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Abstract: The therapeutic potential of natural products has led to the exploitation of phyto-
complexes for treating various skin conditions, including wounds. Echinacea angustifolia
DC. has traditionally been used for wound healing, burns, and other ailments. In this
study, dried roots of E. angustifolia were extracted using a hydroalcoholic solution, and
the phytochemical composition was analyzed through HPLC-DAD. The polyphenol and
polysaccharide content, along with in vitro antioxidant and anti-tyrosinase properties, were
evaluated. The biological effect of E. angustifolia extract was evaluated on the 3T3-L1 cell
line. HPLC-DAD analysis confirmed the presence of several polyphenols, particularly
caffeic acid derivatives, with echinacoside as the predominant compound, exhibiting strong
antioxidant properties. The extract demonstrated no cytotoxic effect on 3T3-L1 cells, and it
showed a protective effect by increasing the migration process in an in vitro scratch wound
healing test, together with echinacoside and allantoin, which were used as references. Fur-
thermore, the extract reduced the expression of proinflammatory cytokines and promoted
that of proteins that accelerate wound closure, such as TGF-B1. The present study demon-
strates the potential wound healing properties and the antioxidant and anti-inflammatory
activity of E. angustifolia root hydroalcoholic extract, giving a scientific rationale for its
traditional use.
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1. Introduction

The wound-healing process is a dynamic and complex biological response that in-
volves cellular, molecular, and biochemical interactions, as well as physiological activities,
to regenerate and replace damaged connective tissue [1]. This process consists of several
key phases, including hemostasis, inflammation, oxidative stress response, proliferation,
migration, and tissue maturation [2]. Endothelial and fibroblast cells play a crucial role in
the reparative phase of the skin. These cells are recruited to the wound site by inflammatory
mediators, where they proliferate and migrate to fill the tissue gap and restore the skin
barrier (proliferation and migration phase). Fibroblasts are involved in the production of
several components, such as collagen, one the most important components of the extracel-
lular matrix of the skin. Subsequently, the remodeling and maturation of the tissue allow
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the full recovery of the skin tissue, sometimes leaving no traces of skin damage. Fibroblasts
then participate in the construction of scar tissue and its remodeling [3].

There is growing interest in natural compounds as complementary therapies for
managing skin conditions, wounds, inflammation, etc. [4,5]. Treatment of wounds is
frequently studied in ethnopharmacological research [3,6,7]. Numerous plant species have
been investigated for their potential to accelerate wound healing [8-10]. However, in many
cases, scientific validation of their efficacy remains limited, and knowledge of their chemical
composition and mechanisms of action is incomplete.

The Echinacea genus (Asteraceae family) comprises nine species, of which three are
commercially used: E. angustifolia DC., E. purpurea L., and E. pallida Nutt. [11]. Traditionally,
these North American species have been used to treat wounds, snakebites, and burns, as
well as various ailments such as toothaches, coughs, and colds. The first documented com-
mercial use of Echinacea dates back to the early 20th century, when hydroalcoholic extracts
were introduced to the market [12]. Today, Echinacea remains an important commercial
botanical due to its widespread use and well-documented pharmacological properties [13].

The phytochemical composition of Echinacea is well documented, and three main
classes of bioactive compounds (alkamides, polysaccharides, and polyphenols) are consid-
ered responsible for its biological effects [14—18]. The most important identified polyphenols
are caffeic acid and its derivatives, such as echinacoside, verbascoside, and cynarin, together
with chlorogenic, caftaric, and chicoric acids [16].

Echinacea species are known for their anti-inflammatory and immunostimulant proper-
ties and have been traditionally used in phytotherapy for wound healing [19,20]. E. pallida
was tested to evaluate its wound-healing effect in mice by oral administration of the plant
extract [21]. Additionally, previous research has reported the anti-inflammatory and ci-
catrizing properties of gel formulations containing echinacoside, as well as E. pallida and
E. purpurea root extracts, in rats with skin abrasions and excision wounds [22]. It is well
known that Echinacea species exhibit differences in chemical composition, which influence
their biological activity. In fact, E. purpurea is rich in chicoric acid, but echinacoside is ab-
sent. Echinacoside is abundant in E. angustifolia, along with cynarin, and E. pallida contains
low levels of alkamides [18]. To the best of our knowledge, the wound-healing effect of
E. angustifolia root extract has not yet been reported.

Therefore, this study aimed to evaluate the effect of the hydroalcoholic root extract of E.
angustifolia in terms of the biological properties and the proliferation and migration capacity
using an in vitro wound assay. The latter can be considered a valuable and inexpensive
tool for investigating the wound-healing properties of natural compounds [1,23].

2. Results
2.1. Phytochemical Composition

Chemical analysis of Echinacea has reported the presence of phenolic compounds
(caffeic acid derivatives), polysaccharides, and alkilamides [16]. In our study, E. angustifolia
roots were extracted using an 85% ethanol solution, giving an extraction yield—which
represents the weight of the extract per 100g of raw material of 2.60%. E. angustifolia root
extract (EAR) showed a polysaccharide content of 17.32 & 1.33 mg Glu/g DW.

Then, the Folin-Ciocalteu reagent was used to determine the content of polyphenols;
the EAR extract showed a value of 50.36 =+ 3.99 mg GAE/g of dried extract.

Qualitative analysis of EAR was performed using HPLC-DAD and by comparison of
the retention time and UV-Vis spectrum of standards. Caftaric acid (peak 1, Rt: 7.311 min),
chlorogenic acid (peak 2, Rt: 8.252 min), caffeic acid (peak 3, Rt: 8.715 min), echinacoside
(peak 4, Rt: 9.702 min), ferulic acid (peak 5, Rt: 13.429 min), and verbascoside (peak 6, Rt:
15.928 min) were identified in the roots of E. angustifolia (Figure 1).
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Figure 1. Chromatogram representative of all identified compounds in roots of E. angustifolia extract
at 320 nm: caftaric acid (1), chlorogenic acid (2), caffeic acid (3), echinacoside (4), ferulic acid (5), and
verbascoside (6).

The compounds identified by HPLC-DAD were confirmed by LC-MS/MS analysis as
reported in Table 1.

Based on the quantitative HPLC analysis (Figure 2), echinacoside is the most repre-
sentative compound in EAR extract. In fact, it is the most abundant among the identified
compounds (63181.24 & 273.90 mg echinacoside/kg of extract). A high content of ferulic
acid (9467.59 + 199.33 mg ferulic acid /kg of extract), chlorogenic acid (1414.05 & 26.06 mg
chlorogenic acid/kg of extract), and caftaric acid (1201.72 + 17.71 mg caftaric acid /kg of
extract) were also observed.
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Figure 2. HPLC-DAD quantification of identified compounds from E. angustifolia root extract; results
are expressed as mg per kg of dried roots.

Table 1. Characterization of E. angustifolia root extract phytochemicals by liquid chromatography—
tandem mass spectrometry.

Predicted

Pk No. RT (min) [M-H]" m/z  [M-H]" m/z Molecular MS/MS m/z Compqu nd References
Calculated  Observed Identity
Formula
1 9.58 311.0409 311.0407 C13H1209 179, 1{4395(100)’ Caftaric acid [24]
Chlorogenic
2 10.66 353.0878 353.0874 C16H1809 191 (100) acid [25]

3 11.04 179.0350 179.0349 CoHgOy4 135 (100) Caffeic acid [26]
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Table 1. Cont.

_ _ Predicted
Pk No. RT (min) [M-H] "~ m/z [M-HI™ m/z Molecular MS/MS m/z Compqu nd References
Calculated Observed Identity
Formula
4 11.46 785.2510 785.2498 C35Hy6099 623, 161 (100) Echinacoside [27]
5 12.72 193.0506 193.0507 C19H1004 178, 134 (100) Ferulic acid [28]
6 12.91 623.1981 623.1980 Co9H36015 461, 161 (100) Verbascoside [29]

2.2. Cell Viability and Proliferation of 3T3 L1 Cells

The calcein-based cell viability method was conducted to investigate the effect of
several concentrations of EAR on 3T3-L1 viability /toxicity at both 24 h and 48 h (Figure 3).
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Figure 3. 3T3-L1 cell viability by calcein-AM assay of E. angustifolia root extract (EAR) and echinaco-
side standard; ** p < 0.01, *** p < 0.001 vs. control cells (CTRL).

