-
many) and equipped with an ionization electrospray Turbo V attached to an Eksigent
Ekspert Ultra 100 liquid chromatograph with an autosampler system (AB Sciex™, Concord,
ON, Canada). The electrospray was employed in negative mode considering the follow-
ing parameters: curtain gas = 30 psi, collision gas = 10 psi, ion spray voltage = —4500 V,
temperature = 650 °C, ion source gas 1 = 50 psi, ion source gas 2 = 50 psi, and input
potential = —10 V. The chromatographic separation was performed considering a gradient
elution with two mobile phases: (A) 0.1% formic acid and (B) methanol. The gradient
was carried out as follows: 0.1 min, 5% B; 1-12 min, 5-50% B; 12-13 min 50-50% B;
13-14 min, 50-5% B; and 14-15 min, 5% B. The injection volume was 10 pL with a flow
rate of 0.5 mL/min and an end-capped column (LiChrospher 100 RP-18; 125 mm, 4 mm,
5 um; Merck, Darmstadt, Germany) maintained at 40 °C. All analyses were performed in
quadruplicate using a concentration sample of 8800 ug/mL. Quantification of compounds
was performed using calibration curves constructed with commercial standards (Merck
KGaA, Darmstadt, Germany). Peaks were selected based on their retention time consis-
tency with authentic standards, expected MRM transitions, and overall signal quality. Only
well-defined peaks with appropriate shape and reproducibility across replicates were con-
sidered. Peak integration was performed using Analyst® software and manually reviewed
when necessary.

Limits of detection (LOD), limit of quantification (LOQ), and the R2 of the plotted
graphs were as follows: syringic acid (LOD = 55 ppb, LOQ = 167 ppb, and R2 = 0.9995);
chlorogenic acid (LOD = 51 ppb, LOQ = 154 pbb, and R2 = 0.9994); caffeic acid (LOD
= 142 ppb, LOQ = 430 ppb, and R2 = 0.9976); cryptochlorogenic acid (LOD = 0.05 ppb,
LOQ = 0.17 ppb, and R2 = 0.9945); chrysin (LOD =49 ppb, LOQ = 150 ppb, and R2 = 0.9997);
rutin (LOD = 249 ppb, LOQ = 756 ppb, and R2 = 0.9939); quercetin (LOD = 67 ppb,
LOQ =203 ppb, and R2 = 0.9969); luteolin (LOD = 136 ppb, LOQ = 412 ppb, and
R2 = 0.9965).
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4.5. Determination of Total Phenolic Content (TPC) Assay

The total phenolic content of the different crude extracts was assessed spectrophoto-
metrically using the Folin—-Ciocalteu assay [63]. Five hundred microliters of the freshly
prepared 10X diluted Folin—Ciocalteu reagent (125 puL) (Merck KGaA, Darmstadt, Ger-
many) was mixed with an aliquot of 25 uL of the MET extract or the fractions at different
concentrations (800, 500, and 600 png/mL) and left to stand for 5 min at room temperature.
To neutralize the mixture, 100 L of sodium bicarbonate solution (Merck KGaA, Darm-
stadt, Germany) (7.5%, w/v) was added, and the resulting mixture was kept in the dark at
room temperature for 60 min. Following incubation, the absorbance of the solution was
measured at 765 nm using a UV-vis spectrophotometer (Allsheng AMR-100). Gallic acid
(Sigma Aldrich, St. Louis, MO, USA) (0-180 mg/L) was used as a reference standard, and
the respective standard curve was constructed.

4.6. Determination of Total Flavonoid Content (TFC)

The total flavonoid content of the extracts was determined using the aluminum chlo-
ride colorimetric method according to the procedure adapted from Ref. [64]. Briefly, 30 uL
of plant extract at different concentrations (3000, 2400, and 2000 pg/mL) was further di-
luted with 250 pL of pure water and then mixed with 10 pL of aluminum chloride 10%
(Merck KGaA, Darmstadt, Germany) and 10 pL of 1M potassium acetate (Merck KGaA,
Darmstadt, Germany). The mixture was kept for 30 min at room temperature before
recording the absorbance at 415 nm using a UV-vis spectrophotometer (Allsheng AMR-100).
Quercetin (Sigma Aldrich, St. Louis, MO, USA) (0-180 mg/L) was used to construct the
standard curve.

