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Abstract: Flourensia cernua and Jatropha dioica are non-timber forest species that grow in the desert
regions of northern Mexico. Currently, they are recognized as a viable alternative to traditional
remedies used to address certain ailments. However, the low yields of bioactive compounds obtained
propitiate the use of more effective extraction techniques such as ultrasound-assisted extraction
(UAE) in combination with statistical models such as Taguchi to maximize the yields of bioactive
compounds. The objective of the research was to determine the optimal conditions for maximizing
the yields of purified polyphenolic compounds from F. cernua and J. dioica using the Taguchi statistical
model. In addition, we evaluated the total flavonoid content, antioxidant activity (ABTSe+, FRAP,
and OH*® hydroxyl radical inhibition), and the in vitro evaluation of x-amylase inhibition and ex
vivo hemolysis inhibition. Furthermore, a functional group analysis was conducted using FTIR.
The optimization process revealed that the maximum yields of bioactive compounds for F. cernua
and J. dioica were achieved with a particle size of 0.25 mm and 0.30 mm, temperatures of 60 °C
for both, a water—ethanol concentration of 50% for both, and extraction times of 30 min and 5 min,
respectively. The matrix bioactive compounds obtained contain flavonoid-type phenolic compounds,
which exhibit properties such as inhibiting free radicals and acting as reducing agents; inhibiting
a-amylase activity, which is involved in carbohydrate metabolism; and protecting red blood cells
from damage by reactive oxygen species. Finally, the FTIR analysis allowed for the identification
of functional groups associated with the polyphenolic compounds (O-H, C-H, C-C, C=0). These
results suggest that both non-timber forest species are a rich source of bioactive compounds with
potential for application in the agri-food and pharmaceutical industries However, it is necessary
to carry out compound identification as well as toxicity analyses to guarantee the safety of these
bioactive compounds.

Keywords: Flourensia cernua; Jatropha dioca; flavonoids; Taguchi L9

1. Introduction

During the last 20 years, research into the benefits of polyphenolic compounds for
human health has gained significant importance. Both preclinical and clinical evidence have
shown that the consumption of these secondary metabolites (i.e., quercetin, resveratrol,
cyanidin) protects against the development of chronic diseases such as neurodegenerative
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and cardiovascular diseases, cancer, and diabetes, which have a global impact on society [1].
It has also been demonstrated that these compounds serve as a valuable tool against
emerging diseases like the SARS-CoV-2 pandemic. In this lane, polyphenolic compounds
such as epigallocatechin gallate and theaflavins have shown the ability to inhibit key
enzymes necessary for virus replication. Hence, they could potentially be used for the
prevention or treatment of virus symptoms [2]. In light of this compelling evidence,
the exploration of new and natural sources of bioactive compounds becomes crucial in
addressing the health conditions and negative effects that impact the global population.

In this sense, in Mexico, there is a great diversity of medicinal plants that have gained
wide cultural acceptance in recent years. This is due to their therapeutic properties, as well
as the lack of new drugs and their adverse effects. The use of these plants and their extracts
plays an important role in the treatment of several diseases [3]. In the northern semi-
desert region of the country, there are several endemic species with antidiabetic, anticancer,
and antimicrobial properties. Among the most common species are Lippia graveolens,
Euphorbia antisyphilitica Zucc., Turnera diffusa, and Larrea tridentata, which have been widely
studied and applied in the food industry [4]. However, it is also possible to find other
less studied species with potential for application in the biotechnology industry, such as
Flourensia cernua and Jatropha dioica.

F. cernua is a species of the genus Flourensia that, along with F. microphylla and F. retino-
phylla, grow wildly in extreme climatic conditions. They possess an adapted metabolism
and produce several phytochemicals, including phenols, terpenes, waxes, and fatty acid
esters, which enable them to survive such conditions [5]. The traditional medicine ap-
plications of this species include the treatment of gastrointestinal ailments, as well as
respiratory disorders [6]. Extracts of F. cernua have been reported to exhibit activity against
phytopathogens and medically significant microorganisms. Recent studies have evaluated
its cytotoxic and antiproliferative capacity on human adenocarcinoma cells (A549), as well
as its anti-inflammatory and hepatoprotective effects. These studies demonstrated that
F. cernua extracts have the potential to be applied in the treatment of lung cancer and
liver-related diseases [5,7,8]. Likewise, J. dioica is an endemic species from arid and desert
regions of Mexico. In traditional medicine, its stems and roots have been used as infusions
against issues such as hair loss, dental problems, and even ailments associated with can-
cer [9]. The presence of flavonoids, terpenes, alkaloids, and reducing sugars responsible for
its antioxidant potential has been detected. Additionally, its extracts have demonstrated
antimicrobial and antiviral activity, as well as a hepatoprotective effect at the tubular level
against damage induced by diabetes [10,11].

In recent years, alternative extraction techniques have been developed, characterized
by saving inputs and environmentally friendly, which allow for the obtention of high-
quality bioactive compounds. Among these techniques, ultrasound-assisted extraction
(UAE) stands out for its simplicity and low investment costs. It is characterized by its
reduced extraction time because the acoustic cavitations of UAE cause the rupture of plant
cell walls, increasing mass transfer and facilitating solvent penetration into cellular content.
Currently, reports on the use of UAE for the extraction of bioactive compounds from
plant species from the Mexican semi-desert are limited. However, Wong-Paz et al. [12]
conducted an optimization of the extraction process of J. dioica and F. cernua, along with
other forest species (Turnera diffusa and Eucalyptus camaldulensis), demonstrating the capacity
of this unconventional technique to obtain bioactive compounds of a phenolic nature
from these species. It is necessary to consider that the efficiency of UAE is influenced
by several factors, such as the solvent-to-solvent ratio, the concentration and type of
solvent, particle size, temperature, and extraction time [13]. In this sense, to maximize the
yields of bioactive compounds, several statistical techniques can be used, one of which
is the Taguchi model. This orthogonal design allows for the simultaneous evaluation of
multiple factors with a minimal number of experimental trials, thereby saving cost and
time. Furthermore, the Taguchi design improves the quality of the evaluated processes
due to the versatility of its analysis models, making it more efficient than full factorial and



Horticulturae 2024, 10, 709

3o0f17

fractional factorial designs. This is because a large amount of information can be obtained
from a few experiments [14,15].

