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Abstract: Triple Negative Breast Cancer (TNBC) is the aggressive and lethal type of breast malignancy
that develops resistance to current therapies. Combination therapy has proven to be an effective
strategy on TNBC. We aimed to study whether the nano-formulation of polyphenolic curcumin
(Gemini-Cur) would affect the cisplatin-induced toxicity in MDA-MB-231 breast cancer cells. MDA-
MB-231 cells were treated with Gemini-Cur, cisplatin and combination of Gemini-Cur/Cisplatin
in a time- and dose-dependent manner. Cell viability was studied by using MTT, fluorescence
microscopy and cell cycle assays. The mode of death was also determined by Hoechst staining
and annexin V-FITC. Real-time PCR and western blotting were employed to detect the expression
of BAX and BCL-2 genes. Our data demonstrated that Gemini-Cur significantly sensitizes cancer
cells to cisplatin (combination index ≤ 1) and decreases IC50 values in comparison with Gemini-cur
or cisplatin. Further studies confirmed that Gemini-Cur/Cisplatin suppresses cancer cell growth
through induction of apoptosis (p < 0.001). In conclusion, the data confirm the synergistic effect of
polyphenolic curcumin on cisplatin toxicity and provide attractive strategy to attain its apoptotic
effect on TNBC.

Keywords: polyphenolic curcumin; cisplatin; combination therapy; breast cancer; apoptosis; gemini
surfactant nanoparticles

1. Introduction

The International Agency for Research on Cancer (IARC) reported that in 2020, an
estimated 19.3 million new cancer cases and 10.0 million cancer deaths has occurred. Breast
cancer is the most common malignancy in women with nearly 2.3 million new cases (24.2%
of all tumor malignancies in women) diagnosed in 2020 [1]. Despite recent advances in
treatment, side effects and the development of drug resistance limit the usefulness of
current therapies for triple negative breast cancer [2,3].

One of the classical drugs used as chemotherapeutic agent against TNBCs and related
cell lines is cisplatin (Figure 1A). Cisplatin has been widely used as antitumor agent in the
clinics ever since its discovery in the 1960s. It is estimated that at least half of current therapy
protocols employ platinum-based anticancer drugs [4]. Binding of platinum to DNA results
in structural deformation of the double-stranded structure, which leads to inhibition of
DNA replication and transcription. Subsequently, the DNA damage response leads to
apoptosis. The toxicity of cisplatin to normal tissues, like neurotoxicity and hepatotoxicity,

Molecules 2022, 27, 2917. https://doi.org/10.3390/molecules27092917 https://www.mdpi.com/journal/molecules
1



Molecules 2022, 27, 2917

along with the acquired therapeutic resistance of cancer cells, reduce the clinical efficacy of
this drug [5].

Figure 1. The molecular structure of (A) Cisplatin (B) Curcumin and (C) mPEG urethane gemini
surfactant nanoparticle.

Curcumin, an extractive of turmeric root, is a natural polyphenol which has been
widely reported to possess the anticancer properties (Figure 1B) [6]. The chemical groups of –
OH and –OCH3 in curcumin structure, are reported to be responsible for the antioxidant and
anti-proliferative properties, respectively [7]. However, the poor bioavailability of curcumin
and its instability in physiological media have limited its therapeutic application in clinic [8].
The use of nano carriers in drug delivery systems may increase the solubility, reduce the
required dose, attribute to the targeted delivery and, can prolong drug’s maintenance in the
systemic circulation [9]. Recent works by our lab have shown that the nano-based compounds
of curcumin could be employed as an anticancer agents in vitro and in vivo [10,11].

Combination therapies of natural compounds can be employed as a novel strategy
in promoting routine drug efficiency and reducing side effects [12]. Curcumin increases
the sensitivity of breast cancer cells to cisplatin through down-regulation of FEN1 [13]. It
has been demonstrated that curcumin in combination with carboplatin induces apoptosis
and suppresses metastasis in human lung and hepatic cancer cells [14,15]. Montopoli et al.
suggested that curcumin is an interesting natural polyphenol capable of limiting cell
proliferation and possibly, increasing clinical impact of platinum drugs in ovarian cancer
patients [16]. More recently, a study confirmed the suppressive effect of curcumin on
cisplatin resistance in colorectal cancer cells [17]. These findings support the auxiliary role
of curcumin as an adjunct to current chemotherapies and indicate that curcumin could be
more effective in combination with chemotherapeutic drugs. This phytochemical in the
form of gemini curcumin is more advantageous because of its improved stability, cellular
uptake and cytotoxicity (Figure 1C). Gemini surfactants are a class of nano-sized materials
consisting of two identical structures liked by a spacer that are highly effective in delivering
gene and drugs. Gemini-Cur can trigger apoptosis in cancer cells through modulation of
cell cycle and up regulation of apoptotic genes [18].

Here, we investigated the therapeutic effect of the combination of Gemini-Cur and
cisplatin as a novel potential therapy on resistance TNBC cells. Gemini-Cur reduces the
resistance of MDA-MB-231 to cisplatin through induction of apoptosis.

2. Results

2.1. Gemini-Cur and Cisplatin Have a Synergistic Toxic Effect on MDA-MB-231 Cells

Breast cancer cells were treated with different concentrations of Gemini-Cur and
cisplatin and the combination index (CI) was analyzed by using Chou–Talalay equation
method [17]. Our results showed that Gemini-Cur has an inhibitory effect on the viability
of MDA-MB-231 cells in a time- and dose-dependent manner with IC50 values of 35.06 and
23.48 μM in 48 and 72 h, respectively (Figure 2A). However, cisplatin lonely suppressed the
proliferation of MDA-MB-231 cells with IC50 of 58.32 μM for 48 h. Then, serial doses of
cisplatin and Gemini-Cur were employed and concentrations with CI < 1 were selected
as proper ratio for further studies. The IC50 of cisplatin and Gemini-Cur was adjusted
to 13 μM and 20 μM, respectively (Figure 2C). As shown in Figure 2D, the combination
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index is <1, pretending synergism between Gemini-Cur and cisplatin in 20 and 13 μM
concentrations, respectively.

Figure 2. Effect of Gemini curumin and cisplatin on the viability of MDA-MB-231 cells in vitro. MDA-
MB-231 cells were grown and treated with Gemini-Cur (A), Cisplatin (B) and Gemini-Cur/Cis (C,D).
15 and 20 μM of Gemini-Cur combined with serial concentrations of cisplatin. Data represent
mean ± standard deviation of three independent experiments. CI: Combination index.

2.2. Morphological Visualization of Apoptosis

To visualize morphological changes in MDA-MB-231 cells, Hoechst staining was
performed. As Figure 3 illustrates, TNBC cells undergo apoptosis after treatment with
20 μM Gemini-Cur and 13 μM cisplatin in both singular and combination forms. The
microscopic visualization shows a uniformly light stain on the cells. However, a remarkable
change in color intensity is clearly seen in treated cells with a significant difference in
the number of apoptotic cells in Gemini-Cur/Cis treated group. The Hoechst staining
clearly differentiate cells with nuclear fragmentation and DNA condensation as specified
by arrows.

2.3. Gemini-Cur/Cis Modulates Cell Cycle Distribution in MDA-MB-231 Cells

Cell cycle distribution was studied by propidium iodide staining in flow cytometry.
Our data showed that cell cycle distribution is modulated in all treated cells either in
singular or combined forms. As Figure 4 shows, the percentage of SubG1 cells as a hallmark
of apoptosis is significantly increased in Gemini-Cur/Cis group compared to curcumin or
cisplatin groups (p < 0.001). Accordingly, the number of live cells (G1 phase) was decrease
in combination treatment when compared to the Gemini-Cue and Cis groups (p < 0.001).
There was a statistically significant interaction between the effects of Cis and Gemini-Cur
on interest in sub G1 (p = 0.0001).

3
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Figure 3. Morphological observation of apoptosis in Gemini-Cur and cisplatin treated cells by
Hoechst staining in 48 h. Control shows a uniform exposure of live cells to stain. The color intensity
and the number of cells indicating apoptotic features are significantly increased in treated groups.
Arrows indicate apoptotic cells with cell shrinkage, nuclear fragmentation and DNA condensation.
Magnification: 200×.

Figure 4. Analysis of cell cycle by flow cytometry in cancer cells treated with 13 μM cisplatin and
20 μM Gemini-Cur for 24 & 48 h. (A) Histograms for MDA-MB-231 cells. (B) The percentage of cells
in sub-G1 and G1 phases. The data clearly illustrate an increase in the number of SubG1 cells in
combination treatment compared to either void cisplatin or Gemini-Cur. Accordingly, the number of
live cells is decrease in Gemini-Cur/Cis group versus Gemini-Cur and Cis groups. Data represent
mean ± standard deviation of three independent experiments. (*** p < 0.001).

4
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2.4. Annexin V-FITC/PI Assay Confirmed Apoptosis in MDA-MB-231 Treated Cells

Annexin V-FITC/PI was employed to further confirm the mode of death in treated
cells. As Figure 5 shows, apoptosis is induced in all treatments including 20 μM Gemini-Cur,
13 μM cisplatin and Gemini-Cur/Cis. However, the proportion of cells in late apoptosis is
meaningfully increased to 59.3% in combination form compared to 15 and 42.6% in cisplatin
and Gemini-Cur, respectively (p < 0.01).

Figure 5. The combination of cisplatin and Gemini-Cur induces breast cancer cell apoptosis. MDA-
MB-231 cells were treated with 13 μM cisplatin, 20 μM Gemini-Cur, and Gemini-Cur/Cis for 48 h.
(A): plots show that live cells undergo apoptosis and the number of death cells is increased in treated
cells, especially in Gemini-Cur/Cis group. (B) The proportion of apoptotic cells in late stage is
significantly increased in combination treatment. ***: p < 0.001.

2.5. Expression of BAX, BCL-2 Genes Are Modulated in Treated Cells

The expression ratio of BAX/BCL-2 is usually considered as a hallmark of apoptosis.
Real-time PCR demonstrated that BAX/BCL-2 expression is modulated in treated MDA-
MB-231 cells. As Figure 6 shows, apoptotic BAX is upregulated while anti apoptotic BCL-2
is downregulated in all treatments. Furthermore, this modulation was significant in Gemini-
Cur/Cis treatments rather than cisplatin or Gemini-Cur groups. This differential effect of
combination treatment was clearly detected in protein level (Figure 7A). Further analysis
demonstrated that the protein ratio of BAX/BCL-2 is significantly increased in combination
treatments (p value < 0.01) and Gemini-Cur (p value < 0.001) groups.

Figure 6. Quantitative analysis of the expression of apoptotic genes by real-time PCR. Relative
expression for BAX (A) and BCL-2 (B) in MDA-MB-231 cells. Values represent mean ± standard
deviation of three independent experiments; ** p < 0.01 and *** p < 0.001.
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Figure 7. (A) Western blotting for BCL-2 and BAX (A) proteins. β-actin was used as internal control.
(B) Data analysis showed that the protein ratio of BAX/BCL-2 is significantly increased in the cells
treated with Gemini-Cur/Cis compared to the groups of Cis and Gemini-Cur. Values represent
mean ± standard deviation of three independent experiments. *** p < 0.001.

3. Discussion

“Based on the St. Gallen/Vienna 2019 consensus discussion, 53% of the panelists
didn’t accept the use of a platinum-based regimen in the neoadjuvant treatment of TNBC
patients” [19]. Presently, there are limited criteria for TNBC treatment, and what could help
medical oncologists to cure TNBC or prolong the survival rate in TNBC patients are novel
therapeutic strategies [20]. The present study aimed to sensitize TNBC MDA-MB-231 cells
to cisplatin through employment of novel curcumin nano formulation (Gemini-Cur).

Our data showed that cisplatin modulates the proliferation of MDA-MB-231 cells in
high concentrations. However, its combination with appropriate dose of Gemini-Cur not
only reduced the IC50 value of cisplatin to 13 μM but also, boosted its suppressive effect on
the growth of MDA-MB-23 cells. Due to the nephrotoxicity and hepatoxicity of cisplatin,
decreasing its effective dose in cancer treatments is of interest in clinic [4,5]. Different
therapeutic compounds have already been employed to improve the toxicity of cisplatin.
More recently, it has been reported that curcumin reduces the resistance of colorectal cancer
cells to cisplatin [21]. Here, the employment of Gemini-Cur, has significantly reduced the
effective dose of cisplatin to 13 μM, a concentration that may not indicate side effects. Cell
cycle analysis and microscopic visualization also demonstrated that the mode of death
induced in treated-TNBC cells is of apoptosis.

Since the growth inhibitory effect of Gemini-Cur/Cis was more effective than singular
treatments, it seems that Gemini-Cur increases the sensitivity of MDA-MB-231 cells to
cisplatin. The anticancer activities of natural compounds such as curcumin has been examined
in combination with numerous chemotherapy drugs such as cisplatin. It was observed that
curcumin affects the toxic properties of cisplatin in different cancer cells [12,13,15]. It has also
been shown that curcumin inhibits the function of P-gp efflux pump in cancer cells that
might support the reversal effect of this phytochemical on therapeutic resistance of cancer
cells [22].

Here, we indicated that the expression ratio of BAX/BCL-2 is modulated in apoptotic
cells. These proteins are both essential gateways to cell death. Numerous studies have
revealed that curcumin triggers apoptosis through BAX/BCL-2 mediated pathway in
cancer cells [8,14]. The data is also in concordance with results of Karimpour et al. for the
modulatory effect of Gemini-Cur on the expression of apoptotic genes in breast cancer cell
lines [18]. The up regulation of BAX protein and down regulation of BCL2 was clearly
detected in Gemini-Cur/Cis group compared to controls.
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Taken together, the current results illustrate the synergistic property of Gemini-Cur as
a novel nano formulation of curcumin on the therapeutic potential of cisplatin against drug-
resistant MDA-MB-231 cells. Enhancing the sensitivity of TNBC cells to cisplatin is still an
interesting topic of cancer therapy for breast cancer. Therefore, it is worth investigating the
exact cellular mechanisms and pathways involved in Gemini-Cur/Cis toxicity on TNCB
cells. Furthermore, co-encapsulation of curcumin and cisplatin in gemini nanopartilces can
be considered as an effective strategy to target cancer.

4. Materials and Methods

4.1. Reagents and Cell Culture

Curcumin and mPEG urethane gemini surfactant nanoparticles were a kind gift from
Dr. Farhood Najafi at the Institute for Color Science and Technology, Tehran, Iran. Cisplatin
was obtained from Mylan Corporation, Germany. Gemini curcumin was formulated by
dissolving 6 mg of curcumin and 100 mg of gemini nanoparticles in 3 mL methanol by
using sonication at room temperature. Then, the organic phase was evaporated by a rotary
evaporator in room temperature. The encapsulated nano curcumin was dissolved in 10 mL
distilled water and stored at 4 ◦C for further analyses [11].

Human breast adenocarcinoma cell line, MDA-MB-231, was obtained from the national
cell bank of Iran (Pasteur Institute, Tehran, Iran). The cells were cultured in DMEM-High
glucose medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 100 U/mL
penicillin, 100 mg/mL streptomycin, and 10% fetal bovine serum (Gibco, New York, NY,
USA), and incubated at 37 ◦C in a humidified atmosphere of 5% CO2.

4.2. Cell Viability Assay

Cell viability was measured using the 3-[4,5-dimethylthiazol-2-yl] 2,5-iphenyltetrazolium
bromide (MTT; Sigma-Aldrich, USA) assay. In brief, MDA-MB-231 cells were seeded into
96-well plates at a density of 104 cells per well and cultured overnight. After 24 h, cells
were treated with various concentrations of cisplatin (0–200 μM), Gemini-Cur (0–100 μM)
and combinations of Gemini-Cur and cisplatin (Gemini-Cur/Cis) for 24 and 48 h at 37 ◦C.
Then, 20 μL of 5 mg/mL MTT was added to each well and further incubated for 4 h. The
medium was replaced with 150 μL of DMSO and thoroughly mixed. Optical absorbance
value was recorded at 570 nm using a plate reader (Biotek, ELX808, Winooski, VT, USA).
The IC50 values of cisplatin, Gemini-Cur, and Gemini-Cur/Cis were calculated using the
Graphpad prism software version 8.0.2. (Graphpad Prism, La Jolla, CA, USA).

4.3. Analysis of Synergistic Cytotoxicity

The synergistic effects of cisplatin and Gemini-Cur were quantitatively analyzed by the
calculation of the combination index (CI) using Compusyn software program, which utilizes
the Chou–Talalay equation method [23]. CI analysis calculates the interaction between
Gemini-Cur and cisplatin agents. The CI value was calculated using the following equation:

CI =
CA.x
ICx.A

+
CB.x
ICx.B

where CA.x and CB.x are the concentrations of agent A and agent B, respectively used
in combination that inhibits cell growth by x%. The ICx.A and ICx.B are concentrations
required for x% inhibition by agent A and agent B in singular form, respectively. Values of
CI < 1, CI = 1, and CI > 1 indicate synergism, additive effect, and antagonism, respectively.

