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Abstract

In recent years, most of the populations of the world have been using herbal materials for
their strong antimicrobial properties and major health benefits. The objective of this study
was to evaluate the phenolic profile, as well as the antioxidant and antimicrobial activities,
of a dietary supplement composed of extracts from hibiscus (Hibiscus sabdariffa L.) calyces
and lemon verbena (Lippia citriodora) leaves (Metabolaid®, Patent P201731147) mixed at
a weight ratio of 35:65 (w/w), respectively. The bioactive components of the methanolic
extract were analyzed by UHPLC-ESI-MS/MS. The antioxidant activity was evaluated
using spectrophotometric methods, while the antimicrobial activity was assessed through
the microdilution method against selected Gram-negative and Gram-positive bacteria. The
total phenols content resulted in being 256.10 &+ 2.26 mg GAE/g f.w., the flavonoid content
was 48.90 £ 2.95 mg CE/g f.w., flavonols were 60.17 £ 7.68 mg QE/g f.w., and anthocyanins
were 3.78 £ 0.17 mg C3GE/g f.w. The FRAP value, observed in the natural mix additive,
was 1.25 4 0.03 mg Fe?* /g f.w., while the ORAC showed the value of 1893.77 = 30.39 tmol
TE/g f.w. and the DPPH was 23.33 &+ 4.12 pg/mL. We found eight phenolic acids, seven
flavonols, five anthocyanins, and nine other phenolic compounds. The extract showed
a minimum inhibitory concentration (MIC) of 12.5 mg/mL against E. coli, E. aerogenes,
and E. faecalis and of 25 mg/mL against S. enterica ser. Typhimurium and S. aureus and a
minimum bactericidal concentration (MBC) of 25 mg/mL against E. coli, E. aerogenes, and
E. faecalis and of 50 mg/mL against S. enterica ser. Typhimurium and S. aureus. In conclusion,
our findings demonstrate that Metabolaid® is a rich source of bioactive compounds and
provides beneficial effects against oxidative stress and pathogenic bacteria, supporting its
nutraceutical potential.

Keywords: antioxidant activity; antimicrobial activity; bioactive compound; nutraceutical

1. Introduction

Medicinal plants have been used in healthcare since ancient times. Among these
substances, phenolic compounds—recognized as the largest class of plant secondary
metabolites—have garnered significant attention for their potent bioactive properties.
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These molecules are widely studied for their diverse biological activities, including
antioxidant [1,2], antimicrobial [3,4], anti-inflammatory [5], and antihypertensive effects [6].

The features of convenience, availability, and relative low cost mean traditional
medicine is still recognized as the preferred primary healthcare system in 60% of the
world’s population and about 80% in developing countries [7]. Medicinal plants play
vital roles in disease prevention and their promotion and use fit into all existing preven-
tion strategies. A World Health Organization (WHO) Expert Group defined traditional
medicine as the sum total of all knowledge and practices, whether explicable or not, used
in the diagnosis, prevention, and elimination of physical, mental, or social imbalance and
relying exclusively on practical experience and observation handed down from generation
to generation, whether verbally or in writing [8].

The use of plants to cure several kinds of human diseases has a long history. Different
parts of plants such as leaf, stem, bark, root, etc., are being used to prevent or allay
symptoms or counteract diseases. Nowadays, the consumer’s growing interest in a natural
approach has pushed the research community into the exploitation of traditional plant-
derivate compound extracts as sources of molecules with bioactive properties for the
improvement of health [9]. Plant polyphenols have been shown to offer a variety of
health benefits, such as anti-inflammatory, antioxidant, anti-lipogenic, and anti-glycemic
properties [10]. Plant preparations are generally safer than synthetic medications. This
is attributed to the variety of metabolites contained in these formulations in addition to
their active substances, which cause a variety of targeted reactions and can control side
effects [11]. Hibiscus sabdariffa L. (HS), commonly known as rosella or Jamaican sorrel,
has been traditionally used in herbal medicine across various countries for centuries to
treat a range of conditions, including lowering blood pressure, reducing blood lipid levels,
and promoting the excretion of kidney and bladder stones. The calyx of HS contains
bioactive compounds such as anthocyanins, organic acids, phenolic acids, and flavonoids,
which are believed to aid in weight reduction, inhibit lipid accumulation, and suppress
adipogenesis [12,13]. Consuming hibiscus extract as a beverage may help lower the risk
of oral diseases, including dental caries and periodontal disease. Additionally, hibiscus
pigments can be incorporated into toothpastes, mouthwashes, and other oral care products
to enhance their therapeutic effectiveness [14]. In vivo studies have demonstrated that
the anthocyanins found in HS—natural phenolic pigments present in the dried flowers
of Roselle and Hibiscus rosa-sinensis—exhibit cardioprotective, hypocholesterolemic, and
hepatoprotective effects [15].