In light of the above, the aim of this study was to optimize the ultrasound-assisted
extraction process of bioactive compounds using the Taguchi L9 statistical model, evaluate
the functional properties through in vitro and ex vivo assays, and characterize the bioactive
compounds of two non-timber forest species using FTIR.

2. Materials and Methods
2.1. Plant Material

The plant material (J. dioica and F. cernua) was obtained from the wild at Ejido
San Jeronimo, Melchor Ocampo, Zacatecas, Mexico. Upon collection, the plant mate-
rial was transported to the laboratory, where it underwent washing with distilled water,
and dried in a Jeio Tech model ON-12G.9 (Geumcheon-gu, Seoul, Republic of Korea) oven
at 50 °C for 24 h.

2.2. Reagents

Ethanol, catechin, gallic acid, linoleic acid, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid), ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), Amberlite
XAD-16, ferrous chloride (FeCly), ferric chloride (FeCl3), monobasic potassium phosphate
(KH,POy), dibasic potassium phosphate (K,HPOy), potassium ferricyanide (C¢NgFeK3),
sodium chloride (NaCl), aluminum chloride (AlCl3), anhydrous sodium carbonate (Na;CO3),
acetic acid (CH3COOH), sodium acetate (CH3COONa), ferrous sulfate (FeSO,), hydrogen
peroxide (Hy0O,), salicylic acid (CyHgO3), 2,2-Azobis (2-amidinopropane dihydrochlo-
ride (AAPH), potassium chloride (KCl), sodium hydroxide (NaOH), sodium carbonate
(NapCO3), porcine pancreatic c-amylase, starch, dinitrosalicylic acid (C;H4N,Oy), phenol
(CsHgO), sodium sulfite (NaySO3), and sodium nitrite (NaNO,) were purchased from
Sigma-Aldrich (Burlington, MA, USA).

2.3. Taguchi L9 Design

The Taguchi methodology was used to optimize the extraction process of bioactive
compounds. Four factors with three levels each (Table 1) were evaluated. These factors were
determined after rigorous research and analysis of several references on the optimization
of the extraction process of bioactive compounds. There are currently no reports on
optimization using these factors for F. cernua and J. dioica species. The result is an L9 array
(3*) with a total of nine runs combining the four factors and their three levels (Table 2). The
experimental data were analyzed using Statistica 7 software (Statsoft, Tulsa, OK, USA).

Table 1. Factors and levels used in Taguchi L9 design.

Factors
Levels i
. . o Concentration . .
Particle Size (mm) Temperature (°C) Ethanol-Water (%) Time (min)
L1 0.42 40 30 5
L2 0.30 50 50 15
L3 0.25 60 70 30

In the present study, the quality characteristic “bigger is better” was used, which is
described by the loss function L(y) = k x (1/y?) and represented by the following equation:

E[L(y)] = —10xlog1o[(1/n) * Z(1/4})]

where the factor —10 measures the ratio of the inverse of “poor quality” and n represents
the number of samples. Once the analysis of variance (ANOVA) was performed (52 for
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J. dioica and S4 for F. cernua), their percentage contribution was determined from the
following equation:

SSZ‘ % 100% — SS,’—MSi*dfi

P =
SSt SSt

x 100%

where P is the contribution percentage, SS; is the individual sum of squares, SSt is
the total sum of squares, MS; is the initial mean square, and df; represents the degrees
of individual freedom.

Table 2. Orthogonal array for the Taguchi L9 (3*) experimental design and extraction yields for
J. dioica and F. cernua.

Run

Particle

Temperature Concentration Time J- dioica Yield F cernua Yield

(mg-g1) (mg-g™h)
8 3 2 1 3 10.3 £2.0 117.6 =+ 10.6
5 2 2 3 1 11.3 £3.1 419 4+94
6 2 3 1 2 119+ 0.2 84.1+37
1 1 1 1 1 105+ 1.6 725+ 184
2 1 2 2 2 11.8 £2.8 1151 £ 6.6
9 3 3 2 1 13.8 £ 0.6 101.3 +4.3
7 3 1 3 2 11.6 £15 107.2 = 20.7
4 2 1 2 3 12.8 £1.5 91.0 £ 11.2
3 1 3 3 3 11.0 £ 3.5 108.2 +10.3

2.4. Extraction Process of Polyphenolic Compounds

A conventional extraction (CE) process based on the methodology reported by
Ascacio-Valdés et al. [16] was conducted for comparison. Briefly, 10 g of the sample
(previously adjusted to a particle size of 0.42 mm) was weighed in amber bottles with
100 mL of distilled water. The bottles were then placed in a water bath at 60 °C for 30 min.
Finally, the obtained extract was filtered through a Whatman #41 filter paper.