4.4. Visualization of Apoptosis by Hoechst Staining

MDA-MB-231 cells (4 × 105) were seeded into 6-well plates for 24 h. Then, the cells
were treated with 13 μM cisplatin and 20 μM Gemini-Cur, both in singular and combination
forms. After 48 h, treated cells were collected and fixed with 3.7% paraformaldehyde for
30 min at room temperature, washed and stained with 167 μmol/L Hoechst 33258 at 37 ◦C
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for 30 min. Finally, cells were observed under a fluorescence microscope (RX50, LABEX,
London, England) equipped with a UV filter.

4.5. Cell Cycle Analysis by Flow Cytometry

MDA-MB-231 cells (4 × 105) were seeded into 6-well plates and treated with 13 μM
cisplatin and 20 μM Gemini-Cur in singular and combination forms for 24 and 48 h. Treated
cells were fixed using ice cold 70% ethanol, washed 2X with PBS and then resuspended
with propidium iodide (10 mg/mL) and ribonuclease A (0.1%) for 30 min. Finally, the cells
were incubated for 30 min in the dark place at room temperature. Fluorescent events from
propidium iodide–DNA complexes were quantified by fluorescence-activated cell sorter
(FACS) (BD Biosciences, Franklin Lakes, NJ, USA) with a count of 10,000 cells per sample.
Finally, DNA contents at different phases of the cell cycle were determined by using FlowJo
7.6.1 Software.

4.6. Annexin V FITC/PI Assay

To further confirm apoptosis, annexin V/FITC assay (ApoFlowEx FITC Kit, Exbio,
Czech RepubliC), was employed to detect the mode of death in MDA-MB-231 cells. Briefly,
the cells were seeded on 6-well plates for 24 h. After 24 h, cisplatin (13 μM) and Gemini-Cur
(20 μM) was added to different wells in both singular and combination forms. After 24 and
48 h, cells were collected, washed twice with PBS and suspended in 1oo μL binding buffer.
Annexin V/FITC solution was added to the cells followed by addition of 10 μL PI. Stained
cells were then detected with a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

4.7. Expression Studies by Real-Time PCR and Western Blotting
4.7.1. Real-Time PCR

Total RNA was extracted with a selfmade TRIzol reagent, BRIzol, and followed by
DNaseI treatment to eliminate any DNA content. The integrity and purity of RNA were
evaluated using Pico200 (Picodrop, Hinxton, UK) and agarose gel electrophoresis. Total
RNA was reverse transcribed into cDNA by employing PrimeScript RT Reagent Kit (Takara
Bio, Kusatsu City, Japan). Real-time polymerase chain reaction (real-time PCR) was used to
quantify the expression of BAX, BCL-2 and beta-2 microglobin (β2M). Table 1 shows the
characteristics of primers used in PCR. The comparative CT (2−ΔΔCT) method was used to
determine the relative gene expressions [24].

Table 1. Sequences of primers used in real-time PCR.

Genes Primers Size (bp)

β-actin F: 5′-TGCCCATCTACGAGGGGTATG-3′
R: 5′-CTCCTTAATGTCACGCACGATTTC-3′ 155

BAX F: 5′-GCAAACTGGTGCTCAAGG-3′
R: 5′-ACTCCCGCCACAAAGA-3′ 236

BCL-2 F: 5′-TGGGAAGTTTCAAATCAGC-3′
R: 5′-GCATTCTTGGACGAGGG-3′ 298

4.7.2. Western Blotting

To confirm the data of quantitative PCR, we evaluated gene expressions in protein
level. Briefly, total protein was extracted from cells before and after treatment. Equal
amounts of extracted proteins (40 mg/sample) were separated by SDS polyacrylamide
gel electrophoresis and transferred to 0.45-mm polyvinylidene difluoride membrane. The
membrane was blocked with 5% (w/v) non-fat dried milk (Difco/Becton Dickinson, Franklin
Lakes, NJ, USA) and incubated for 2 h at room temperature with primary antibody [1:200,
BCL-2 (sc-492), BAX (sc-7480), and β-actin (sc-47778)]. Mouse anti-rabbit IgG-HRP in 5%
defatted dry milk-TBS-0.1% Tween (Santa Cruz Biotechnology, Dallas, TX, United States)
were employed to visualize proteins. All steps were performed at room temperature. All
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signals were visualized using enhanced Western Blotting Luminol Reagent (Santa Cruz
Inc., Dallas, TX, USA).

4.8. Statistical Analysis

All experiments were repeated at least three times and the data were expressed as
mean ± standard deviation. SPSS 19.0 software was used in statistical analysis. Significance
was determined using the one-way or two-way ANOVA test with a post hoc multiple
comparison test. Meanwhile, the IC50 and combination index values were calculated using
Graphpad prism version 8.0.2 and Compusyn software.

5. Conclusions

In conclusion, our data show that Gemini-Cur can improve the apoptotic effect of
cisplatin on cancer resistant cells. Further studies are needed to figure out the molecular
mechanism of synergistic effect of Gemini-Cur/Cis in TNCB cells.
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Abstract: L-dopa, a dopaminergic agonist, is the gold standard for the treatment of Parkinson’s
disease. However, due to the long-term toxicity and adverse effects of using L-dopa as the first-line
therapy for Parkinson’s disease, a search for alternative medications is an important current challenge.
Traditional Ayurvedic medicine has suggested the use of Mucuna pruriens Linn. (Fabaceae) as an
anti-Parkinson’s agent. The present study aimed to quantify the amount of L-dopa in M. pruriens seed
extract by HPLC analysis. The cytotoxicity and neuroprotective properties of M. pruriens aqueous
extract were investigated by two in vitro models including the serum deprivation method and co-
administration of hydrogen peroxide assay. The results showed the significant neuroprotective
activities of M. pruriens seed extracts at a concentration of 10 ng/mL. In addition, the effects of L-dopa
and M. pruriens seed extract on in vitro acetylcholinesterase activities were studied. M. pruriens
seed extract demonstrated acetylcholinesterase inhibitory activity, while synthetic L-dopa enhanced
the activity of the enzyme. It can be concluded that the administration of M. pruriens seed might
be effective in protecting the brain against neurodegenerative disorders such as Parkinson’s and
Alzheimer’s diseases. M. prurience seed extract containing L-dopa has shown less acetylcholinesterase
activity stimulation compared with L-dopa, suggesting that the extract might have a superior benefit
for use in the treatment of Parkinson’s disease.

Keywords: Mucuna pruriens seed; neuroprotective activity; Parkinson’s disease; anti-acetylcholinesterase
activity; L-dopa

1. Introduction

Due to the low efficiency and toxicity of current medications for Parkinson’s disease
treatment, interest is growing in phytochemicals as a potential treatment option. Phyto-
chemicals with neuroprotective activity target various pathways due to their antioxidant,
anti-inflammatory, and antiapoptotic properties [1]. Mucuna pruriens Linn. is a leguminous
plant growing spontaneously in tropical and subtropical areas worldwide. The seeds have
traditionally been used in India as a nerve tonic, and a male virility enhancement [2]. In
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addition, the pods have anthelmintic activity, and the seeds have anti-inflammatory activity.
Powdered seeds possess anti-parkinsonism properties, possibly due to the existence of
L-dopa, which is a precursor of the neurotransmitter dopamine. The dopamine content in
brain tissue is reduced when the conversion of tyrosine to L-dopa is blocked. L-Dopa can
cross the blood–brain barrier and undergoes conversion to dopamine, restoring neurotrans-
mission [3]. Particularly, the hydro-alcoholic extract of M. pruriens seeds gave high yields of
L-dopa, using ascorbic acid as a protector [4]. Surprisingly, n-propanol extract of M. pruriens
seeds that contained a small amount of L-dopa, yielded the highest reaction for the growth
and survival of dopaminergic culture neurons [2]. The significant neuroprotective activity
of n-propanol extracts suggested that a whole extract could be potential for the treatment
of Parkinson’s disease [5].

Parkinson’s disease is characterized by signs of major oxidative stress and mitochon-
drial damage in the pars compacta of the substantia nigra [6]. The previous study suggested
that reactive oxygen species (ROS) played an important role in age-related neurodegen-
erative changes including Parkinson’s disease [7]. Interestingly, the ethyl acetate and
methanolic extract of the whole M. pruriens plant exhibited high antioxidant and free
radical scavenging activities [2]. These in vitro assays indicated that the whole plant extract
contained large amounts of phenolic compounds, which may be useful in preventing
various oxidative stresses. Furthermore, it has been reported that methanolic extracts of
M. pruriens var.utilis leaves have numerous biochemical and physiological activities, and
contain pharmaceutically valuable compounds [8]. However, the in vitro neuroprotective
activity of the M. pruriens seed aqueous extract obtained from the traditional extraction
method has never been reported.

Although the first-line therapy for Parkinson’s disease is L-dopa, long-term L-dopa use
results in the development of significant clinical complications. L-dopa-induced dyskinesia
(LID) and abnormal involuntary movements (AIMs) normally occur in a vast majority of
Parkinson’s disease patients with repeated administration of L-dopa [9]. AIMs occurring at
the head, trunk, and extremities affect the function of daily living, and patients can become
debilitated. These side effects are common with 30% incidence after 2 years of L-dopa
administration. The incidence increased up to 40% and 90% for 5- and 10-year-treatment,
respectively [10]. Parkinson’s patients who early started high doses of levodopa are known
to have risk factors for LID [11]. At present, few therapeutic options are available for
the treatment of LIDs. Several strategies have been proposed to reduce these side effects
including postponing the initiation of L-dopa dosing, adjusting the dose of L-dopa, and
combining it with other drugs [12,13]. However, these strategies resulted in a decrease in
the efficacy of L-dopa in the treatment of Parkinson’s disease.

The seed of M. pruriens has been widely investigated for its pharmacological properties
including Parkinson’s disease because it contains significant amounts of L-dopa. The
advantages of natural L-dopa in M. pruriens seed extract over the synthetic forms have been
reported. The natural L-dopa is less toxic [14]. It has a shorter onset of action, but it has a
longer therapeutic effect, which could delay the need for combination therapy [14–16]. In
this study, we quantified the amount of L-dopa, total phenolic content, and total flavonoid
contents in freeze-dried M. pruriens seed extract obtained from an aqueous extraction
method. The cytotoxicity and neuroprotective activities of the freeze-dried extract were
investigated in neuronal cells using two models. The effects of L-dopa and M. pruriens on
acetylcholinesterase enzyme activity were studied.

2. Materials and Method

2.1. Materials

L-dopa and acetylcholinesterase activity assay kit (Cat# CS0003) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Folin–Ciocalteu phenol reagent and aluminum
chloride were obtained from Loba Chemie (Mumbai, India). Quercetin (98% purity) was
purchased from Chanjao Longevity Co., Ltd. (Bangkok, Thailand). P19 cell line ATCC CRL-
1857 was obtained from American Type Culture Collection, USA. Alpha minimal essential
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medium (α-MEM), fetal bovine serum (FBS), newborn calf serum (NCS), and antibiotics-
antimycotic solution were purchased from Gibco, USA. All trans-retinoic acid, cytosine-
1-β-D-arabinoside, 1:250 porcine trypsin, poly-L-lysine (MW > 300,000), XTT (2,3-bis(2-
methoxy-4-nitro-5-sulphonyl)-2H-tetrazolium-5-carboxanilide sodium), and phenazine
methosulfate (PMS) were obtained from Sigma, USA. Dimethylsulfoxide (DMSO) and
methanol analytical grade were purchased from Merck, Germany. A total of 96-well plates
were purchased from Corning, USA. A 100-mm Bacteriological culture dish was obtained
from Hycon, USA.

2.2. Plant Sample Collection and Identification

The seeds of M. pruriens were purchased from a local market in Kanchanaburi province
and kindly provided by Chao-Phraya Abhaibhubejhr Hospital Foundation. The plant materials
were compared with the authentic specimens at the Bangkok Herbarium (BK), Botany
Section, Botany and Weed Science Division, Department of Agriculture. The voucher
specimen (RSU-MP-KP01) was kept in the Department of Pharmacognosy, College of
Pharmacy, Rangsit University for future reference.

2.3. Plant Extraction

The seeds of M. pruriens (10 kg) were roasted by a roasting drum for 30 min at a
temperature of 180 ◦C. The roasting temperature was measured by a sensor located in the
drum. The roasted seeds were crushed to fine powders by passing through a stainless-steel
sieve with a nominal mesh aperture of 180 μm. The fine powders were extracted with
boiling water at 100 ◦C. The ratio of fine powder to hot water was 1:7. The water extract
was mixed using the heating and stirring method with the heater and homogenizer for
15 min. After filtration with the white cloth, the filtrate was then freeze-dried to remove the
solvent for 24 h. Finally, the concentrate crude extract was obtained.

2.4. HPLC Analysis of L-Dopa in M. pruriens Extract

Isocratic HPLC analysis was performed to analyze the amount of L-dopa remaining in
the extract using Perkin Elmer series 200, USA, equipped with auto-sampler and a UV–Vis
detector. The injection volume was 20 μL for all samples. The mobile phase for elution was
0.1 M KH2PO4 (pH 2.5). Samples were eluted on ACE-129-2546 (250 mm × 4.6 mm) C18
column with a flow rate of 1.0 mL/min. L-dopa peak was integrated at the wavelength
of 283 nm. A stock solution of L-dopa was prepared to obtain L-dopa concentration of
1 mg/mL. The stock solution was diluted to 10, 20, 30, 40, and 50 μg/mL in 0.1 N HCl.
M. pruriens aqueous extract was weighed and dissolved in 0.1 N HCl. Samples were then
filtered through Whatman filter paper and 0.45 μm membrane filter.

2.5. Quantitative Analysis of Total Phenolic Content

Total phenolic content in M. pruriens seed extract was determined by the Folin–
Ciocalteu reaction. Gallic acid solution (3.9–125 μg/mL) and M. pruriens seed extract
solution (2 mg/mL) were mixed with 10% v/v of Folin–Ciocalteu phenol reagent (100 μL)
for 1 min. After 4 min of incubation, 7.5% w/v Na2CO3 solution (50 μL) was added, and the
mixture was further incubated in the dark at room temperature for 2 h. The absorbance was
read using a UV–visible spectrophotometer (Spectramax M3, Thermo Scientific, Waltham,
MA, USA) at a wavelength of 765 nm. Total phenolic contents were calculated from the
gallic acid standard curve. Data were expressed as mg/g gallic acid equivalents (GAE) of
dry crude extract.

2.6. Quantitative Analysis of Total Flavonoid Content

The total flavonoid content in M. pruriens seed extract was determined by the alu-
minum chloride colorimetric method. Quercetin solution (3.9–500 μg/mL) and M. pruriens
seed extract solution (2 mg/mL, 100 μL/well) were mixed with 5% NaNO2 (30 μL) and
incubated for 5 min. Aluminum chloride (2% w/v, 50 μL) was added and incubated for
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6 min followed by 10 min of incubation with 1 N NaOH (50 μL). The absorbance was
measured at a wavelength of 510 nm with a UV–Vis spectrophotometer (Spectramax M3,
Thermo Scientific, Waltham, MA, USA). Total flavonoid contents were calculated from
quercetin and were expressed as mg/g quercetin equivalents (QE) of dry crude extract.

2.7. Cell Culture

P19 cells (ATCC CRL-1857) were grown in alpha minimal essential medium (α-MEM)
supplemented with 7.5% newborn calf serum (NCS), 2.5% fetal bovine serum (FBS), and 1%
antibiotics-antimycotic solution in a 5% CO2 humidified atmosphere, at 37 ◦C Cells in mono-
layer cultures were maintained in exponential growth by subculturing every 2 days [17].

2.8. Differentiation of P19 Cells into P19-Derived Neurons

Exponentially grown cultures were trypsinized and dissociated into single cells. P19
cells (2 × 106 cells/mL) were then suspended in 10 mL α-MEM supplemented with 5% FBS,
1% antibiotics-antimycotic solution and 0.5 μM all-trans-retinoic acid (RA) and seeded onto
a 100-mm bacteriological culture dish. The cells formed large aggregates in suspension.
After 4 days of RA treatment, aggregates were dissociated by 5-mL glass measuring pipette,
re-plated on poly-L-lysine-pre-coated multi-well plates (multi-well plates were coated with
50 μg/mL poly-L-lysine dissolved in PBS for overnight and sterile under UV light for
30 min) at 7 × 104 cells/mL (150 μL/well in 96-well plate), in α-MEM supplemented with
10% FBS, and 1% antibiotics-antimycotic solution and incubated for 24 h. Cytosine-1-β-
D-arabinoside or Ara-C (10 μM) was added at day 1 after plating and the medium was
changed every 2–3 days. The differentiated neuronal cells, P19-derived neurons, were used
after day 14 of the differentiation process [18–20].

