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Simple Summary: Using molecular markers, we confirmed the taxonomic status of Bacopa monnieri
from Mexico. We obtained the pigment and carotenoid profiles, total phenols, antioxidants, and
bioassayed the biological activities (anti-inflammatory and anti-obesity) of the four wild populations.
Our results show the great potential of B. monnieri as a natural source of compounds with antioxidant,
anti-inflammatory and anti-obesity properties. Therefore, the raw material of this plant may be
effectively used as a nutritional and medicinal supplement.

Abstract: Some of the species of the genus Bacopa have been used in Pharmacopoeia worldwide.
However, in Mexico, Bacopa monnieri has neither been extensively cultivated nor studied, nor has
their use in traditional medicine been reported. The aim of this work was to assess the taxonomic
verification of the four wild populations of B. monnieri, the chemical content of their pigments and
phenols and to provide an analysis of their potential bioactivity. B. monnieri wild populations from
Mexico were validated using molecular markers. Chromatographic profiling using HPLC-PDA
revealed 21 compounds comprising 12 chlorophylls and nine carotenoids; of the latter, the major
ones were lutein (0.921 ± 0.031 µg/mg of dry extract) and β-carotene (0.095 ± 0.003 µg/mg of
dry extract). The total phenolic content, determined using the Folin–Ciocalteu assay, ranged from
54.8 ± 5.8 to 70.3 ± 2.2 µg of gallic acid equivalents (GAE)/mg. Plant extracts scavenged from the
free radical DPPH in IC50 ranged from 130.6 ± 3.0 to 249.9 ± 12.1 µg dry extract/mL. In terms of
the anti-inflammatory potential, the most effective extract was from a soil-based plant from Jalisco
(BS), reduced from nitric oxide in a RAW 264.7 culture medium, with an IC50 value of 134 µg of
dry extract/mL. The BS extract showed a significant neutral lipid-reducing activity in the zebrafish
model, ranging from 3.13 µg/mL p < 0.05 to 100 µg/mL p < 0.0001. Overall, the extracts analyzed
here for the first time seem promising for future use because of their antioxidant, anti-inflammatory
and anti-obesity potential.

Keywords: anti-inflammatory; anti-obesity; antioxidants; Bacopa monnieri; Brahmi; carotenoids;
pigment profile
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1. Introduction

The genus Bacopa (Plantaginaceae) contains 107 species recorded to date [1]. Of them,
B. monnieri (L.) Wettst. is only included in the Pharmacopoeia of the United Kingdom, the
United States and India, where it is described as a medicinal resource and whose common
name is Brahmi. It is the main component of various formulations on the market for medici-
nal use or as a food supplement [2,3]; it has a market price of approximately 3–5 USD/kg [4].
The Ayurveda system indicates its use for treating mental illness, epilepsy [5], asthma,
depression, inflammatory states, oxidative stress, cancer, anxiety and as a hepatoprotec-
tive [6]. These effects are attributed to the presence of phytochemical compounds, including
cucurbitacins, flavonoids, phenols, saponins and alkaloids such as brahmin and herpestine,
as well as glycosides called bacosides A and B (triterpenoids similar to dammarane) and
betulinic acid [3,7]. With its low toxicity risk [8] and apparently beneficial effects, Bacopa
has been extracted and marketed as a dietary supplement [9].

The Barcode of Life [10] proposed validating biological resources, including those
cited in the Pharmacopoeias, using the chloroplast genetic regions rbcL, matK, trnL [11]
and nuclear ITS [12]. Using a marker sequence analysis makes it possible to avoid species
confusion and, therefore, to taxonomically validate plants with commercial value.

Bacopa biodiversity in Mexico records seven species: B. lacertosa Pennell ex Standl.,
B. repens (Sw.) Wettst., B. rotundifolia (Michx.) Wettst., B. salzmannii (Benth.) Wettst. ex
Edwall., B. sessiliflora (Benth.) Edwall., B. valerioi Standl. & I.T. Williams and B. monnieri (L.)
Wettst, the last being more widely distributed [13]. None of these species are cultivated
in Mexico. B. monnieri is an herbaceous plant which grows from 0 to 3500 m asl and has a
global distribution [1].

It is essential to evaluate the germplasm of wild and cultivated populations from
different locations to search for elite genotypes [14], as studies in India have shown that
the concentration of bacosides, commercially valued compounds, is lower in cultivated
plants [15].

To improve health problems, it is necessary to search for local phytogenetic resources
that have beneficial properties for the treatment or prevention of obesity, as a basis for
new functional food supplements. Overweight and obesity are a growing public health
problem throughout the world, including Mexico. The causes of obesity are multifactorial;
however, a crucial factor is the food transition that has occurred since the late 1980s, with
an increase in the consumption of processed foods and high calorie diets with high sugar
and fat contents, coupled with a sedentary lifestyle [16].

B. monnieri could be a promising option for improving these health problems because
of its anti-inflammatory activity; however, despite being used in other regions of the planet,
this resource has not yet been included in the Mexican Pharmacopoeia. To our knowledge,
no research has been conducted to date on the pigment or carotenoids profiles of the wild
and cultivated populations of Bacopa spp. from Mexico, nor on its biological activity which
may have anti-obesity and anti-inflammatory benefits, which would justify proposing
B. monnieri as a functional food. Consequently, the objective of this work was: (i) the
taxonomic verification of the four wild populations of B. monnieri from the Central Mexican
Volcanic Belt (CMVB) based on molecular markers, (ii) the determination of the chemical
content of the different B. monnieri extracts in terms of their pigments and phenols and
(iii) the analysis of their potential bioactivity for their application to human health issues
such as inflammation, obesity and oxidative stress.

2. Materials and Methods
2.1. Materials

Wild Bacopa monnieri was sampled from three localities within the CMVB in 2019.
The samples were geopositioned and environmental data were recorded as BH (Geiser,
Hidalgo), BS (Bosque de la Primavera, Jalisco) and BX (San Felipe Xonacayucan, Puebla).
They were terrestrial life forms, except for BE (Bosque de la Primavera, Jalisco), which was
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an emergent aquatic life form, as seen in (Figure 1). All materials were submitted to the
IZTA Herbarium [17].

Figure 1. Images and collection data for the wild Mexican plant B. monnieri. (A) Environmental data
and panoramic views of the three localities. (B) Flower details, followed by the plants in the soil at
BH, BS and BX, respectively.
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2.2. Molecular Identification

Whole plants were transported to the laboratory, frozen in liquid nitrogen and main-
tained at −70 ◦C until use. According to the manufacturer’s instructions, the complete
genomic DNA of B. monnieri was extracted using the UltraClean Plant DNA Isolation
Kit (MoBio Laboratory Inc., Carlsbad, CA, USA). For amplification of the three DNA re-
gions defined as the universal DNA barcoding for plants, the partial gene rbcL, ITS and
intergeneric region trnF-trnL, previously published oligonucleotides were used (Table 1).

Table 1. Oligonucleotides used for PCR and sequencing of ITS, trnF-trnL (B49317-A50272) and rbcL,
for wild Mexican B. monnieri.