Lemon verbena (Lippia citriodora, LC) has long been used in South America and South-
ern Europe as a food spice and cosmetic ingredient, as well as in traditional medicine, to
treat conditions such as asthma, colds, fevers, flatulence, colic, diarrhea, and diabetes [16,17].
Pharmacological studies have shown that lemon verbena possesses significant antioxidant
and anti-inflammatory properties [18], including effects on adipose tissue, where it has
been found to reduce lipid accumulation and alleviate hyperlipidemia [19]. At the same
time, lemon verbena has been characterized for its anti-inflammatory, radical scavenging
activities, and its biotechnological production, occurrence, and uses have been recently
reviewed [20,21]. In the last decade, the potential of lemon verbena extract supplemen-
tation as a nutraceutical to decrease muscular damage, blood oxidative stress, and pro-
inflammatory cytokines in sport and joint health has been explored [22,23]. LC leaves
are rich in phenylpropanoids, glucuronidated flavonoids, and iridoid glycosides [24,25].
Verbascoside, a phenylpropanoid glycoside, is the most abundant compound [25] due to
its antioxidant, anti-inflammatory, and chemopreventive activity.

Taken together, these findings suggest that lemon verbena and hibiscus have the
potential to restore impaired glucose and lipid metabolism, indicating their possible use
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in managing obesity and related conditions such as fatty liver, hyperlipidemia, and in-
sulin resistance. Additionally, studies have reported that combining different herbal ex-
tracts may enhance their therapeutic efficacy while reducing the toxic side effects of cer-
tain medications [26]. In particular, HS and LC have shown a strong antihypertensive
capacity [27,28]. Both plants containing Metabolaid® are known for their high levels of
polyphenols—potent antioxidant compounds that may play a valuable role in managing
oxidative stress and metabolic disorders [29]. HS and LC have demonstrated therapeutic
potential in alleviating oxidative stress, regulating lipid profiles, and reducing high blood
pressure and atherosclerosis. These effects are likely attributed to their rich polyphenolic
content, which can inhibit the oxidation of low-density lipoproteins and slow the progres-
sion of atherosclerosis [30]. Furthermore, studies have shown that polyphenols from HS-LC
extracts may increase the expression of the adiponectin gene and PPAR-y, while down-
regulating NF-kB—a protein that controls genes involved in immune and inflammatory
responses [19,31]. Adiponectin also exhibits anti-inflammatory properties and activates
AMPK in hypertrophic adipocytes [19]. Collectively, these mechanisms may help explain
the plants’ role in weight management and related conditions, such as hypertension.

The aim of the present study was to assess the phenolic profile and the antioxidant
and antimicrobial activities of a dietary supplement combining extracts from hibiscus
(Hibiscus sabdariffa L.) calyces and lemon verbena (Lippia citriodora) leaves (Metabolaid®,
Patent P201731147) at a weight ratio (w/w) of 35:65, respectively. The results of the study
could give valid indications in the process of the evaluation of Metabolaid® as a supplement
for food and feed innovative formulation.

2. Materials and Methods
2.1. Extract Preparation

A double extraction with 80% methanol (Sigma-Aldrich, Steinheim, Germany) water
solution (v/v) was carried out. Briefly, 1 g of sample, produced and provided by Mon-
teloeder (Metabolaid®, Patent P201731147, Monteloeder Ltd., Elche, Spain), was mixed
with 10 mL of 80% methanol, and shaken for 2 h in the dark at room temperature. After
centrifugation at 3000 rpm for 30 min, the supernatant was recovered. The entire procedure
was repeated on the pellet after adding another 10 mL of 80% ethanol (Sigma-Aldrich,
Steinheim, Germany). The extraction was carried out in triplicate. The extracts were stored
at —20 °C until use.