2.9. Neuronal Cell Viability Assay

The cytotoxicity assay was carried out on P19-derived neurons cultured in a 96-well
plate. After 14 days of differentiation process, the α-MEM supplemented with 10% FBS,
10 μM Ara-C, and 1% antibiotics-antimycotic solution (P19SM) was removed, and DMSO
solutions of the sample, diluted with the P19SM were added to give the concentrations
of 10,000, 1000, 100, 10, and 1 ng/mL [20–24]. The 0.5% v/v DMSO in P19SM was used
as control. The cells were incubated for 18 h at 37 ◦C. Then 150 μL of the medium was
removed, and 50 μL of XTT solution (1 mg/mL XTT in 60 ◦C α-MEM + 25 μM PMS) was
added. After incubation at 37 ◦C for 4 h, 100 μL of PBS (phosphate buffer saline solution)
pH 7.4 was added. The OD value was determined on a microplate reader at 450 nm. The
data were expressed as the average % cell viability ± SE (n = 3, each n was run in triplicate).
The samples that enhanced survival of cultured neurons more than control (0.5% v/v DMSO
in the medium) will be further investigated for their neuroprotective ability.

2.10. Neuroprotective Assay

The assays were carried out on P19-derived neurons cultured in a 96-well plate and
performed for three independent experiments each experiment was run in triplicate [21–26].

2.10.1. Serum Deprivation Method

The DMSO solution of the extracts diluted with the α-MEM supplemented with
1% antibiotics–antimycotic solution and 10 μM Ara-C without FBS were added to give
the final concentration of the extract at concentration that enhanced survival of cultured
neurons more than control. The 0.5% v/v DMSO in the completed medium (P19SM, α-MEM
supplemented with 1% antibiotics–antimycotic solution and 10 μM Ara-C with 10% v/v
FBS) was used as control. The 0.5% v/v DMSO in α-MEM supplemented with 10 μM
Ara-C, and 1% antibiotics–antimycotic solution without FBS was used to make oxidative
stress condition. The cells were incubated for 18 h at 37 ◦C. Cell viability was assayed
by XTT reduction method. The data were expressed as the average % cell viability ± SE
(n = 3) [10–14]. Quercetin at concentration of 1 nM was used as positive control [26].
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2.10.2. Co-Administration of H2O2 Assay

The DMSO solution of the extracts diluted with P19SM plus 10 μM Ara-C was added
to give the final concentration of the extract at a concentration that enhanced survival of
cultured neurons more than control. The 0.5% v/v DMSO in P19SM was used as control.
The 5 mM H2O2 in P19SM plus 10 μM Ara-C was used to make oxidative stress condition.
The 5 mM H2O2 and the extracts in P19SM plus 10 μM Ara-C were added together for co-
administration assay. The cells were incubated for 18 h at 37 ◦C. Cell viability was assayed
by XTT reduction method. The data were expressed as the average % cell viability ± SE
(n = 3) [9]. Quercetin at concentration of 1 nM was used as positive control [26].

2.11. Acetylcholinesterase (AChE) Activity Assay

The effects of L-dopa and M. pruriens seed extract on the acetylcholinesterase activity
were measured using a colorimetric assay based on an Ellman method. Briefly, samples
(50 μL) were mixed with acetylcholinesterase enzyme (50 μL) in a 96-well plate. The
assay buffer (50 μL) was used as a blank. The reaction was initiated by the addition
of 1x substrate mix solution to the sample and blank wells. The hydrolysis of this substrate
was immediately monitored by measuring the absorbance at a maximum wavelength of
412 nm in kinetic mode at 1 min-interval for 20 min. The formation of yellow 5-thio-2-
nitrobenzoate anion was detected as the result of the reaction of DTNB with thiocholine,
released by the enzymatic hydrolysis of acetylthiocholine iodide. The enzymatic activity
was calculated as a percentage of the velocity of the reaction with and without the extract.
The velocity of the reaction was determined by constructing a kinetic curve between the
absorbance and the incubation time. The slope was in units of O.D./min. The absorbance
was calculated from the following equation.

A = ε × I × c

where A is the absorbance (in O.D), ε is the extinction coefficient (13,600 L/molxcm), I is
the path length of a 96-well plate, and c is the AChE activity in units (μmole.min).

To calculate the enzymatic activity (units/liter), the following equation was used.

AChE activity =
Slope

(
OD
min

)
× 10−4(liter)× 106

(
μ mole

mole

)

13, 600
(

liter
mole × cm

)
× 0.3 × 5 × 10−5 (liter)

2.12. Statistical Analysis

The average viability of the neurons was statistically analyzed by one-way ANOVA
and further analyzed by Fisher’s LSD to compare the statistical significance between the
control or oxidative stress conditions and experimental groups. Differences were considered
significant only when the p-value was less than 0.05.

3. Results

3.1. Yield of M. pruriens Aqueous Extract and L-Dopa Content in the Extract

The yield of crude aqueous extract of M. pruriens seeds was 15.02%. L-dopa content in
the crude aqueous extract analyzed by HPLC analysis was 7.05 + 0.02%.

3.2. Total Phenolic and Total Flavonoid Content in M. pruriens Aqueous Extract

The gallic acid standard curve equation was expressed as y = 0.0173x + 0.1011,
r2 = 0.999. The average total phenolic content in the extract was 105.59 ± 0.84 mg gallic acid
equivalent (GAE)/g crude dry extract. The total flavonoid content in M. pruriens seed ex-
tract determined by the aluminum chloride colorimetric method was expressed in quercetin
equivalent amounts. The quercetin standard curve equation was y = 0.0013x + 0.0481,
r2 = 0.9977. The average total flavonoid content in the extract was 80.74 ± 0.51 mg quercetin
equivalent (QE)/g crude dry extract.
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3.3. Cell Viability Assay

P19-derived neurons culture was treated with an increasing concentration of M. pruriens
seed aqueous extract and L-Dopa (0–10 μg/mL). The neuronal viability was determined by
XTT assay. The results were expressed as % cell viability. The effective concentration of
M. pruriens seed aqueous extract at 10 ng/mL (% neuron viability = 114.48 ± 19.25%) that
enhanced the survival of cultured neurons more than control (% neuron viability of the con-
trol = 100.47 ± 0.67%) were further investigated for the neuroprotective ability (Figure 1).
Interestingly, L-dopa showed no enhancing cell viability effect on P19-derived neurons,
suggesting that L-dopa was not responsible for the neuroprotective ability of M. pruriens.
Therefore, only the extract was further investigated for its neuroprotective ability.

Figure 1. P19-derived neurons cell viability in various concentration (1–10,000 ng/mL) of Mucuna
pruriens seed aqueous extract and L-dopa.

3.4. Serum Deprivation Method

P19-derived neurons culture was treated with 10 ng/mL of M. pruriens seed aqueous
extract compared with toxic condition (0.5% v/v DMSO in α-MEM without serum) and
positive control (1 nM quercetin). Cell viability was assayed by XTT reduction method. The
results show significant cell viability in 10 ng/mL Mucuna (28.73 ± 1.90%) compared with
the toxic condition (8.37 ± 0.73%) (Figure 2). The % neuron viability, when treated with
1 nM quercetin (positive control), was 34.73 ± 3.93%. No significant difference was found
between the % neuron viability when treated with 10 ng/mL Mucuna and 1 nM quercetin.

3.5. Co-Administration of H2O2 Assay

P19-derived neurons culture was co-treated with 10 ng/mL of M. pruriens seed aque-
ous extract and 5 mM H2O2. The cell viability was compared with the toxic condition
(5 mM H2O2). The cell viability was assayed by XTT reduction method. The results showed
significant cell viability in 10 ng/mL M. pruriens seed extract co-treated with 5 mM H2O2
(25.01 ± 2.66%), compared with the toxic condition (11.61 ± 0.50%) (Figure 3). The %
neuron viability when co-treated with 1 nM quercetin (positive control) and 5 mM H2O2
was 20.96 ± 3.67%. No significant difference was found between the % neuron viability
when treated with 10 ng/mL M. pruriens seed extract and 1 nM quercetin.
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Figure 2. P19-derived neurons cell culture viability in 10 ng/mL Mucuna pruriens seed aqueous
extract compared with the positive control (1 nM quercetin) and toxic condition (0.5% v/v DMSO
in α-MEM without serum). * p < 0.05 compare with toxic condition (0.5% v/v DMSO in α-MEM
without serum).

Figure 3. P19-derived neurons cell culture viability in 10 ng/mL M. pruriens seed aqueous extract co-
treated with 5 mM hydrogen peroxide compared with the positive control (1 nM quercetin co-treated
with 5 mM hydrogen peroxide) and toxic condition (5 mM hydrogen peroxide). * p < 0.05 compared
with toxic condition (5 mM hydrogen peroxide).

3.6. Effects of L-Dopa and M. pruriens Seed Aqueous Extract on the Acetylcholinesterase
Enzyme Activity

The effect of L-dopa and M. pruriens seed extract on acetylcholinesterase activity was
investigated by the Ellman method, in which thiocholine produced by AChE reacted with 5,
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5′-dithiobis(2-nitrobenzoic acid) to form a colorimetric product. The enzyme activity of the
control without reaction with samples was 2.29 Units/L. One unit of AchE is the amount
of enzyme that catalyzes the production of 1.0 μmole of tricholine per minute at pH 8.0 at
room temperature. L-dopa was found to increase the activity of the acetylcholinesterase
enzyme in a dose-dependent manner, whereas M. pruriens seed extract showed inhibitory
activity against the acetylcholinesterase enzyme. Figure 4 demonstrated a kinetic curve
plotted between the absorbance of the Ellman reaction product and time. The slopes of
each plot were further used to calculate the AChE activity. The AChE activity increased
with increasing concentrations of L-dopa (Figure 5). At the highest concentration of L-dopa
(5 mg/mL), the AChE activity was activated up to 213%. In contrast, M. pruriens seed
extract showed enzymatic inhibitory activity. The AChE inhibitory activity of M. pruriens
seed extract was found to be 52.61% at an L-dopa equivalent concentration of 0.05 mg/mL.
However, at the higher dose, the enzyme inhibitory effect was considerably lower to 11.02%
at an L-dopa equivalent concentration of 3.5 mg/mL. This result was probably due to a
higher concentration of L-dopa present in the extract.

 

Figure 4. Plots of average O.D. readings subtracted from the mean blank (no enzyme) of each
time point from its respective mean sample time points vs. time in the presence of (A) L-dopa and
(B) M. pruriens seed extract.
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(A) 

(B) 

Figure 5. Acetylcholinesterase activity in the presence of (A) synthetic L-dopa and (B) M. pruriens
seed aqueous extract.

4. Discussion

Parkinson’s disease is a progressive neurodegenerative disorder resulting from the
damaged dopaminergic neurons in the substantia nigra. The disease recently has no
proven neuroprotective or neurorestorative therapy [27]. However, protecting neurons
from premature cell death might be a promising alternative to managing this disease.
Research directions include the investigation into animal models of the disease and the
potential usefulness of gene therapy, stem cell transplant, neuroprotective agents, and
herbals drugs.

The present study investigated the neuroprotective activities in P19-derived neurons
using two models including the serum deprivation method and co-administration of hydro-
gen peroxide assay. Remarkably, the significant neuroprotective activities of standardized
aqueous extracts of M. pruriens seed (L-dopa 7.05 ± 0.02 mg/100 g) were observed. The
total phenolic compounds and total flavonoid content in M. pruriens seed aqueous extract
were 106 GAE mg/g crude extract and 84 QE mg/g crude extract, respectively. Shin et al.
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have reported that L-dopa and pramipexol (a dopamine agonist) had comparable neu-
roprotective properties in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated
Parkinson’s disease animal models through modulation of cell survival and apoptotic
pathway [28]. The total phenolic compounds have been shown to exert neuroprotective
effects against hydrogen peroxide-induced oxidative damage by blocking reactive oxy-
gen species production and improving mitochondrial function [29]. Flavonoids have
demonstrated neuroprotective effect via the inhibition of cholinesterase enzymes including
acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and β-secretase (BACE1) [30].
Therefore, our findings suggest that phenolic compounds and flavonoids in M. pruriens seed
extract might play an important role in the neuroprotective effect against oxidative damage.

Regarding the serum deprivation method, the results demonstrated significant cell
viability in 10 ng/mL M. pruriens extract (28.73 ± 1.90%) compared with the toxic condition
(8.37 ± 0.73%). In addition, the results of the co-administration of hydrogen peroxide
assay showed significant cell viability in 10 ng/mL M. pruriens extract (25.01 ± 2.66%)
compared with the toxic condition (11.61 ± 0.50%). Our results agree with those of some
previous studies. The evaluation of the anti-neuroinflammatory effects of M. pruriens ex-
tract was performed in murine microglia BV-2 cells. [16] M. pruriens extract was evaluated
for neuroprotective effects in human neuroblastoma SH-SY5Y cells. The study showed that
M. pruriens extract (at 1 μg/mL and 10 ng/mL) significantly reduced 6-hydroxydopamine-
induced cytotoxicity and increased cell viability by 73.1 and 75.1%, respectively. The exami-
nation of ethanolic extract of M. pruriens on the level of nitric oxide in paraquat-induced
Parkinson’s disease mouse model and its subsequent contribution to lipid peroxidation
results demonstrated that M. pruriens protects the dopaminergic neurons from the NO
injury in substantia nigra [31]. The investigation of M. pruriens ethanolic seed extract in the
Parkinsonian mouse model was performed [32]. A significant reduction in the activity of
tyrosine hydroxylase positive neurons was observed in the substantia nigra region of the
brain, after treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

Although the gold standard treatment of Parkinson’s disease is L-dopa dopamine pre-
cursor, long-term L-dopa administration resulted in the development of serious side effects,
including dyskinesia and the development of fluctuations in motor response. L-dopa-induced
dyskinesia in Parkinson’s disease patients significantly contributes to altered cholinergic sig-
naling. Importantly, many studies showed that cholinergic receptor drugs including nicotine
resulted in significant declines in L-dopa-induced dyskinesia [33–35]. Keeping the dose of
L-dopa below 400 mg per day in early Parkinson’s disease has been shown to reduce the risk
of dyskinesia induction [36]. In this study, we showed that M. pruriens extract containing
7% natural L-dopa decreased the acetylcholine esterase stimulation compared with control.
In contrast, the synthetic L-dopa significantly stimulated acetylcholinesterase activity. The
results suggested that M. pruriens seed aqueous extract was probably able to modulate the
cholinergic system and reduce L-dopa-induced dyskinesia and movement disorders resulting
from L-dopa treatment. The present study demonstrated the neuroprotective activity of
M. pruriens seed extract which may imply the therapeutic effects in various nervous system
disorders including Parkinson’s disease. Different mechanisms could underline this pro-
tection. Since M. pruriens seed extract showed neuroprotective activity against hydrogen
peroxide-induced neurotoxicity, its proposed antioxidative therapeutics can be used for the
protection of neuron injury induced by oxidative stress [37]. Serum deprivation-induced cell
death is recognized as one of the standard models for the study of neurotoxicity. cGMP/PKG,
PI13/Akt, and Bcl-2/Bax pathways have been shown to involve in the serum-deprivation-
induced toxicity [38]. M. pruriens seed extract presented the potential of neuroprotective
activity and thus may have a positive impact on aging and neurodegenerative diseases to
retard the accelerated rate of neuronal degeneration.

M. pruriens seed extract contained substances including 5-hydroxytryptamine, ala-
nine, arachidic acid, arginine, aspartic acid, behenic acid, beta-carboline, beta-sitosterol,
bufotenine, choline, cis-12,13-epoxyoctadec-trans-9-cis-acid, cis-12,13-epoxyoctadec-trans-
9-enoic-acid, cystine, gallic-acid, glutamic acid, glutathione, glycine, histidine, L-dopa,
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lecithin, leucine, linoleic acid, n, n-dimethyltryptamine, n, n-dimethyltryptamine-n-oxide,
nicotine, phenyalanine, phosphorus, proline, protein, prurienidine, prurienine, saponins,
serine, serotonin, threonine, tryptamine, tyrosine, valine, and vernolic acid, according
to Dr. Duke’s Phytochemical and Ethnobotanical Databases at Phytochemical Database,
USDA-ARS-NGRL, Beltsville Agricultural Research Center [39]. Some of these compounds
were AChE inhibitors, for example, physostigmine, which can enhance central levels of
synaptic choline [40]. The aromatic amino acids such as tyrosine, phenylalanine, and
tryptophan were identified as AChE inhibitors [41]. Pan et al. reported that flavonoid
glycoside can inhibit AChE leading to a significant improvement in dyskinesia recovery
rate in zebrafish [11]. Cognitive impairment and dementia are common complications of
Parkinson’s disease. Patients with Parkinson’s disease with dementia often have signifi-
cant cholinergic defects, which may be treated with cholinesterase inhibitors [42]. Several
reports revealed that the use of an acetylcholinesterase inhibitor might improve cognitive
function and reduce the risk of falls in patients with Parkinson’s disease [43]. Therefore,
M. pruriens seed extract with acetylcholinesterase inhibitory activity may be considered a
prospective natural product for the treatment of Parkinson’s disease, which may improve
cognitive and motor functions of patients. This study reported the neuroprotective effect
and anticholinesterase inhibition of M. pruriens seed aqueous extract, which contained
large amounts of L-dopa (7%) along with other bioactive compounds including phenolic
compounds and flavonoids. M. pruriens seed extract obtained in this study suggested
more effectiveness and less toxicity than synthetic L-dopa for the treatment of Parkinson’s
disease. Our results were supported by Katzenschlager et al. showing the rapid onset of
action and a long time without a concomitant increase in dyskinesias on M. pruriens seed
powder formulation compared with L-dopa preparations in the long-term management of
Parkinson’s disease [14]. However, additional research is necessary to determine the agents
responsible for other in vivo activities as well as the molecular mechanisms involved in
their effects.