Oligonucleotide/Reference Sequence (5′ to 3′)

ITS1/[18] TCCGTAGGTGAACCTGCGG
ITS4/[18] TCCTCCGCTTATTGATATGC

B49317/[19] SCGAAATCGGTAGACGCTACG
A50272/[19] ATTTGAACTGGTGACACGAG
rbcL-F/[20] ATGTCACCACAAACAGAAACTAAAGC
rbcL-R/[20] AATTCAAATTTAATTTCTTTCC

Amplification reactions using Phire Green Hot Start II PCR Master Mix (Thermo
Scientific, Carlsbad, CA, USA) were performed as follows: Initial denaturation at 94 ◦C
for 1 min, followed by 35 cycles at 94 ◦C for 1 min, 50 ◦C for 45 s, 72 ◦C for 1 min, and a
final 10 min extension at 72 ◦C, except for trnF-trnL, which had an alignment temperature
of 55 ◦C. The PCR products were separated in a 1.5% agarose gel in a 1X TAE buffer. The
samples were gel extracted and purified (NZYTech Gelpure Kit, Nzytech, Portugal). Sanger
sequencing was conducted at GATC Biotech (Konstanz, Germany). The data were analyzed
and edited using Geneious 9.1 (Biomatters Inc., Boston, MA, USA). GenBank accession
numbers were obtained and with the data sequence a BLASTn was performed.

2.3. Preparation of Extracts

To explore the influence of environmental conditions on the pigment profile of B. mon-
nieri, the whole plant was washed with distilled water, frozen at −70 ◦C and lyophilized.
Samples were ground to a fine powder using a Precellys 24 homogenizer (Bertin Technolo-
gies Montigny-le-Bretonneux, France) and kept away from light until extraction.

Pigments were extracted with methanol (reagent grade). First, 2 g of the powdered
sample was suspended in 50 mL of methanol and sonicated (Vibra CellTM ultrasonic liquid
processor, Sonic & Materials, Inc., Newtown, CT, USA) at a frequency of 70/800 Hz for
3 min. The procedure was repeated three times and then the supernatants were combined
and evaporated (165 mbar, 30 ◦C) (Centrivap Vacuum Concentrator, Labconco, Kansas City,
MO, USA), then kept at −20 ◦C until pigment analysis. Before HPLC-PDA analysis, the dry
extracts were resuspended in methanol (HPLC grade) to a final concentration of 10 mg/mL
and filtered through a GH Polypro (GHP) Membrane Disk Filter (0.2 µm diameter) (Pall,
NY, USA) [21].

2.4. Determination of Carotenoids and Chlorophylls Profile using HPLC-PDA

Pigment profiling for B. monnieri followed the methodology previously reported [21].
The extracts were analyzed in an HPLC system coupled with a photodiode array (PDA)
detector (Waters Alliance 2695 Separations Module, Waters Corporation, Milford, CT, USA).
The chromatographic conditions were performed according to Lopes et al. [21].

All the HPLC-grade solvents were filtered with GH Polypro (GHP) Membrane Disk
Filters (0.2 µm diameter) (Pall, NY, USA). Data were analyzed using Empower chromatog-
raphy software (WatersTM, Milford, MD, USA). Chromatograms are shown in Figure S1.
Spectra data (250–750 nm) from all compounds were recorded.

The compound’s retention times and UV-Vis spectra were compared to authentic
standards (Extrasynthese, Genay, France and Sigma-Aldrich, St. Louis, MO, USA). The
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carotenoid’s quantification was achieved by measuring the absorbance recorded in the
chromatograms relative to external standards at 450 nm. Lutein and chlorophylls a, b and
β-carotene were quantified with the authentic standards. The unidentified carotenoids
were quantified as lutein, the chlorophyll derivatives as chlorophyll a, the violaxanthin
derivatives as violaxanthin and the ε-carotene derivatives as ε-carotene. Calibration curves
were obtained with standard solutions corresponding to five different concentrations,
selected as representative of the samples’ ranges of compounds concentrations. The cali-
bration plots, r2 values, the limit of detection (LOD = 3So/b) and the limit of quantification
(LOQ = 10So/b) (where So is the standard deviation of the signal-to-noise ratio and b is the
slope of the calibration plot) for the analyzed carotenoids and chlorophyll a are shown in
Table 2. Pigment quantity in each sample was calculated as µg/g of lyophilized biomass.

Table 2. Calibration curves of authentic standards used for quantification of different Carotenoids
and Chlorophyll-a.

Standards Calibration Curve r2 LOD (µg/mL) 1 LOQ (µg/mL) 2

Violaxanthin y = 1,152,598,695x – 21,356 0.9997 0.3877 1.1748
Lutein y = 141,092,914x + 5527 0.9998 0.2867 0.8688

ε-Carotene y = 226,925,025x – 83,662 0.9996 2.3099 6.9998
Chlorophyll-a y = 7,471,178x + 2673 0.9998 1.4721 4.4608
β-Carotene y = 290,231,487x + 172,758 0.9997 1.9354 5.8649

1 LOD: limit of detection. 2 LOQ: limit of quantification.

2.5. Total Phenolic Content

The total phenolic content (TPC) of the extracts of B. monnieri was determined as
previously described, using the Folin–Ciocalteu assay [22]. Briefly, a volume of 25 µL of
each wild Bacopa extract was carefully mixed with 500 µL of deionized water, 100 µL of
Na2CO3 solution (75 g/L), 25 µL of Folin–Ciocalteu reagent (Sigma-Aldrich, St. Louis,
MO, USA) or 25 µL of H2O for blanks. The reaction was conducted for 60 min. at room
temperature in the dark. The absorbance was determined at 725 nm, using a Synergy HT
Multi-detection microplate reader (Biotek, Bad Friedrichshall, Germany) running Biotek
Gen 5™ software.

Gallic acid was used as the reference phenolic compound and the total phenolic content
of the extracts was expressed in µg of Gallic acid equivalents (GAE)/mg dry extract, as
Mean ± SD of two independent assays.

2.6. Determination of DPPH• Scavenging

The free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•) was used to determine the
antioxidant potential of the extracts and the results were expressed as a percentage of
scavenging [23]. Briefly, 25 µL of each extract, prepared in methanol at five final different
concentrations (550.0, 870.0, 138.0, 69.0 and 34.7 µg/mL) were incubated with 200 µL of
DPPH• (Sigma-Aldrich, St. Louis, MO, USA) 100 µM solution (in methanol), for 5 min at
room temperature and protected from light. The absorbance of the reaction product was
determined at 515 nm using a Synergy HT Multi-detection microplate reader (Biotek, Bad
Friedrichshall, Germany) running Biotek Gen 5™ software. A blank with methanol was
included for each sample concentration.

2.7. Cell Assays

A murine macrophage cell line RAW 264.7 was grown at 37 ◦C in DMEM supple-
mented with glutamine, 10% inactivated fetal bovine serum (FBS), 100 U/L penicillin
and 100 µg/mL streptomycin, under a 5% CO2 atmosphere. The cells were inoculated
in 96-wells plates (Thermo Scientific, Carlsbad, CA, USA) and cultured until confluence.
The dried extracts were dissolved in DMSO and kept at −20 ◦C until use. Four serial
dilutions of the extracts were prepared in supplemented DMEM immediately before cell
exposure. To determine the effect of the extracts in NO production by RAW 264.7 cells, a
pre-treatment (2 h) with extract dilution or vehicle was undertaken, following the addition
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of 1 µg/mL lipopolysaccharide (LPS) from Escherichia coli (or vehicle) and incubated for
22 h at 37 ◦C, under a 5% CO2 atmosphere. The effect of the extracts in NO production was
also evaluated in the absence of LPS, to observe possible changes in the NO basal levels.
No LPS was added to the negative controls. Four independent assays were performed in
duplicate [21].