The wound-healing effects of EAR were compared to those of echinacoside, the main
component of EAR, as reported by quantitative HPLC analysis. Notably, the highest extract
concentration (1000 pg/mL) significantly enhanced the cell proliferation rate, increasing
it approximately threefold compared to the control. However, at lower concentrations
(5-100 pug/mL), the proliferation rate remained statistically indistinguishable from that of
untreated cells (CTRL).

Echinacoside was found to be safe and not toxic within the tested concentration range
(0.01-0.50 mM), although it did not stimulate cell proliferation.

2.3. Hydrogen Peroxide-Induced Stress

To assess the protective effects of the extract against oxidative stress, 3T3-L1 fibroblast
cells were treated with hydrogen peroxide. A dose-response curve was generated to
determine the optimal H,O, concentration for the experiment (Figure 4).

A concentration of 5 mM H,0O; was selected for the experiments, as it reduced the
cell viability by 80% after 24 h of exposure, as measured using the calcein-AM reagent.
The antioxidant ability of EAR was evaluated before and after the exposure to HyO,
(5 mM) for 3 h and concomitantly for 24 h. The results showed that 3T3-L1 cells were
not protected against oxidative stress when extract treatment was carried out before or
concomitantly with H,O,, showing a low cell survival rate. However, a protective effect
against H,O,-induced oxidative stress was observed when cells were pretreated with
higher concentrations of EAR (50, 100, and 1000 pg/mL) for 24 h, preserving cell viability
(Figure 5a). Echinacoside exhibited a similar trend to the extract, providing protection
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against HyO»-induced oxidative stress (Figure 5b). Notably, at its highest concentration
(0.5 mM), echinacoside nearly doubled the cell viability compared to the untreated cells.
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Figure 4. The curve with HyO, concentrations using calcein-AM. Data are expressed as mean + SD
(n =9). *** indicates p < 0.001 vs. HyO, CTRL.
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Figure 5. Viability (%) of cells treated with Echinacea angustifolia root extract (EAR) (a) and echi-
nacoside (b) before, concomitantly, and after HyO, exposure. Data are expressed as a mean £ SD
(n =9). * indicates p < 0.01, ** indicates p < 0.05, *** indicates p < 0.005 vs. HO, control (GraphPad
Prism 5 Software).

2.4. Antioxidant and Wound Healing Properties

Wound healing was simulated using an in vitro scratch assay, which involved dis-
rupting the 3T3-L1 cell monolayer. The loss of contact between cells leads to the release of
cytokines and growth factors near the wound, promoting cell migration and proliferation.
Cell proliferation and migration have been found to be important factors for the tissue
formation phase during wound healing. E. angustifolia extract was tested on the 3T3-L1
fibroblast cell line to evaluate its ability to stimulate cell migration by in vitro scratch as-
say. Allantoin (100 M) was used as the positive control. The 3T3-L1 cells showed a fast
migration rate by rapidly closing the wound (Figure 6).

The extract concentrations of 10, 50, and 100 ng/mL significantly increased the 3T3-L1
migration rate compared to the control (Figure 7).
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Figure 6. Microscopy images of 3T3L1 migration after scratch. CTRL, control; EAR, E. angustifolia
root extract. Pictures were acquired by using the following parameters: filter Ph, objective 20x, light
19, exposure time 1/40 s, gain 1.00, resolution 800 x 600 binning.

In addition, echinacoside and allantoin significantly increased the rate of cell migra-
tion at the tested concentration (Figure 7). Interestingly, after 120 min of treatment, the
percentage of wound closure was 36.82 & 1.25% for the control, 64.85 & 1.91% for allantoin
(100 uM), 60.01 £ 1.59% for echinacoside (100 uM), and 50.40 £ 1.36%, 52.56 & 1.55%,
and 54.97 &+ 1.43% for EAR at 100, 50, and 10 pg/mL, respectively. EAR significantly
increased the rate of cell migration compared to the control and compared to echinacoside
and allantoin, even at the lowest concentration tested.

Moreover, the E. angustifolia root extract reported a very low inhibition of the tyrosinase
enzyme, compared to the reference, kojic acid (ICs¢ = 27.77 + 3.41 pg/mL). The extract
showed an inhibition of 7.52 & 0.70% at 5 mg/mL.

The wound-healing process is often accompanied by a reduction in oxidative stress.
The antioxidant activity was initially examined by spectrophotometric assays, which re-
ported a lipid peroxidation inhibition of 50.24 & 1.38% (at 250 ug/mL) and DPPH scav-
enging activity of 243.24 £ 4.33 mg TE/g (IC5y = 36.79 £ 0.66 ug/mL) of dry extract.
Subsequently, the EAR treatment showed a protective effect from oxidative stress in a
dose-dependent manner, reducing the ROS levels by approximately 50% compared to
untreated scratched 3T3-L1 cells (CTRL+). Furthermore, as shown in Figure 8, echinacoside,
allantoin, and NAC (an antioxidant agent) statistically reduced the ROS to baseline levels.
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Figure 7. Wound healing rate over time (a) and at 120 min (b). *** indicates p < 0.005 against control.
CTRL, control; EAR, E. angustifolia root extract.
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Figure 8. Effect of E. angustifolia root extract (EAR) on intracellular ROS generation in 3T3-L1
cells under scratch stress conditions. Data are expressed as the mean + SD of three independent
experiments (n = 3) and were analyzed by one-way ANOVA followed by Tukey’s post-hoc test.
#HHH# p < 0.001 vs. CTRL, **** p < 0.0001, *** p < 0.001 vs. scratched cells (CTRL +).

2.5. Anti-Inflammatory Gene and Protein Expression

To define the mechanism of action of the extract and the targets involved in the
inflammatory status, the expression of MMP9, NF-«B, IL-6, and TGF-B1 proteins was
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evaluated by Western blot, while the gene expression of interleukins TNF-a and IL-1p were
evaluated by qRT-PCR. Cells affected by scratch (CTRL+) showed a significant increase in
MMP?9, IL-6, and NF-kB protein expression compared to cells without scratching. Treatment
with EAR (100 pg/mL), allantoin (100 uM), and echinacoside (100 uM) reduced these
levels in all the proteins considered (Figure 9). Regarding TGF-f1, it is a cytokine highly
important for successful wound closure. Its levels are reduced in scratched cell stress. EAR
treatment increased the protein expression; however, echinacoside and allantoin showed
no significant effects.
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Figure 9. Effect of E. angustifolia root extract (EAR) on anti-inflammatory markers’ expression in 3T3-L1
cells after 6 h of treatment in stressed conditions. Densitometric analysis of the immunoreactive bands
are expressed as the mean £ SD of three independent experiments (1 = 3). The protein levels were
normalized with (-actin content. Data were normalized to control cells set to 100%. ###H# p < 0.0001,
##H p < 0.001, and ## p < 0.01 vs. control cells (CTRL); **** p < 0.0001, ** p < 0.001, ** p < 0.01, and
*p < 0.05 vs. scratched cells (CTRL+).

By qRT-PCR, the gene expression of the proinflammatory cytokines TNF-a, IL-15,
and MMP-9 was increased in the stressed cells compared to the control cells (Figure 10).
EAR treatment statistically decreased the expression of all genes considered, together with
allantoin. As for echinacoside, it did not show any significant effect on IL-18.

MMP9 IL13 TNFa

Fold change
Fold change
Fold change

§
\
\

scratch scratch

Figure 10. Effects of E. angustifolia root extract (EAR) on gene expression. The scratches increased the
expression of MMP9, TNF-«, and IL-1B. EAR, allantoin, and echinacoside treatment reduced their
levels. Data are normalized with the housekeeping gene polymerase II (Pol II) and are shown as fold
change treated /control + standard deviation (SD). ### p < 0.001, ## p < 0.01, and # p < 0.05 vs. control
cells (CTRL); **** p< 0.0001 and *** p < 0.001 vs. scratched cells (CTRL+).

3. Discussion

This study investigated the antioxidant and anti-inflammatory properties and wound
healing capacity of the hydroalcoholic root extract of E. angustifolia on 3T3-L1 cell lines.
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Injuries occur due to soft tissue disruption, while the regulation of inflammation
and oxidation plays an important role in wound healing by restoring cellular structures.
High free radical production in cutaneous damaged areas can affect the healing process by
compromising the physiological function and chemistry of proteins, lipids, and extracellular
matrix (ECM) elements. Several medicinal herbs have recently been reported for in vivo
and in vitro wound healing effects using preclinical models [30]. Active phytochemicals
such as antioxidants and free radical scavengers of plant extracts may be involved in the
wound healing process [31].