5. Conclusions

Long-term use of synthetic L-dopa can cause serious side effects such as dyskinesia
and abnormal involuntary movement. A search for more effective treatment with lower side
effects is significant for improving the quality of life of Parkinson’s patients taking this drug.
In this study, we reported the dual effects of M. pruriens seed extract on neuroprotective
effect and acetylcholinesterase inhibitory activity at specific doses. Our findings suggested
that M. pruriens seed extract is an attractive candidate for neuroprotection and preventing
dyskinesia induced by cholinergic neuronal excitability in dopaminergic-depleted striatum.
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Abstract: Mitrephora sirikitiae Weeras., Chalermglin & R.M.K. Saunders has been reported as a rich
source of lignans that contribute to biological activities and health benefits. However, cellular anti-
inflammatory effects of M. sirikitiae leaves and their lignan compounds have not been fully elucidated.
Therefore, this study aimed to investigate the anti-inflammatory activities of methanol extract of
M. sirikitiae leaves and their lignan constituents on lipopolysaccharide (LPS)-induced inflammation
in RAW 264.7 mouse macrophage cells. Treatment of RAW 264.7 cells with the methanol extract of
M. sirikitiae leaves and its isolated lignans, including (−)-phylligenin (2) and 3′,4-O-dimethylcedrusin
(6) significantly decreased LPS-induced prostaglandin E2 (PGE2) and nitric oxide (NO) produc-
tions. These inhibitory effects of the extract and isolated lignans on LPS-induced upregulation of
PGE2 and NO productions were derived from the suppression of cyclooxygenase 2 (COX-2) and
inducible nitric oxide synthase (iNOS) production, respectively. In addition, treatment with 2-(3,4-
dimethoxyphenyl)-6-(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3) and mitrephoran (5)
was able to suppress LPS-induced tumor necrosis factor alpha (TNF-α) secretion and synthesis in
RAW 264.7 cells. These results demonstrated that M. sirikitiae leaves and some isolated lignans
exhibited potent anti-inflammatory activity through the inhibition of secretion and synthesis of PGE2,
NO, and TNF-α.

Keywords: Mitrephora sirikitiae; anti-inflammation; lignans; polyphenols; mRNA expression; cytokines

1. Introduction

Inflammation is a defensive mechanism that responds to foreign substances or pathogens.
During inflammatory reactions, prostaglandin E2 (PGE2) and nitric oxide (NO) are the
crucial proinflammatory mediators. Cyclooxygenase 2 (COX-2) and inducible nitric oxide
synthase (iNOS), the key enzymes responsible for the production of inflammatory PGE2
and NO, have been identified in activated macrophages [1–3]. Lipopolysaccharide (LPS;
a pathogen- and host-derived molecule) stimulates macrophages to, in turn, upregulate
inflammatory mediators such as PGE2, tumor necrosis factor alpha (TNF-α), proinflamma-
tory cytokines (e.g., interleukin (IL)-1, IL-6, IL-8, and IL-10), reactive oxygen species (ROS),
and NO [1,4–6]. Upregulation of various types of inflammatory mediators leads to acute
and chronic inflammation, which is associated with many chronic diseases such as gout,
arthritis, diabetes, cancer, atherosclerosis, and neurodegenerative disease [1,2,7,8]. There-
fore, inhibition of secretion and synthesis of these inflammatory mediators is a potential
therapeutic treatment of inflammation-associated diseases.
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Mitrephora sirikitiae Weeras., Chalermglin & R.M.K. Saunders (Annonaceae), an en-
demic plant called Mahaphrom Rachini in Thai, was found for the first time in the
Mae Surin Waterfall National Park, Mae Hong Sorn Province, Thailand in 2004 [9]. Re-
cently, we reported anticancer activities of the methanol extracts of M. sirikitiae leaves
and stems, as well as their isolated compounds (e.g., lignans, dihydrobenzofuran lig-
nan, alkaloids, and diterpenoids) against various types of cancer cells. It was found that
lignans, including (−)-epieudesmin (1), (−)-phylligenin (2), 2-(3,4-dimethoxyphenyl)-6-
(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3), magnone A (4), mitrephoran (5),
and 3′,4-O-dimethylcedrusin (6), were the main secondary metabolites in M. sirikitiae
leaves [10]. Lignans are polyphenols that possess various pharmacological activities such
as antioxidant, anti-inflammatory, antimicrobial, and anticancer activities [11–13]. Lignan-
rich plant extracts and their lignans have been revealed for anti-inflammatory activities
through inhibition of 15-lipooxygenase (15-LOX), COX-1, and COX-2 activities [14] and
suppression of PGE2, NO, TNF-α, and IL-6 secretions [15–19], as well as downregulation
of COX-2, iNOS, TNF-α, and IL-6 mRNA expression [15,16].

However, the anti-inflammatory properties of M. sirikitiae leaf extract are not fully
understood. The cellular anti-inflammatory activities of the extract and isolated lignans
from M. sirikitiae leaves on inhibition of LPS-induced upregulation of inflammatory medi-
ators have not been defined. Therefore, we investigated the anti-inflammatory effects of
methanol extract of M. sirikitiae leaves and its isolated lignans in LPS-induced secretion
and synthesis of inflammatory mediators in RAW 264.7 macrophages.

2. Results and Discussion

2.1. Effects of the Methanol Extract and Isolated Lignans on Cytotoxicity

Cytotoxicity of the methanol extract and isolated lignans from M. sirikitiae leaves,
including (−)-epieudesmin (1), (−)-phylligenin (2), 2-(3,4-dimethoxyphenyl)-6-(3,5-
dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3), magnone A (4), mitrephoran (5),
3′,4-O-dimethylcedrusin (6) (Figure 1), was evaluated in RAW 264.7 cells using MTT
colorimetric assay in order to assign the optimal concentrations of the samples before
investigating anti-inflammatory activities in the cells.

Figure 1. Isolated lignans 1–6 from the methanol extract of M. sirikitiae leaves.

After treatment of the cells with various concentrations of the samples for 24 h,
the number of viable cells was measured and calculated as the percentage of viable cells
compared to a nontreated (control) group. As shown in Figure 2, the MTT results revealed
that the number of survival cells more than 80% were found in the groups treated with
0.05–10 μg/mL of the methanol extract, lignans 1, 2, or 6, and 0.05–5 μg/mL of lignans 3, 4,
or 5. In order to avoid the cytotoxic effect and allow at least 80% cell viability, the suitable
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sample concentrations that were used for determining anti-inflammatory effects were
10 μg/mL for the methanol extract, lignans 1, 2, and 6, and 5 μg/mL for lignans 3, 4, and 5.

Figure 2. Cytotoxic effects of the methanol extract and isolated lignans 1–6 from M. sirikitiae leaves in
RAW 264.7 cells; The percentage of cell viability of RAW 264.7 cells exposed to 0.05–50 μg/mL of
methanol extract and 0.1–250 μg/mL of isolated lignans 1–6. Data are shown as the mean ± SEM
(n = 5).
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2.2. Effects of the methanol Extract and Isolated Lignans on LPS-Induced PGE2 and TNF-α Secretion

Lipopolysaccharide (LPS), known as a major factor involved in inflammation, is a
component of the outer membrane of Gram-negative bacteria. Moreover, it is called
endotoxin because of its endotoxic properties. LPS contributes to the pathogenicity of
bacteria and can activate several immune cells, including macrophages [20]. In this study,
LPS was used for inducing inflammation in RAW 264.7 macrophages. Incubation of the
cells with LPS (5 μg/mL) for 24 h markedly increased PGE2 and TNF-α secretion (Figure 3).
The methanol extract of M. sirikitiae leaves was first assessed for the inhibitory effects
on LPS-induced PGE2 and TNF-α secretions. Treatment of the cells with the methanol
extract of M. sirikitiae leaves resulted in a decrease in LPS-induced PGE2 secretion in a dose-
dependent manner, and the maximal inhibitory effect of the methanol extract was observed
at a concentration of 10 μg/mL (Figure 3A). However, the methanol extract exhibited
little effect on inhibition of LPS-induced TNF-α secretion at the same concentration and
did not inhibit LPS-induced TNF-α secretion at a concentration of 1 μg/mL (Figure 3B).
These results indicated that the compounds found in M. sirikitiae leaves might have anti-
inflammatory effects by reducing the secretion of PGE2 in RAW 264.7 macrophages.

 
Figure 3. Effects of the methanol extract of M. sirikitiae leaves on LPS-induced PGE2 and TNF-α
secretion in RAW 264.7 cells; Serum-starved cells were pretreated with various concentrations of 0, 1,
and 10 μg/mL of crude methanol extract for 3 h, and then stimulated with LPS (5 μg/mL) for 24 h
at 37 ◦C. The levels of PGE2 and TNF-α secreted into the medium were assessed by ELISA assay.
The PGE2 (A) and TNF-α (B) levels were quantified using a standard curve and expressed as the
mean ± SEM (n = 3). *, p < 0.05 vs. vehicle; #, p < 0.05 vs. LPS.

Lignans are polyphenols, and the main components of M. sirikitiae leaves. Our pre-
vious study has revealed that lignans (−)-epieudesmin (1), (−)-phylligenin (2), 2-(3,4-
dimethoxyphenyl)-6-(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3), magnone
A (4), mitrephoran (5), and 3′,4-O-dimethylcedrusin (6) are the main secondary metabo-
lites in M. sirikitiae leaves [10]. As shown in Figure 4A, treatment of the cells with
(−)-phylligenin (2) (10 μg/mL) significantly inhibited LPS-induced PGE2 secretion.
However, (−)-epieudesmin (1), 2-(3,4-dimethoxyphenyl)-6-(3,5-dimethoxyphenyl)-3,7-
dioxabicyclo[3.3.0]octane (3), magnone A (4), mitrephoran (5), and 3′,4-O-dimethylcedrusin
(6) had no effect on the inhibition of LPS-induced PGE2 secretion. These results are
consistent with previous studies, which reported that phylligenin and koreanaside A,
lignans isolated from Forsythia koreana fruits and flowers, could inhibit PGE2 secretion in
LPS-stimulated RAW 264.7 cells in a dose-dependent manner [15,16]. Moreover, the anti-
inflammation of koreanaside A was also represented by the inhibitory effects on NO,
TNF-α, and IL-6 productions [16].
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Figure 4. Effects of the methanol extract and isolated lignans 1–6 from M. sirikitiae leaves on LPS-
induced PGE2 and TNF-α secretion in RAW 264.7 cells; Serum-starved cells were pretreated with
crude methanol extract (C) (10 μg/mL), lignans (5 or 10 μg/mL), or indomethacin (10 μM) for 3 h,
and then stimulated with LPS (5 μg/mL) for 24 h at 37 ◦C. The levels of PGE2 and TNF-α secreted
into the medium were assessed by ELISA assay. The relative PGE2 (A) and TNF-α (B) levels were
quantified using a standard curve and expressed as the mean ± SEM (n = 3). *, p < 0.05 vs. vehicle;
#, p < 0.05 vs. LPS.

Interestingly, all lignans isolated from the caulis of Urceola rosea exhibited anti-
inflammatory activities by suppressing LPS-induced synthesis of NO, TNF-α, and/or
IL-6 in RAW 264.7 cells. In addition, among those lignans, ecdysanol A and ecdysanol F ex-
hibited potent anti-inflammatory activity against TNF-α secretion with IC50 values of 22.9
and 41.9 μM, respectively [17]. Consistent with this previous study, our results showed
that among those six lignans isolated from M. sirikitiae leaves, 2-(3,4-dimethoxyphenyl)-6-
(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3) and mitrephoran (5) (5 μg/mL)
significantly inhibited LPS-induced TNF-α secretion in RAW 264.7 cells (Figure 4B).

2.3. Effects of the Methanol Extract and Isolated Lignans on LPS-Induced Nitric Oxide Production

Nitric oxide (NO) is a free-radical signaling molecule playing a role in many biological
processes, including inflammation. NO is synthesized from L-arginine and oxygen by
using NOS as catalysts. There are three main isoforms of NOS, endothelial NOS (eNOS),
neuronal NOS (nNOS), and inducible NOS (iNOS). The iNOS enzyme is a major isoform
in the inflammatory process [3,21,22]. Thus, upregulation of iNOS might be reflected in
NO production in the cells during inflammation. NO is immediately oxidized to generate
nitrate and nitrite, both of which are used for measuring NO levels in the cells. Therefore,
this study investigated the inhibitory effects of methanol extract and isolated lignans from
M. sirikitiae leaves on LPS-mediated NO production by determining the levels of nitrate
and nitrite in RAW 264.7 cells. Incubation of the cells with LPS (10 μg/mL) robustly in-
creased nitrate and nitrite productions (Figure 5). Treatment with the methanol extract,
(−)-epieudesmin (1), (−)-phylligenin (2), or 3′,4-O-dimethylcedrusin (6) at a concentration
of 10 μg/mL resulted in a significant reduction of LPS-induced nitrate and nitrite levels in
RAW 264.7 cells (Figure 5A and Figure 5B, respectively). In contrast, treatment with 2-(3,4-
dimethoxyphenyl)-6-(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3), magnone A
(4), and mitrephoran (5) (5 μg/mL) had no effect (Figure 5). These results indicated that
the lignans found in M. sirikitiae leaves, including (−)-epieudesmin (1), (−)-phylligenin
(2), and 3′,4-O-dimethylcedrusin (6) exhibited anti-inflammatory activities by attenuating
NO production in RAW 264.7 cells. Consistent with our present data, many previous
studies have demonstrated that some lignans can suppress NO production during in-
flammation. For example, the methanol extract of F. koreana fruits and its isolated lignan,
phylligenin, could inhibit NO synthesis in LPS-treated RAW 264.7 cells [15]. Furthermore,
nine lignans isolated Acanthopanax sessiliflorus fruits [18] and two dimeric lignans isolated
from Zanthoxylum podocarpum barks [19] have been reported to have inhibitory effects on
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NO production in LPS-treated RAW 264.7 macrophages. Thus, natural phenols found in
plants as lignans may serve as potential anti-inflammatory agents via inhibition of the NO
signaling pathway.

 

−

Figure 5. Effects of the methanol extract and isolated lignans 1–6 from M. sirikitiae leaves on LPS-
induced nitrate and nitrite productions in RAW 264.7 cells; Serum-starved cells were pretreated with
crude methanol extract (C) (10 μg/mL) or lignans (5 or 10 μg/mL) for 3 h, and then stimulated with
LPS (5 μg/mL) for 24 h at 37 ◦C. The levels of nitrate and nitrite in the medium were assessed by
a total nitric oxide assay. The relative nitrate (A) and nitrite (B) productions were quantified using
a standard curve and expressed as the mean ± SEM (n = 3). *, p < 0.05 vs. vehicle; #, p < 0.05 vs. LPS.