For the optimization of the ultrasound-assisted extraction process, 5 g of the
sample—previously dried, adjusted to the appropriate particle size, and crushed using an
electronic High-Speed Multifunction GRINDER model HC-500 (Sisli, Istanbul, Turkey)—was
used. Then, the plant material was mixed with a volume of 120 mL of solvent (at the re-
spective concentration) in amber-colored vials. These vials were then placed in a Digital
Ultrasonic Cleaner CO-Z (Shanghai, China) ultrasound bath at a 40 kHz ultrasonic fre-
quency, following the times and temperatures outlined by the Taguchi model. The obtained
extract was filtered through a Whatman #41 filter paper. Subsequently, ethanol was re-
moved using a rotary evaporator Yamato RE200 model (Santa Clara, CA, USA) coupled
with a BM200 water bath set at a temperature of 60 °C for varying time intervals between
10 and 25 min (depending on the solvent concentration indicated in Table 1) to facilitate the
purification process.

The purification was carried out using Amberlite XAD-16 as a stationary phase due
to its high adsorption—-desorption ratio, which allows the concentration of phenolic com-
pounds to increase by three- or five-fold compared to the crude extract after this process [17].
Ethanol is the mobile phase. Twenty milliliters of the aqueous extract was added to the sta-
tionary phase, and distilled water was used as the eluent to discard unwanted compounds.
Ethanol was then used as an eluent to isolate the purified polyphenolic compounds. The
solvent was evaporated at 50 °C for 48 h and the polyphenolic compounds were recovered
as a fine powder. This approach was taken because it has been reported that in a solution,
the stability of the phenolic compounds can be affected by the presence of carbohydrates,
proteins, metal ions, and even autoxidation processes [18].
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2.5. Preparation of Samples

Polyphenolic compounds extracted from F. cerna and J. dioica were dissolved in a 50%
water—ethanol mixture. The ICsy values for ABTSe+ radical inhibition were determined
through serial dilutions of the same sample. Subsequently, the concentrations of flavonoids,
ferric reducing power (FRAP), hydroxyl radical (OH?®) inhibition, and «-amylase inhibition
were determined based on the IC5y concentration. Finally, the anti-hemolytic activity was
determined at a concentration of 500 ug~L’1.

2.6. Total Flavonoids Determination

The flavonoid content was determined according to the method previously reported
by De la Rosa et al. [19], with slight modifications. A sample volume of 31 uL was mixed
with sodium nitrite (9.3 uL at 5%) and distilled water (9.3 uL). The solution was mixed and
then incubated for 3 min at 40 °C. Subsequently, aluminum chloride (9.3 uL at 10%) was
added and incubated for another 3 min. Finally, sodium hydroxide (12.50 uL at 0.5 mol-L~1)
was added, and the mixture was incubated for 30 min in the dark. The absorbance was
measured at 510 nm using a Synergy HTX MULTI-MODE READER microplate (Avenue
Santa Clara, CA, USA). Results were expressed as Quercetin Equivalents (QE pg'mL_l)
based on a calibration curve prepared with the same standard.

2.7. Antioxidant Activity
2.7.1. ABTSe+ Radical Scavenging Assay and ICsy Determination

The evaluation of ABTSe+ radical inhibition was conducted according to the method-
ology proposed by Berg et al. [20], with slight modifications. The ABTSe+ radical cation
was generated by an aqueous solution of ABTSe+ (7 mmol-L~!) mixed with potassium per-
sulfate (2.45 mmol-L~!) in the dark at room temperature for 12 h prior to use. The working
solution of ABTSe+ was adjusted in ethanol with an absorbance of 0.700 & 0.002 nm. A
volume of 5 uL of the sample was mixed with 95 uL of the ABTSe+ solution to initiate the
reaction. After 1 min of reaction time, the absorbance was measured at 734 nm. Results
were expressed as Trolox Equivalents (TE pug-mL~!) based on a calibration curve prepared
with the same standard.

2.7.2. Ferric Reducing Power (FRAP)

The ferric reducing antioxidant power was determined according to the methodology
proposed by Celik et al. [21], with slight modifications. Samples (5 uL) were mixed with
phosphate buffer (12 uL, 1 mol-L~!, pH 7). Then, potassium ferricyanide (22 pL at 1%)
was added to the reaction mixture, which was homogenized and incubated at 50 °C
for 20 min. Following this incubation, trichloroacetic acid (12 pL at 10%), distilled water
(45 pL), and ferric chloride (10 pL at 0.1%) were added. The absorbance was measured at
700 nm. Results were expressed as Gallic Acid Equivalents (GAE pg-mL~!) based on a
calibration curve prepared with the same standard.

2.7.3. Hydroxyl Radical (OH®) Scavenging Activity

Hydroxyl radical inhibition was determined based on the methodology reported by
Ge et al. [22]. Hydroxyl radicals were generated using the Fenton reaction, which involved
the addition of iron sulfate (FeSO4 200 uL, 6 mmol-L ') and hydrogen peroxide (H,O,
200 pL, 24 mmol-L~!). Subsequently, the sample (400 uL) was added, and the reaction
was brought to a final volume of 2.5 mL with salicylic acid (8 mmol-L~!). The mixture
was incubated at 37 °C for 30 min and the absorbance was measured at a wavelength of
510 nm. The results were expressed as the percentage of inhibition (%), using the
following equation:
(A1 — Ao)

Inhibition (%) = [
2

]xlOO

where A; is the absorbance of the sample, Ag is the absorbance of the control, and A, is the
absorbance of the reagent bank in the absence of salicylic acid.
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2.8. Enzyme Inhibition Assays
Inhibition of a-Amylase Assay

The inhibition of x-amylase was determined based on the methodology reported
by Aranda-Ledesma et al. [7]. Initially, the sample (50 pL) was mixed with the enzyme
(50 pL, 1 mg-mL~!) previously dissolved in saline phosphate buffer. The mixture was
incubated at 37 °C for 10 min. Subsequently, starch (50 uL at 1%) was added, and the
mixture was incubated again at 37 °C for 10 min. Following this, DNS solution (containing
1% dinitrosalicylic acid, 0.2% phenol, 0.05% sodium sulfite, and 1% sodium hydroxide) was
added. The mixture was heated in a water bath at 100 °C for 5 min. Finally, the sample
was dissolved by adding distilled water (1.5 mL), and the absorbance was measured at
540 nm. The results were expressed as the percentage of inhibition (%), using the
following equation:

Inhibition (%) = [(ACA_AS)} x 100
C

where A; represents the absorbance value of the control and As is the reaction value
according to each sample.