As with any extraction technique, the solvent plays an important role in the recovery
of bioactive compounds. Previous studies [16,17] have reported that organic solvents,
ethanol or methanol, are preferred to other solvents for extracting phenolic compounds
from Echinacea species. Pellati et al., 2025 [16] reported that the most efficient solution for
Echinacea’s compounds extraction ranged from 80 to 90% of organic solvent. In addition to
solvent, applying different aqueous extraction techniques of E. angustifolia roots showed
important differences in terms of the composition and quantity of the chemical substances
recovered [32].

Echinacea is a rich source of polysaccharides; however, using hydroalcoholic solutions
for extraction significantly reduces the yield of these compounds. In contrast, aqueous
extracts [32] exhibit an average polysaccharide content approximately seven times higher
than that of the EAR. It is well known that E. angustifolia root is also a valuable source of
polyphenols, which are more efficiently extracted using hydroalcoholic solvents. Indeed,
the results obtained in this study were higher than those reported in previous research
involving aqueous extracts [32]. The polyphenol content has also been assessed in other
Echinacea species, such as E. purpurea, reporting TPC values ranging from 11.00 + 1.00 mg
GAE/g t0 60.00 & 1.00 mg GAE/g [33].

The compounds identified by HPLC-DAD in the present investigation had already
been detected in the roots of E. angustifolia [32]. However, the hydroalcoholic mixture did
not enable the recovery of 3,5- and 3,4-dicaffeoylquinic acids, likely due to their higher
solubility in aqueous solvents resulting from their acidic functional groups [32].

Furthermore, the hydroalcoholic extract obtained in our study exhibited higher antiox-
idant properties than aqueous extracts [32]. Russo et al. [32] reported that aqueous extracts
displayed DPPH scavenging activity ranging from 14.63 4 0.29 to 80.56 + 4.52 mg TE/g
and lipid peroxidation inhibition ranging from 9.07 & 1.32 to 36.76 &+ 4.22%. Conversely,
Pellati et al. [16] evaluated the methanolic extract of three Echinacea species, report-
ing average ICsy values against the DPPH radical of 139.00 &+ 0.90, 249.00 £ 2.50, and
211.00 £ 1.90 ug/mL for E. purpurea, E. pallida, and E. angustifolia, respectively. The mother
tincture of E. angustifolia, prepared with 55% ethanol, was found to be less active than the
hydroalcoholic extract tested in this study [34]. Specifically, it exhibited a DPPH value of
131.33 & 14.26 mg TE/100 mL of tincture and an inhibition of lipid peroxidation, measured
by the BCB test, of approximately 25%. Additionally, E. purpurea flower extract has been
reported to possess notable antioxidant properties [35]. The high antioxidant activity ob-
served in E. angustifolia may be attributed to echinacoside, the main compound of EAR. To
date, both in vitro and in vivo studies have demonstrated the strong antioxidant potential
of echinacoside [36]. Furthermore, minor compounds present in the extract also contribute
to antioxidant activity, reinforcing the significant antioxidant properties of EAR [37-39].

Cell cultures are widely recognized as effective models for assessing the biological
activity of plant extracts. In particular, fibroblasts, including the 3T3-L1 cell line, have been
proposed as a suitable in vitro model for evaluating wound-healing potential [40].

In this study, the highest concentration of EAR significantly enhanced 3T3-L1 cell
proliferation. Notably, no toxic effects were reported for E. purpurea hydroalcoholic ex-
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tract on other cell lines, such as peripheral blood mononuclear cells (PBMCs) and RAW
264.7 macrophages, even at concentrations up to 1600 pg/mL [41]. Conversely, Echinacea
root hexane extract, rich in alkamide and polyacetylene compounds, exhibited cytotoxic
effects on human cancer cells through apoptosis induction [42].

Echinacoside has shown to be both safe and non-toxic; however, it does not stimulate
cell proliferation. This suggests that the proliferative effect of EAR on 3T3-L1 cells may
result from the synergistic action of multiple compounds present in the extract.

H50, is known to induce oxidative stress and is often used to evaluate the antioxidant
activity of extracts in cell cultures. Echinacea spp. have demonstrated significant biological
and pharmaceutical potential [13] due to their rich phytochemical composition. Historically,
these plants have been widely used as phytotherapeutic remedies to promote wound
healing. Cell proliferation and migration are two features of the wound-healing process.
In our study, EAR significantly increased the migration rate of 3T3-L1 cells in a dose-
dependent manner, achieving better results than those obtained from echinacoside and
allantoin. These findings align with previous studies. Speroni et al. [22] applied E. pallida
extract topically to rats, analyzing tissue samples after 24, 48, and 72 h. Their results
confirmed the anti-inflammatory and wound-healing capacity of E. pallida extract and
its components, such as echinacoside [22]. Similarly, E. purpurea was found to accelerate
wound healing in rats following subcutaneous arsenic injection, which had caused extensive
skin necrosis [43]. Disruption of the cell monolayer due to scratching results in a loss of
cell—cell contact, triggering the release of signaling molecules such as cytokines and growth
factors at the wound site. Among these, TNF-« is rapidly secreted by fibroblasts in the
injured area, initiating the inflammatory phase of wound healing [44]. EAR demonstrated
anti-inflammatory effects by reducing the expression of key cytokines, including TNF-#,
IL-1B, and IL-6. Additionally, ROS levels are particularly elevated in the presence of tissue
damage, and the observed reduction in ROS suggests that Echinacea angustifolia extract may
be a promising candidate for wound repair. Indeed, its ability to promote wound healing
appears to be linked to its capacity to mitigate both inflammation and oxidative stress.

For optimal wound healing, ECM remodeling is essential, and matrix metallopro-
teinases (MMPs) play a pivotal role in this process [45]. MMPs are endopeptidases re-
sponsible for degrading damaged proteins and forming a temporary ECM during the
inflammatory phase. While MMPs are typically expressed at baseline levels, their produc-
tion increases when tissue remodeling is required. However, excessive MMP activity can
lead to cellular dysregulation, potentially impairing wound healing [46]. Our findings
indicate that the extract facilitated and accelerated wound healing by modulating MMP-9
production through the NF-«B signaling pathway in fibroblasts. NF-«B is a key regulator
of inflammation and immune response and is directly linked to MMP-9 expression, as the
promoter region of the MMP-9 gene contains consensus binding sites for NF-«B [47].

Furthermore, excessive ROS levels activate NF-«B, leading to increased MMP-9 expres-
sion and delayed wound healing [48]. Among the various molecules involved in wound
healing, transforming growth factor (TGF-p) proteins are crucial regulators of ECM synthe-
sis and remodeling. Of the three known isoforms, TGF-B1 is the most extensively studied.
Upon binding to its receptor, TGF-p1 stimulates the production of ECM components such
as collagen, fibronectin, and hyaluronic acid [49]. Supporting our findings, a recent study
reported that treatment with Echinacea purpurea powder significantly reduced the wound
size in rats, accompanied by an increase in TGF-1 expression [50]. Additionally, ethanol ex-
tracts from E. purpurea roots and aerial parts have been shown to inhibit fibroblast-induced
collagen contraction [18].

The wound-healing properties of Echinacea species have also been attributed to their
polysaccharide components, which inhibit hyaluronidase activity [18]. Hyaluronidase
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inhibition increases hyaluronic acid levels in the ECM, promoting wound healing and
reducing local inflammation. The anti-hyaluronidase activity of Echinacea species has been
associated with echinacoside and caffeic acid [51,52].

Moreover, a previous study reported tyrosinase inhibition of chicoric acid extracted
from E. purpurea flowers [53], showing an inhibition rate of 89.79% at 20 mg/mL (standard
substance). At the same concentration, E. purpurea extract exhibited 78.25% inhibition.
Echinacoside, abundant in E. angustifolia, reported no tyrosinase inhibition at the tested con-
centrations (1.25-0.04 mM), which could explain the low activity of this extract. Tyrosinase
is a rate-limiting enzyme in melanin synthesis in melanocytes, catalyzing the conversion
of tyrosine to DOPA and, subsequently, to DOPA chrome, leading to melanin formation.
Tyrosinase inhibitors are of interest for cosmetic applications and the treatment of skin
pigmentation disorders. In this context, the low anti-tyrosinase activity of E. angustifolia
could be beneficial following wound healing, as it would help prevent excessive skin
bleaching in the scar area.