2.4. Effects of the Methanol Extract and Isolated Lignans on LPS-Induced mRNA Expressions of
Inflammatory Biomarkers

According to the methanol extract of M. sirikitiae leaves and some isolated lignans
representing the inhibitory effect on LPS-mediated PGE2, TNF-α, and nitric oxide secretions
in RAW 264.7 cells, the mRNA expression of inflammatory biomarkers, including COX-2,
iNOS, TNF-α, IL-6, IL-10, and NF-κB affected by the methanol extract and isolated lignans
1–6 was subsequently studied. In this study, incubation of the RAW 264.7 cells with
LPS (5 μg/mL) markedly increased TNF-α, IL-6, IL-10, NF-κB, COX-2, and iNOS mRNA
expression levels as compared with a control group (Figure 6A, Figure 6B, Figure 6C,
Figure 6D, Figure 6E, and Figure 6F, respectively), indicating the induction of inflammation.
The methanol extract of M. sirikitiae leaves was able to suppress LPS-induced mRNA
expression of NF-κB, COX-2, and iNOS (Figure 6D, Figure 6E, and Figure 6F, respectively)
while treatment of the cells with this methanol extract tended to inhibit LPS-induced
TNF-α and IL-10 syntheses (Figure 6A and Figure 6C, respectively). However, the extract
did not affect IL-6 mRNA expression (Figure 6B). These results demonstrated that the
methanol extract of M. sirikitiae leaves possesses anti-inflammatory effects by suppressing
the synthesis of several inflammatory mediators, indicating that the anti-inflammatory
effects are derived from some active compounds contained in M. sirikitiae leaves.
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Figure 6. Effects of the methanol extract and isolated lignans 1–6 from M. sirikitiae leaves on LPS-
induced mRNA expressions of inflammatory biomarkers in RAW 264.7 cells; Serum-starved cells
were pretreated with crude methanol extract (C) (10 μg/mL) or lignans (5 or 10 μg/mL) for 3 h,
and then stimulated with LPS for 6 h at 37 ◦C. After treatment, the total RNA was extracted from the
cells and the mRNA expressions of TNF-α (A), IL-6 (B), IL-10 (C), NF-κB (D), COX-2 (E), and iNOS (F)
were analyzed by RT-qPCR with gene-specific primers. The relative mRNA levels were quantified
and shown as the mean ± SEM (n = 3). *, p < 0.05 vs. vehicle; #, p < 0.05 vs. LPS.

Moreover, all isolated lignans 1–6 were investigated for their effects on suppressing
mRNA expressions of inflammatory mediators induced by LPS. As shown in Figure 6A,
treatment of the cells with (−)-epieudesmin (1), (−)-phylligenin (2), magnone A (4),
and 3′,4-O-dimethylcedrusin (6) tended to inhibit LPS-induced mRNA expression of TNF-α.
In addition, treatment of the cells with 2-(3,4-dimethoxyphenyl)-6-(3,5-dimethoxyphenyl)-
3,7-dioxabicyclo[3.3.0]octane (3) and mitrephoran (5) significantly inhibited LPS-induced
TNF-α mRNA expression. Macrophage cells are the main source of proinflammatory
cytokine TNF-α, which is used as one of the major markers of inflammation. This study
reported for the first time that isolated lignans 3 and 5 from M. sirikitiae leaves exhibited
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the anti-inflammatory effects by suppressing LPS-induced TNF-α secretion (Figure 4B) and
synthesis (Figure 6A) in RAW 264.7 cells.

However, lignans 1–6 did not show the inhibitory effects on LPS-induced mRNA ex-
pression of inflammatory cytokines, IL-6, IL-10, and NF-κB in RAW 264.7 cells (Figure 6B–D).
After exposure to a pathogen (e.g., LPS), macrophages are activated to produce pro-
inflammatory cytokines such as IL-1 and IL-6, which play an important role in the in-
flammatory response [23]. Although the lignans isolated from M. sirikitiae leaves did not
show the inhibitory effects on LPS-induced IL synthesis, the previous study demonstrated
that other types of lignans isolated from the caulis of U. rosea exhibited anti-inflammatory
effects by reducing the LPS-induced IL-6 production in RAW 264.7 cells with the IC50
values ranging from 5 to 50 μM [17]. Thus, each lignan has its own anti-inflammatory
properties and mechanisms.

NF-κB is one of the major regulators of inflammatory gene expression. The activation
of NF-κB resulted in the upregulation of mRNA expression of cytokines such as TNF-α,
IL-1β, IL-6, and IL-8, including COX-2 [24]. Even though the methanol extract of M. sirikitiae
leaves was able to suppress LPS-induced NF-κB synthesis, all lignans isolated from the
M. sirikitiae leaves had no effect on the inhibition of NF-κB synthesis induced by LPS
(Figure 6D). Further studies are required to identify other constituents that have inhibitory
effects on the synthesis of NF-κB.

Interestingly, treatment with (−)-phylligenin (2), magnone A (4), and 3′ ,4-O-
dimethylcedrusin (6) significantly inhibited the mRNA expression of COX-2 in LPS-stimulated
RAW 264.7 cells (Figure 6E). The effects of the methanol extract and (−)-phylligenin (2) on
COX-2 mRNA expression were correlated with their inhibitory effects on LPS-induced
PGE2 secretion in RAW 264.7 cells. Our data are in concordance with other studies that some
lignans, such as koreanaside A isolated from F. koreana flowers, could downregulate COX-2
mRNA expression and attenuate PGE2 secretion in LPS-induced RAW 264.7 cells [16].
The methanol extracts of Schisandra rubriflora and Schisandra chinensis and their isolated
lignans, including 6-obenzoylgomisin O, schisandrin, gomisin D, gomisin N, and schisan-
therin A, have been revealed to exhibit significant COX-2 inhibitory activity [14]. Our study
demonstrated the inhibitory effects of magnone A (4), and 3′,4-O-dimethylcedrusin (6)
on LPS-induced COX-2 synthesis for the first time. During inflammation, arachidonic
acid converses into PGE2 mediated through COX-2 catalytic reaction. Inhibition of COX-2
activity and synthesis has been proposed as a useful treatment for various inflammatory
diseases [25]. Therefore, COX-2 is a well-known target of various anti-inflammatory drugs
such as aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs). In our present
study, the methanol extract of M. sirikitiae leaves could inhibit the synthesis of COX-2 and
reduce PGE2 secretion in LPS-treated macrophages. Thus, M. sirikitiae might be used as a
medicinal plant for the prevention and restoration of inflammatory diseases.

The iNOS is an inducible isoform of NOS and upregulation of iNOS activity and syn-
thesis occurred in response to inflammation [22]. Therefore, the inhibitory effect on iNOS
enzyme, which subsequently suppresses NO generation was investigated. We found that
treatments of the cells with the methanol extract of M. sirikitiae leaves, (−)-phylligenin (2),
and 3′,4-O-dimethylcedrusin (6) significantly inhibited LPS-induced iNOS mRNA expres-
sion in RAW 264.7 macrophages, while (−)-epieudesmin (1), 2-(3,4-dimethoxyphenyl)-6-
(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3), magnone A (4), and mitrephoran
(5) had no effects (Figure 6F). These inhibitory effects of the methanol extract, together with
(−)-phylligenin (2), and 3′,4-O-dimethylcedrusin (6) on iNOS mRNA expression (Figure 5F)
were correlated with their inhibitory effects on LPS-induced NO production (Figure 4) in
RAW 264.7 cells. Interestingly, phylligenin (10–100 μM) and koreanaside A (20–80 μM)
isolated from F. koreana have previously reported the inhibitory effects on LPS-induced
iNOS synthesis in RAW 264.7 cells [15,16]. These findings from ours and previous studies
confirmed the anti-inflammatory effects of (−)-phylligenin (2) by inhibiting iNOS synthesis
and subsequent reducing NO production. Moreover, our study reported the inhibitory ef-
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fects on iNOS synthesis of 3′,4-O-dimethylcedrusin (6), the lignan isolated from M. sirikitiae
leaves, for the first time.

In this study, the structure–activity relationships (SARs) of the natural lignans for
anti-inflammatory properties were considered in order to identify the specific structures
and functional groups that play an important role in the activities. Based on a variety
of chemical core skeletons and functional groups of lignans, isolated lignans 1–6 from
M. sirikitiae leaves could be classified into three subgroups, including furofurans (lignans
1–3), furans (lignans 4–5), and benzofurans (lignan 6) [26]. The obtained results from our
present study indicated that the possible SARs of the anti-inflammatory lignans are different
in each specific mechanism of action. For instance, substitution of a hydroxyl group on
the phenyl ring and a furofuran moiety as found in lignan 2 might be important for the
inhibitory effects against LPS-induced PGE2 secretion as well as COX-2 mRNA expression.
Moreover, the furofuran with hydroxy-substituted phenyl (lignan 2) and benzofuran (lignan
6) skeletons played a determinant role against NO production and iNOS mRNA expression
induced by LPS in cells. Meanwhile, furofuran with non-hydroxy-substituted phenyl
(lignan 3) and furan with hydroxy-substituted phenyl (lignan 5) moieties were found to be
essential for the inhibition of LPS-induced TNF-α secretion and TNF-α mRNA expression.
Although the SARs of lignans for the downregulation of LPS-induced mRNA expression
of IL-6, IL-10, and NF-κB could not be discussed in this study, some previous studies
have disclosed that furofuran skeleton is possibly related to the suppression of NF-κB
signaling pathway [27]. Moreover, the SARs of coumarinolignans have reported that the
substitution of hydroxyl groups on the phenyl ring is important to anti-inflammatory
activity [28]. In order to fully understand SARs of lignans for anti-inflammatory properties,
a number of lignans with different skeletal types and functional groups are required for the
biological testing.

It should be noted that our data were obtained from LPS-induced inflammation in
RAW 264.7 cells, and therefore may not reflect the actual systemic anti-inflammatory
effects in the human body. Thus, further studies will be necessary to evaluate the anti-
inflammatory activities in vivo studies.

3. Materials and Methods

3.1. Chemicals and Reagents

Lipopolysaccharide (LPS from Salmonella enterica serotype Typhimurium), indomethacin,
and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM),
0.25% trypsin-EDTA solution, penicillin/streptomycin (P/S) solution, and fetal bovine
serum (FBS) were purchased from Gibco (Grand Island, NY, USA). Dimethyl sulfoxide
(DMSO) was purchased from Merck (Darmstadt, Germany). PGE2 ELISA assay kit was
obtained from R&D Systems (Minneapolis, MN, USA). TNF-α ELISA assay kit (ab100747)
and nitric oxide assay kit (ab65328) were purchased from Abcam (Waltham, MA, USA).
The specific primers were obtained from Integrated DNA Technologies (Coralville, IA,
USA). KAPA SYBR FAST One-step RT-qPCR kit was purchased from KAPA biosystems
(Wilmington, MA, USA). RNeasy kit was obtained from Qiagen (Hilden, Germany).

3.2. Plant Materials and Isolated Lignans

The M. sirikitiae leaves were collected from Mae Surin Waterfall National Park,
Mae Hong Sorn Province, Thailand (Latitude 18.94271; Longtitude 98.07122). A voucher
specimen (BKF144972) of the plant has been deposited at the Forest Herbarium, Royal Forestry
Department, Bangkok, Thailand. The methanol extract of M. sirikitiae leaves together with its
lignans 1–6, including (−)-epieudesmin (1), (−)-phylligenin (2), 2-(3,4-dimethoxyphenyl)-
6-(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3), magnone A (4), mitrephoran
(5), 3′,4-O-dimethylcedrusin (6) were prepared as described in our previous study [10].
Briefly, 1 kg of ground dried M. sirikitiae leaves was extracted by maceration with methanol.
After the solvent was evaporated, 102.0 g of methanol leaf extract was obtained. Solvent–
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solvent partitioning of the methanol extract (90.0 g) resulted in four subfractions, including
hexane (20.7 g), ethyl acetate (21.1 g), butanol (47.6 g), and aqueous (24.2 g) subfractions.
Separation of the mixture of hexane and ethyl acetate subfractions by column chromatog-
raphy using silica gel P60 40–63 μm (SiliaFlash®; Silicycle) and Sephadex™ LH-20 (GE
Healthcare Life Sciences) as stationary phases afforded six isolated lignans, 1–6. The color-
less crystals of (−)-epieudesmin (1) (197.5 mg), (−)-phylligenin (2) (717.4 mg), magnone A
(4) (24.0 mg), and mitrephoran (5) (12.4 mg) were obtained after recrystallization from mixed
solvent of methylene chloride and methanol. Moreover, 2-(3,4-dimethoxyphenyl)-6-(3,5-
dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0]octane (3) (9.6 mg) and 3′,4-O-dimethylcedrusin
(6) (141.2 mg) were isolated as pale-yellow semisolids. The chemical structures of the
isolated lignans were elucidated by their spectroscopic and physical characteristic data
(see Supplementary Materials).

3.3. Cell Culture and Treatment

Murine macrophage RAW 264.7 cells obtained from American Type Culture Collection
(ATCC, #TIB-71; Rockville, MD, USA) were cultured in DMEM plus 10% FBS and 1% P/S
and incubated under a temperature 37 ◦C in a humidified atmosphere of 5% CO2 incubator
as previously described [29]. The cells were grown in culture dishes. After the confluence of
cells reached 80%, the cell density was calculated and used for the subsequent experiment.
The cells were passaged by trypsinization every 3–5 days.

3.4. Determination of Cytotoxicity by MTT Assay

Cell viability was determined by MTT assay as previously described [30]. RAW
264.7 cells were seeded in 96-well culture plates at a 1 × 104 cells/well density in DMEM
supplemented with 1% FBS and 1% P/S and incubated in a humidified 37 ◦C, 5% CO2
incubator for 24 h. After incubation, the cultured cells were treated with various concentra-
tions of the methanol extract of M. sirikitiae leaves and isolated lignans (0.05–250 μg/mL,
diluted with DMEM), or dimethyl sulfoxide (DMSO; vehicle) and then incubated for
36 h. The culture medium was removed and added with MTT solution (1 mg/mL in
DMEM). After incubated for 4 h, the MTT solution was removed before adding DMSO to
dissolve the formed purple formazan crystals. Each experiment was performed in trip-
licate. The absorbance was detected using an Infinite M200 microplate reader (Tecan) at
a wavelength of 570 nm. The results were shown in the graph of percentage of cell viability
(% cell viability = [Atreated cells/Auntreated cells] × 100) against concentrations.

3.5. Enzyme-Linked Immunosorbent Assay (ELISA) for PGE2 and TNF-α Measurement

RAW 264.7 cells (2 × 105 cells/well) were plated in 6-well culture plates overnight.
In a serum-free medium, cells were pretreated with the methanol extract (1, 10 μg/mL),
isolated lignans (5, 10 μg/mL), or indomethacin (10 μM; NSAID) for 3 h and subsequently
treated with LPS (5 μg/mL) for 24 h. The supernatants were collected and stored at −80 ◦C
until analysis. The assessment of PGE2 and TNF-α levels was quantified with the mouse
PGE2 and TNF-α ELISA kits following the manufacturer’s instructions.

3.6. Measurement of Nitric Oxide Production

Nitrate and nitrite concentrations were assayed by Griess reagent using a nitric oxide
assay kit as described previously [31]. RAW 264.7 cells (2 × 105 cells/well) were plated
in 6-well culture plates overnight. Under the serum-free condition, cells were pretreated
with the methanol extract (1, 10 μg/mL), or isolated lignans (5, 10 μg/mL) for 3 h and
subsequently treated with LPS (5 μg/mL) for 24 h. The absorbance was measured at a
wavelength of 540 nm using the Infinite M200 microplate reader (TECAN). Nitrate and
nitrite concentrations in the samples were calculated from the standard curve following the
manufacturer’s instructions. The amounts of nitrate and nitrite accurately reflect the NO
production in RAW 264.7 cells.
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3.7. Measurement of mRNA Expression of Inflammatory Biomarkers

The effects of the methanol extract and the isolated lignans on the synthesis of inflam-
matory biomarkers were determined by measurement of mRNA expression. Under serum-
free condition, RAW 264.7 cells (2 × 105 cells/well) were treated with the methanol extract
(1, 10 μg/mL), or isolated lignans (5, 10 μg/mL) for 6 h. The total mRNA of RAW 264.7 cells
was isolated with RNeasy kit (Qiagen). The mRNA expression of inflammatory biomarkers
was determined by using the KAPA SYBR FAST One-step RT-qPCR kit with gene-specific
primer sequences (Table 1) and Mx 3005p Real-Time PCR system (Stratagene) as previously
described [32]. The mRNA expression level of inflammatory biomarkers was calculated by
the comparative cycle threshold (CT) method. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene.

Table 1. The gene-specific primers for RT-qPCR (mouse).

Gene-Specific Primers Sequences

COX-2
Sense 5′-tgcatgtggctgtggatgtcatcaa-3′
Antisense 5′-cactaagacagacccgtc atctcca-3′

IL-6
Sense 5′-gacaaagccagagtccttcagagag-3′
Antisense 5′-ctaggtttgccgagtagatctc-3′

IL-10
Sense 5′-gctggacaacatactgctaacc-3′
Antisense 5′-atttccgataaggcttggcaa-3′

iNOS
Sense 5′-gtgttccaccaggagatgttg-3′
Antisense 5′-ctcctgcccactgagttcgtc-3′

NF-κB
Sense 5′-gaaattcctgatccagacaaaaac-3′
Antisense 5′-atcacttcaatggcctctgtgtag-3′

TNF-α
Sense 5′-atgagcacagaaagcatgatc-3′
Antisense 5′-tacaggcttgtcactcgaatt-3′

GAPDH
Sense 5′-gcctgcttcaccaccttc-3′
Antisense 5′-ggctctccagaacatcatcc-3′

3.8. Statistical Analysis

Data are presented as the mean ± SEM from 3–5 independent experiments. Statistical
analysis was obtained by using SPSS software (version 25). The difference between groups
was evaluated using one-way ANOVA with a post hoc test. The value of p-value less than
0.05 (p < 0.05) was accepted significant.