4.7. Antioxidant Capacity Assay
4.7.1. Ferric Reducing Antioxidant Power (FRAP)

The extract’s FRAP was determined as previously described by Velazquez et al., with
minor modifications [65]. The working FRAP solution was prepared daily by mixing
10 volumes of acetate buffer (pH 3.6, 0.3 M), 1 volume of 10 mM TPTZ ((2,4,6-tri(2-pyridyl)-
s-triazine, Merck KGaA, Darmstadt, Germany), and 1 volume of 20 mM ferric chloride.
Aliquots of FRAP solution (270 pL) were mixed with 30 pL of the MET or fractions at 1200,
600, and 300 ng/mL concentrations. The reaction mixtures were incubated for 30 min at
37 °C, after which the absorbance was measured at 594 nm using an Allsheng AMR-100
spectrophotometer with a plate reader. Trolox (50-350 uM, Sigma-Aldrich, St. Louis, MO,
USA) was used to create the standard curve. The results are expressed as pmol Trolox
equivalents per gram of dried plant (umol TE/g).

4.7.2. 2,2'-Azino-Bis(3-Ethylbenzothiazoline-6-Sulfonic Acid Radical Cation (ABTS**))
Scavenging Activity

The activity of ABTS®*" was measured using the method described in [66], with modi-
fications. In this assay, the ABTS radical, potassium persulfate oxidation, was mixed with
the MET or fractions at 600, 300, and 125 pg/mL concentrations. A stock solution of ABTS
at 7.00 mM was prepared one day prior to analysis. The working solution was prepared
by diluting the stock solution to an absorbance value of 0.70 £ 0.02 at a wavelength of
734 nm in a 3 mL quartz cuvette, using a Helios Gamma spectrophotometer (model, UVG
1702E; Helios, Thermo Fischer Scientific, Horsham, UK). Then, 270 uL of the ABTS working
solution was added to each well of the microtiter plate along with 30 pL of the extract or
fraction sample. Absorbance was determined at 415 nm for 6 min [67], using a Multiskan™
GO UV /Vis microplate spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
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ABTS free radical scavenging activity was calculated using the equation below:
ABTS free radical scavenging activity (%) = [(AbScontrol — AbSsample)/ AbScontrot] % 100.

where Abscontrol is the absorbance of the ABTS radical + methanol and Absgample is the
absorbance of the ABTS radical + pure compounds solution or Trolox. The results are
expressed as Trolox equivalents [66].

4.7.3. DPPH Free Radical Scavenging Activity

Antioxidant activity was measured using the method presented in [66] with minor
modifications. We used the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical assay with MET
or fractions at 1200, 600, and 300 pg/mL concentrations. Absorbance was determined at
517 nm using a Multiskan™ GO UV /Vis microplate spectrophotometer (Thermo Fisher
Scientific, USA) after 60 min in the dark.

DPPH free radical scavenging activity was calculated using the equation below:

DPPH free radical scavenging activity (%) = [(Abscontrol — AbSsample)/ (AbScontrol)] X 100

where Absgonirol was the absorbance of the DPPH radical + ethanol and Absgample is the
absorbance of the DPPH radical + pure compounds solution or Trolox. The results are
expressed as Trolox equivalents [66].

4.8. Parasites

T. cruzi trypomastigotes (Dm28c strain), the infective, non-replicative form of the
parasite, were collected from the supernatant of previously infected Vero cells (Fibrob-
lasts from green monkey’s kidney, ATCC CCL-81) cultured in RPMI 1640 (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10% FBS, 2mg/mL glutamine (Sigma-Aldrich,
St. Louis, MO, USA) (pH 7.6), 100 UI/mL sodium penicillin, and 100 ug/mL streptomycin
(Biological Industries, Beit Haemek, Israel), in a 5% cO? atmosphere at 37 °C [68]. An
initial density of 1 x 10° parasites/mL (determined by means of microscopic counting in a
Neubauer chamber) was cultured with the different concentrations of the extracts at 37 °C
in RPMI for 24 h to determine the trypanocide activity.

4.9. Cell Viability Assay

First, 6.0 x 10% Cells/mL Vero cells or 1.0 x 10° trypomastigotes were seeded in 96-well
or 24-well microplates. The plates were then incubated in RPMI medium at 37 °C with 5%
CO;, for 24 h. Varying concentrations of MET, BG500, or nifurtimox (a tripanocidal control
drug) were added to the plates. The final concentration of DMSO was kept below 0.5% v/v.
After incubation, the cultures were washed with PBS to remove unbound substances. Then,
5 mg/mL of MTT (Merck, Darmstadt, Germany) and 0.22 mg/mL of phenazine (Merck,
Darmstadt, Germany) were added to each well. The plates were then incubated at 37 °C
for four hours to allow the living cells to reduce the MTT, converting it into an insoluble,
colored product known as formazan. This formazan was dissolved by adding 10% sodium
dodecyl sulfate (SDS) in 10 mM HCI, and the plates were incubated overnight at 37 °C. The
resulting solution’s absorbance was measured colorimetrically using a plate reader (Asys
Expert Plus©, Eugendorf, Austria) at a wavelength of 570 nm [69]. Absorbance is directly
proportional to the number of viable cells. The results were expressed as a percentage
of viable cells relative to the control group, and the ICsy was calculated using non-linear
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regression analysis with the least-squares method in GraphPad Prism 10. The selectivity
index (SI) was calculated based on the ICsy data according to:

IC50 VERO
IC50 Trypomastigotes

4.10. Assessment of Mitochondrial Membrane Potential (AYm) and Intracellular Calcium
(Ca®*) Levels

T. cruzi trypomastigotes were cultured at a concentration of 5 x 10° parasites/mL in
24-well flat-bottom plates. After 2 h of incubation—either with or without drugs—these
parasites were exposed to tetramethylrhodamine methyl ester (TMRM) at a concentration
of 200 nM for 30 min (Thermo Fischer, Waltham, MA, USA). For a positive control, the
parasites were treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP) at 25 uM
for 10 min, which causes depolarization of the inner mitochondrial membrane. After
treatment, the parasites were washed with phosphate-buffered saline (PBS) and moved to
black 96-well flat-bottom plates, where they were treated with various extracts or catalpol
(Merck, Darmstadt, Germany). All experimental conditions were analyzed in triplicate to
ensure accuracy using untreated parasites as a control. The fluorescence of the samples was
measured using a Tecan Spark fluorescence plate reader (Tecan, Mdnnedorf, Switzerland)
with an excitation wavelength of 535 nm and an emission wavelength of 595 nm [26].
The data were then quantified using GraphPad Prism 10, with the results expressed as
the mean + standard deviation (SD) from three independent experiments. For statistical
analysis, we used a two-way ANOVA followed by Dunnett’s multiple comparisons test. A
p-value of less than 0.05 was considered significant to indicate differences in TMRM signals
between drug-treated and the non-treated control parasites.

Calcium levels were assessed as described by Conserva et al. [25]. Briefly, trypo-
mastigotes (2 x 10° cells/well) were pretreated with 5 uM of Fluo-4 AM (Molecular Probes,
Invitrogen, Carlsbad, CA, USA) in PBS 1X, for 60 min at 37 °C in the dark. Then, the
parasites were washed and treated with MET (500 pug/mL), BG500 (500 pg/mL), or catalpol
(72.4 pg/mL). Fluorescence measurements were performed for 4 h using a Tecan Spark
fluorescence plate reader (Tecan, Mannedorf, Switzerland), with the excitation and emission
wavelengths of 485 and 535 nm, respectively. Maximum calcium levels were obtained using
0.5% Triton X-100, and the untreated parasites were used as a negative control. Statistical
analysis was performed using analyses of variance (ANOVA) followed by Dunnett’s post
hoc tests from three independent experiments.

4.11. Molecular Docking Study of 6-O-Methylcatalpol and Catalpol Binding with Old Yellow
Enzyme (OYE)

The protein structure files for trypanothione reductase (TR), Old Yellow enzyme (OYE),
cruzipain (Cp), and mitochondrial superoxide dismutase (TcSOD), enzymes involved in
T. cruzi oxidoreductase metabolism, were sourced from the Protein Data Bank (PDB IDs:
INDA, 4E2B, 1eWL, and 4dvh, respectively). The three-dimensional (3D) structure of
6-O-methylcatalpol was retrieved from the PubChem database, and the corresponding
SMILES code was also obtained (Figure 512).

Several steps were taken to prepare the 3D structures for the ligand and the proteins.
For the ligand, we added explicit hydrogen atoms, calculated and assigned partial atomic
charges, and optimized its 3D geometry to ensure an energetically favorable conformation
for docking. Similarly, we added the missing hydrogen atoms, assigned atomic charges,
and refined their conformations for the proteins to ensure that they were in an accurate
state for interaction with the ligand.
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For molecular docking of the ligands with the proteins, we utilized SwissDock 2.0 [70,71]
and Autodock Vina 1.2 [72,73] using the method of searching for attractive cavities [74,75]
and energies of association (kcal/mol). SwissDock’s scoring function includes factors such as
van der Waals forces, hydrogen bonds, hydrophobic interactions, and penalties for confor-
mational entropy. In contrast, Vina computes interactions through a trilinear interpolation of
precalculated grid maps and applies postprocessing minimization to the docked poses.