2.8. Toxicity

Bacopa extracts’ toxicity was determined by assessing cell viability in the RAW 264.7 cells
through the MTT assay described by Barbosa et al. [24]. After the incubation period
(35,000 cells/well, 24 h at 37 ◦C), the RAW 264.7 cells were incubated for 45 min with MTT
(0.5 mg/mL prepared in DMEM), which was converted by dehydrogenases of metaboli-
cally active cells from a yellow salt into an insoluble purple formazan product. The pellet
was further solubilized with 100 µL DMSO and the absorbance measured at 510 nm in
a microplate reader (Biotek, Bad Friedrichshall, Germany) operated using Biotek Gen
5™ software.

2.9. Anti-Inflammatory Potential

Macrophage cells release NO into the culture medium, which is converted into differ-
ent nitrogen derivates, of which nitrite is stable, and thus, easy to measure as an indicator
of NO production. The anti-inflammatory potential of the extracts from the wild popu-
lations of B. monnieri was predicted by evaluating their capacity to reduce NO produced
by the RAW 264.7 macrophages, following inflammatory stimulation, after the incubation
period, of the different extracts at different concentrations, in four serial dilutions from a
stock of 200 µg dry extract/mL (24 h, 37 ◦C, 35,000 cells/well). NO was measured in the
culture medium with 75 µL of Griess reagent (Sigma-Aldrich, St. Louis, MO, USA), mixed
with 75 µL cell supernatant and incubated in the dark for 10 min. The absorbance was
determined at 562 nm. Control values were obtained without the extracts and by adding
LPS (1 µg/mL). The effect of the extracts on NO produced by the RAW 264.7 cells was
also evaluated in the absence of LPS to obtain the levels of basal NO produced by the
untreated cells. Dexamethasone was used as the positive control. At least four independent
experiments were performed in duplicate. Results were expressed as the percentage of NO
versus the untreated control [24].

2.10. Zebrafish Nile Red Fat Metabolism Assay

B. monnieri extracts were dissolved in DMSO at a 10 mg/mL concentration and stored
at −20 ◦C until analysis. The extracts’ anti-obesity capacity was analyzed through the
zebrafish Nile red assay, as previously described in [25]. Fluorescence intensity in the
individual zebrafish larvae was quantified using ImageJ (http://rsb.info.nih.gov/ij/index.
html accessed on 25 November 2019).

2.11. Statistical Analysis

IBM SPSS STATISTICS software v. 25.0 (IBM Corporation, New York, NY, USA,
2011) was used to determine the profiles of the carotenoids and chlorophylls. Data were
analyzed for normality and homogeneity of variances using Kolmogorov–Smirnov’s and
Leven’s tests. The amounts of compounds 1, 2, 5–10, 14, 15, 18, 19, the total pigments,
total carotenoids and total chlorophylls within the analyzed samples were compared using
one-way ANOVA with Tukey’s HSD (honestly-significant-difference) as a post hoc test. The
amounts of compounds 11, 12, 13, 12 + 13, 16 and 17 were compared through an unpaired
t-test. The quantity of pigments in each sample (in µg/g of lyophilized biomass) was
presented as the mean ± SD of at least three independent experiments. For the analysis of
the lipid-reducing activity data, a one-way ANOVA analysis of variance was used followed
by a Dunnett post hoc test.

http://rsb.info.nih.gov/ij/index.html
http://rsb.info.nih.gov/ij/index.html
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3. Results
3.1. Identification of Bacopa monnieri using Molecular Data

Our ITS, trnL-trnF and rbcL partial sequences were compared with those in the NCBI
using BLAST alignment and the results are shown in Table 3.

Table 3. Taxonomic identification of B. monnieri from Mexico using molecular marker sequences
compared to reference materials.

Molecular
Marker

Length of
Sequence (pb)

Query Cover
(%)

Percentage of
Identity (%)

GenBank Accession
Number

IZTA
Herbarium Origin

ITS 642 99 99.1 OL451230/KM887387
45166

Hidalgo/Delhi
trnL-trnF 955 100 99.9 OL456239/LC310979 Hidalgo/Bangkok

rbcL 1266 100 100 OL456230/LC214987 Hidalgo/Bangkok
ITS 432 100 100 OL451229/KR215626

45167
Puebla/Delhi

trnL-trnF 955 100 99.9 OL456238/LC310979 Puebla/Bangkok
rbcL 1266 100 100 OL456234/LC214987 Puebla/Bangkok
ITS 703 99 99.6 OL451228/KM887387

45168
Jalisco/Delhi

trnL-trnF 955 100 99.7 OL456237/LC310979 Jalisco/Bangkok
rbcL 1266 100 100 OL456233/LC214987 Jalisco/Bangkok

In bold Mexican plant.

The percentages of the sequence identity ranged from 99.1 to 100%, which indicates
that within these genetic regions, the Mexican plant studied is molecularly validated as the
taxon B. monnieri.

3.2. Carotenoids and Chlorophylls Profiling

An HPLC-PDA analysis of the extracts of the B. monnieri allowed the identification
and quantification of 21 compounds comprising 12 chlorophylls and nine carotenoids. In
Figure 2A,B, only the two most contrasting chromatograms are shown. Table 4 shows the
pigments’ profile obtained from four different extracts. Sample BX had the highest pigment
content, 53.512 ± 0.826 µg/mg dry extract (DE), followed by BE (42.654 ± 0.054 µg/mg
DE), while BH and BS had the lowest amount (41.741 ± 1.953 and 37.675 ± 0.051 µg/mg
DE, respectively), p < 0.05 (ANOVA and Tukey’s HSD).

Table 4. Carotenoid and Chlorophyll content (µg/mg dry extract) of methanol extracts of B. monnieri
obtained from different environments in Mexico determined using HPLC-PDA 1.

Peak Compound RT (min) BH BE BS BX

1 ε-Carotene
derivative 5.6 0.072 ± 0.001 a 0.061 ± 0.002 b 0.052 ± ≤0.001 c nd

2 Violaxanthin
derivative 6.0 0.012 ± ≤0.001 0.012 ± ≤0.001 0.012 ± ≤0.001 0.011 ± ≤0.001

3 Violaxanthin
derivative 8.4 0.005 ± ≤0.001 0.004 ± ≤0.001 0.004 ± ≤0.001 nd

4 Lutein 12.2 0.921 ± 0.031 b 0.988 ± 0.004 b 0.969 ± 0.002 b 1.149 ± 0.029 a

5 ε-Carotene
derivative 13.0 0.073 ± ≤0.001 b 0.088 ± 0.002 a, b 0.076 ± 0.006 a, b 0.090 ± 0.003 a

6 ε-Carotene
derivative 13.4 0.070 ± 0.001 0.076 ± 0.001 0.073 ± 0.006 0.078 ± 0.002

7 ε-Carotene
derivative 13.9 0.067 ± 0.001 0.068 ± 0.003 0.070 ± 0.004 0.072 ± ≤0.001

8 Chlorophyll b
derivative 18.3 0.210 ± 0.019 b 0.226 ± 0.001 b 0.249 ± 0.007 b 1.149 ± 0.068 a

9 Chlorophyll b
derivative 19.7 2.443 ± 0.2503 b 1.724 ± 0.100 c 1.342 ± 0.121 c 6.759 ± 0.027 a

10 Chlorophyll b
derivative 20.0 0.197 ± 0.035 c 0.376 ± 0.028 b 0.343 ± 0.003 b 0.862 ± 0.014 a

11 Chlorophyll b 20.5 25.053 ± 0.939 a, b 26.419 ± 0.026 a 23.948 ± 0.223 a, b 23.783 ± 0.798 b
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Table 4. Cont.