4. Conclusions

This study revealed that the methanol extract of M. sirikitiae leaves and isolated
lignans, including (−)-phylligenin (2) and 3′,4-O-dimethylcedrusin (6) possess the anti-
inflammatory activity by suppressing LPS-induced iNOS and COX-2 synthesis which
contribute to a reduction in PGE2 and nitric oxide secretions in RAW 264.7 macrophages.
Moreover, 2-(3,4-dimethoxyphenyl)-6-(3,5-dimethoxyphenyl)-3,7-dioxabicyclo[3.3.0] oc-
tane (3) and mitrephoran (5) elicit the anti-inflammatory effects through inhibition of
LPS-induced the secretion and synthesis of TNF-α in RAW 264.7 cells. Hence, these find-
ings suggested that several lignans isolated from M. sirikitiae leaves might be potential
therapeutic candidates for the inhibition and prevention of various inflammatory diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27103313/s1. Spectroscopic and physical data of isolated
lignans 1–6 from Mitrephora sirikitiae Leaf extract.
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Abstract: Colorectal cancer is one of the leading causes of cancer-related deaths worldwide. The
gemini nanoparticle formulation of polyphenolic curcumin significantly inhibits the viability of cancer
cells. However, the molecular mechanisms and pathways underlying its toxicity in colon cancer are
unclear. Here, we aimed to uncover the possible novel targets of gemini curcumin (Gemini-Cur) on
colorectal cancer and related cellular pathways. After confirming the cytotoxic effect of Gemini-Cur by
MTT and apoptotic assays, RNA sequencing was employed to identify differentially expressed genes
(DEGs) in HCT-116 cells. On a total of 3892 DEGs (padj < 0.01), 442 genes showed a log2 FC >|2|
(including 244 upregulated and 198 downregulated). Gene ontology (GO) enrichment analysis
was performed. Protein–protein interaction (PPI) and gene-pathway networks were constructed
by using STRING and Cytoscape. The pathway analysis showed that Gemini-Cur predominantly
modulates pathways related to the cell cycle. The gene network analysis revealed five central genes,
namely GADD45G, ATF3, BUB1B, CCNA2 and CDK1. Real-time PCR and Western blotting analysis
confirmed the significant modulation of these genes in Gemini-Cur-treated compared to non-treated
cells. In conclusion, RNA sequencing revealed novel potential targets of curcumin on cancer cells.
Further studies are required to elucidate the molecular mechanism of action of Gemini-Cur regarding
the modulation of the expression of hub genes.

Keywords: gemini curcumin; colorectal cancer; RNA sequencing; PPI network; differentially
expressed genes

1. Introduction

With over 1.8 million new cases and around 800,000 fatalities recorded in 2018, colorec-
tal cancer (CRC) is considered as one of the most common malignancies, worldwide [1,2].
In recent years, early age onset of CRC cases have increased dramatically [3]. Conventional
chemotherapy, radiotherapy and surgery provide effective local control of colon cancer.
However, serious side effects and resistance to therapies over time decrease the survival
rate of patients [4]. Despite recent dramatic advances in early diagnosis and treatment,
there still remains an unmet need to palliate CRC symptoms, develop novel therapeu-
tic strategies with lower side effects, and prolong the overall survival of the patients [5].
Numerous studies have shown that different cellular pathways including cell cycle, cell
proliferation, drug resistance, apoptosis and metastasis are modulated in CRC. Further-
more, recent findings show that metabolic pathways such as glycolysis can influence the
apoptotic potential of cancer therapeutics. Therefore, therapies targeting various targets in
cancer cells have recently raised more interest [6,7].

Herbal compounds and their derivatives have attracted huge attention and become a
prominent contribution in novel drug discovery programs by exhibiting their therapeutic
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effects through a multi-targeted approach, which is a characteristic that is highly desirable in
cancer malignancies [6]. Phytochemicals may illustrate their antitumor properties through
promoting apoptosis, suppressing the cell cycle, inhibiting angiogenesis and regulating
antioxidant activities. Moreover, numerous naturally bioactive compounds have been
shown to modulate immune checkpoints and affect the activities of immune cells including
T and B cells, Treg cells and NK cells [8]. More interestingly, these natural products have
gained competing interests due to the absence of toxicity and harmful side effects commonly
associated with current therapies [9].

Curcumin is a polyphenolic derivative of turmeric known to have dramatic anticancer
effects on cancer cells rather than normal ones. It has been demonstrated that curcumin
exerts its toxic effects through modulation of the function of multiple genes including
apoptotic, metastatic, cell proliferation and transcription factors [10]. Studies reported that
curcumin modulates cellular pathways involved in cancer pathogenesis including NF-kB,
MAPK, PTEN, P53 and wnt [11]. Despite these tempting advantages of curcumin, the poor
bioavailability limits its exploitation as a therapeutic compound [12]. Our team has recently
formulated and characterized a nano-based encapsulated curcumin, gemini curcumin
(Gemini-Cur), with significant anticancer effects on ovarian, gastric, breast and colorectal
cancer [13–16]. Briefly, gemini surfactant nanoparticles belong to a surfactant family with
two identical structures that are linked by a rigid or flexible spacer that could harbor and
deliver drugs and genes into the cells and tissues. Gemini curcumin nanoparticles are
spherical and well-dispersed vesicles that easily enter the cancer cells [15].

Exploration of the genes with abnormal expression during the treatment of colon
cancer with Gemini-Cur is essential to provide a deeper understanding of the mechanisms
involved. Because regulatory genes are affected by dietary compounds, the ability of
curcumin to modulate the transcriptome profile has attracted much attention [8,17]. Based
on our recent findings on the significant toxic properties of Gemini-Cur on cancer cells,
here, we employed RNA sequencing and bioinformatics analysis to identify the key genes
and related pathways modulated in colorectal HCT-116 cells treated with Gemini-Cur. The
data of the current study help us to determine top Differentially Expressed Genes (DEGs)
as possible cellular targets and figure out potential biological pathways in colon cancer that
are modulated by curcumin.

2. Materials and Methods

2.1. In Vitro Studies
2.1.1. Cell Culture and Reagents

The colorectal cancer HCT-116 cell line was purchased from the Iranian national cell
bank (Pasteur institute, Tehran, Iran). The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) penicillin–streptomycin solution (both from GIBCO,
USA) at 37 ◦C in a humidified environment with 5% CO2. Curcumin (CAS Number 458-37-
7; Sigma-Aldrich, USA) and mPEG urethane gemini surfactant nanoparticles were a kind
gift from the Institute for Color Science and Technology, Tehran, Iran.

2.1.2. Synthesis of Gemini-Cur nanoparticles

Gemini-Cur nanoparticles were prepared by a nanoprecipitation method previously
reported by our lab [16]. Briefly, we added 6 mg of Cur and 100 mg of gemini surfactants
to 3 mL of methanol. Then, the solution was diluted twice in PBS under gently stirring
condition, and the methanol was evaporated by using a rotary evaporator. The remaining
solution was passed through a 0.22 μM syringe filter to remove possible contaminations
and stored at 4 ◦C until use.
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2.1.3. Gemini-Cur Treatments

We have previously reported the IC50 values for Gemini-Cur on HCT-116 cells. Fur-
thermore, we demonstrated that Gemini-Cur modulates the cell cycle and induces apoptosis
in HCT-116 cells compared to controls [14]. To further confirm cellular toxicity on the cells
treated with Gemini-Cur, we used ethidium bromide/acridine orange (EB/AO) staining.
Briefly, the cells were left untreated or treated with Gemini-Cur at an IC50 dose onto 6-well
plates. After 24, 48 and 72 h, the cells were detached by trypsin (0.25%; Sigma-Aldrich,
USA) and transferred to glass slides. Staining solution (1 μL) containing 100 μg/mL acri-
dine orange and 100 μg/mL ethidium bromide (Sigma-Aldrich, USA) was added to a
suspension of HCT-116 cells. The cells were visualized under fluorescence microscopy
(RX50, LABEX, England), and representative photographs were taken for further qualitative
analysis. Fluorouracil (5-FU) apoptotic images were also provided as positive control.

For RNA sequencing, the cells were seeded on 6-well plates for 24 h and subsequently
treated with Gemini-Cur. After 24 h, the cells were processed for RNA sequencing.

2.1.4. RNA Extraction and Preparation

According to the protocol of TRIzol reagent (Thermo Fisher Scientific, USA), total RNA
was extracted from treated and non-treated HCT-116 cells. A total of six samples including
three controls and three treated cells were incorporated in the study. After validating the
integrity and purity (NanoDropTM, ThermoFisher, USA), all RNAs were treated with
RNase-free DNase I to remove any DNA contamination. Then, RNAs were transferred to
GeneTegra-RNA tubes (GenTegra Co., Seoul, Korea), dried in a freezer dryer (Sartorius Co.,
Germany) and sent to Macrogen Co., for sequencing (Macrogen Co., Seoul, Korea).

2.1.5. Library Construction and RNA Sequencing

Approximately 1 μg of RNA from each sample was used to generate RNA-Seq cDNA
libraries for sequencing using the TruSeq RNA Sample Prep Kit v2 (Illumina, Inc., San Diego,
CA, USA). Sample preparation followed the manufacturer’s protocol with a workflow
that included isolation of polyadenylated RNA molecules using poly-T oligo-attached
magnetic beads, enzymatic RNA fragmentation, cDNA synthesis, ligation of bar-coded
adapters, and PCR amplification. Ambion External RNA Controls Consortium (ERCC)
RNA Spike-In Control Mix 1 (Life Technologies Corporation, Carlsbad, CA, USA) was
added to the samples. The amplified cDNA fragments were sequenced using a HiSeq
2000 sequencing system (Illumina, San Diego, CA, USA). Finally, sequencing data were
converted to raw data in FASTQ format utilizing illumina package bcl2fastq.

2.2. Bioinformatics Studies
2.2.1. Quality Assessment of RNA-seq Data, Mapping and Read Annotation

All processing and analysis on raw data were performed using Ubuntu 20.00 (64-bit)
and open-source software available through the R/Bioconductor. After check and quality
control of paired-end reads with the final version of MultiQC (https://github.com/ewels/
MultiQC, 25 January 2022) and Trimmomatic (http://www.usadellab.org/cms/?page=
trimmomatic, 25 January 2022), the remaining reads as clean reads were mapped to the
genome reference GRCh37 (hg19) using the star (https://github.com/alexdobin/STAR/
releases, 10 January 2022) package, and mapping efficiencies accounted for 98.50%. The
counting of transcripts was also performed with Htseq-count (https://htseq.readthedocs.
io/en/release_0.11.1/count.html, 10 January 2022).

2.2.2. Normalization of Read Counts, Differentially Expression Analysis (DEA) and
Network Construction

In order to normalize and perform differential expression analysis on counts, the
standard Bioconductor RNA-seq workflow (DESeq2) was used to detect differentially
expressed genes (DEGs). The distribution of expression values across all samples (normal
and treatment) before and after normalization was applied to ensure that expression values
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were similar across normalized counts. The PPI network was constructed using STRING
(p-value: 1.0 × 10−164), which resulted in 2736 interactions between 180 nodes based on a
confidence score of 0.007. In order to detect the key parameters, the interaction pairs of the
network obtained from STRING were visualized by Cytoscape (Version 3.6) with a cut-off
value for BC > 0 and K > 8. After analyzing PPI network modules with MCODE, generally,
10 modules obtained. Three significant modules were identified with an MCODE score ≥ 3
and nodes ≥ 3. In order to conduct a gene-pathway annotated network, 300 upregulated
(padj < 0.01, log2 FC > 2) and downregulated (padj < 0.01, log2 FC < −2) genes were mapped
to 117 KEGG pathways. Then, an annotated network was constructed for significant KEGG
pathways by using Cytoscape (Version 3.6). Gene ontology (GO) was conducted using
the enrichR/Bioconductor package to clarify which biological categories (CC, MF, BP) the
DEGs are enriched.

2.2.3. Functional Enrichment and Gene Ontology Analysis

Gene ontology (GO) was conducted using EnrichR web tool to clarify which GO term
and fanatical biology categories (CC: cellular component, MF: molecular function, BP:
biological process) the DEGs are enriched.

2.3. Exploration and Validation of CRC-Related Genes Based on Real-Time PCR and Western
Blotting

To further validation of the RNA sequencing data generated by the above-mentioned
parameters, the differential expression of top five genes including two upregulated (GADD45G
and ATF3) and three downregulated genes (BUB1B, CCNA2 and CDK1) were evaluated
on all treated and non-treated samples in both mRNA and protein levels. Total RNAs
were firstly converted to cDNA using an c (AddBio Co., Seoul, Korea). According to the
manufacturer’s instructions, quantitative PCR analysis was performed by employing Add
SYBER Master kit (AddBio Co., Seoul, Korea) on the CFX96 thermal cycler (Bio-Rad Co.,
Hercules, CA, USA). All the primers (Table 1) were designed by Gene Runner version
6 (http://generunner.net, 1 September 2020), and β-actin was used as internal control.
The quantification of expression levels was studied by the 2−ΔΔCt method. Furthermore,
melting curves were run to confirm the specificity and consistency of the products.

Table 1. Details of primers used in real-time PCR. F: forward; R: reverse.

Gene Sequence (5′→3′) PCR Product

CDK1 F: 5-AGCCGGGATCTACCATACC-3
R: 5-CATGGCTACCACTTGACCTG-3 126

CCNA2 F: 5-GGACAAAGCTGGCCTGAATC-3
R: 5-CTGTTGTGCATGCTGTGGTG-3 116

BUB1B F: 5-CAATTCCAAGCTCGAGTGTC-3
R: 5-GATGATTGGAGCTCTTGCTG-3 146

GADD45G F: 5-GTCAGCCAAAGTCTTGAACG-3
R: 5-GCACTATGTCGATGTCGTTC-3 145

ATF3 F: 5-CAGCACCTTGCCCCAAAATC -3
R: 5-TGGATGGCAAACCTCAGCTC-3 171

β-actin F: 5-CAGCACCTTGCCCCAAAATC -3
R: 5-TGGATGGCAAACCTCAGCTC-3 184

Total protein was extracted from all samples using 500 μL of lysis buffer (Tris-HCl pH 8,
0.08 g NaCl, 0.003 g EDTA, 0.025 g sodium deoxycholate, 0.01 g SDS, and 1% NP40 enriched
with an anti-protease cocktail). Thereafter, 10 μg of protein was electrophoresed using
10% SDS-PAGE at 120 V for 45 min and then transferred onto polyvinylidene difluoride
membranes at 120 V for 1.5 h. The membranes were incubated with appropriate primary
antibodies (all from Santa Cruz Biotechnology, Dallas, TX, USA) at 4 ◦C overnight. After
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three-time PBS wash, the membranes were incubated with appropriate HRP-conjugated
secondary antibodies (Cat no: sc-516102 and sc-2357; Santa Cruz Biotechnology, USA) for
1 h at room temperature. The immunoblots were detected on X-ray films using chemilu-
minescence ECL solution (Bio-Rad, Herecules, CA, USA). β-actin (Cat no: sc-47778; Santa
Cruz Biotechnology, Inc.) was considered as internal control for normalization.

3. Results

3.1. Suppressive Effect of Gemini-Cur on HCT-116 Cells

Based on our previous reports, gemini surfactant nanoparticles significantly increase
the cellular uptake of curcumin and suppress the proliferation of HCT-116 cells through the
induction of apoptosis. Accordingly, Gemini-Cur significantly increases the proportion of
SubG1 cells and induces apoptosis in HCT-116 cells compared to the non-treated group. Our
Hoechst staining also illustrated the morphological characteristics of membrane shrinkage
and nuclear fragmentation of HCT-116 cells. Here, we further confirm that Gemini-Cur
modulates the growth of HCT-116 cells compared to void curcumin with IC50 value of
51.50 for 24 h (Figure 1A). In accordance with our previous work, acridine orange/ethidium
bromide staining revealed that Gemini-Cur instigates apoptosis in colorectal HCT-116 cells.
As Figure 1B shows, there is no significant apoptosis in non-treated cells (control). In
contrast, the nucleus in dead cells reveals a condensed and granular forms with green–light
orange fluorescence.

 

Figure 1. Gemini-Cur affects the proliferation of HCT-116 cells. (A): Gemini-Cur suppresses HCT-116
cells proliferation in a time- and dose-dependent manner. (B): Acridine orange/ethidium bromide
staining also illustrated cells with apoptotic characteristics including membrane shrinkage and
nuclear fragmentation in different incubation times (24, 48 and 72 h, Magnification ×400). Gemini:
gemini surfactant nanoparticles; Cur: curcumin; Gemini-Cur: gemini curcumin.
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3.2. Raw Data Statistics and Quality Assessment

Three replicates of treated samples and corresponding controls were subjected to RNA
sequencing. On average, more than 40 million reads per sample were recorded (Figure 2A).
The proportion of bases with high quality (Q30) was more than 90, indicating that the
quality of RNA sequencing was proper for further analysis. After quality control and the
removal of adaptors, more than 8 million reads were produced for each sample (Figure 2B).