2.2. Phytochemical Characterization

Total polyphenols content, assessed as the Folin—Ciocalteu (FC) reducing ability, was
expressed as mg gallic acid equivalent (GAE)/g fresh weight (fw.) and the absorbance
was spectrophotometrically read at 760 nm (Perkin Elmer UV /VIS Lambda 365, Waltham,
MA, USA) according to the method described by [32]. Analysis of total phenols and
other oxidation substrates and antioxidants was performed by means of Folin—Ciocalteu
reagent (Sigma—Aldrich, Steinheim, Germany) [33]. Flavonoids were measured using a
colorimetric methodology based on aluminum chloride and expressed as milligrams of
catechin equivalents (CEs) per gram of fresh weight (f.w.), with absorbance measured
at 430 nm. Flavonol content was determined by measuring absorbance at 360 nm after
incubating 25 uL of ethanolic extract for 30 min with 225 uL of 10% ethanol, 250 uL of
0.1% HCl in 95% ethanol, and 1000 pL of 2% HCIL; results were expressed as milligrams
of quercetin equivalents (QEs) per gram of fresh weight. Total monomeric anthocyanins
were assessed using the pH differential method and expressed as milligrams of cyanidin-
3-glucoside equivalents (C3GEs) per gram of fresh weight. This calculation used a molar
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extinction coefficient of 26,900 L-cm™~!-mol~! and a molecular weight of 449.2 g/mol, with
absorbance readings taken at 520 nm and 700 nm.

2.3. In Vitro Antioxidant Activity Assays

The antioxidant capacity of the Metabolaid® extract was investigated in vitro using
a combination of fluorometric and spectrophotometric methods, namely ferric reducing
antioxidant power (FRAP), DPPH radical scavenging, and oxygen radical absorbance
capacity (ORAC) assays.

The antioxidant capacity of the extracted sample, specifically its ability to reduce
ferric ions (Fe3*) to ferrous ions (Fe%*), was assessed using the FRAP assay, following the
method previously described [33]. The antioxidant activity was quantified using a Trolox
standard curve and results were expressed as milligrams of Trolox equivalents (TEs) per
gram of extract.

The radical scavenging activity of the extracted sample was evaluated using the 2,2-
diphenyl-1-picrylhydrazyl (DPPHe) assay, based on the method described by Boudjou
et al. [34], with minor modifications. Trolox was used as the reference standard, and the
results were expressed as milligrams of Trolox equivalents (TEs) per gram of extract.

The oxygen radical absorbance capacity (ORAC) of the Metabolaid® sample was deter-
mined according to the method described by Grande et al. [35], with slight modifications.
Trolox was used as the reference standard, and the results were expressed as milligrams of
Trolox equivalents (TEs) per gram of extract. Data are presented as the mean =+ standard
deviation from three independent measurements.