2.9. Ex Vivo Assay
Anti-Hemolytic Activity

The determination of anti-hemolytic activity was conducted based on the methodology
of Monroy-Garcia et al. [23], with slight modifications. Initially, 5 mL of blood from a healthy
male donor, obtained via venipuncture in purple tubes with anticoagulant (EDTA), was
utilized. The blood was centrifuged at 1500 rpm at 25 °C for 12 min to separate erythrocytes
from plasma, followed by three washes with 10 mL of PBS (containing sodium chloride
(137 mmol-L™1), potassium chloride (2.7 mmol-L~1), disodium phosphate (10 mmol-L~1),
and monobasic potassium phosphate (1.8 mmol-L ~!); pH 7.4). The erythrocyte concentra-
tion was then adjusted to a density of 8 x 10” cells-mL, using PBS as diluent.

To induce RBC oxidation, AAPH (2-2-Azobis (2-amidinopropane dihydrochloride)
was used to form peroxyl radicals. The erythrocyte suspension (100 pL) was mixed with
the samples (100 uL) previously dissolved in PBS and AAPH (100 pL, 300 mmol-L~!). The
mixture was incubated at 37 °C for 1.5 h with constant shaking. Finally, the mixture was
diluted with PBS (800 uL) and centrifuged at 3000 rpm for 10 min. The absorbance of the
supernatant was then recorded at 540 nm. The results were expressed as the percentage
inhibition (%) using the following equation:

APPH — As)

Inhibition (%) = [( (APPH) ] x 100

where APPH is the absorbance of APPH and A; is the absorbance of each sample.

2.10. Fourier-Transform Infrared Spectroscopy (FI-IR)-ATR Assay

An Agilent FTIR model Cary 630 coupled with a zinc selenide (ZnSe) crystal coupled
ATR reader was used for the analysis of functional groups. Samples were analyzed using
Agilent MicroLab PC (v5.7) licensed software over a spectral range of 4000 to 650 cm ™!,
a resolution of 2 cm™!, and a 32-scan cycle. Graph construction was performed using
OriginPro 8 v8.0724 (B724) software, OriginLab.

3. Results and Discussion
3.1. Extraction Process Optimization

The Taguchi design can be applied across different biological, food, and biotechnologi-
cal areas and allows the identification of experimental factors that exert the most favorable
effect on desired characteristics, such as yields of bioactive compounds. This approach not
only reduces costs but also increases the quality of the final product obtained [24].
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3.1.1. Effect of Individual Impact on Extraction Factors

In the optimization results of the F. cernua (Figure 1a) case of particle size, a significant
difference is observed between 0.42 mm and 0.30 mm; in the case of temperature and time,
an upward increase is observed between levels, so it would be recommended to increase
these levels to obtain superior results. On the other hand, in the case of concentration,
a decrease was observed in levels 1 and 3 (concentration of ethanol-water 30 and 70%).
Meanwhile, for J. dioica (Figure 1b), the particle size did not show a significant difference
between levels 1 and 2 (0.30 and 0.25 mm), while in the case of the temperature, a sig-
nificant difference was observed at level 3 (60 °C); so, a temperature adjustment could
improve the expected yields. Solvent concentration at level 2 (water—ethanol 50%) showed
a significant difference, and finally, with respect to the time, a decrease was observed as
the levels increased.

110 {28

105 126

12.4
100 /\ 2
o \ / 120
%0 o// / \ 118 /\ ‘\\
© 116 \ \\

80

Yield (mg-g)
Yield (mg-g)

1.2
75

70

65 106

042 030 025 40 50 60 30 50 70 5 15 30 042 030 025 40 50 60 30 50 70 5 15 30
Particle size (mm) Temperature (°C) Concentration (%) Time (min) Particle size (mm) Temperature (°C) Concentration (%) Time (min)
(@) (b)

Figure 1. Individual factors performance at different levels; (a) F. cernua, (b) J. dioica. The green lines
correspond to the means, and the blue dots represent the behavior of the levels within each factor.

Table 3 shows the relative contribution of factors in the polyphenolic extraction process
from F. cernua. The impact on the extraction process was as follows: particle size (37.98%) >
extraction time (37.15%) > solvent concentration and temperature, with a residual/error
sum of squares (SS) value of 5.66%.

Table 3. Analysis of variance (ANOVA) for F. cernua extraction process.