Figure 2. Distribution of gene counts. As shown in bar plot (A), more than 8 million reads are
produced for each sample. According to density plot, raw read Counts (log2 (counts + 1)) are not
non-normalized distributed (B). The density plot of normalized count (log2 (normalized counts)) per
sample is shown in plot (C). C1-3: controls; T1-3: Treated cells with Gemini-Cur.

3.3. Identification of Differentially Expressed Genes (DEGs)

In order to determine DEGs in treated samples versus controls, the standard Biocon-
ductor RNA-seq workflow (DESeq2) was employed. In total, 3892 DEGs (padj < 0.01)
including 244 upregulated (padj < 0.01, log2 FC > 2) and 198 downregulated (padj < 0.01,
log2 FC < −2) genes were obtained in this study (Supplementary Materials). As Figure 3A
shows, all genes were categorized in non-significant (dark gray) and significant (light blue)
DEGs as well as top down/upregulated genes (red). To further illustrate top-modulated
genes, a heatmap with a color range of blue (down) to red (up) was employed for non-
normalized (Figure 3B) and normalized genes (Figure 3C). The heatmap demonstrates the
differential expression of genes in Gemini-Cur-treated cells in comparison with non-treated
samples. Subsequently, a list of top ten up and downregulated DEGs (padj < 0.01) was
obtained with padj < 0.01, log2 FC > 2 and padj < 0.01, log2 FC < −2, respectively (Table 2).

3.4. Exploration of DEGs in Protein–Protein Interaction (PPI) Network and Subnetworks
(Modules)

To find out the potential interactions at the protein level, DEGs were mapped in STRING,
and the PPI network (Figure 4A) was constructed for top 300 DEGs (up/downregulated genes).
The significant pairs of the network (p-value: 1.0 × 10−164) in 2736 interactions between
180 nodes based on confidence score (0.007) were visualized by Cytoscape software and the
network analyzer plug-in with a cut-off value for BC > 0 and K > 8. After analyzing PPI
network, subnetworks (modules) with a MCODE plug-in of Cytoscape were extracted, and
generally, 10 modules obtained. Three significant modules were identified with MCODE
score ≥ 3 and nodes ≥ 3 (Figure 4B–D). CDK1, CCNA2, and BUB1B with the highest BC and
K in the PPI network and with the highest score in the MCODE plug-in were significantly
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identified in Module 1 (Figure 4D and Table 3). Accordingly, it is clearly obvious that three
of the DEGs (CDK1, CCNA2, and BUB1B) in the PPI network and module 1 are the genes
that interact the most with others in the PPI network.

Figure 3. Normalization of raw read counts and Differential Expression Analysis (DEA). The volcano
plot (A) of non-significant DEGs (colored in dark gray), significant DEGs (padj < 0.01) (colored
in light blue), and up/downregulated genes (Colored in red). The x-axis represents the log2 FC,
while the y-axis represents the statistical significance for each gene based on −log10 (p value).
Heatmap of top 22 up/downregulated genes associated with non-normalized counts (B). Heatmap
of top 22 up/downregulated DEGs associated with normalized counts (C). From the heatmap
(downregulated genes are colored in light blue and upregulated genes are colored in orange in both
plots). NS: non-significant; FC: fold change.

Table 2. The list of top 10 up/downregulated Differentially Expressed Genes (DEGs) based on RNA-
seq data analysis. The DEGs (padj < 0.01) between control and treatment groups are shown with top
10 upregulated genes (padj < 0.01, log2 FC > 2), and top 10 downregulated genes (padj < 0.01, log2
FC < −2). Padj: adjusted p value.

Gene
Symbol

STATUS Base Mean
log2 Fold
Change

lfcSE Stat p Value padj

HMOX1 Up 14082.63 4.581563 0.393634 11.63913 2.61 × 10−31 9.29 × 10−27

DDIT3 Up 7029.257 4.083832 0.394679 10.34723 4.31 × 10−25 7.68 × 10−21

ATF3 Up 5160.583 2.807268 0.27917 10.05577 8.66 × 10−24 1.01 × 10−19

CHAC1 Up 2994.215 3.896157 0.400672 9.724061 2.38 × 10−22 2.12 × 10−18

HERPUD1 Up 12540.28 2.267609 0.254122 8.92332 4.53 × 10−19 3.23 × 10−19

SPX Up 260.3101 4.781735 0.578882 8.260295 1.45 × 10−16 8.64 × 10−13

DNAJB9 Up 2736.219 2.665123 0.342986 7.770348 7.83 × 10−15 3.99 × 10−11

OSGIN1 Up 13215.95 4.534403 0.586017 7.737659 1.01 × 10−14 4.51 × 10−11

LUCAT1 Up 608.1075 3.02517 0.396356 7.632456 2.30 × 10−14 9.13 × 10−11

CYP4F3 Up 547.2113 2.671816 0.369558 7.22977 4.84 × 10−13 1.57 × 10−09

TONSL Down 2059.716 −2.89597 0.395525 −7.32183 2.45 × 10−13 8.72 × 10−10

MCM4 Down 5519.294 −2.8152 0.421581 −6.67772 2.43 × 10−11 4.5 5× 10−08

AC112777.1 Down 221.6533 −3.06376 0.459517 −6.66735 2.60 × 10−11 4.64 × 10−08

FANCA Down 1932.18 −2.67477 0.406894 −6.57362 4.91 × 10−11 7.47 × 10−08

E2F2 Down 629.9052 −2.62378 0.402383 −6.52061 7.00 × 10−11 9.25 × 10−08

BLM Down 995.8815 −2.69881 0.413601 −6.52516 6.79 × 10−11 9.25 × 10−08

NCAPH Down 1459.514 −3.16292 0.490122 −6.45332 1.09 × 10−10 1.32 × 10−07

KIF18B Down 1583.582 −3.07757 0.477409 −6.44639 1.15 × 10−10 1.32 × 10−07

UHRF1 Down 2198.428 −2.78382 0.432416 −6.43782 1.21 × 10−10 1.32 × 10−07

CDCA3 Down 933.7762 −3.48616 0.542823 −6.42228 1.34 × 10−10 1.41 × 10−07
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Figure 4. Overview of PPI network and subnetworks (modules). The PPI network (A); the yellow
colors represent key nodes (highest BC and K) in PPI networks. Generally, 10 modules were obtained
from the main network and module 1 (D), module 2 (B) and module 3 (C) are significant modules.
Module 1 with the score of 47.057 and 54 nodes is the more significant module, covering three genes
CDK1, CCNA2, and BUB1B with the highest BC and K in the PPI network and with the highest score
in the MCODE plug-in.

Table 3. The position of 5 CRC-related candidate genes in the PPI network and subnetworks (mod-
ules). As shown, CDK1, CCNA2 and BUB1B genes with the highest degree (K) and betweenness (BC)
are clustered in subnetwork 1, demonstrating their significant influence in the network. In contrast,
GADD45G and ATF3 genes are classified in clusters 5 and 8, perhaps indicating their independence
to the networks in CRC.

Gene
Symbol

Expression
Based on
RNA-seq

Degree
(K)

Betweenness
(BC)

Closeness
Centrality

(CC)

MCODE:
Score

No;
Cluster

CDK1 Down 106 0.94541487 0.885964912 34.77520814 1
CCNA2 Down 96 0.299119893 0.789115646 34.77520814 1
BUB1B Down 90 0.296979671 0.724550898 34.77520814 1

GADD45G Up 5 0 0 5 5
ATF3 Up 6 0 0.411764706 2.7 8
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3.5. KEGG Pathway Analysis of DEGs

For the characterization of DEGs, we performed pathway enrichment analysis in
KEGG. In total, 300 upregulated (padj < 0.01, log2 FC > 2) and downregulated (padj < 0.01,
log2 FC < −2) genes were mapped to 117 KEGG pathways. In order to identify which gene
is associated with biological pathways, a gene-pathway annotated network was created
using 300 DEGs (up/downregulated genes) alongside the most significant KEGG pathways
using Cytoscape software.

Generally, the gene-pathway annotated network showed that DEGs were significantly
enriched in the cell cycle, E2F-mediated regulation of DNA replication, G1/S-specific tran-
scription, cell cycle checkpoints, G2/M checkpoints, FOXM1 transcription factor network,
and G1 to S cell cycle control (Table 4). Surprisingly, a vital gene of our study, CDK1, was
significantly enriched in all significant pathways that may act as a bridge between both
the CRC-related genes (CCNA2, BUB1B, GADD45G and ATF3) and other gene-pathway
annotated network genes (Figure 5).

Figure 5. Overview of the gene-pathway network (annotated network) created by cystoscope. The
blue nodes represent the CRC candidate genes connected with the pathways and other nodes in the
network. The orange nodes represent other pathways in connection with CRC genes. According to
this network, it can be demonstrated that CDK1 is involved in all significant first-level pathways;
it is associated with related genes in each of the pathways and with other most significant CRC-
related genes (CCNA2, BUB1B, GADD45G, ATF3). The dominant pathway is cell cycle with padj
1.82 × 10−34.
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Table 4. Status of CRC-related genes—CDK1, CCNA2, BUB1B, GADD45G, and ATF3—in gene-
pathway annotated networks. The table shows that CDK1 is prominently involved in different
pathways. The gene pathways are significantly enriched in cell cycle-related networks. Padj: adjusted
p-value.

Pathway Gene Symbol Padj

Cell cycle

TOP2A; ERCC6L; MCM7; PRIM1; HJURP;
BUB1B; MCM10; TTK; PKMYT1; TYMS;

AURKB; LMNB1; CCNB1; POLD1; E2F1; E2F2;
CLSPN; BUB1; CENPURRM2; GADD45B;
GADD45A; UBE2C; TUBB; PLK1; KIF23;

ZWINT; GADD45G; DHFR, CCNA2; POLA1;
CENPF; ESPL1; CENPI; POLE2; CDK1; MCM3;
MCM4; BIRC5; MCM5; KIF2C; KIF20A; MCM6;

SPC24; MCM2; SPC25; MAD2L1

1.82 × 10−34

E2F-mediated regulation of
DNA replication

DHFR; POLA1; CCNB1; RRM2; PRIM1; E2F1;
CDK1; TYMS 1.67 × 10−08

G1/S-specific transcription DHFR; POLA1; RRM2; CDK1; E2F1; TYMS 1.79 × 10−07

Cell cycle checkpoints
MCM7; UBE2C; BUB1B; MCM10; CCNB1;

CDK1; MCM3; MCM4; MCM5; CLSPN; MCM6;
MCM2; MAD2L1

2.84 × 10−09

G2/M checkpoints
CCNB1; MCM7; CDK1; MCM3; MCM4;

MCM10; MCM5; CLSPN; MCM6; MCM2 2.89 × 10−10

FOXM1 transcription
factor network

CCNA2; CCNB1; CENPF; PLK1; CDK1; BIRC5;
FOXM1; AURKB; HSPA1B 4.54 × 10−09

G1 to S cell cycle control DHFR; POLA1; RRM2; CDK1; E2F1; TYMS 3.83 × 10−12

3.6. Functional Enrichment and Gene Ontology (GO) Analysis

To better understand the molecular role of selected genes involved in the suppressive
effect of Gemini-Cur on HCT-116 cells, DEGs were mapped in the GO database using an
online web tool (https://maayanlab.cloud/Enrichr, 25 January 2021), and a threshold of
Padj < 0.05 and gene counts > 5 was considered. Here, gene ontology was performed
for 198 downregulated and 244 upregulated genes separately, and the status of all five
selected genes in all three categories (BP; biological process, MF; molecular function, and
CC; cellular component) was assessed.

Interestingly, the GO results of the integrated group showed that upregulated ATF3 is
significantly enriched in BP category including response to endoplasmic reticulum stress,
regulation of transcription from RNA polymerase II promoter in response to stress, and MF
category with protein hetero-dimerization activity. In addition, GADD45G was enriched in
the regulation of p38MAPK cascade as well as control of the p38MAPK pathway, both in
BP process (Table 5). In contrast, downregulated genes (CCNA2, BUB1B, and CDK1) were
involved in almost all three categories and different cellular cascades.

In Vitro Validation Study by Real-Time PCR and Western Blotting

To further validation of the RNA sequencing data generated by the above-mentioned
parameters, the differential expression of top five genes including two upregulated (GADD45G
and ATF3) and three downregulated (BUB1B, CCNA2 and CDK1) were evaluated on
all treated and non-treated samples in mRNA and protein levels. As Figure 6A shows,
the expression of BUB1B, CCNA2 and CDK1 is significantly down-expressed in treated
cells. Accordingly, the data illustrated that ATF3 (p value < 0.05) and GADD45G are
upregulated in Gemini-Cur treated cells, although this was not significant for GADD45G.
These modulations were confirmed in protein level as shown in Figure 6B.
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Table 5. The top significantly gene ontology (GO) categories (BP: biological process; CC: cellular
component; MF; molecular function) based on upregulated genes with the threshold of |log fold
change (FC)| ≥ 2 and a Bonferroni p < 0.05. Padj: adjusted p value.

GO Term Source Padj Gene Symbol

microtubule cytoskeleton
organization involved in mitosis BP 3.94 × 10−23 ERCC6L; BUB1B; CDCA8; TTK; CENPA; TACC3; BIRC5;

CENM; KIF2C; SPC24; MAD2L1;

mitotic spindle organization BP 1.75 × 10−22 ERCC6L; BUB1B; CDCA8; TTK; CENPA; KIF2C; SPC24;
MAD2L1; SPC25

mitotic sister chromatid
segregation BP 1.37 × 10−21 SPAG5; CDCA5; P LK1; NCAPG2; CDCA8; NCAPG; PSRC1;

ESPL1; KIFC1; PRC1; CDK1; KIF2C

DNA metabolic process BP 8.96 × 10−20 TOP2A; BLM; FEN1; RNASEH2A; MCM7; UHRF1; HMGB2;
MCM10; TYMS; CDK1; MCM4; MCM5; MCM6; MCM2

positive regulation of cell cycle
process BP 9.66 × 10−10

UBE2C; TUBB; CCNF; PLK1; CDC7; CDC25C; PKMYT1;
FOXM1; AURKA; CCNA2; CCNB2; CCNB1; CDK1; E2F1;

TACC3; NEK2; CDKN3

spindle CC 2.01 × 10−18
SPAG5; CKAP2L; PLK1; BUB1B; CDC7; KIF23; TTK; KIF22;
SKA3; AURKB; AURKA; CDC20; CENPF; CDK1; TACC3;

BIRC5; KIF2C; KIF20A

nucleus CC 2.20 × 10−13

TOP2A; ARHGAP11A; FEN1; MCM7; DSCC1; CCNF;
NCAPG2; HMGB2; MCM10; CCNA2; ASPM; MCM5; KIF20A;
MCM6; PRR11; MCM2; BLM; RAD51; PRC1; UBE2T; CDK1;

TRIP13; MAD2L1

intracellular
non-membrane-bounded
organelle

CC 4.72 × 10−10

TOP2A; FEN1; MCM7; CDCA5; HJURP; HMGB2; BUB1B;
CDCA8; MCM10; TTK; MKI67; PKMYT1; AURKB; PLK1;

VRK1; KIF23; ESCO2; PIMREG; CIT; CENPF; PSRC1; PRC1;
UBE2T; KIF2C; KIF20A; TRIP13; SPC24; MCM2

cyclin-dependent protein kinase
holoenzyme complex CC 4.89 × 10−05 CCNA2; CCNB2; CCNB1; CCNF; CDK1

serine/threonine protein kinase
complex CC 1.32 × 10−04 CCNA2; CCNB2; CCNB1; CCNF; CDK1

histone kinase activity MF 7.17 × 10−04 CDK1; AURKB; AURKA
protein serine/threonine kinase
activity MF 0.001470884 PLK1; CDK1; PBK; NEK2; VRK1; CDC7; TTK; PASK;

PKMYT1; AURKB; CIT; AURKA

kinase binding MF 0.004957845 CAV1; PLK1; VRK1; CDC25C; FOXM1; AURKB; CIT;
AURKA; ARHGAP33; CCNA2

cyclin-dependent protein
serine/threonine kinase regulator
activity

MF 0.00820989 CCNA2; CCNB2; CCNB1; CCNF

Figure 6. Validation of the expression of selected genes by real-time PCR and Western blotting.
Nearly all genes except GADD45A validate findings from RNA seq. data. (A) The data show relative
expression of genes compared to non-treated controls. (B) Blots illustrate protein expression in control
and treated cells.
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4. Discussion

Despite recent advances in early diagnosis and proper treatments, colorectal cancer
(CRC) is still considered as the third leading cause of cancer-related deaths worldwide [1,2].
Gemini-Cur is one of the latest nano-formulations of curcumin with a significant anticancer
effect that has recently been developed by our group [15]. We have already reported
that Gemini-Cur inhibits the proliferation of different cancer cells through the induction
of apoptosis [13–16]. Due to the limited information on the global effect of curcumin
on transcriptome profiling, we employed RNA sequencing to uncover the differentially
expressed genes and cellular pathways that are affected by Gemini-Cur in colorectal cancer
cells. Here, our data not only confirm the suppressive effect but also demonstrate that
numerous genes in different cellular pathways are modulated by Gemini-Cur in HCT-116
cells.