2.4. UHPLC-ESI-MS/MS Analysis

Phenolic compounds in Metabolaid® were analyzed using liquid chromatography
(LC) coupled with tandem mass spectrometry (MS/MS). The analysis was conducted with
a 5500+ QTrap mass spectrometer equipped with a Turbo V ion spray source (AB Sciex,
Framingham, MA, USA), connected to an Exion LC AC system comprising two ExionLC
AC pumps, an autosampler, controller, degasser, and sample tray (Shimadzu, Kyoto, Japan).
Sample injections were made onto a Kinetex Biphenyl column (2.1 x 100 mm, 2.6 pm
particle size; Phenomenex, Torrance, CA, USA). Elution was carried out in gradient mode
using solvent A (water with 0.1% v/v formic acid) and solvent B (acetonitrile with 0.1% v/v
formic acid). The gradient program was as follows: 0-10.0 min, 5-95% B; 10.0-12.0 min,
95% B; 12.0-12.1 min, 95-5% B; and 12.1-16.0 min, 5% B. The flow rate of the mobile phase
was 0.4 mL/min. The MS/MS operation source parameters were as follows: nebulizer
gas (GS1), 70 (arbitrary units); turbo gas (GS2), 50 (arbitrary units); curtain gas (CUR),
10 (arbitrary units); temperature, 500 °C; ion spray voltage (IS), —4500 V (for phenolics ex-
cluding anthocyanins, negative ion mode) or +5500 V (for anthocyanins, positive ion mode);
entrance potential (EP), 10 V; and dwell time, 20 ms. Nitrogen was used as a collision gas.
Compound-dependent parameters, including declustering potential (DP), collision energy
(CE), and collision cell exit potential (CXP), were adjusted for the specific selected reaction
monitoring (SRM) transition for each compound (Table S1, Supplementary Materials).
Analyst 1.7.3 software and OS 1.7 software (AB Sciex) were used for data collection and pro-
cessing, respectively. Qualitative confirmation was achieved using information-dependent
acquisition (IDA) criteria, taking advantage of the ion trap functionalities of the 5500+
QTrap to switch from SRM to enhanced product ions (EPIs), obtaining the MS/MS spec-
trum using a CE of 35 eV with a CE spread of 15 eV [36]. Calibration curves for quantitative
analysis were built using a standard mix containing all the phenolic compounds at concen-
trations 0of 0.5, 1, 2, 4, 8, 16, 32, 64, 128, and 256 ng/mL for gallic acid, rosmarinic acid, caffeic
acid, vanillic acid, p-coumaric acid, trans-ferulic acid, 1,3-dicaffeoylquinic acid, quercetin,
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quercetin 3-O-glucoside, quercetin 3-O-rutinoside, quercetin 3,4-O-diglucoside, querc-
etagetin 3-O-glucoside, kaempferol 7-O-glucoside, kaempferol 3-O-glucoside, kaempferol
7-O-rutinoside, cyanidin 3-O-glucoside, cyanidin 3,5-O-diglucoside, delphinidin 3,5-O-
diglucoside, malvidin 3-O-glucoside, metunidin 3-O-glucoside, apigenin, (+)-catechin,
(—)-epicatechin, verbascoside, luteolin, hydroxytyrosol, phloretin, naringenin, oleuropein,
ligstroside, phloridzin, and resveratrol. Analyses were performed in triplicate and results
are expressed as pg/100 g.

2.5. Antimicrobial Activity

The effect of the sample extract on selected bacteria growth was determined according
to [37] with some modifications. The tested bacteria were cultured in MHB at 37 °C
for 16 h and diluted to match the turbidity of 0.5 McFarland standard. An amount of
50 microliters of bacterial suspensions (about 1-5 x 10° CFU/mL) was added to 100 uL
of MHB and to 100 uL of extract (3.13, 6.25, 12.5, 25, and 50 mg/mL) and trans-ferulic
acid as a phenolic standard (0.015-0.125-0.5-1.5 and 2.5 mg/mL) in a 96-well plate. A
negative control was included on each microplate. The plates were incubated at 37 °C for
24 h. After incubation, the optical density (O.D.) at 630 nm was spectrophotometrically
measured using a microplate reader (Eti-System fast reader, Sorin Biomedica, Modena,
Italy). Results are presented as final growth (O.D.), representing the bacterial density at the
end of incubation with or without the extracts.

2.6. Statistical Analysis

The data are reported as the mean and standard deviation of triplicates. The statisti-
cally significant (p < 0.05) differences between the extract concentrations (3.13, 6.25, 12.5,
25, and 50 mg/mL) on final growth (O.D.) of Gram-negative (Escherichia coli ATCC 25922,
S. enterica ser. Typhimurium ATCC 14028, and Enterobacter aerogenes ATCC 13048) and
Gram-positive (Staphylococcus aureus ATCC 25923 and Enterococcus faecalis ATCC 29212)
bacteria and the control were analyzed by one-way ANOVA followed by Barlett’s test, with
p < 0.05. Statistical analyses were performed using Prism, GraphPad Software (San Diego,
CA, USA).

3. Results

Different methods were used to measure the antioxidant properties of a Metabolaid®
extract. FRAP in our case showed 0.32 mg TE/g f.w. The DPPHe scavenging activity
of the extract was 1.32 mg TE/g f.w. The oxygen radical absorbance capacity (ORAC)
measures how well antioxidants can absorb and neutralize oxygen radicals. Higher values
indicate stronger antioxidant effects. In this extract, there is a 474.13 mg TE/g f.w. There
is a 256.10 mg GAE/g f.w. of total phenols, 48.90 mg CE/g f.w. of total flavonoids, and
60.17 mg QE/g f.w of flavonols. Anthocyanins, pigments found in plants (especially in red,
blue, and purple fruits) with strong antioxidant effects, were found in a capacity of 3.78 mg
C3GE/g f.w. (Table 1).