Factors SS df MS F p Contribution (%)
Particle size 6331.96 2 3165.98 22.38 0.000013 37.97
Temperature 301.59 2 150.79 1.06 0.365248 1.80

Solvent concentration  1301.55 2 650.77 4.60 0.024354 7.80
Time 6193.86 2 3096.93 21.89 0.000015 37.14

Particle size by time 1603.13 4 400.78 5.95 0.005188 9.61
Error 943.83 14 67.42 5.66

Total 16,675.91 26 100

In the same way, Table 4 shows that the solvent concentration had the most signif-
icant influence on the polyphenolic extraction process of . dioica (16.40%), followed by
temperature (4.97%), particle size, and time. In addition, it is observed that although the
individual influence of particle size and time is low, the interaction of these two factors has
an influence of 21.37%, so it is not recommended to eliminate or modify these factors. In
this case, the influence of the sum of squares (SS) residual/error was 13.91%.
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Table 4. Analysis of variance (ANOVA) for |. dioica extraction process.
Factors SS df MS F p Contribution (%)

Particle size 4.44 2 222 0.55 0.584827 4.14
Temperature 5.33 2 2.66 0.66 0.527751 497
Solvent concentration 17.58 2 8.79 2.20 0.146677 16.40
Time 1.21 2 0.60 0.15 0.860186 1.13
Particle size by temperature  18.80 4 4.69 1.09 0.395095 17.53
Particle size by time 2291 4 5.72 143 0.272815 21.37
Temperature by time 22.02 4 5.50 1.36 0.296846 20.54
Error 14.91 6 2.48 13.91
Total 107.21 26 100

3.1.2. Effect of Particle Size

In the case of F. cernua, higher yields were achieved using plant material with a
particle size of 0.25 mm, whereas for J. dioica, a higher yield was obtained with a particle
size of 0.30 mm. For both plants, the interaction of particle size with other factors was
important according to the percentage of contribution shown in Tables 3 and 4. It has
been reported that the use of a smaller particle size (<0.40 mm) in the extraction process
of bioactive compounds enhances yields. This is because the sieving process leads to the
breakdown of plant material, thereby increasing the surface area and contact area of the
sample with the solvent, which allows for the entrainment of a greater number of these
metabolites [25]. However, it is important to note that very small particle sizes (<0.15 mm)
can lead to decreased yields because fine particles tend to agglomerate, which have to
form a precipitate even under agitation and, therefore, the diffusion of the solvent through
the plant tissue is hindered [26]. Therefore, the use of a particle size within the range of
0.15 mm to 0.40 mm can provide positive results in increasing yields, consistent with the
findings of this research.

3.1.3. Effect of Temperature

Regarding temperature, higher yields were obtained at 60 °C for both species. Con-
cerning the UAE system, an initial rise in temperature leads to increased yields. However,
a prolonged elevation in temperature results in a decrease due to the weakening of the
cavitation of the ultrasound waves. Furthermore, temperature increase has a dual effect
on both the sample and the extraction solvent: it enhances the solubility and desorption
of the sample in the solvent while decreasing the solvent’s viscosity, facilitating greater
solvent diffusion through the plant tissue [27]. Hence, there must be a balance between
the temperature used to achieve optimal yields while avoiding degradation, as it has been
reported that a significant portion of phenolic compounds causes degradation at high
temperatures, particularly above 80 °C [28].

3.1.4. Effect of Solvent Concentration

On the other hand, concerning solvent concentration, a water-to-ethanol ratio of
50% yielded the highest results in both cases. Binary solvents, specifically hydroalcoholic
mixtures, have been reported as highly effective solvents for bioactive compound extraction.
In a UAE extraction system, water serves as a medium absorber of microwave waves, while
ethanol exhibits stronger absorption compared to other solvents such as methanol. Thus,
ethanol possesses the capacity to absorb ultrasound waves and convert them into heat. In
addition, the polarity of a binary water—ethanol system aligns closely with the molecular
polarity characteristic of phenolic compounds, thereby facilitating their extraction [29].
Moreover, it has been reported that high ethanol concentrations, near 100%, adversely
affect the extraction process by inducing the dehydration of plant tissues, which leads to
the denaturation of plant components, resulting in lower yields [25].
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3.1.5. Effect of Time

Finally, regarding the influence of extraction time, a higher yield was achieved for
F. cernua at 30 min, whereas for J. dioica, the highest yield was obtained at 5 min. It has been
reported that the optimal yields of bioactive compounds are typically obtained within the
first 25 and 30 min, attributed to an enhanced energy supply. This increase in energy leads
to a higher release of bioactive compounds, but also a higher probability of a degradation
of these [30]. However, it has been reported that the extraction of polyphenolic compounds
in other species has been extended up to periods of 4 h, obtaining positive results [25];
considering this, it is necessary to carry out more studies in the analyzed species used in
the present investigation using longer extraction times.

Once the Taguchi analysis was performed, using the experimental matrix L9 (3%),
the parameters to maximize the yields of phenolic compounds were determined. The
theoretical and actual yields (Table 5) showed a significant resemblance with standard
deviation (SD) values of 1.91 and 0.32 for F. cernua and J. dioica, indicating the effective-
ness of the optimization process in maximizing the yields of bioactive compounds for
both species and ensuring the reproducibility of the experiment. Additionally, these opti-
mal yields were significantly higher compared to the control (conventional extraction) and
previous studies [7,31].

Table 5. Conditions for maximizing yields of bioactive compounds.

Samole Particle Size Temperature Concentration Time (min) Theoretical Yields Actual Yield CE Yield
P (mm) O (%) (mg-g™ 1) (mg-g™1) (mg-g™1)
F. cernua 0.25 60 50 30 134.99 13275+ 191 4136 + 3.61
J. dioica 0.30 60 50 5 13.87 13.14 £ 0.32 8.30 +1.23
3.2. Total Flavonoids
Flavonoid-type compounds protect plants from stress conditions such as UV damage
and oxidative stress, and they act as growth regulators [32]. The flavonoid content, as pre-
sented in Table 6, showed a significant difference (p < 0.05) between samples. Polyphenolic
compounds from F. cernua had the highest flavonoid content (61.33 QE ug~mL’1) compared
to those of J. dioica.
Table 6. Total flavonoids and antioxidant activity of bioactive compounds.
Samol Flavonoids ABTSe™ IC5 FRAP Hydroxyl Radicals
ample (QE pg-mL_l) (TE pg-mL_l) (GAE pg-mL_l) (Inhibition %)
F. cernua 61.33 £2.252 547.04 +4.58 2 2290 +£0.252 38.32+091%
J. dioica 36.16 + 1.5 355.61 +11.81P 1528 +£2.25b 39.75+3.392

Different letters show a significant difference in Student’s f test results (p < 0.05).