Peak Compound RT (min) BH BE BS BX

12 Unidentified
chlorophyll 20.7 nd Nd nd 7.467 ± 0.064-

13 Unidentified
chlorophyll 21.3 nd 0.396 ± 0.056 c 0.642 ± 0.060 b 1.280 ± 0.009 a

14 Chlorophyll b
derivative 21.9 7.301 ± 0.466 a 6.063 ± 0.203 b, c 4.552 ± 0.124 c, d 5.023 ± 0.109 c

15 Chlorophyll a 23.1 0.522 ± 0.011 c 0.566 ± 0.011 b, c 1.097 ± 0.007 a 0.630 ± 0.042 b

16 Unidentified
chlorophyll 26.3 1.393 ± 0.114 b 2.064 ± 0.084 a 1.275 ± 0.074 b 1.535 ± 0.063 b

17 Unidentified
chlorophyll 26.9 0.546 ± 0.036 0.527 ± 0.035 0.374 ± 0.012 0.507 ± 0.074

18 Unidentified
chlorophyll 28.8 2.307 ± 0.036 b 2.440 ± 0.043 b 2.076 ± 0.058 c 2.642 ± 0.009 a

19 Unidentified
chlorophyll 29.4 0.365 ± 0.078 0.380 ± 0.042 0.309 ± 0.080 0.374 ± 0.027

20 β-Carotene 30.8 0.175 ± 0.007 b 0.168 ± 0.002 b 0.198 ± 0.006 a 0.095 ± 0.003 c

21 13-cis-Beta-
Carotene 31.4 0.004 ± 0.002 0.003 ± ≤0.001 0.007 ± 0.001 nq

Total carotenoids 1.575 ± 0.047 1.637 ± 0.005 1.662 ± 0.004 1.592 ± 0.038
Total chlorophylls 40.166 ± 1.906 b, c 41.017 ± 0.060 b 36.013 ± 0.055 c 51.919 ± 0.863 a

Total pigments 41.741 ± 1.953 b, c 42.654 ± 0.054 b 37.675 ± 0.051 c 53.512 ± 0.826 a

1 Values are expressed as the mean ± SD of two determinations (nq: not quantified, nd: not detected or under
limit of detection, RT: retention time). Different superscript letters in the same row denote statistical differences at
p < 0.05 (ANOVA, Tukey HSD).

Figure 2. Carotenoid and chlorophyll profiles of methanol extracts of wild B. monnieri from different
environments: BH (A) and BX (B). HPLC-PDA recorded at 450 nm. β-Carotene derivative (1, 5–7),
Violaxanthin derivative (2–3), Chlorophyll b derivative (8–10, 14), Unidentified chlorophyll (12–13,
16–19), Lutein (peak number 4, yellow circle), Chlorophyll b (11), Chlorophyll a (15), β-Carotene
(peak number 20, orange circle) and 13-cis-β-Carotene (21). The chemical structure model of Lutein
and β-Carotene were taken from PubChem, NCBI.
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The same trend was observed in all the samples for total carotenoids and chlorophylls,
with the latter in higher amounts. Regarding the total chlorophylls, its concentration
varied between 36.013 ± 0.055 (BS) and 51.919 ± 0.863 (BX) (Table 4). The chlorophyll
b (peak 11, Table 4) had higher concentrations in BH and BE, with 25.053 ± 0.939 and
26.419 ± 0.026 µg/mg DE, respectively.

In addition, lutein (Figure 2A,B; peak 4, Table 4) was the most abundant carotenoid,
with amounts ranging from 0.921 ± 0.031 (BH) to 1.149 (BX) µg mg–1 of DE, followed by
β-carotene (Figure 2A,B; peak 20, Table 4) with amounts ranging from 0.095 ± 0.003 (BX) to
0.198 ± 0.006 (BS) µg mg–1 DE. A violaxanthin derivate and ε-carotene derivatives were
also tentatively identified in all the samples.

The compounds 12 and 13, corresponding to unidentified chlorophylls, were not
detected in the BH extract (Figure 2A). Meanwhile, in the BX extract, the undetected peaks
were 1 and 3, corresponding to the ε-carotene derivative and violaxanthin derivative, respec-
tively. BX was also the only extract where compound 12 was detected as an unidentified
chlorophyll (Figure 2B).

3.3. Total Phenolic Content

The total phenolic content (TPC) found in the four wild populations of B. monnieri
ranged from 54.8 ± 5.8 (BX) to 70.3 ± 2.2 (BS) µg GAE/mg dry extract. BS had the highest
concentration of phenolic compounds with a value of 70.3 ± 2.2 µg GAE/mg dry extract;
BH and BE showed a similar TPC with a value of 67.6 µg GAE/mg dry extract (Table 5).

Table 5. Total phenolic content (TPC) and IC50 values obtained for the antioxidant (DPPH• scaveng-
ing) and anti-inflammatory potential (NO reduction in RAW 264.7 cells) of the methanol extracts of
B. monnieri obtained from different environments in Mexico *.

Sample TPC
(µg GAE/mg Dry Extract)

DPPH• Scavenging
(IC50, µg Dry Extract/mL)

NO Reduction in RAW 264.7 Cells
(IC50, µg Dry Extract/mL)

BH 67.6 ± 4.3 a 130.6 ± 3.0 a 181.7 ± 14.3 b

BE 67.6 ± 5.6 a 218.2 ± 6.0 c 134.7 ± 3.8 a

BS 70.3 ± 2.2 a 249.9 ± 12.1 d 122.4 ± 1.6 a

BX 54.8 ± 5.8 b 132.0 ± 17.8 b 174.4 ± 7.0 b

GAE—Gallic acid equivalents. * Values are expressed as the mean ± SD of at least three independent experiments
performed in duplicate. Different superscript letters in the same column denote statistical differences at p < 0.05
(ANOVA, Tukey HSD).

3.4. Antioxidant Potential

The antioxidant potential of the different plant extracts was determined by evaluating
their DPPH free radical scavenging capacities using an in vitro cell-free assay. The BH sam-
ple reached IC50 for DPPH radical scavenging at a value of 130.6 ± 3.0 µg dry extract/mL,
followed by BX with a value of 132.0± 17.8 µg dry extract/mL; BE and BS presented higher
values of 218.2± 6.0 and 249.9± 12 µg dry extract/mL, respectively (Table 5). The different
compounds present in the extracts, including carotenoids and phenols, which are known
for their ability to scavenge free radicals, may have contributed to the observed IC50 values.

The BH extract only needed about 0.2 mg dry extract/mL to inhibit DPPH scavenging
by about 90%, compared to BS, which inhibited DPPH scavenging by 80% with 0.5 mg
dry extract/mL. BE and BX also inhibited about 90% of the DPPH radical scavenging with
0.5 mg of dry extract/mL (Figure 3).

3.5. Anti-Inflammatory Potential

The anti-inflammatory potential of B. monnieri was explored by analyzing its effect
on the levels of NO produced by RAW 264.7 macrophages after stimulation with LPS.
The BS and BE extracts (Figure 4B,C) showed a significant decrease in NO, starting from
25 to 200 µg dry extract/mL. For BX, the activity was from 50 to200 µg dry extract/mL,
whereas the results for BH were very similar to those for BX (Figure 4A,D). For the highest
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concentration tested (200 µg/mL), the maximum inhibition of NO production was 48%,
18%, 22% and 41% for BH, BS, BE and BX, respectively.

Figure 3. DPPH radical scavenging activity. Results are expressed as the mean ± SD of three
independent experiments performed in duplicate, face to untreated control.