Table 2 reports the phenolic profile of the Metabolaid® extract by UHPLC-ESI-MS/MS.
In total, thirty-five polyphenols were characterized and quantified. The largest part of the
phenolic compounds goes to Verbascoside in the Metabolaid® extract with a percentage
of 98.93% in the other compounds category. The second largest amount, 75.08%, goes to
3-O-Caffeoylquinic acid (Chlorogenic acid) in the phenolic acid family. Delphinidin 3,5-O-
diglucoside (Delphin), with a percentage of 61.47%, is in third place. Then, also from the
anthocyanins family, a large part goes to Cyanidin 3-O-glucoside (Kuromanin) 37.75%. With
the aim of quantifying specific polyphenols present in the Metabolaid® sample extract, se-
lected reaction monitoring (SRM) transitions and their corresponding phenolic compounds
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were identified and analyzed, and the results are reported in Supplementary Materials
(Table S1).

Table 1. Antioxidant activity of a Metabolaid® extract. Results are reported as mean values + SD of

three replicates, expressed on dry matter.

Value
Antioxidant activity FRAP (mg TE/g) 0.32 £+ 0.06
DPPH (mg TE/g) 1.32 £ 0.05
ORAC (mg TE/g) 47413 £7.59
Bioactive compounds Total phenols 256.10 £+ 2.26
Total flavonoids 48.90 4+ 2.95
Total flavonols 60.17 + 7.68
Anthocyanins 3.78 +£0.17

Table 2. Phenolic compound concentrations of Metabolaid® extract by UHPLC-ESI-MS/MS.

Compound Name C()(I:lcge;l;(t)f]a;)on Concentration (%)

3-O-Caffeoylquinic acid (Chlorogenic acid) 27.63 £ 2.37 75.08
Gallic acid 2.81 +0.07 7.64

Caffeic acid 2.81 +0.07 7.64
p-Coumaric acid 1.10 + 0.08 2.99

Vanillic acid 0.89 £ 0.06 242
trans-Ferulic acid 0.88 + 0.06 2.39
Rosmarinic acid 0.68 + 0.08 1.85
1,3-Dicaffeoylquinic acid (Cynarin) 0.01 + 0.00 0.03
Y Phenolic acids 36.80 100
Quercetin 6.33 £ 0.05 39.74

Quercetin 3-O-glucoside 0.08 + 0.03 0.50
Quercetin 3-O-rutinoside (Rutin) 7.15+0.12 44.88
Quercetin 3,4-O-diglucoside 1.09 +0.10 6.84
Kaempferol 7-O-glucoside 0.07 £0.01 0.44
Kaempferol 3-O-glucoside 0.78 + 0.08 4.90
Kaempferol 3-O-rutinoside 0.43 + 0.04 2.70

Y Flavonols 15.93 100
Cyanidin 3-O-glucoside (Kuromanin) 7.26 +0.30 37.75
Cyanidin 3,5-O-diglucoside (Cyanin) 0.02 + 0.00 0.10
Delphinidin 3,5-O-diglucoside (Delphin) 11.82 £ 0.09 61.47
Malvidin 3-O-glucoside (Oenin) 0.01 +£0.01 0.05
Petunidin 3-O-glucoside 0.11 + 0.03 0.57