In the case of F. cernua, the presence of flavonoid-type compounds has been pre-
viously reported by Aranda-Ledesma et al. [7], who reported values from 133.77 to
258.22 QE pg-mL~! at a concentration of 1 mg mL~!, which are higher values than those
registered in this study. However, the phenolic concentration used by these authors repre-
sents a significant variable to consider when comparing both studies.

Conversely, Terrazas-Hernandez et al. [33], reported slightly lower flavonoid concen-
trations (23.59-45.30 QE pg-mL~!) in both sterilized and non-sterilized methanol extracts of
J. dioica root. The variation in flavonoid content could be attributed to the type of plant tissue
analyzed. In the present research, stems were used, whereas Terrazas-Hernandez et al. [34]
utilized roots, a difference that may result in varied secondary metabolite production,
including flavonoids.

The biological potential of flavonoids is associated with their structure, specifically the
total number of hydroxyl groups (OH?®), their positional arrangement, and the effects of
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conjugation and resonance. Flavonoids have been found to exhibit a stronger antioxidant
activity than vitamins C and E, which are commonly used as supplements. Moreover, the
inclusion of flavonoids in the diet, particularly for the elderly, has been shown to have
benefits for bone tissue regeneration and cardiovascular health [34]. Therefore, both plants
analyzed in this study could serve as sources of bioactive flavonoid-type compounds,
which could be used for innovative research within food science and pharmaceuticals.

3.3. Antioxidant Activity

Given the diversity and complexity of oxidation processes in plant and animal or-
ganisms, as well as in food systems, it is imperative to analyze the biological antioxidant
capacity of bioactive compounds through different methodologies to ensure a reliable an-
tioxidant profile [35]. In this sense, three assays were conducted to evaluate the antioxidant
potential of polyphenolic compounds from both F. cernua and J. dioica.

3.3.1. ABTSe+ Radical Inhibition and ICsy Determination

The ABTSe+ radical inhibition assay is a method widely accepted by researchers for
evaluating the antioxidant potential of extracts of food extracts, plant-derived substances,
and pure compounds [36].

The determination of ICsy, based on the inhibition of ABTSe+ radicals, revealed a
significant difference (p < 0.05) between the samples, with |. dioica presenting a lower ICsg
value (355.61 TE ug-mL_l). This indicates that |. dioica requires a lower concentration of
polyphenolic compounds to inhibit 50% of the free radicals compared to F. cernua, which
showed an ICs; value of 547.04 TE pg-mL’l. While the potential of |. dioica’s bioactive
compounds to inhibit free radicals has been previously documented, specific reports on
ICs5 value determination are absent. Gutiérrez-Tlahque et al. [9] reported that ethyl acetate
and hexane extracts from J. dioica stems inhibited 29.1% to 36.1 of radicals, respectively
at a concentration of 5 mg-mL~!. This concentration was higher than those used in this
study and did not achieve a 50% inhibition of the reaction, suggesting that polar-green
solvents (i.e., water—ethanol) are more effective for extracting polyphenolic compounds
from this plant material, avoiding the environment and health risks associated with other
toxic solvents.

In the case of the samples from F. cernua, Aranda-Ledesma et al. [7] reported inhibition
values ranging from 105.34 to 124.39 TE ug-mL ! at concentrations of 1000 ug-mL~! of
purified polyphenolic compounds. Similarly, Alvarez-Perez et al. [37] reported a radical
inhibition near 50% at a concentration of 500 pg-mL ™!, aligning with the findings from
this study. These observations suggest that anti-radical activity is related to the concen-
tration and specific types of phenolic compounds present in the samples. In F. cernua,
flavonoids such as luteolin 7-O-rutinoside and Apigenin-6-C-glucosyl-8-C-arabinoside,
found in higher proportions [7,37], are likely responsible for this activity.

The variations observed between samples and the literature are attributed to the
presence of OH groups attached to aromatic rings or an unsaturated carbon atom of the
phenolic compounds. The number of electrons exchanged will depend on this characteristic.
Therefore, the oxidation of the OH group of an aromatic/enol ring involves the transfer
of an electron to the radical ABTSe+ [38]. The presence of free radicals is a natural part
of organismal metabolism. However, an imbalance and increase in free radicals, due to
environmental factors, bodily activities, or even emotional changes, can lead to organismal
alterations. Polyphenolic compounds have the capacity to neutralize free radicals, thereby
preventing tissue damage caused by radicals and peroxides [39].

3.3.2. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay is widely used to measure reduction potential in biological studies
of various substances such as foods, essential oils, biological fluids, spices, and fruits and
vegetables due to its simplicity and stability [40].
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The analysis of Ferric Reducing Power Activity revealed a significant difference
(p < 0.05) between samples, with F. cernua exhibiting the highest reducing potential
(22.90 GAE pg-mL~1). Purified polyphenolic compounds from F. cernua have been reported
to possess reducing activity, with values ranging from 84.02 to 90.50 GAE pg mL~! [7]. On
the other hand, higher values (416.63 GAE pumol-mL~1) have been reported in samples from
hydroalcoholic extracts of J. cardiophylla [41]. The presence of Fe*? ions is associated with
several oxidative and detrimental processes in organisms, leading to degenerative effects.
Bioactive compounds capable of reducing Fe*3 to a ferrous state (Fe*?) can potentially
mitigate these harmful processes [40]. The FRAP assay allows for the measurement of the
total antioxidant activity of reducing phenolic compounds (reducing agents) in a single
test. This reaction is based on the transfer of electrons to the polyphenolic compounds
(which are oxidized), while simultaneously reducing the oxidizing ferric salt. This results
in a color change from pale yellow (ferric salt) to deep blue (in its ferrous form) [42]. Fur-
thermore, oxidative processes not only impact human health but also affect food products,
particularly in the meat industry. The oxidation of lipids and proteins represents the sec-
ond most common cause of deterioration in these foods, compromising their organoleptic
properties [43]. In this context, phenolic compounds from semidesert plants could serve as
potential reducing agents for the food industry.