Figure 4. (A–D) Relative percentage of NO production by RAW 264.7 and the viability of cells in
the presence of B. monnieri extracts at different concentrations. (A) BH, (B) BS, (C) BE and (D) BX.
Results are expressed as a % of NO production and cell viability relative to the control. Results are
expressed as the mean ± SD of at least four independent assays. • p < 0.05, •• p < 0.01, ••• p < 0.001,
•••• p < 0.0001 (ANOVA, Tukey HSD).

3.6. Lipid-Reducing Activity in Different Extracts

The zebrafish Nile red fat metabolism assay was used to characterize the lipid-reducing
activity of the four wild populations of B. monnieri extracts. The exposure of zebrafish
larvae to all the extracts was positive and in the following descending order: BS, BX, BE
and BH. Exposure resulted in significant neutral lipid-reducing activity in this assay after
48 h (Figure 5A). A considerable decrease in Nile red staining was observed for BS at 100,
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50, 25, 6.25 and 3.13 µg/mL; for BX and BH only at 100 µg/mL; for BE at 100 and 50 µg/mL
(Figure 5B).

Figure 5. (A) Zebrafish Nile red fat metabolism assay representation with a strong fluorescence signal
from the solvent control (DMSO) around the yolk sac and stomach in the zebrafish larvae. BS, BE,
BX and BH fractions decreased Nile red staining at the highest concentration tested (100 µg/mL).
(B) Quantification of the lipid-reducing activity in the zebrafish Nile red fat metabolism assay after
48 h exposure. A solvent control (0.1% dimethyl sulfoxide, DMSO) and positive control (50 µM
resveratrol, REV) were included in the bioassay. Six to eight individual larvae per treatment group
were used (n = 6–8). Values are expressed as mean fluorescence intensity (MFI) relative to the solvent
control group. The data are represented as box-whisker plots from the 5th to 95th percentiles and
statistically significant differences are shown with bullets (•••• p < 0.0001, ••• p < 0.001, •• p < 0.01,
• p < 0.05).

Toxicity and malformations in the zebrafish larvae exposed to these four extracts were
evaluated considering general toxicity (death after 24 or 48 h) and malformations in the
morphological characteristics of the larvae. These adverse effects were not observed for
all the extracts. Resveratrol (REV) was used as a positive control at a final concentration
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of 50 µM and significantly reduced the Nile red lipid staining in all the bioassays. The
solvent control, 0.1% DMSO (dimethyl sulfoxide), did not cause any toxicity or observable
malformations in the larvae.

4. Discussion

The Mexican plant studied in this work was validated as Bacopa monnieri, as it was
found to be highly homologous with the barcoded DNA sequences of B. monnieri from
Bangkok, Thailand [26]. It is worth mentioning that the BOLDSYSTEMS record of B. mon-
nieri (GBVX639715) from Delhi, India [27], also matches the Mexican plant studied. The
exsiccatae were submitted to the IZTA with voucher numbers 45166, 45167 and 45168 from
the BH, BX and BS wild populations, respectively.

Based on the Britton and Khachik [28] scale, the β-Carotene concentration (mg/100 g)
in plants can be low (0–0.1), moderate (0.1–0.5), high (0.5–2.0) and very high (>2.0). In
general, green leafy vegetables have a moderate to very high concentration of β-Carotene.
This information applied to all the results from this study of the Mexican plant; the mean,
in mg, of the compound on a dry biomass corresponded to the category of very high for BE
(38.7 mg/g), BH (33.8 mg/g), BS (32.2 mg/g) and BX (12.7 mg/g).

Dhami and Cazzonelli [29] recognized that carotenogenesis is affected by the changing
environment; carotenoids and carotenoid derivatives play a role in plants’ environmental
sensing and acclimatization. This information allows us to explain the reason why our
results, although they have no difference in the total quantification of the total carotenoids,
have a different proportion (Table 4). Samples collected in environments with high tempera-
tures (20.5–50 ◦C) have a higher amount of β-Carotene; for the samples from Jalisco, BE had
0.168 µg/mg and BS had 0.198 µg/mg, the sample from Hidalgo, BH, had 0.175 µg/mg.
Meanwhile, for the plants from Puebla, which grew under temperate conditions (21–28 ◦C),
the BX sample had 0.095 µg/mg of β-Carotene, the lowest concentration, but had the
highest amount of lutein (1.149 µg/mg), which constituted the total pigment content of
53.512 (µg/mg).

Moreover, in Arabidopsis, lutein and β-Carotene are the main carotenoids in mature
leaves, accounting for almost 50% and 25% of the foliar carotenoids, respectively [30]. For
B. monnieri from the Mexican plant, lutein and β-Carotene were also dominant; lutein values
were close to 60% in BH, BE and BS, and 72% in BX. On the other hand, the β-Carotene
values ranged from 5.7 to 11.9% in the Mexican plant, rather than the 25% mentioned above.
No information on the carotenoid profile of B. monnieri has been found in the literature.

Mihaylova et al. [31] researched the presence of lutein in different plants for medicinal
and edible use, from trace amounts to 208 µg/g DW, the highest amount found in Silene
vulgaris (Bladder campion). Similar values were recorded in BE (226.6 µg/g DW), followed
by BH, BS and BX (177.8, 157.7 and 152.7 µg/g DW), respectively. Recent studies indicate
the health benefits of taking 10 mg/day of lutein [31]. On the other hand, in the food
industry, color is an essential characteristic for the success of a product; the alternative to
artificial colorants has been the use of carotenoids of natural origin. One of the plants with
the most remarkable presence in the industry is Tagetes erecta (Marigold, Cempasúchil),
native to Mexico, which manages to obtain 70 to 120 mg/g of xanthophylls, of which
80–90% corresponds to lutein [32]. Therefore, based on our results, we propose using the
Mexican populations of B. monnieri as a natural resource, since the concentrations of lutein
and carotenoids found in B. monnieri extracts are high and at levels comparable to other
plant resources currently used in the food industry and traditional medicine.

Research on B. monnieri [33] in a swamp near Tuxpan, Ver. (Mexico), showed
7.69± 0.025 GAE mg/g extract, identical to the values obtained here for BX (7.29 GAE mg/g
extract), followed by BS, BH and BE with 11.43, 13.05 and 15.54 GAE mg/g extract, respec-
tively. On the other hand, wild populations of B. monnieri from different Indian locations
report values from 5.67 ± 0.64 to 9.11 ± 0.19 GAE mg/g extract [34]. Our results using the
Mexican plants had twofold or threefold concentration increases.
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All the extracts of the B. monnieri Mexican plants were a good source of antioxidants.
Similarly, following the example of the Indian species, which have an antioxidant potential
close to 80% of DPPH radicals scavenging [35], the Mexican plants of B. monnieri can be
used in the pharmacological and food industries due to their antioxidant properties, which
have benefits for human health.

Inflammation is a multifactorial process in which diverse immune cells and mediators
are involved, through which the host responds to stimuli with the aim of restoring the
homeostasis of the organism and promoting tissue repair. In this survey, we have focused on
exploring the effects of the B. monnieri extracts on the metabolism of macrophages, namely
the inflammatory mediator NO, whose modulation can contribute to preventing the onset
and progression of inflammation. The anti-inflammatory potential of the B. monnieri extracts
was analyzed in RAW 264.7 after stimulation with LPS, by assaying their effect on the levels
of NO produced by the macrophages. The IC50 found for the different extracts can divide
the samples into two groups, with a significant difference between them (Table 5). The
first group includes BE and BS, showing IC50 values of 122.4 ± 1.6 and 134 ± 3.8 µg dry
extract/mL, respectively, while the second group, BX and BH, had IC50 values of 174.4± 7.0
and 181.7 ± 14.3 µg dry extract/mL, respectively (Table 5). This supports the inclusion of
this plant resource in the Pharmacopoeia for its bioactive compounds, such as carotenoids,
which are capable of managing diseases with an associated inflammatory process [3].