Vina’s sampling exhaustivity can range from 1 to 64, with a default value of 4; we
used the maximum exhaustivity. To define the active site cavity, we utilized a grid box
with dimensions of 20 x 20 x 20 and centered at the coordinates (OYE: 23, —5, —1; Cp:
0, 13, 6; TcSOD: 17, —11, 4; TR: 45, 57, 42). After docking, we performed a 2D and 3D
visual analysis using Chimera X [76] to observe the main interactions between the ligands
and the protein [77] (Figure 513). We conducted a redocking process, using the Maestro
package, Schrodinger Release 2025-3 (Schrodinger, New York, NY, USA), to validate our in
silico model and calculated the root mean square deviation (RMSD) between the initial and
redocked poses.

4.12. Statistical Analyses

Statistical analyses were performed using Prism 10 software (GraphPad, San Diego,
CA, USA). The data shown in the graphs are expressed as the mean £ SD of at least
three independent experiments. Data from the determination of antioxidant activity and
the assessment of AYm were analyzed via ANOVA followed by Tukey’s and Dunnett’s
multiple comparison post hoc tests, respectively. A D’Agostino-Pearson normality test
was applied for the statistical tools used. Values were considered statistically significant at
p < 0.05; details can be found in Figures S6 and 510 and Tables S51-512.

5. Conclusions

This study reports, for the first time, the trypanocidal activity of an alcoholic extract
from B. globosa leaves against the infective form of T. cruzi. The iridoid 6-O-methylcatalpol
was characterized, various polyphenolic compounds were identified and quantified, and
the antioxidant capacity of the extract and its fractions was assessed. Further studies are
required to clarify the relative contribution of individual phenolic compounds and their
potential synergistic interactions with iridoids in mediating the observed antiparasitic
effects. MET, the BG500 fraction, and catalpol exhibited a hyperpolarizing effect on the
mitochondrial membrane potential (AYm) of T. cruzi. In silico analysis indicates that
the enzyme OYE may be a potential molecular target for iridoids such as catalpol and
6-O-methylcatalpol. Nevertheless, additional research is needed to elucidate the relation-
ship between the AYm hyperpolarization and trypanocidal activity and to validate OYE as
a suitable target.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants14172749 /s1. Figure S1: 'H NMR of the BG500 fraction
from the MET; Figure S2: 13C NMR of the BG500 fraction from the MET; Figure S3: DEPT-135 of the
BG500 fraction from the MET; Figure S4: Cosy of the BG500 fraction from the MET; Figure S5: Cosy
of the BG500 fraction from the MET; Figure S6: Effect of B. globosa MET on T. cruzi (Dm28c strain)
trypomastigotes.; Figure S7: Effect of the BG500 fraction on T. cruzi (Dm28c strain) trypomastigotes;
Figure S8: Effect of nifurtimox on T. cruzi (Dm28c strain) trypomastigotes; Figure S9: Confidence
intervals of the effect size estimation analysis (Concentration Factor) of the MET, BG500 fraction, and
catalpol on the T. cruzi A¥m; Figure S10: Statistical graphs obtained after the two-way post-Dunnett
ANOVA for the incorporation of TMRM: (a) residual, (b) homoscedasticity, and (c) QQ plots; Figure
S11: In green interaction of 6-O-methylcatalpol with FMN (hydrophobic contact); Figure S12: OYE
protein obtained through the PDB database ID: 4E2B, and the docking parameters GRID box display
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from SwissDock software online; Figure S13: Molecular docking of catalpol with the OYE enzyme;
Table S1: One-way ANOVA analysis of data from the TPC assay as indicated in Table 2, assuming
a normal (Gaussian) distribution; Table S2: Tukey’s multiple comparison test for the TPC assay as
indicated in Table 2, assuming a normal (Gaussian) distribution; Table S3: One-way ANOVA analysis
of data from the TFC assay as indicated in Table 2, assuming a normal (Gaussian) distribution; Table
S4: Tukey’s multiple comparison test for the TFC assay as as indicated in Table 2, assuming a normal
(Gaussian) distribution; Table S5: One-way ANOVA analysis of data from the FRAP assay as indicated
in Table 2, assuming a normal (Gaussian) distribution; Table S6: Tukey’s multiple comparison test
for the FRAP assay as indicated in Table 2, assuming a normal (Gaussian) distribution; Table S7:
One-way ANOVA analysis of data from the ABTS+ assay as indicated in Table 2, assuming a normal
(Gaussian) distribution; Table S8: Tukey’s multiple comparison test for the ABTS+ assay as indicated
in Table 2, assuming a normal (Gaussian) distribution; Table S9: One-way ANOVA analysis of data
from the DPPH assay as indicated in Table 2, assuming a normal (Gaussian) distribution; Table S10:
Tukey’s multiple comparison test for the DPPH assay as indicated in Table 2, assuming a normal
(Gaussian) distribution; Table S11: Effect size estimation analysis (Time Factor) of MET, BG500
fraction, and catalpol on the T. cruzi mitochondrial membrane potential. Two-way ANOVA analysis
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