3.3.3. Hydroxyl Radical (OH®) Scavenging Activity

In the hydroxyl radical inhibition assay, no significant difference (p < 0.05) was ob-
served between samples. This suggests that both species have very similar inhibitory
activity, as indicated by their comparable inhibition percentages, ranging from 38.32% for
F. cernua to 39.75% for ]. dioica polyphenolic compounds. As shown in Table 6, where there
is a significant difference in the presence of flavonoids between the two samples, their
potential to inhibit the hydroxyl radical does not display a significant disparity. This implies
that the activity of the hydroxyl radical is not solely determined by the number of pheno-
lic compounds but rather by their structural quality. Previous studies have highlighted
the necessity for phenolic compounds to possess available ortho positions to effectively
neutralize the hydroxyl radical through aromatic hydroxylation [44].

The current literature on the ability of polyphenolic compounds from forest plant
origins to inhibit the hydroxyl radical is limited, with most existing reports outdated.
However, there are several reports demonstrating the efficacy of bioactive compounds
derived from barley in inhibiting the radical, with percentages exceeding 90% for different
barley grains according to Ge et al. [18] and up to 80% for bagasse, comparable to results
with a standard antioxidant like vitamin C [45]. In the inhibition of OH radicals, flavonoids
are the main phenolic compounds involved in this activity. However, specific structural
characteristics must be met, such as the hydroxylation of the B ring and a C2-C3 double
bond connected to a group, a C3 hydroxyl, and a C4 carbonyl group. Moreover, the
hydroxylation of ring A and the presence of gallate and galacturonate residues, which are
characteristic of the flavonoid structure, enhance the inhibition activity of the radical [46].

Given that high concentrations of the hydroxyl radical induce severe damage to tissue
stability and synthesis by affecting all known macromolecules (nucleic acids, carbohydrates,
amino acids, and lipids) [47], the use of bioactive compounds of natural origin to regulate
hydroxyl radical levels is crucial. Despite the limited utilization of bioactive compounds
from forest species, the potential demonstrated in this study suggests they are viable in
mitigating such negative effects. Furthermore, it has been reported that the ability of a
matrix of bioactive compounds to inhibit hydroxyl radicals is directly associated with the
inhibition of lipid oxidation and the inhibition of hemolysis [48]. Therefore, the positive
effects of inhibiting the radical may translate into beneficial effects by attenuating other
oxidative processes induced by the presence of reactive oxygen species (ROS).
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3.4. In Vitro and Ex Vivo Assays
3.4.1. Inhibition of x-Amylase Assay

The evaluation of bioactive compounds’ potential on x-amylase enzyme activity is
regarded as a focal point in contemporary medicine, serving as a therapeutic agent to
regulate blood levels in diabetic patients [32].

The inhibitory potential against x-amylase (Table 7) showed a significant difference
(p < 0.05), with F. cernua presenting a higher inhibition percentage of 72.07% compared to
the 49.73% obtained from the bioactive compounds of J. dioica. In the case of the samples
obtained from F. cernua, only one report on the inhibitory potential against this enzyme is
available, where values ranging from 10.14 to 44.93% were reported at a concentration of
1000 pg-mL~! according to Aranda-Ledesma et al. [7]. These reported activities are lower
than those reported in the present study using a concentration of almost half, which could
be influenced by the optimization process, as mentioned earlier. In this sense, the use of
the Taguchi L9 design might have impacted the activity shown by the samples, as it not
only reduces the number of experiments but also enhances and ensures the quality of the
products obtained [23,28].

Table 7. In vitro and ex vivo assays.

In Vitro Ex Vivo
Sample a-Amylase Hemolysis
Inhibition (%) Inhibition (%)
E. cernua 72.07 (4.26) @ 33.21 (1.56) P
J. dioica 49.73 (5.90) 56.04 (2.90) @

Different letters show a significant difference in Student’s f test results (p < 0.05).

On the other hand, it has been demonstrated that hydroalcoholic and ethyl acetate
extracts of . dioica possess the potential to inhibit the activity of digestive enzymes (x-
amylase and «-glucosidase), and the ability to block glucose absorption has also been
evaluated by obtaining positive results from hydroalcoholic extracts [49].

Moreover, seed extracts (aqueous, methanol, and hexane) of J. curcas have been re-
ported to exhibit ~38-78% inhibition at concentrations of 4 mg-mL~! [50]. This suggests
that species belonging to the genus Jatropha may possess activity not only to inhibit enzymes
involved in sugar degradation but also to regulate glucose absorption at the intestinal level.
It has been reported that the inhibition of the enzyme x-amylase by phenolic compounds is
highly related to their binding affinity with the enzyme. Models suggest that these bonds
are mainly due to covalent bonds including hydrogen bonds and hydrophobic interactions,
causing conformational modifications to the molecule [51]. The x-amylase is one of the
most important enzymes in carbohydrate metabolism and glucose conversion, making it a
key contributor to increased blood glucose levels postprandially. Hence, its control is vital,
especially in diabetic patients [50]. Therefore, the incorporation of phenolic compounds
obtained from forest species into the diet of people with diabetes could potentially replace
the intake of commonly used glucose-controlling drugs such as acarbose and metformin.
Although these drugs have proven to be effective, they often carry various side effects that
can lead to additional health complications [52].