The decrease in NO levels observed here may correlate with the compounds present
in the extracts, or with the synergistic interaction between the pigments and phenols.
Lutein was previously described to decrease NO production in LPS-stimulated RAW
264.7 macrophages by reducing iNOS gene expression at the mRNA level [36], suggesting
a similar potential anti-inflammatory contribution to that observed with the B. monnieri
extracts (Tables 4 and 5, Figure 3). Recent works have shown the beneficial effects of crude
extracts of B. monnieri from India in preventing dementia by their anti-inflammatory action
in male Wistar rats [37]. However, the higher lutein content did not mean a higher anti-
inflammatory potential, which emphasizes the possible synergic effect of other pigments
and compounds present in the extracts analyzed.

Cell viability was not affected under the concentrations tested, demonstrating the non-
toxic behavior of the extracts. In a study conducted in male and female Sprague–Dawley
rats, it was shown that acute and chronic administration of B. monnieri extract did not cause
any signs of toxicity or other symptoms [38].

The zebrafish model has been used in numerous biomedical investigations to deter-
mine the biological and anti-obesity activity of different biomolecules [39]. For example,
adipogenesis was decreased by Zingiber officinale [40]. Two chlorophyll derivatives showed
significant neutral lipid-reducing activity in the zebrafish Nile red fat metabolism assay [41].

Our results showed a significant neutral lipid-reducing activity of the Mexican plant,
particularly the BS extract, which also had the highest anti-inflammation activity. Obesity is
also known as chronic low-grade inflammation [42]. Consumption of high concentrations
of carotenoids can help reduce diseases caused by oxidative stress in the human body,
although they might also inactivate free radicals [29]. Concordantly, it was shown that a
high amount of β-Carotene displayed anti-obesity activity with effects on adipogenesis [43].

Wild Mexican B. monnieri extracts are rich in carotenoids, which may have contributed
to the observed anti-obesity and anti-inflammatory activity. Our results agree with previous
studies, in which the promising effects of extracts or fractions from different sources were
observed, such as the effect of cyanobacteria on the intestinal lipid uptake of zebrafish [44,45]
and the reduction of neutral lipids by seagrass [46] or by actinobacteria [47], but of which
the responsible metabolites are still to be identified, as is the case with B. monnieri.

5. Conclusions

This study presented the pigment profile of Bacopa monnieri from Mexico and the
evaluation of its lipid activity reduction for the first time. It verified that the different
Mexican germplasms presented differential responses (chlorophyll and carotenoid). It was
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found that in different environmental conditions, the concentration of lutein and β carotene
were modified.

The information gathered on the wild Mexican plant from the CMVB will allow
for the selection of optimal germplasm-containing biocompounds with high antioxidant
activity and carotenoid-rich, anti-inflammatory and anti-obesity potential. As shown in
the bioassays performed, differential responses in the bioassays concerning the study area
were also observed. These findings indicate new attributes of B. monnieri, which enriches
the knowledge of this natural source of compounds. Therefore, they could be used as
a raw material of excellent quality to improve nutritional and medicinal supplements,
just as germplasms from other regions of the world have been used, placing itself in the
international market for natural products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology12040620/s1, Figure S1: Carotenoid and chlorophyll profiles
of methanol extracts of wild B. monnieri from different environments: BH (A), BX (B), BE (C), and BS
(D). HPLC-PDA recorded at 450 nm. β -Carotene derivative (1, 5-7), Violaxanthin derivative (2-3),
Chlorophyll b derivative (8-10, 14), Unidentified chlorophyll (12-13, 16-19), Lutein (peak number 4,
yellow circle), Chlorophyll b (11), Chlorophyll a (15), β-Carotene (peak number 20, orange circle),
13-cis-β-Carotene (21).

Author Contributions: Conceptualization, M.M.-G.; methodology, M.M.-G., G.G.-S., G.L., B.A.S.,
G.S.H., J.E.C. and V.M.O.V.; field work, M.M.-G. and G.G.-S.; validation, R.U., formal analysis and
investigation, M.M.-G.; data curation, M.M.-G., G.G.-S. and J.E.C.; writing—original draft preparation,
M.M.-G. and G.G.-S.; writing—review and editing, M.M.-G., G.G.-S., G.L., R.U., G.S.H., J.E.C. and
V.M.O.V.; funding acquisition, M.M.-G. and V.M.O.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was co-funded by FCT (Portuguese Foundation for Science and Technology)
(UIDB/04423/2020 and UIDP/04423/2020) and the project ATLANTIDA (ref. NORTE-01-0145-
FEDER-000040). It was supported by the Norte Portugal Regional Operational Program (NORTE
2020) under the PORTUGAL 2020 Partnership Agreement and through the European Regional
Development Fund (ERDF).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: The UNAM-DGAPA of the Programa de Apoyo para la Superación del Personal
Académico (PASPA) for financial support for the research stay in CIIMAR, Oporto, Portugal. We
would like to thank all the colleagues who helped us to collect field samples: Victor M. Salazar, Ana
Patricia Reyes and Raúl Martínez García. The staff from CIIMAR, particularly Ana Raquel Azevedo
Silva, for providing technical molecular support. G.L. thanks the Portuguese Foundation for Science
and Technology (FCT) for the financial support for her work through the Scientific Employment
Stimulus-Individual Call (CEECIND/01768/2021). Finally, we would like to thank the anonymous
reviewers who added their valuable comments to the final version of the manuscript.

Conflicts of Interest: The authors declare there are no conflict of interest.

References
1. Tropicos.org. Missouri Botanical Garden. Available online: http://www.tropicos.org (accessed on 30 January 2023).
2. Kean, J.D.; Downey, L.A.; Stough, C. Systematic Overview of Bacopa monnieri (L.) Westtst. Dominant Poly-Herbal Formulas in

Children and Adolescents. Medicines 2017, 4, 86. [CrossRef]
3. Ritter, S.; Urmann, C.; Herzog, R.; Glaser, J.; Bieringer, S.; Geisberger, T.; Eisenreich, W.; Riepl, H. Where is Bacosine in

Commercially Available Bacopa monnieri? Planta Med. 2020, 86, 565–570. [CrossRef]
4. Patra, J.K.; Das, F.; Lee, S.; Kang, S.S.; Shin, H.S. Selected commercial plants: A review of extraction and isolation of bioactive

compounds and their pharmacological market value. Trends Food Sci. Technol. 2018, 82, 89–109. [CrossRef]
5. Farooqui, A.A.; Farooqui, T.; Madan, A.; Ong, J.H.-J.; Ong, W.-Y. Ayurvedic Medicine for the treatment of Dementia: Mechanistic

Aspect. Evid. Based Complement. Alternat. Med. 2018, 2018, 2481076. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biology12040620/s1
https://www.mdpi.com/article/10.3390/biology12040620/s1
http://www.tropicos.org
https://doi.org/10.3390/medicines4040086
https://doi.org/10.1055/a-1137-4289
https://doi.org/10.1016/j.tifs.2018.10.001
https://doi.org/10.1155/2018/2481076
https://www.ncbi.nlm.nih.gov/pubmed/29861767


Biology 2023, 12, 620 15 of 16

6. Deepak, M.; Sangli, G.K.; Arun, P.C.; Amit, A. Quantitative determination of major saponin mixture bacoside A in Bacopa monnieri
by HPLC. Phytochem. Anal. 2005, 16, 24–29. [CrossRef] [PubMed]

7. Dar, A.; Channa, S. Relaxant effect of ethanol extract of Bacopa monnieri on trachea, pulmonary artery and aorta from rabbit and
guinea pig. Phytother. Res. 1997, 11, 323–325. [CrossRef]

8. Allan, J.J.; Damodaran, A.; Deshmukh, N.S.; Goudar, K.S.; Amit, A. Safety evaluation of a standardized phytochemical composi-
tion extracted from Bacopa monnieri in Sprague-Dawley rats. Food Chem. Toxicol. 2007, 45, 1928–1937. [CrossRef]

9. KeenMind®and CDRI08®, Soho FLORDISTM International. Available online: https://www.flordis.com.au/products/keenmind/
(accessed on 30 January 2023).