4. Materials and Methods
4.1. Chemicals and Reagents

B-carotene (CID: 5280489), Folin—Ciocalteu (MDL number: MFCD00132625), 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (CID: 86650676), Tween 20 (CID: 443314), linoleic acid
(CID: 5280450), tyrosinase from mushroom (CAS Number: 9002-10-2), Levodopa (L-DOPA)
(CID: 6047), Dulbecco’s modified Eagle’s medium (DMEM) (SID: 56312060), Fetal Bovine
Serum (FBS) (MDL number: MFCD00132239), penicillin—-streptomycin (CID: 131715954),
calcein acetoxymethyl (Calcein-AM) (CID: 390986), hydrogen peroxide (H,O;) (CID: 784),
and all standards used in the study, such as 6-hydroxy-2-5-7-8-tetramethylchroman-2-
carboxylic acid (Trolox) (CID: 40634), kojic acid (CID: 3840), gallic acid (CID: 370), butyl-
hydroxytoluene (BHT) (CID: 31404), allantoin (CID: 204), echinacoside (CID: 5281771),
caftaric acid (CID: 6440397), chlorogenic acid (CID: 1794427), caffeic acid (CID: 689043),
ferulic acid (CID: 445858), chicoric acid (CID: 5281764), verbascoside (CID: 5281800), 3,4
di-caffeoylquinic acid (CID: 5281780), and 3,5 di-caffeoylquinic acid (CID: 13604688) were
purchased from Sigma-Aldrich, Milan (Italy).

4.2. Plant Extraction

Dried roots of E. angustifolia were provided by Farmalabor (Italy, Batch Nr. P1403826-
000), and 10 g was extracted by 85% ethanol solution (50 mL) for 2h under stirring. The
extract was filtered by filter paper under vacuum; then, the solvent was removed by rotary
evaporator to obtain the dried crude extract of E. angustifolia roots (EAR). The extract
was left in the dark at room temperature until its use. The plant name was checked with
http:/ /www.theplantlist.org, accessed on 22 May 2021.

4.3. Qualitative and Quantitative Analysis by HPLC-DAD

Qualitative and quantitative investigation of phenolic compounds from the EAR
extract was conducted using high performance liquid chromatography (HPLC), and the
identification was performed by comparison with the retention time and relative UV-Vis
spectra (200400 nm) of the standards, as previously reported [32].

The EAR extract was solubilized in methanol (50 mg/mL) and filtered by polytetraflu-
oroethylene (PTFE) syringe filter (0.20 um) for reverse-phase HPLC analysis (Gilson, Villers
le Bel, France) equipped with a Diode Array Detector (DAD-Gilson). The experiments were
carried out on a Spherisorb ODS2 C18 column (25.00 cm x 0.46 mm X 5.00 um; Waters,
Milford, MA, USA); the temperature of the thermostat Jetstream 2 Plus (Thermotechnic
Products, Langenzersdorf, Austria) was set at 25 °C. The mobile phase was as follows:
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A 0.1% O-phosphoric and B acetonitrile (Merck KGaA, Darmstadt, Germany). Elution
was performed by using a flow rate of 1.5 mL min~! and following the gradient elution
program, as reported by previous study [32]. The injection volume was set to 20 puL.

4.4. Qualitative Analysis by UHPLC-DAD-ESI-Orbitrap

For LC-MS analysis, the EAR extract was solubilized in methanol and 5% of DMSO
(5 mg/mL) and filtered by cellulose acetate (CA) syringe filter (0.20 um). The sample was
analyzed using the UHPLC-DAD-ESI-Orbitrap Exploris™ 120 Mass Spectrometer (Thermo
Scientific, Bremen, Germany), and the compounds were identified by considering the
retention time and fragmentation pattern of the corresponding standard compounds. The
UHPLC-DAD analysis was conducted using a reversed-phase system (Vanquish UHPLC
Thermo Scientific system coupled to DAD and Orbitrap Exploris™ 120 Mass Spectrometer),
equipped with a binary pump. The column used was a Phenomenex (1.6 um PS C18
100 A 100 x 2.1 mm). As mobile phases, two different solvents were used: water + 0.1%
formic acid (A) and MeOH + 0.1% formic acid (B), programmed in the following gradient:
0-5 min 5-35%B, 5-25 min 35-100%B; 25-35 min 100%B. Before use, the mobile phases
were filtered through a 0.20 pum membrane. The flow rate was 0.2 mL/min, and the time
analysis was 35 min. The injected sample volume was 5 uL. The column temperature was
set at 30 °C. Electrospray mass spectra data were acquired in negative ionization mode
with a voltage set at 3500 V, maintaining a resolution of 120,000 both in full MS and dd-MS2
scans and across an m/z range of 80-1200. Nitrogen was used as the collision gas, and the
collision-induced fragmentation (CID) of the analytes was achieved using 30 eV energy.
The ion transfer tube and vaporizer temperatures were 320 °C and 280 °C, respectively.
The sheath gas, Aux gas, and sweep gas were 40, 20, and 0, respectively. EASY-ICTM was
used as the internal mass calibration. The multiple reaction monitoring (MRM) quantitative
method was developed for standard compounds, and the analysis of the data was carried
out using Chromeleon 7.3.1 Software (Thermo Scientific™ Dionex™ U.S. Patents). Caftaric
acid, chlorogenic acid, caffeic acid, echinacoside, ferulic acid, and verbascoside standards
were solubilized in MeOH + 5% DMSO at different range concentrations between 0.001
and 100 ppm. Two biological replicates were prepared, and triplicate technical replicates
were conducted for each biological replicate. All the standards were filtered using 0.22 um
CA filters before injection.

4.5. Polysaccharide Content

The polysaccharide content was determined, as previously reported, by a de-
proteinization step with chloroform-n-butanol and then by precipitation of polysaccharides
in ethanol [32]. The measurement of the polysaccharide concentration was determined
with phenol-sulfuric acid assay by measuring the absorbance at 490 nm after 1 h. Distilled
water was used a negative control.

4.6. Total Polyphenolic Content (TPC) and Antioxidant Activity

The TPC was measured by Folin—Ciocalteu reagent [54]. Briefly, the EAR extract
(75 pL), dissolved in methanol, was added to the Folin—Ciocalteu reagent (500 puL) and
NayCOj3 (500 uL). Distilled water was added to the test solution reaching a final volume of
1.5 mL. The absorbance recorded at 723 nm was used to quantify the polyphenol content
by the gallic acid standard curve (mg of gallic acid equivalents per g of crude extract, mg
GAE/g).
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4.6.1. DPPH-Scavenging Activity

The radical scavenging ability of the EAR extract was determined by DPPH assay.
The extract (50 pL) at different concentrations was added to the DPPH solution (200 pL,
100 uM); the absorbance (515 nm) was read after 30 min of incubation in the dark [55,56].

4.6.2. Lipid Peroxidation Inhibition

The inhibition of lipid peroxidation was carried out by beta-carotene bleaching (BCB)
assay as previously reported [57].

The B-carotene/linoleic acid emulsion (950 uL) was added to the extract (50 uL) to
reach a final concentration of 0.1 mg/mL. Aliquots of 250 uL were transferred to the
96-multiwell and incubated at 50 °C for 3 h. The absorbance was read at 470 nm, and the
results were expressed as % antioxidant activity (A.A.).

4.6.3. In Vitro Tyrosinase Inhibition Assay

The tyrosinase inhibition was carried out by the L-DOPA in vitro test [58]. Phosphate
buffer (125 uL, 50 mM, pH 6.8), was added to the standard or extracts at different concen-
trations (25 pL) and to the tyrosinase enzyme (50 pL, 50 U/mL) and incubated at 37 °C
for 15 min. The reaction was monitored for 10 min at 475 nm after the addition of the
L-DOPA substrate (50 uL). Kojic acid was used as the positive control. The experiment
was performed in triplicate, and the ICsy value was determined by interpolation with
concentration-response curves.