Y. Anthocyanins 19.23 100
Apigenin 0.46 + 0.04 95.83

(+)-Catechin 0.01 +0.01 2.08
(—)-Epicatechin 0.01 £+ 0.00 2.08

Y Flavan-3-ols 0.48 100
Verbascoside 233.40 +20.38 98.93

Luteolin 0.83 £ 0.09 0.35
Hydroxytyrosol 0.56 &+ 0.06 0.24

Phloretin 0.46 £+ 0.04 0.19

Naringenin 0.30 £ 0.08 0.13

Oleuropein 0.24 +0.05 0.10

Ligstroside 0.13 £ 0.02 0.5

Phloridzin 0.02 £0.01 0.01

Resveratrol 0.02 + 0.01 0.01

Y Others 235.92 100

The antimicrobial activity of the tested compound was evaluated against five bacterial
strains using minimum inhibitory concentration (MIC) and minimum bactericidal con-
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centration (MBC) assays. Escherichia coli (ATCC 25922) exhibited an MIC of 12.5 mg/mL,
indicating the inhibition of bacterial growth at this concentration, while the MBC was
determined to be 25 mg/mL, signifying complete bacterial eradication. Salmonella enterica
ser. Typhimurium (ATCC 14028) demonstrated a higher MIC (25 mg/mL) and MBC
(50 mg/mL), suggesting that this strain requires a greater concentration of the antimicro-
bial agent for both growth inhibition and bactericidal activity compared to E. coli. Similarly,
Enterobacter aerogenes (ATCC 13048) and Enterococcus faecalis (ATCC 29212) exhibited identi-
cal susceptibility profiles, with an MIC of 12.5 mg/mL and an MBC of 25 mg/mL, indicating
comparable sensitivity to the antimicrobial compound. In contrast, Staphylococcus aureus
(ATCC 25923) presented an MIC of 25 mg/mL and an MBC of 50 mg/mL, demonstrating a
lower susceptibility to the tested compound than E. coli and Enterobacter aerogenes, yet a
similar response to Salmonella enterica ser. Typhimurium. These findings suggest varying
degrees of antimicrobial efficacy across different bacterial species, highlighting the need for
targeted dosing strategies (Table 3 and Figure 1).

Table 3. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
Metabolaid® extract.

Bacterial Strains MIC * (mg/mL) MBC * (mg/mL)
Escherichia coli ATCC 25922 125 25
Salmonella enterica ser. Typhimurium ATCC 14028 25 50
Enterobacter aerogenes ATCC 13048 12.5 25
Enterococcus faecalis ATCC 29212 125 25
Staphylococcus aureus ATCC 25923 25 50

* Results are reported as mean values + SD of three replicates.

A Escherichia coli B Salmonella enterica ser. Typhimurium c Enterobacter aerogenes
1.5 1.5 2.0
- ~ L5 &
E 10 g 1.0 B s
= = =
g . g : g 10
e < & 11
5 05 g 051 g s o
S =] S 05
E s s B & E]
£ 00 £ 0.0 ) -
ST T T T T T T T T T T 0S5 —T—TT T T T T T T T T T T F U e e B e LIS R |
SO DD NP N d DD d D
ST S TS S eSS S ST STt
SITTITY FISTSES FISITIY FIFT IS SHEHEHHIFE S HEEEE
DRI MR A KA SRS OSSP Sefetetete’ ColpleteS®
ST QTN Y A QYR d QvQ\Q-\'» IS '\,-\ NV o S QTN NN
trans-Ferulic acid Metabolaid® extract arans-Fecalie scid Metabolaid® extract trans-Ferulic acid Metabolaid® extract
D Staphylococcus aureus E Enterococcus faecalis
15
s &
g ]
g€ g
g 05 2 g
S E
£ o T £

trans-Ferulic acid

Metabolaid® extract trans-Ferulic acid Metabolaid® extract

Figure 1. Effect of trans-ferulic acid as reference standard (0.015, 0.125, 0.5, 1.5, and 2.5 mg/mL) and
Metabolaid® extract (3.13, 6.25, 12.5, 25, and 50 mg/mL) on final growth (O.D.) of Gram-negative
((A), Escherichia coli ATCC 25922; (B), Salmonella enterica ser. Typhimurium ATCC 14028;
(C), Enterobacter aerogenes ATCC 13048) and Gram-positive ((D), Staphylococcus aureus ATCC 25923;
(E), Enterococcus faecalis ATCC 29212) bacteria. Results are expressed as mean + SD. Significantly
different from control by one-way ANOVA with Fisher’s multiple comparison test: & p < 0.001,
$p <0.01,and * p < 0.05. Results are reported as mean (1 = 3) values + standard deviation.
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4. Discussion

The antioxidant capacity of the Metabolaid® extract, as measured by DPPH radical
scavenging, demonstrated potent activity, with a concentration of 23.33 pg/mL required
to neutralize 50% of DPPH radicals (ICsp). This indicates a relatively strong free radical
scavenging potential.

In a comparative study, Ficus religiosa extract exhibited 43.415% scavenging activity at
an absorbance of 0.550 at 517 nm [38]. Although these results are not expressed as ICsq val-
ues, the percentage inhibition at a given concentration allows for a qualitative comparison.