10. CBOL Plant Working Group. A DNA barcode for land plants. Proc. Natl. Acad. Sci. USA 2009, 106, 12794–12797. [CrossRef]
[PubMed]

11. Taberlet, P.; Coissac, E.; Pompanon, F.; Gielly, L.; Miquel, C.; Valentini, A.; Vermat, T.; Corthier, G.; Brochmann, C.; Willerslev, E.
Power and limitations of the chloroplast trnL (UAA) intron for plant DNA barcoding. Nucleic Acids Res. 2007, 35, e14. [CrossRef]

12. Kress, W.J.; Wurdack, K.J.; Zimmer, E.A.; Weigt, L.A.; Janzen, D.H. Use of DNA barcodes to identify flowering plants. Proc. Natl.
Acad. Sci. USA 2005, 102, 8369–8374. [CrossRef] [PubMed]

13. Villaseñor, J.L. Catálogo de las plantas vasculares nativas de México. Rev. Mex. Biodivers. 2016, 87, 559–902. [CrossRef]
14. Christopher, C.; Johnson, A.J.; Mathew, P.J.; Baby, S. Elite genotypes of Bacopa monnieri, with high contents of Bacoside A and

Bacopaside I, from southern Western Ghats in India. Ind. Crop. Prod. 2017, 98, 76–81. [CrossRef]
15. Mathur, S.; Sharma, S.; Gupta, M.M.; Kumar, S. Evaluation of the Indian germplasm collection of the medicinal plant Bacopa

monnieri (L) Pennell by use of multivariate approaches. Euphytica 2003, 133, 255–265. [CrossRef]
16. Giuntella, O.; Rieger, M.; Rotunno, L. Weight gains from trade in foods: Evidence from Mexico. J. Int. Econ. 2020, 122, 103277.

[CrossRef]
17. Thiers, B. Index Herbariorum: A Global Directory of Public Herbaria and Associated Staff ; New York Botanical Garden’s Virtual

Herbarium: New York, NY, USA, 2020; Available online: http://sweetgum.nybg.org/science/ih (accessed on 30 January 2023).
18. White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In

PCR Protocols: A Guide to Methods and Applications; Innis, N., Gelfand, D., Sninsky, J., White, T., Eds.; Academic Press, Inc.: New
York, NY, USA, 1990; pp. 315–322.

19. Taberlet, P.; Gielly, L.; Pautou, G.; Bouvet, J. Universal primer for amplification of three non-coding regions of chloroplast DNA.
Plant Mol. Biol. 1991, 17, 1105–1109. [CrossRef]

20. Kenneth, G.K.; McCourt, R.M.; Cimino, M.T.; Delwiche, C.F. The closest living relatives of land plants. Science 2001, 294, 2351–2353.
21. Lopes, G.; Clarinha, D.; Vasconcelos, V. Carotenoids from cyanobacteria: A biotechnological approach for the topical treatment of

psoriasis. Microorganisms 2020, 8, 302. [CrossRef]
22. Morone, J.; Lopes, G.; Preto, M.; Vasconcelos, V.; Martins, R. Exploitation of Filamentous and Picoplanktonic Cyanobacteria for

Cosmetic Applications: Potential to Improve Skin Structure and Preserve Dermal Matrix Components. Mar. Drugs 2020, 18, 486.
[CrossRef]

23. Matthaus, B. Antioxidant activity of extracts obtained from residues of different oilseeds. J. Agric. Food Chem. 2002, 50, 3444–3452.
[CrossRef]

24. Barbosa, M.; Lopes, G.; Ferreres, F.; Andrade, P.B.; Pereira, D.M.; Gil-Izquierdo, Á.; Valentao, P. Phlorotannin extracts from
Fucales: Marine polyphenols as bioregulators engaged in inflammation-related mediators and enzymes. Algal Res. 2017, 28, 1–8.
[CrossRef]

25. Urbatzka, R.; Freitas, S.; Palmeira, A.; Almeida, T.; Moreira, J.; Azevedo, C.; Afonso, C.; Correia-da-Silva, M.; Sousa, E.; Pinto,
M.; et al. Lipid reducing activity and toxicity profiles of a library of polyphenol derivatives. Eur. J. Med. Chem. 2018, 151, 272–284.
[CrossRef] [PubMed]

26. Tungphatthong, C.; Somnuek, J.; Phadungcharoen, T.; Ingkaninan, K.; Denduang, J.; Sukrong, S. DNA barcoding of species of
Bacopa coupled with high—Resolution melting analysis. Genome 2018, 61, E867–E877. [CrossRef] [PubMed]

27. BOLDSYSTEMS. Available online: https://www.boldsystems.org/index.php/Public_RecordView?processid=GBVX6397-15
(accessed on 16 April 2023).

28. Britton, G.; Khachik, F. Carotenoids in Food. In Carotenoids 5; Britton, G., Pfander, H., Liaaen-Jensen, S., Eds.; Birkhäuser Verlag:
Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 2009; pp. 45–66.

29. Dhami, N.; Cazzonelli, C.I. Environmental impacts on carotenoid metabolism in leaves. Plant Growth Regul. 2020, 92, 455–477.
[CrossRef]

30. Dhami, N.; Tissue, D.T.; Cazzonelli, C.I. Leaf-age dependent response of carotenoid accumulation to elevated CO2 in Arabidopsis.
Arch. Biochem. Biophys. 2018, 647, 67–75. [CrossRef]

31. Mihaylova, D.; Vrancheva, R.; Petkova, N.; Ognyanov, M.; Desseva, I.; Ivanov, I.; Popova, M.; Popova, A. Carotenoids, tocopherols,
organic acids, carbohydrate, and mineral content in different medicinal plant extracts. Z. Naturforsch. C 2018, 73, 439–448.
[CrossRef] [PubMed]

32. Delgado-Vargas, F.; Paredes-López, O. Natural Colorants for Food and Nutraceutical Uses; CRC Press: Boca Raton, FL, USA, 2003;
pp. 133–166.