4.7. Cell Culture Maintenance

The mouse embryonic fibroblast cell line 3T3-L1 (American Type Culture Collection,
CL-173, LGC Standards S.r.l. Sesto San Giovanni, Italy) was maintained in DMEM at 37 °C
in humidified atmosphere containing 5% CO, and supplemented with 10% FBS, 100 IU/mL
penicillin, and 100 pg/mL streptomycin.

4.8. Cell Proliferation and Viability Assay Using 3T3-L1 Cell Line

3T3-L1 cells (1 x 10* cells/well) were seeded into 96-well black plates and synchro-
nized for 3 h with 1% FBS medium. Then, cells were exposed to different concentrations of
extract (1000, 100, 50, 10, and 5 ug/mL), echinacoside (0.50, 0.25, 0.10, 0.05, and 0.01 mM),
allantoin (0.50, 0.25, 0.10, 0.05, and 0.01 mM), or the vehicle (culture medium) as the neg-
ative control, at 37 °C for 24 and 48 h. The medium was replaced with 100 pL of 1 pM
calcein-AM (Life Technologies Corporation, Segrate, MI, Italy) in PBS and incubated for
30 min at 37 °C before the detection of the fluorescence by using FLEXSTATION 3 (Ex
490 nm, Em 510-570 nm) [57].

4.9. Hydrogen Peroxide-Induced Oxidative Stress Using 3T3-L1 Cell Line

H,0O, was used to generate oxidative stress in 3T3-L1 cells. The dose of H,O; that
reduces cell viability by 80% after 24h was used for the assay. The cells were seeded into
96-well black plates (1 x 10* cells/well) and treated with different concentrations of H,O,
(10, 5,1, 0.50, 0.25, 0.13, and 0.06 mM). The cell viability was measured by the calcein-AM
assay. The dose chosen was 5 mM and was used for further analysis. 3T3-L1 cells were
treated with different concentrations of extract or echinacoside as follows: (a) cells were
treated with H,O, 5 mM for 3 h and then 24 h with the extract, echinacoside, or medium;
(b) cells were treated for 24 h with extract, echinacoside, or medium and then with H,O,
5 mM for 3 h; (c) cells were exposed concomitantly to extract, echinacoside, or medium
and H>O, 5 mM for 24 h. The viability was performed using calcein-AM, as mentioned
above [31].
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4.10. Determination of Migration Using Wound Healing Assay

The ability of the E. angustifolia extract, echinacoside, and allantoin compounds to mod-
ulate the cell migration process was determined by an in vitro wound-healing migration
assay [31]. For the migration assay, 3T3-L1 cells were seeded in 35 mm cell culture dishes
(Cellview cell culture dish, 35/10mm glass bottom, Greiner Bio-one) at the density 1 x 10°
cells/dish until a confluent cell monolayer was reached. Linear wounds were generated
by using a sterile 10 uL plastic pipette tip. Cellular debris were removed by washing with
PBS and replaced with 2 mL of DMEM 1% FBS containing E. angustifolia crude extract
(100 pg/mL, 50 pg/mL, and 10 pg/mL), echinacoside (100 uM), and allantoin (100 pM);
DMEM 1% FBS was used control. Time-lapse images were obtained by BioStation IM
incubator with a camera. The acquired images were analyzed using Image]J 1.46 software,
and the results of the migration rate were reported as um/h as follows.

distance within scratch (10) — distance within scratch (tn)

Migration rate (%) = . (@)

distance within scratch (0)
where 1 = every 20 min.

4.11. Assessment of Scratch Stress-Induced Intracellular ROS in 3T3-L1 Cells

The intracellular reactive oxygen species (ROS) levels were measured by DCFH-
DA. 3T3-L1 cells were plated at a density of 1 x 10° cells/well in a 24-well plate and
incubated until 100% confluence. After that, the cells were scratched and treated with EAR
(100 pg/mL), allantoin (ALL, 100 uM), and echinacoside (ECH, 100 uM) for 6 h. Finally,
the cells were stained with 10 uM DCFH-DA for 30 min at 37 °C in the dark, and the
fluorescence was measured by BD FACSCanto II (BD Pharmingen, San Jose, CA, USA) (Aex
485 nm and Aem 515-540 nm).

4.12. Quantitative RT-PCR

3T3-L1 cells were treated with EAR (100 ng/mL), allantoin (ALL, 100 uM), and echi-
nacoside (ECH, 100 uM) for 6 h after scratching. RNA was extracted using a specific kit
(Qiagen, Hilden, Germany) and then was transcribed to cDNA using random primers and
a High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, Waltham, MA,
USA, Life Technologies Corporation, Carlsbad, CA, USA). The cDNA was amplified via
real-time PCR using iTaqTM Universal SYBR® Green Supermix (Bio-Rad, Milan, Italy) by
the 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Primers
were designed for spanning exon—exon junctions, eliminating undesirable genomic DNA
amplification. The comparative threshold cycle method (AACt) was used to quantify the
relative amounts of product transcripts, with Polymerase II as the housekeeping gene. The
specificity of amplicons was confirmed by melting-curve analysis. The primer sequences
are polymerase II (F: 5-GAC AAC GAG GAC AAT TTC GAC G-3’; R: 5-GGA GAA TCT
CGA CAT TTT CCT GG-3'); TNF-« (F: 5'-CTG AAC TTC GGG GTG ATC GG-3'; R: 5'-GGC
TTG TCA CTC GAA TTT TGA GA-3'); IL-1B (F: 5'-GAA ATG CCA CCT TTT GAC AGTG-
3’; R: 5'-TGG ATG CTC TCA TCA GGA CAG-3'); MMP-9 (F: 5'-CTG GAC AGC CAG ACA
CTA AAG-3/; R: 5'-CTC GCG GCA AGT CTT CAG AG-3).

4.13. Western Blotting

3T3-L1 cells were seeded in 12-well plates (1.5 x 10° cells) and treated with EAR
(100 pug/mL), ALL (100 uM), and ECH (100 uM) for 6 h after cell scratching. The cells were
washed with ice-cold PBS and lysed in RIPA buffer supplemented with a protease inhibitor
cocktail. After centrifugation at 13,000x g for 10 min, the supernatant was prepared as a
protein extract. Protein concentrations were determined using the Bradford assay. Equal
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amounts of protein from each sample were mixed with a sample buffer and separated using
Bolt™ 4-12% Bis- Tris Plus gels (Thermo Fisher Scientific, Monza, Italy). The separated
proteins were transferred to a nitrocellulose membrane. The membranes were blocked
with 5% (w/v) non-fat dried milk and 0.025% Tween-20 in PBS (PBS-T) and incubated
for 1 h at room temperature. Then, the membranes were probed overnight at 4 oC with
specific primary antibodies: (1:1000 anti-NF-kB; 1:1000 anti-TGF-g-1; 1:1000 MMP9 and
1:5000 anti-B-actin). After incubation, membranes were washed three times with PBS-T
(PBS containing 0.1% Tween 20) for 10 min and incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody at room temperature for 1 h; signals were
visualized by Super Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific, Monza, Italy), using the Chemidoc XRS detection system equipped with Image
Lab Software (BioRad, version 5.2.1) for image acquisition. The quantification of proteins
bands was achieved by determination of the relative optical density using Image]J software
(version 1.53k, National Institute of Health, Bethesda, MD, USA).

4.14. Statistical Analysis

All experiments were performed in triplicate. The results are expressed as the
mean = standard deviation (SD). GraphPad Prism 5 Software, Inc. (San Diego, CA, USA)
was used for statistical analysis by Tukey test, and a p value of 0.05 or less was consid-
ered statistically significant. Spectrophotometric determinations were carried out using
SPECTROstarNa® (BMG Labtech, Ortenberg, Germany).

5. Conclusions

E. angustifolia extract demonstrated in vitro antioxidant and anti-inflammatory activity
and can be considered a proliferation and migration enhancer in the 3T3-L1 cell line.
In addition, the cytoprotective effect on 3T3-L1 cells against hydrogen peroxide can be
attributed to its phenolic composition. The echinacoside represents 83% of the compounds
identified in the extract by quantitative HPLC analysis, followed by ferulic acid, chlorogenic
acid, and caftaric acid.