3.4.2. Anti-Hemolytic Activity Assay

Since approximately 90% of assays evaluating the antioxidant biological potential of
polyphenolic compounds are performed in vitro, this may sometimes lead to perspectives
that are not ideal for the application of these compounds in human health [53]. In this
sense, the hemolysis of human red blood cells serves as a widely utilized model to assess
free radical damage in biological membranes [54]. Therefore, there is a growing need to
evaluate the biological potential in ex vivo systems.
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In the anti-hemolytic activity assay, a significant difference was observed (p = 0.05),
with J. dioica presenting a higher percentage of inhibition at 56.04% compared to F. cernua
at 33.21%. Notably, a greater inhibition by the bioactive compounds of J. dioica compared
to F. cernua was evident in terms of anti-hemolytic activity. In this sense, flavonoids are
known to be associated with the protection of red blood cells during hemolytic processes.
Nevertheless, within this group, tannins have been reported as potent anti-hemolytic
agents [55]. F. cernua has been reported to contain tannins in concentrations ranging between
0.3 and 0.4% [56], while J. dioca has concentrations between 1.95 and 2.80% [57]. Hence, the
anti-hemolytic effect could be related to the type of metabolites rather than their quantity.

At present, the analysis of the capacity of pure polyphenolic compounds of natural
origin remains a limited area of exploration. However, the potential of extracts from
plant species such as avocadoes (Persea americana), oranges (Citrus sinensis), and garlic
(Allium sativum), which have been locally used to treat metabolic disorders, has been
evaluated. These extracts demonstrated, in ex vivo assays, protection against erythrocyte
hemolysis of over 80% [58]. In addition, it has been reported that this inhibition is due to
the presence of polyphenolic compounds in plants, as these compounds effectively interact
with the erythrocyte membrane using hydrogen bonds. For this, the presence of at least
one free hydroxyl group attached to an aromatic ring is necessary, thereby preventing the
oxidation process and providing protection to proteins and membrane 1 [59,60].

Although the antioxidant potential and the biological effect on the x-amylase enzyme
and the inhibition of hemolysis are attributed to flavonoids and their different classes, a
significant effect between these and other compounds present in the matrix is not ruled out.
For example, there is the interaction of flavonoids with phenolic acids that has been shown
to influence the antioxidant potential and, therefore, enhance biological activity [61].

3.5. FTIR-ATR Assay

The FT-IR technique is one of the most crucial methods used for the identification
of functional groups in different chemical and biological matrices. It is characterized by
its non-destructive nature, reproducibility, and ease of use, making it a valuable tool for
qualitatively evaluating the composition of bioactive compounds [62]. The IR spectra
(Figure 2) of both samples show a broad signal at 3312 cm ™!, indicative of the stretching
of the O-H group of polyphenolic compounds. Additionally, the signal at 3922 cm™!
corresponds to the stretching of C-H bonds, possibly originating from CH, or CHs groups.
The band located at 1723 cm ™! indicates the presence of a C=0 interaction of aromatic rings.
On the other hand, the signal at 1607 cm~! denotes the presence of C-C bonds characteristic
of the aromatic rings of phenolic compounds. The signal located at 1166 cm~! corresponds
to the stretching of C-O bonds. Finally, the signals at 1015 and 829 cm ™! indicate the
presence of C-OH bonds of secondary alcohols.

In recent years, regarding the analysis of functional groups via FITR, Rajhard et al. [63]
analyzed several compounds of phenolic compounds and found that all compounds share
at least six characteristic peaks. These include the presence of OH groups in the region
around 3340 cm~!, C—-H bonds in the region of 2978-2896 cm !, and characteristic sig-
nals of phenolic compounds (C-C, C=0, and C-OH) in the region between 1600 and
800 cm~!. These findings align with the results reported in the present investigation.
Likewise, Wongsa et al. [62] noted that C—H and C=C signals indicate the presence of
one or more aromatic ring characteristics typical of polyphenolic compounds, while the
signal at approximately 1200 cm ™! (C-O) suggests the presence of a pyran ring characteris-
tic of flavonoids, concluding that these signals are highly related to aromatic compounds.
Thus, it can be inferred that the bioactive compounds obtained from the extraction and
purification processes, specifically those identified as phenolic in nature, have been suc-
cessfully isolated. However, further specific analyses are needed to determine the exact
identity of these molecules.
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Figure 2. IR spectra of polyphenolic compounds.

4. Conclusions

The implementation of the Taguchi L9 statistical model facilitated the determination
of conditions to enhance the yields of bioactive compounds derived from the non-timber
forest species F. cernua and J. dioica. These matrices contain flavonoid-type compounds that
demonstrated antioxidant activity through different assays. In addition, they showed the
capacity to inhibit the activity of the x-amylase enzyme involved in the assimilation of
starch and its derivatives, while exerting a protective effect on erythrocytes against peroxyl
radicals generated from AAPH. The results indicate that the non-timber forest species
F. cernua and J. dioica contain secondary metabolites with biological potential. However,
it is necessary to establish a complete profile of the compounds present in these matrices,
expand the analyses using ex vivo models, and conduct rigorous toxicity analyses to
guarantee their safety. In addition, the mechanisms underlying the enzyme inhibition and
anti-hemolytic activity of the bioactive compounds should be made clear. This will enable
their future integration into the food and pharmaceutical industries.
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