33. Moreno-Escobar, J.A.; Bazaldúa, S.; Villarreal, M.L.; Bonilla-Barbosa, J.R.; Mendoza, S.; Rodríguez-López, V. Cytotoxic and
antioxidant activities of selected Lamiales species from Mexico. Pharm. Biol. 2011, 49, 1243–1248. [CrossRef]

https://doi.org/10.1002/pca.805
https://www.ncbi.nlm.nih.gov/pubmed/15688952
https://doi.org/10.1002/(SICI)1099-1573(199706)11:4&lt;323::AID-PTR93&gt;3.0.CO;2-H
https://doi.org/10.1016/j.fct.2007.04.010
https://www.flordis.com.au/products/keenmind/
https://doi.org/10.1073/pnas.0905845106
https://www.ncbi.nlm.nih.gov/pubmed/19666622
https://doi.org/10.1093/nar/gkl938
https://doi.org/10.1073/pnas.0503123102
https://www.ncbi.nlm.nih.gov/pubmed/15928076
https://doi.org/10.1016/j.rmb.2016.06.017
https://doi.org/10.1016/j.indcrop.2017.01.018
https://doi.org/10.1023/A:1025747630140
https://doi.org/10.1016/j.jinteco.2019.103277
http://sweetgum.nybg.org/science/ih
https://doi.org/10.1007/BF00037152
https://doi.org/10.3390/microorganisms8020302
https://doi.org/10.3390/md18090486
https://doi.org/10.1021/jf011440s
https://doi.org/10.1016/j.algal.2017.09.009
https://doi.org/10.1016/j.ejmech.2018.03.036
https://www.ncbi.nlm.nih.gov/pubmed/29626799
https://doi.org/10.1139/gen-2018-0059
https://www.ncbi.nlm.nih.gov/pubmed/30388379
https://www.boldsystems.org/index.php/Public_RecordView?processid=GBVX6397-15
https://doi.org/10.1007/s10725-020-00661-w
https://doi.org/10.1016/j.abb.2018.03.034
https://doi.org/10.1515/znc-2018-0057
https://www.ncbi.nlm.nih.gov/pubmed/30074902
https://doi.org/10.3109/13880209.2011.589454


Biology 2023, 12, 620 16 of 16

34. Bhardwaj, P.; Jain, C.K.; Mathur, A. Comparative analysis of saponins, flavonoids, phenolics and antioxidant activities of
field acclimatized and in vitro propagated Bacopa monnieri (L.) Pennell from different location in India. Indian J. Exp. Biol.
2019, 57, 259–268.

35. Radha, P.; Padma, P.R. Antioxidant status and radical scavenging effects of Bacopa monnieri (L.) Pennell. Ann. Phytomed.
2016, 5, 104–109.

36. Rafi, M.M.; Shafaie, Y. Dietary lutein modulates inducible nitric oxide synthase (iNOS) gene and protein expression in mouse
macrophage cells (RAW 264.7). Mol. Nutr. Food Res. 2007, 51, 333–340. [CrossRef]

37. Saini, N.; Singh, D.; Sandhir, R. Bacopa monnieri prevents colchicine-induced dementia by anti-inflammatory action. Metab. Brain
Dis. 2019, 34, 505–518. [CrossRef]

38. Sireeratawong, S.; Jaijoy, K.; Khonsung, P.P.; Lertprasertsuk, N.; Ingkaninan, K. Acute and chronic toxicities of Bacopa monnieri
extract in Sprague-Dawley rats. BMC Complement. Altern. Med. 2016, 16, 249. [CrossRef] [PubMed]

39. Dooley, K.; Zon, L.I. Zebrafish: A model system for the study of human disease. Curr. Opin. Genet. Dev. 2000, 10, 252–256.
[CrossRef] [PubMed]

40. Choi, J.; Kim, K.-J.; Kim, B.-H.; Koh, E.-J.; Seo, M.-J.; Lee, B.-Y. 6-Gingerol Suppresses Adipocyte-Derived mediators of inflamma-
tion in vitro and in High-Fat Diet-Induced Obese Zebra fish. Planta Med. 2017, 83, 245–253. [CrossRef] [PubMed]

41. Freitas, S.; Gonçalves, S.N.; Sousa, M.L.; Ribeiro, T.; Rosa, F.; Leão, P.N.; Vasconcelos, V.; Alves, R.M.; Urbatzka, R. Chlorophyll
derivatives from marine cyanobacteria with lipid-reducing activities. Mar. Drugs. 2019, 17, 229. [CrossRef] [PubMed]

42. Mounien, L.; Tourniaire, F.; Landrier, J.-F. Anti-Obesity Effect of Carotenoids: Direct Impact on Adipose Tissue and Adipose
Tissue-Driven Indirect Effects. Nutrients 2019, 11, 1562. [CrossRef] [PubMed]

43. Villa-Rivera, M.G.; Ochoa-Alejo, N. Chili pepper Carotenoids: Nutraceutical properties and mechanisms of action. Molecules
2020, 25, 5573. [CrossRef]

44. Costa, M.; Rosa, F.; Ribeiro, T.; Hernández-Bautista, R.; Bonaldo, M.; Gonçalves Silva, N.; Eiríksson, F.; Thorsteinsdóttir, M.;
Ussar, S.; Urbatzka, R. Identification of cyanobacterial strains with potential for the treatment of obesity-related co-morbidities by
bioactivity, toxicity evaluation and metabolite profiling. Mar. Drugs 2019, 17, 280. [CrossRef] [PubMed]

45. Bellver, M.; Costa, S.L.D.; Sánchez, B.A.; Vasconcelos, V.; Urbatzka, R. Inhibition of intestinal lipid absorption by cyanobacterial
strains in zebrafish larvae. Mar. Drugs 2021, 19, 161. [CrossRef] [PubMed]

46. Bel Mabrouk, S.; Reis, M.; Sousa, M.L.; Ribeiro, T.; Almeida, J.R.; Pereira, S.; Antunes, J.; Rosa, F.; Vasconcelos, V.; Achour, L.;
et al. The marine seagrass Halophila stipulacea as a source of bioactive metabolites against obesity and biofouling. Mar. Drugs
2020, 18, 88. [CrossRef] [PubMed]

47. Santos, J.D.; Vitorino, I.; De la Cruz, M.; Díaz, C.; Cautain, B.; Annang, F.; Pérez-Moreno, G.; González Martínez, I.; Tormo, J.R.;
Martín, J.M.; et al. Bioactivities and Extract Dereplication of Actinomycetales isolated from marine sponges. Front. Microbiol.
2019, 10, 727. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/mnfr.200600170
https://doi.org/10.1007/s11011-018-0332-1
https://doi.org/10.1186/s12906-016-1236-4
https://www.ncbi.nlm.nih.gov/pubmed/27460904
https://doi.org/10.1016/S0959-437X(00)00074-5
https://www.ncbi.nlm.nih.gov/pubmed/10826982
https://doi.org/10.1055/s-0042-112371
https://www.ncbi.nlm.nih.gov/pubmed/27525509
https://doi.org/10.3390/md17040229
https://www.ncbi.nlm.nih.gov/pubmed/30999602
https://doi.org/10.3390/nu11071562
https://www.ncbi.nlm.nih.gov/pubmed/31373317
https://doi.org/10.3390/molecules25235573
https://doi.org/10.3390/md17050280
https://www.ncbi.nlm.nih.gov/pubmed/31083362
https://doi.org/10.3390/md19030161
https://www.ncbi.nlm.nih.gov/pubmed/33803803
https://doi.org/10.3390/md18020088
https://www.ncbi.nlm.nih.gov/pubmed/32013082
https://doi.org/10.3389/fmicb.2019.00727
https://www.ncbi.nlm.nih.gov/pubmed/31024503

	Introduction 
	Materials and Methods 
	Materials 
	Molecular Identification 
	Preparation of Extracts 
	Determination of Carotenoids and Chlorophylls Profile using HPLC-PDA 
	Total Phenolic Content 
	Determination of DPPH Scavenging 
	Cell Assays 
	Toxicity 
	Anti-Inflammatory Potential 
	Zebrafish Nile Red Fat Metabolism Assay 
	Statistical Analysis 

	Results 
	Identification of Bacopa monnieri using Molecular Data 
	Carotenoids and Chlorophylls Profiling 
	Total Phenolic Content 
	Antioxidant Potential 
	Anti-Inflammatory Potential 
	Lipid-Reducing Activity in Different Extracts 

	Discussion 
	Conclusions 
	References