While echinacoside was found to be safe, non-toxic, and effective in preventing oxida-
tive cell damage and reducing inflammation by suppressing proinflammatory cytokines, it
was ineffective in stimulating cell proliferation. These findings suggest that EAR’s prolifera-
tive effect on 3T3-L1 cells is likely due to the synergistic interaction of multiple compounds
rather than a single active molecule. Further investigation should focus on identifying
unknown compounds and in vivo studies investigating antioxidant enzymes to understand
the molecular mechanisms involved in the wound-healing process of E. angustifolia.

Author Contributions: Conceptualization, L.M., PV. and M.C.; methodology, D.R., L.L., N.B. and LE;
software, D.R., L.L., N.B. and LF,; validation, D.R., L.L., N.B., L.LE, G.P,, P.V,, M.C. and L.M.; formal
analysis, D.R., LE, M.C. and L.M,; investigation, D.R., L.L., N.B. and LF; resources, P.V., LM. and
M.C,; data curation, D.R., L.L., N.B. and LE; writing—original draft preparation, D.R., L.L., N.B., LE,,
G.P,M.C, PV. and L.M.; writing—review and editing, D.R., L.L.,, N.B,, LE, G.P, P.V,, M.C. and LM.;
visualization, L.M. and M.C.; supervision, L.M. and M.C.; project administration, L.M. and M.C;
funding acquisition, P.V., L.M. and M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Regione Basilicata; Project ALIMINTEGRA, GO NUTRIBAS
financed with 16.1 PSR Basilicata funding ex D.G.R. n° 312/17 CUP: C31G18000210002; the Italian
Ministry of Economic Development “Fondo per la Crescita Sostenibile—Sportello “Agrifood” PON
2014-2020", Project n. F/200099/01-03/X45. This work also received financial support from the PT na-
tional funds (FCT/MECI, Fundagao para a Ciéncia e Tecnologia and Ministério da Educacao, Ciéncia e
Inovagao) through the project UID /50006 -Laboratério Associado para a Quimica Verde—Tecnologias



Int. J. Mol. Sci. 2025, 26, 2562 16 of 18

e Processos Limpos and PNRR EU founding “ON Foods (Research and innovation network on
food and nutrition Sustainability, Safety and Security—Working ON Foods)”—PE00000003, CUP
H93C22000630001: Project PHENYLOVE.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare that this study received funding from Regione Basilicata
and PT national funds. The funder was not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision to submit it for publication.

References

1. Syarina, PN.; Karthivashan, G.; Abas, F.; Arulselvan, P; Fakurazi, S. Wound healing potential of Spirulina platensis extracts on
human dermal fibroblast cells. EXCLI J. 2015, 14, 385-393. [CrossRef] [PubMed]

2. Rahayu, P; Agustina, L.; Tjandrawinata, R.R. Tacorin, an extract from Ananas comosus stem, stimulates wound healing by
modulating the expression of tumor necrosis factor (TNF)-«, transforming growth factor (TGF)-f3 and matrix metalloproteinases
2 (MMPs2). FEBS Open Bio 2017, 7, 1017-1025. [CrossRef] [PubMed]

3.  Freiesleben, S.H.; Soelberg, J.; Nyberg, N.T.; Jager, A K. Determination of the Wound Healing Potentials of Medicinal Plants
Historically Used in Ghana. Evid. Based Complement. Altern. Med. 2017, 2017, 9480791. [CrossRef]

4. Cussy-Poma, V.; Ferndndez, E.; Rondevaldova, J.; Foffova, H.; Russo, D. Ethnobotanical inventory of medicinal plants used in the
Qampaya District, Bolivia. Bol. Latinoam. Caribe Plants Med. Aromat. 2017, 16, 68-77.

5. Polat, R; Cakilcioglu, U. Ethnobotanical study on medicinal plants in Bing ol. Nature 2017, 1, 39-66. [CrossRef]

6. Nicolaus, C.; Junghanns, S.; Hartmann, A.; Murillo, R.; Ganzera, M.; Merfort, L. In vitro studies to evaluate the wound healing
properties of Calendula officinalis extracts. J. Ethnopharmacol. 2017, 196, 94-103. [CrossRef]

7. Parkar, H.; Aiyegoro, O.A.; Steenkamp, P.; Steenkamp, V. Extracts of Terminalia sericea Enhance Cell Migratory Activity of
Endothelial Hybrid and Fibroblast Cells In Vitro. Planta Med. 2017, 83, 1397-1404. [CrossRef]

8.  Hashemi, S.A.; Madani, S.A.; Abediankenari, S. The Review on Properties of Aloe vera in Healing of Cutaneous Wounds. Biomed.
Res. Int. 2015, 2015, 714216. [CrossRef]

9. Jivad, N.; Bahmani, M.; Asadi-Samani, M. A review of the most important medicinal plants effective on wound healing on
ethnobotany evidence of Iran. Pharm. Lett. 2016, 8, 353-357.

10. Farzaei, M.H.; Abbasabadi, Z.; Shams-Ardekani, M.R.; Abdollahi, M.; Rahimi, R. A comprehensive review of plants and their
active constituents with wound healing activity in traditional Iranian medicine. Wounds 2014, 26, 197-206.

11. Parsons, J.L.; Liu, R.; Smith, M.L.; Harris, C.S. Echinacea fruit: Phytochemical localization and germination in four species of
Echinacea. Botany 2018, 96, 461-470. [CrossRef]

12.  Blumenthal, M.; Ferrier, G.; Cavaliere, C. Total sales of herbal supplements in United States show steady growth. HerbalGram
2006, 71, 64-66.

13. Aarland, R.C.; Banuelos-Hernandez, A.E.; Fragoso-Serrano, M.; Sierra-Palacios, E.D.; Diaz de Leon-Sanchez, F; Perez-Flores, L.].;
Rivera-Cabrera, F.; Mendoza-Espinoza, J.A. Studies on phytochemical, antioxidant, anti-inflammatory, hypoglycaemic and
antiproliferative activities of Echinacea purpurea and Echinacea angustifolia extracts. Pharm. Biol. 2017, 55, 649-656. [CrossRef]
[PubMed]

14. Maggini, R.; Raffaelli, A.; Annaheim, K.E.; Tozzini, L.; Pacifici, S.; Guidi, L.; Pardossi, A. Effect of post-harvest handling and
extraction on the content of echinacoside and cynarin in the root tissues of Echinacea angustifolia DC. J. Food Agric. Environ. 2010, 8,
266-271.

15. Bauer, R,; Khan, L.A.; Wagner, H. TLC and HPLC analysis of Echinacea pallida and E. angustifolia roots. Planta Med. 1988, 54,
426-430. [CrossRef]

16. Pellati, F; Benvenuti, S.; Melegari, M.; Lasseigne, T. Variability in the composition of antioxidant compounds in Echinacea species
by HPLC. Phytochem. Anal. 2005, 16, 77-85. [CrossRef]

17. Bergeron, C; Livesey, ].E; Awang, D.V.; Arnason, ].T.; Rana, J.; Baum, B.R.; Letchamo, W. A quantitative HPLC method for the
quality assurance of Echinacea products on the North American market. Phytochem. Anal. 2000, 11, 207-215. [CrossRef]

18. Barnes, J.; Anderson, L.A.; Gibbons, S.; Phillipson, ].D. Echinacea species (Echinacea angustifolia (DC.) Hell., Echinacea pallida (Nutt.)
Nutt., Echinacea purpurea (L.) Moench): A review of their chemistry, pharmacology and clinical properties. J. Pharm. Pharmacol.
2005, 57,929-954. [CrossRef]

19. Kumar, K.; Ramaiah, S. Pharmacological importance of Echinacea purpurea. Int. J. Pharm. Sci. 2011, 2, 304-314.


https://doi.org/10.17179/excli2014-697
https://www.ncbi.nlm.nih.gov/pubmed/27004048
https://doi.org/10.1002/2211-5463.12241
https://www.ncbi.nlm.nih.gov/pubmed/28680814
https://doi.org/10.1155/2017/9480791
https://doi.org/10.1016/j.hermed.2018.01.007
https://doi.org/10.1016/j.jep.2016.12.006
https://doi.org/10.1055/s-0043-113324
https://doi.org/10.1155/2015/714216
https://doi.org/10.1139/cjb-2017-0229
https://doi.org/10.1080/13880209.2016.1265989
https://www.ncbi.nlm.nih.gov/pubmed/27951745
https://doi.org/10.1055/s-2006-962489
https://doi.org/10.1002/pca.815
https://doi.org/10.1002/1099-1565(200007/08)11:4%3C207::AID-PCA519%3E3.0.CO;2-T
https://doi.org/10.1211/0022357056127