A study by [39] evaluated the antioxidant activity of Limnophila aromatica using dif-
ferent extraction solvents. The FRAP values ranged from 0.96 to 1.85 mg Fe?* /g dry
weight, depending on the solvent used. This suggests that the Metabolaid® extract exhibits
comparable or higher antioxidant capacity, considering the result based on fresh weight.

The antioxidant activity of total phenols is 256.10 mg GAE/g f.w. The antioxidant
activity and total phenolic content varied significantly among the selected plants. According
to [40], aqueous extracts of oak (Quercus robur), pine (Pinus maritima), and cinnamon
(Cinnamomum zeylanicum) demonstrated the highest antioxidant capacities across most
of the methods tested, indicating their potential as rich sources of natural antioxidants.
These extracts also contained the highest levels of phenolic compounds, ranging from
300 to 400 mg GAE/g. Additionally, aqueous extracts of mate (Ilex paraguariensis) and
clove (Eugenia caryophyllus) exhibited strong antioxidant activity and substantial phenolic
content, approximately 200 mg GAE/g. The ORAC value of 1893.77 umol TE/g f.w.
suggests a strong capacity to neutralize peroxyl radicals through hydrogen atom transfer
mechanisms. This value is higher than red pepper in [41], which exhibited ORAC values
around 175 pmol TE/g. The antimicrobial activity of the tested compound was evaluated
using minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) assays, revealing significant inhibitory effects across both Gram-negative and Gram-
positive bacterial strains. Escherichia coli, Enterobacter aerogenes, and Enterococcus faecalis
were particularly sensitive, with MIC values of 12.5 mg/mL and MBC values of 25 mg/mL.
In contrast, Salmonella enterica ser. Typhimurium and Staphylococcus aureus required higher
concentrations (MIC: 25 mg/mL, MBC: 50 mg/mL), suggesting greater resistance.

These findings align partially with previous work by [42], who reported that methano-
lic leaf extracts of Verbascum thapsus exhibited strong antimicrobial activity against several
strains, including S. enterica ser. Typhimurium and E. coli, with much lower MIC values
(15.625-31.25 ng/mL) and MBC values ranging between 31.25 and 62.5 pg/mL. The dis-
crepancies in MIC/MBC values between their study and the present may be attributed to
differences in extract composition, bacterial strain variability, or the presence of synergistic
compounds in the V. thapsus methanolic extract.

Nevertheless, both studies support the broad-spectrum antimicrobial potential of
phenolic-rich plant extracts. In our case, the presence of high levels of verbascoside
and chlorogenic acid likely contributed to the observed effects, as these compounds are
well-documented for their ability to disrupt bacterial membranes and interfere with key
enzymatic functions [43]. These results reinforce the potential of natural phenolic com-
pounds as viable alternatives or supplements to conventional antibiotics, especially in light
of increasing antibiotic resistance.

5. Conclusions

The antioxidant activity of the Metabolaid® extract was evaluated through DPPH rad-
ical scavenging, revealing a potent activity and indicating its strong capacity to neutralize
free radicals. The total phenolic content of the extract reinforces its overall antioxidant po-



Processes 2025, 13, 2405

9o0f11

References

1.

tential. Additionally, the extract demonstrated a high ORAC value, underscoring its ability
to neutralize peroxyl radicals and suggesting a robust antioxidant defense mechanism.

In terms of antimicrobial activity, the Metabolaid® extract exhibited significant in-
hibitory effects against a range of bacterial strains. The minimum inhibitory concentration
(MIC) and the minimum bactericidal concentration (MBC) for Escherichia coli, Enterobacter
aerogenes, and Enterococcus faecalis indicated strong antimicrobial properties. However,
Salmonella enterica ser. Typhimurium and Staphylococcus aureus required higher concentra-
tions, suggesting greater resistance to the extract. The bioactive compounds in Metabolaid®,
including verbascoside and chlorogenic acid, are likely key contributors to its antimicrobial
and antioxidant effects.

Overall, the findings suggest that Metabolaid® holds promise as a natural alternative
or supplement to conventional antibiotics, particularly in the context of increasing antibiotic
resistance. The obtained results give valid indications in the process of the evaluation of
Metabolaid® as a supplement for food and feed innovative formulation.
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