Int. J. Mol. Sci. 2025, 26, 2562 17 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Borchers, A.T.; Keen, C.L.; Stern, ].S.; Gershwin, M.E. Inflammation and Native American medicine: The role of botanicals. Am. ].
Clin. Nutr. 2000, 72, 339-347. [CrossRef]

Zhai, Z.; Haney, D.M.; Wy, L.; Solco, A.K.; Murphy, P.A.; Wurtele, E.S.; Kohut, M.L.; Cunnick, ].E. Alcohol extract of Echinacea
pallida reverses stress-delayed wound healing in mice. Phytomedicine 2009, 16, 669—678. [CrossRef] [PubMed]

Speroni, E.; Govoni, P; Guizzardi, S.; Renzulli, C.; Guerra, M.C. Anti-inflammatory and cicatrizing activity of Echinacea pallida
Nutt. root extract. J. Ethnopharmacol. 2002, 79, 265-272. [CrossRef] [PubMed]

Liang, C.C.; Park, A.Y.; Guan, J.L. In vitro scratch assay: A convenient and inexpensive method for analysis of cell migration
in vitro. Nat. Protoc. 2007, 2, 329-333. [CrossRef] [PubMed]

Khoza, B.S.; Gbashi, S.; Steenkamp, P.A.; Njobeh, P.B.; Madala, N.E. Identification of hydroxylcinnamoyl tartaric acid esters in
Bidens pilosa by UPLC-tandem mass spectrometry. S. Afr. J. Bot. 2016, 103, 95-100. [CrossRef]

Kaur, B.; Maity, H.S.; Rakshit, M.; Srivastav, P.P.; Nag, A. Cryo-Ground Mango Kernel Powder: Characterization, LC-MS/MS
Profiling, Purification of Antioxidant-Rich Gallic Acid, and Molecular Docking Study of Its Major Polyphenols as Potential
Inhibitors against SARS-CoV-2 Mpro. ACS Food Sci. Technol. 2021, 1, 1776-1786. [CrossRef]

Faraone, I.; Russo, D.; Chiummiento, L.; Fernandez, E.; Choudhary, A.; Monné, M.; Milella, L.; Rai, D.K. Phytochemicals of
Minthostachys diffusa Epling and their health-promoting bioactivities. Foods 2020, 9, 144. [CrossRef]

Song, Q.; Li, J.; Huo, H.; Cao, Y.; Wang, Y.; Song, Y.; Tu, P. Retention time and optimal collision energy advance structural
annotation relied on LC-MS/MS: An application in metabolite identification of an antidementia agent namely echinacoside. Anal.
Chem. 2019, 91, 15040-15048. [CrossRef]

Guy, PA; Renouf, M.; Barron, D.; Cavin, C.; Dionisi, F; Kochhar, S.; Rezzi, S.; Williamson, G.; Steiling, H. Quantitative analysis
of plasma caffeic and ferulic acid equivalents by liquid chromatography tandem mass spectrometry. J. Chromatogr. B 2009, 877,
3965-3974. [CrossRef]

Savarese, M.; De Marco, E.; Sacchi, R. Characterization of phenolic extracts from olives (Olea europaea cv. Pisciottana) by
electrospray ionization mass spectrometry. Food Chem. 2007, 105, 761-770. [CrossRef]

Firdous, S.M.; Sautya, D. Medicinal plants with wound healing potential. Bangladesh |. Pharmacol. 2018, 13, 41-52. [CrossRef]
Pitz Hda, S.; Pereira, A.; Blasius, M.B.; Voytena, A.P,; Affonso, R.C.; Fanan, S.; Trevisan, A.C.; Ribeiro-do-Valle, R M.; Maraschin, M.
In Vitro Evaluation of the Antioxidant Activity and Wound Healing Properties of Jaboticaba (Plinia peruviana) Fruit Peel
Hydroalcoholic Extract. Oxid. Med. Cell Longev. 2016, 2016, 3403586. [CrossRef] [PubMed]

Russo, D.; Faraone, I.; Labanca, F; Sinisgalli, C.; Bartolo, M.; Andrade, P.B.; Valentao, P.; Milella, L. Comparison of different
green-extraction techniques and determination of the phytochemical profile and antioxidant activity of Echinacea angustifolia L.
extracts. Phytochem. Anal. 2019, 30, 547-555. [CrossRef] [PubMed]

Sabouri, Z.; Barzegar, M.; Sahari, M.; Naghdi Badi, H. Antioxidant and antimicrobial potential of Echinacea purpurea extract and
its effect on extension of cake shelf life. |. Med. Plants 2012, 3, 28—-40.

Bonomo, M.G.; Russo, D.; Cristiano, C.; Calabrone, L.; Di Tomaso, K.; Milella, L.; Salzano, G. Antimicrobial activity, antioxidant
properties and phytochemical screening of Echinacea angustifolia, Fraxinus excelsior and Crataegus oxyacantha mother tinctures
against food-borne bacteria. EC Microbiol. 2017, 7, 173-181.

Chiou, S.-Y; Sung, J].-M.; Huang, P-W.; Lin, S.-D. Antioxidant, antidiabetic, and antihypertensive properties of Echinacea purpurea
flower extract and caffeic acid derivatives using in vitro models. ]. Med. Food 2017, 20, 171-179. [CrossRef]

Liu, J.; Yang, L.; Dong, Y.; Zhang, B.; Ma, X. Echinacoside, an Inestimable Natural Product in Treatment of Neurological and other
Disorders. Molecules 2018, 23, 1213. [CrossRef]

Xiang, Z.; Ning, Z. Scavenging and antioxidant properties of compound derived from chlorogenic acid in South-China honey-
suckle. LWT-Food Sci. Technol. 2008, 41, 1189-1203. [CrossRef]

Villafio, D.; Fernandez-Pachén, M.; Moyd, M.L.; Troncoso, A.; Garcia-Parrilla, M. Radical scavenging ability of polyphenolic
compounds towards DPPH free radical. Talanta 2007, 71, 230-235. [CrossRef]

Sato, Y.; Itagaki, S.; Kurokawa, T.; Ogura, J.; Kobayashi, M.; Hirano, T.; Sugawara, M.; Iseki, K. In vitro and in vivo antioxidant
properties of chlorogenic acid and caffeic acid. Int. J. Pharm. 2011, 403, 136-138. [CrossRef]

Vaid, B.; Chopra, B.S.; Raut, S.; Sagar, A.; Badmalia, M.D.; Ashish; Khatri, N. Antioxidant and Wound Healing Property of
Gelsolin in 3T3-L1 Cells. Oxid. Med. Cell Longev. 2020, 2020, 4045365. [CrossRef]

Lee, T.T.; Chen, C.L.; Shieh, Z.H.; Lin, ].C.; Yu, B. Study on antioxidant activity of Echinacea purpurea L. extracts and its impact on
cell viability. Afr. . Biotechnol. 2009, 8, 5097-5105.

Chicca, A.; Adinolfi, B.; Martinotti, E.; Fogli, S.; Breschi, M.C.; Pellati, F.,; Benvenuti, S.; Nieri, P. Cytotoxic effects of Echinacea root
hexanic extracts on human cancer cell lines. J. Ethnopharmacol. 2007, 110, 148-153. [CrossRef] [PubMed]

Rezaie, A.; Najafzadeh, H.; Poormahdi-Broojeni, M.; Mohammadian, B.; Heidari, M. Effects of Echinacea purpurea on wound
healing after arsenic Induced skin necrosis. Zahedan J. Res. Med. Sci. 2013, 15, 19-23.

Ritsu, M.; Kawakami, K.; Kanno, E.; Tanno, H.; Ishii, K.; Imai, Y.; Maruyama, R.; Tachi, M. Critical role of tumor necrosis factor-o
in the early process of wound healing in skin. J. Dermatol. Surg. 2017, 21, 14-19. [CrossRef]


https://doi.org/10.1093/ajcn/72.2.339
https://doi.org/10.1016/j.phymed.2009.02.010
https://www.ncbi.nlm.nih.gov/pubmed/19303756
https://doi.org/10.1016/S0378-8741(01)00391-9
https://www.ncbi.nlm.nih.gov/pubmed/11801391
https://doi.org/10.1038/nprot.2007.30
https://www.ncbi.nlm.nih.gov/pubmed/17406593
https://doi.org/10.1016/j.sajb.2015.08.018
https://doi.org/10.1021/acsfoodscitech.1c00179
https://doi.org/10.3390/foods9020144
https://doi.org/10.1021/acs.analchem.9b03720
https://doi.org/10.1016/j.jchromb.2009.10.006
https://doi.org/10.1016/j.foodchem.2007.01.037
https://doi.org/10.3329/bjp.v13i1.32646
https://doi.org/10.1155/2016/3403586
https://www.ncbi.nlm.nih.gov/pubmed/27630758
https://doi.org/10.1002/pca.2847
https://www.ncbi.nlm.nih.gov/pubmed/31148295
https://doi.org/10.1089/jmf.2016.3790
https://doi.org/10.3390/molecules23051213
https://doi.org/10.1016/j.lwt.2007.08.006
https://doi.org/10.1016/j.talanta.2006.03.050
https://doi.org/10.1016/j.ijpharm.2010.09.035
https://doi.org/10.1155/2020/4045365
https://doi.org/10.1016/j.jep.2006.09.013
https://www.ncbi.nlm.nih.gov/pubmed/17052874
https://doi.org/10.1016/j.jdds.2016.09.001

Int. J. Mol. Sci. 2025, 26, 2562 18 of 18

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tardaguila-Garcia, A.; Garcia-Morales, E.; Garcia-Alamino, ].M.; Alvaro-Afonso, EJ.; Molines-Barroso, R.J.; Lizaro-Martinez, J.L.
Metalloproteinases in chronic and acute wounds: A systematic review and meta-analysis. Wound Repair. Regen. 2019, 27, 415-420.
[CrossRef]

Caley, M.P,; Martins, V.L.; O'Toole, E.A. Metalloproteinases and Wound Healing. Adv. Wound Care 2015, 4, 225-234. [CrossRef]
Yen, YH.; Pu, CM,; Liu, CW.; Chen, Y.C; Chen, Y.C,; Liang, C.J.; Hsieh, ].H.; Huang, H.F,; Chen, Y.L. Curcumin accelerates
cutaneous wound healing via multiple biological actions: The involvement of TNF-alpha, MMP-9, alpha-SMA, and collagen. Int.
Wound J. 2018, 15, 605-617. [CrossRef]

Nguyen, T.T.; Ding, D.; Wolter, W.R.; Pérez, R.L.; Champion, M.M.; Mahasenan, K.V.; Hesek, D.; Lee, M.; Schroeder, V.A,;
Jones, J.IL; et al. Validation of matrix metalloproteinase-9 (MMP-9) as a novel target for treatment of diabetic foot ulcers in humans
and discovery of a potent and selective small-molecule MMP-9 inhibitor that accelerates healing. J. Med. Chem. 2018, 61, 8825-8837.
[CrossRef]

Schultz, G.S.; Wysocki, A. Interactions between extracellular matrix and growth factors in wound healing. Wound Repair Regen.
2009, 17, 153-162. [CrossRef]

Salama, A.; Moustafa, P.E.; Elgohary, R. Exploring Echinacea purpurea’s effect on wound healing in rats: FOXO1/MIP2 pathway
modulation. Comp. Clin. Path 2024, 33, 277-286. [CrossRef]

Aoshima, H.; Miyase, T.; Warashina, T. Caffeic acid oligomers with hyaluronidase inhibitory activity from Clinopodium gracile.
Chem. Pharm. Bull. 2012, 60, 499-507. [CrossRef] [PubMed]

Rousseau, B.; Tateya, I.; Lim, X.; Munoz-del-Rio, A.; Bless, D.M. Investigation of anti-hyaluronidase treatment on vocal fold
wound healing. J. Voice 2006, 20, 443-451. [CrossRef] [PubMed]

Jiang, L.; Hu, F; Tai, Y,; Yang, X.; Yu, D.; Li, D.; Yuan, Y. Study on the extraction process and tyrosinase inhibition property of
cichoric acid in Echinacea purpurea L. ]. Med. Plant Res. 2012, 6, 5317-5321.

Lamorte, D.; Faraone, I.; Laurenzana, I.; Milella, L.; Trino, S.; De Luca, L.; Del Vecchio, L.; Armentano, M.E,; Sinisgalli, C.;
Chiummiento, L. Future in the past: Azorella glabra Wedd. as a source of new natural compounds with antiproliferative and
cytotoxic activity on multiple myeloma cells. Int. . Mol. Sci. 2018, 19, 3348. [CrossRef]

Castronuovo, D.; Russo, D.; Libonati, R.; Faraone, I.; Candido, V.; Picuno, P.; Andrade, P.; Valentao, P.; Milella, L. Influence of
shading treatment on yield, morphological traits and phenolic profile of sweet basil (Scientia horticulturae L.). Sci. Hortic. 2019,
254,91-98. [CrossRef]

Fidelis, Q.C.; Faraone, I.; Russo, D.; Aragao Catunda, EE., Jr.; Vignola, L.; de Carvalho, M.G.; de Tommasi, N.; Milella, L. Chemical
and Biological insights of Ouratea hexasperma (A. St.-Hil.) Baill.: A source of bioactive compounds with multifunctional properties.
Nat. Prod. Res. 2019, 33, 1500-1503. [CrossRef]

Russo, D.; Miglionico, R.; Carmosino, M.; Bisaccia, F.; Andrade, P.B.; Valentao, P.; Milella, L.; Armentano, M.F. A Comparative
Study on Phytochemical Profiles and Biological Activities of Sclerocarya birrea (A.Rich.) Hochst Leaf and Bark Extracts. Int. J. Mol.
Sci. 2018, 19, 186. [CrossRef]

Labanca, F.; Faraone, I.; Nole, M.R.; Hornedo-Ortega, R.; Russo, D.; Garcia-Parrilla, M.C.; Chiummiento, L.; Bonomo, M.G;
Milella, L. New insights into the exploitation of Vitis vinifera L. cv. Aglianico leaf extracts for nutraceutical purposes. Antioxidants
2020, 9, 708. [CrossRef]

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/10.1111/wrr.12717
https://doi.org/10.1089/wound.2014.0581
https://doi.org/10.1111/iwj.12904
https://doi.org/10.1021/acs.jmedchem.8b01005
https://doi.org/10.1111/j.1524-475X.2009.00466.x
https://doi.org/10.1007/s00580-023-03549-z
https://doi.org/10.1248/cpb.60.499
https://www.ncbi.nlm.nih.gov/pubmed/22466733
https://doi.org/10.1016/j.jvoice.2005.06.002
https://www.ncbi.nlm.nih.gov/pubmed/16243482
https://doi.org/10.3390/ijms19113348
https://doi.org/10.1016/j.scienta.2019.04.077
https://doi.org/10.1080/14786419.2017.1419227
https://doi.org/10.3390/ijms19010186
https://doi.org/10.3390/antiox9080708

	Introduction 
	Results 
	Phytochemical Composition 
	Cell Viability and Proliferation of 3T3 L1 Cells 
	Hydrogen Peroxide-Induced Stress 
	Antioxidant and Wound Healing Properties 
	Anti-Inflammatory Gene and Protein Expression 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Plant Extraction 
	Qualitative and Quantitative Analysis by HPLC-DAD 
	Qualitative Analysis by UHPLC-DAD-ESI-Orbitrap 
	Polysaccharide Content 
	Total Polyphenolic Content (TPC) and Antioxidant Activity 
	DPPH-Scavenging Activity 
	Lipid Peroxidation Inhibition 
	In Vitro Tyrosinase Inhibition Assay 

	Cell Culture Maintenance 
	Cell Proliferation and Viability Assay Using 3T3-L1 Cell Line 
	Hydrogen Peroxide-Induced Oxidative Stress Using 3T3-L1 Cell Line 
	Determination of Migration Using Wound Healing Assay 
	Assessment of Scratch Stress-Induced Intracellular ROS in 3T3-L1 Cells 
	Quantitative RT-PCR 
	Western Blotting 
	Statistical Analysis 

	Conclusions 
	References