Along with all the steps of quality control and RNA-seq raw data normalization, the
DEA (Differentially Expressed Analysis) process introduced about 3892 genes as DEGs
(padj < 0.01) with 244 upregulated (padj < 0.01, log2 FC ≥ 2), and 198 downregulated genes
(padj < 0.01, log2 FC ≤ −2). The PPI network was also created by Cytoscape to better figure
out the possible correlations between DEGs. Consequently, three of the top significant
downregulated genes including cyclin-dependent kinase 1 (CDK; padj = 1.08 × 10−06, log2
FC = −3.15), cyclin A2 (CCNA2; padj = 2.87 × 10−05, log2 FC = −3.056) and BUB1 mitotic
checkpoint serine/threonine kinase B (BUB1B; padj = 2.72 × 10−06, log2 FC = −2.99) as
well as two upregulated genes including growth arrest and DNA damage inducible gamma
(GADD45G; padj = 1.47 × 10−06, log2 FC = 4) and activating transcription factor 3 (ATF3;
padj = 1.03 × 10−19, log2 FC = 4) were selected from top ten DEG lists for further validation
of RNA sequencing results.

Numerous reports have shown that ATF3 and GADD45G play critical roles in cancer.
Inoue et al. illustrated that the ATF3 transcription factor inhibits the migration and invasion
of HCT-116 cells. ATF3 is also involved in the process of cellular stress response [18].
Here, RNA sequencing and experimental studies show that transcription factor ATF3 as
a key regulator of cellular stress response is upregulated in cancer cells after treatment
with Gemini-Cur. These findings demonstrate increasingly the potential of ATF3 as a
therapeutic candidate in colorectal cancer. In another work, Guo et al. demonstrated that
the overexpression of GADD45G acts as tumor suppressor in AML [19]. Although RNA
sequencing showed that GADD45G is upregulated in treated cells, this overexpression was
not detected in PCR and Western blotting. This contradictory finding may be due to the
presence of different RNA reads including RNAs from paralogous genes and pseudogenes.
However, PCR and Western blotting only detect main predominant variant of GADD45G.

Accordingly, CCNA2, BUB1B, and CDK1 genes have been downregulated in Gemini-
Cur treated cells versus the non-treated group. According to the gene-pathway annotated
network, it is revealed that CDK1 is involved in the cell cycle and associated with other
CRC-related genes (CCNA2, BUB1B, GADD45G, ATF3). CDK1 contributes to the cell
proliferation, apoptosis, and cell migration [20,21]. It was shown that the upregulation
of CDK1 leads to poor prognosis in patients with CRC [22]. Zhu et al. and Thoma
et al. indicated that the downregulation of CDK1 inhibited fluorouracil-resistant CRC cell
proliferation [23,24].

Regarding the BUB1B and CCNA2, both genes have been reported as upregulated
genes in CRC [25–27]. Gan et al. indicated that the CCNA2 knockdown could significantly
suppress CRC cell growth by impairing cell cycle progression and inducing cell apopto-
sis [20]. Ding et al. also reported that the upregulation of BUB1B, CDK1, and CCNA2 genes
contribute to the progression of tumor growth and metastasis of CRC [28]. These results
further validate our analysis methods and the accuracy of RNA sequencing for exploring
the novel top up/downregulated genes in different conditions.

The joint cooperation of GADD45G and CDK1 in the p53 activity regulation pathway
is another attractive result of this study. GADD45G plays a role in the activation of S and
G2/M checkpoints during p53-related DNA damage responses [29,30]. The modulatory
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effect of Gemini-Cur on these genes may highlight their collaborative role in cell stress
response.

5. Conclusions

Taken together, our data show that Gemini-Cur comprehensively modulates gene
expression in colorectal cancer HCT-116 cells. Gene ontology annotations related to DEGs
found here include DNA-dependent ATPase (MF) during metabolic processes (BP) in
nucleus (CC). Further analysis also demonstrated that Gemini-Cur dominantly affects cell
cycle-related pathways. These RNA sequencing data greatly expand our understanding of
the molecular and cellular targets of curcumin in cancer. We also reported novel potential
targets for curcumin as listed in the top ten DEGs. Further investigations on the top
up/downregulated genes especially in different cancer cell lines and non-cancerous controls
will facilitate the findings of curcumin targets in colon cancer.
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Abstract: This study aimed to investigate the phenolic profile and selected biological activities of
the leaf and aerial extracts of three Ericaceae species, namely Erica multiflora, Erica scoparia, and
Calluna vulgaris, collected from three different places in the north of Morocco. The phenolic composi-
tion of all extracts was determined by LC coupled with photodiode array and mass spectrometry
detection. Among the investigated extracts, that of E. scoparia aerial parts was the richest one, with a
total amount of polyphenols of 9528.93 mg/kg. Up to 59 phenolic compounds were detected: 52 were
positively identified and 49 quantified—11 in C. vulgaris, 14 in E. multiflora, and 24 in E. scoparia.
In terms of chemical classes, nine were phenolic acids and 43 were flavonoids, and among them,
the majority belonged to the class of flavonols. The antioxidant activity of all extracts was investi-
gated by three different in vitro methods, namely DPPH, reducing power, and Fe2+ chelating assays;
E. scoparia aerial part extract was the most active, with an IC50 of 0.142 ± 0.014 mg/mL (DPPH
test) and 1.898 ± 0.056 ASE/mL (reducing power assay). Further, all extracts were non-toxic against
Artemia salina, thus indicating their potential safety. The findings attained in this work for such
Moroccan Ericaceae species, never investigated so far, bring novelty to the field and show them to be
valuable sources of phenolic compounds with interesting primary antioxidant properties.

Keywords: Ericaceae; LC–DAD/ESI–MS; phenolic compounds; flavonoids; antioxidant activity;
Artemia salina Leach

1. Introduction

Ericaceae is a cosmopolitan family, represented by 124 genera and 4100–4250 species
that are widely distributed around the world, particularly in the Mediterranean area,
in deficient and non-calcic soils, as well as in high mountains [1–4]. Within this family,
Erica and Calluna are the most abundant and widely spread genera. In Northern Mo-
rocco, E. multiflora, E. scoparia, and C. vulgaris are traditionally consumed by local people
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in the form of infusions, and are well known for their therapeutic properties [5–7]. In
Morocco, Erica multiflora L. and Erica scoparia L. are considered among the most well-known
species of the Erica genus [1,8]. According to popular knowledge, both species might
have anti-inflammatory and analgesic properties when it comes to urinary diseases [5,6].
Moreover, E. multiflora has shown antihyperlipidemic and liver function repair effects [8,9],
and effective antilithiatic activity [10].

Calluna vulgaris (L.) Hull belongs to the monotypic genus of Calluna, also known
for its powerful bioactive compounds. It is widely used to treat kidney and urinary
system disorders, particularly inflammatory diseases of the bladder, prostate, and urinary
tract [7,11–15]. It is also important to note that heather honey obtained from C. vulgaris
nectar is a special type of honey that is highly appreciated by consumers, not only for its
distinctive flavor and dietary value but also for its therapeutic purposes [12,15].

These biological effects are closely related to their composition in bioactive compounds
such as flavonoids, tannins, anthocyanins, vitamins C and E, triterpenoids, saponins,
proteins, steroids, coumarins, ascorbic acid, hydroquinone, etc. [4,16–19]. In the human
body, the accumulation of free radicals induces numerous illnesses and health issues.
Therefore, research within plants for natural antioxidant sources might be a promising
alternative to lower the incidence of multiple diseases that are due to oxidative stress [20,21].
Polyphenols are an important class of secondary metabolites in plants, characterized by
one or more hydroxyl groups binding to one or more aromatic rings, and are divided into
two groups: flavonoids and non-flavonoids [22]. The biological and medicinal proprieties
of antioxidant compounds such as plant polyphenols have been widely reported in the
scientific literature [23]. Indeed, the protective role of polyphenols, especially as free radical
scavengers, has been well established, and these molecules may play a prominent role in
the prevention and/or the treatment of oxidative stress-induced diseases [24].

In the current study, E. multiflora, E. scoparia, and C. vulgaris, collected from North-
ern Morocco, were investigated for their phenolic composition and were further tested
for their antioxidant properties as well as for their potential toxicity. In particular, the
qualitative–quantitative profile of the phenolic constituents contained in the hydroalcoholic
extracts obtained from the leaves and aerial parts of both Erica species and from the leaves
of C. vulgaris was determined by LC–DAD/ESI–MS analyses. In order to provide a compre-
hensive view of the antioxidant profiles, the in vitro antioxidant effectiveness of the extracts
was assessed by using three different methods: the DPPH (1,1-diphenyl-1-picrylhydrazyl)
test and the reducing power and ferrous ion chelating assays. Moreover, the brine shrimp
(Artemia salina Leach) lethality bioassay was utilized to evaluate the toxicity.

The phenolic content of E. multiflora has been already evaluated in other works [2,8,25,26];
however, either the leaves [2,8] or flowers [25]/entire plant [26] have been investigated.
Notably, ref. [2] refers to an Algerian species, whereas ref. [25] refers to a Tunisian species.
No data are available in the literature on the chemical composition and biological properties
of E. scoparia; on the other hand, for C. vulgaris, only the inflorescences of a Portuguese
species [27] have been reported so far.

2. Results and Discussion

2.1. Polyphenol Composition

The phenolic compounds present in the aerial parts and leaves of C. vulgaris, E. multiflora,
and E. scoparia were identified by using an HPLC chromatogram at 330 nm (Figure 1). The
main phenolic compounds were recognized by combining the retention times, UV spectra,
and mass spectra of each peak with its standard, when available, and with literature data.
The results revealed different quali-quantitative profiles among the studied parts, as shown
in Figure 1. A total of 59 phenolic compounds were detected: 14 in C. vulgaris, 18 in
E. multiflora, and 27 in E. scoparia (Table 1). Among them, 52 were positively identified
(11 in C. vulgaris, 14 in E. multiflora, and 24 in E. scoparia). In terms of chemical classes, nine
were phenolic acids and 43 were flavonoids, and among them, the majority belonged to the
class of flavonols, mainly derivates of quercetin, myricetin, isorhamnetin, and kaempferol,
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while the rest of the compounds belonged to the class of flavanones, specifically eriodictyol
and taxifolin. It is worth mentioning that, to the best of our knowledge, no previous studies
have investigated the chemical composition of E. scoparia.

Calluna vulgaris leaves contained a total amount of phenolic compounds of 1567.78 mg/kg,
comprising caffeoylquinic acid, which was the most abundant phenolic compound
(1180 ± 8.18 mg/kg), followed by myricetin-O-rhamnoside (232.98 ± 0.30 mg/kg), myricetin-
O-pentoside (48.81 ± 2.22 mg/Kg), and myricetin-O-hexoside (41.66 ± 1.88 mg/kg),
whereas quercetin-O-hexoside (2.82 ± 3.24 mg/kg) was the lowest one. The results are in
accordance with those presented by Mandim et al. [27] at the qualitative level, except for
catechin, isorhamnetin-3-O-glucoside, and isorhmnetin-O-rhamnoside, which were absent
in this studied species. However, a notable difference has been shown at the quantitative
level, which could be, at least in part, attributed to the different organ of the plant used in
this study, viz. leaves instead of inflorescences.

The leaves of E. multiflora contained 399.01 mg/kg of phenolic compounds, and
were characterized by the presence of a quercetin derivative, myricetin-O-hexoside, and
quercetin-O-(6”-cinnamoyl)-hexoside, while the aerial parts contained 227.6 mg/kg of
phenolic compounds, and were distinguished by the presence of 4-caffeoylquinic acid,
methyl-ellagic acid hexoside, and eriodictyol-O-hexoside, wherein 4-caffeoylquinic acid
was the main compound in the aerial parts, with 83.75 ± 0.74 mg/kg, and where kaempferol
was the least prevalent compound, with 0.95 ± 1.84 mg/kg. According to these results, it
can be concluded that E. multiflora leaves presented higher phenolic compound content
when compared to the aerial parts. The output of heat map analysis showed that the leaves
and aerial parts of E. multiflora were clustered together into the same group and displayed
the following main compounds in common: quercetin-O-hexoside, kaempferol-rhamnosyl-
hexoside, rutin, caffeoylquinic acid, and kaempferol-hexoside. Moreover, in both parts,
the presence of small amounts of three other compounds, quercetin, dimethylquercetin,
and kaempferol, was noted. These results contradict those obtained by Mandim et al. [27],
where quercetin was the most abundant compound, followed by kaempferol. This dis-
cordance could be partially related to the time and the location of the harvest, and/or
the extraction method. Erica scoparia aerial parts presented a total amount of polyphenols
of 9528.93 mg/kg. The most abundant compounds identified were myricetin-O-hexoside
(2130.25 ± 0.78 mg/kg), myricetin-O-rhamnoside (1625.89 ± 0.39 mg/kg), and myricetin-
O-pentoside (852.85 ± 1.97 mg/kg), whereas quercetin-O-(6”-p-hydroxybenzoyl)-hexoside
(91.34 ± 1.22 mg/kg) was the least abundant one. Notably, myricetin-O-hexoside was shown
to be the greatest phenolic compound in the leaves of E. scoparia (184.38 ± 0.26 mg/kg), while
the smallest content was recorded for quercetin-O-(malonyl)-hexoside (18.52 ± 0.27 mg/kg).
Thus, a remarkable discrepancy in the phenolic composition between the leaves and aerial
parts of E. scoparia was observed. In addition, some phenolic compounds contained in the
aerial parts seemed to be entirely absent in the leaves, such as taxifolin, digalloyl-quinic
acid, and kaempferol.

A principal component analysis (PCA) alongside a heat map analysis were carried
out on the phenolic compounds as variables to identify the connection between all the
plant parts under observation (Figures 2 and 3). The PCA results presented two main
components (F1 × F2) that determine 68.94%, whereas (F1 × F3) showed a contribution
of 62.60%.
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Figure 1. Chromatographic profile of hydroalcoholic extracts from leaves and aerial parts of 3
different Ericaceae taxa at λ = 330 nm.

Figure 2. Heat map analysis of phenolic compounds (mean, N = 3) in leaves and aerial parts of 3
different Ericaceae taxa: C. vulgaris leaves (Cv-L), E. scoparia leaves (Es-L), E. scoparia aerial parts (Es-A),
E. multiflora aerial parts (Em-A), E. multiflora leaves (Em-L).
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Figure 3. The correlation between phenolic compounds (variables) and plant parts of Ericaceae taxa
(observations) through PCA. (A) represents the first two factorials F1xF2. (B) represents the second
two factorials F1xF3.

Both statistical analyses confirmed the presence of four different clusters: the first
cluster regrouped both parts of E. multiflora, and the second and the third clusters were
attributed to E. scoparia parts, while a completely distinguished fourth cluster was ascribed
to C. vulgaris leaves. According to the principal components F1 and F2, the leaves of
E. scoparia and C. vulgaris showed a false positive correlation, resulting in a unique cluster,
whereas F1 and F3 led to the rejection of the previous correlation and the presence of two
different clusters.
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2.2. Antioxidant and Cytotoxic Activities
2.2.1. Antioxidant Activity

The human body is constantly dealing with the formation of free radicals. When
produced in excess, the latter trigger oxidative stress, causing serious tissue injuries. It is
well known that many diseases are closely related to oxidative stress, mainly cancer and
neurodegenerative disorders (Alzheimer’s, Parkinson’s, etc.). To cope with these health
issues, plants provide a cheap and affordable source of natural antioxidants to prevent free
radical-induced diseases, especially in countries with low incomes and limited healthcare
resources [28]. Many primary antioxidant chemistry reactions can be grouped into the
categories of hydrogen-atom transfer (HAT) and single-electron transfer (SET). The HAT
mechanism occurs when an antioxidant compound scavenges free radicals by donating
hydrogen atoms; the SET mechanism is based on the transfer of a single electron to reduce
any compound, including metals, carbonyls, and free radicals [29,30]. It has been reported
that, even if many antioxidant reactions are characterized as following either HAT or SET
chemical processes, these reaction mechanisms can simultaneously occur [29,31,32].

Due to the complex nature of phytochemicals and their interactions, the importance of
using various methods based on different mechanisms for a comprehensive study of the
antioxidant properties of plant extracts has been argued. Therefore, the antioxidant activity
of Em-L, Em-A, Es-L, Es-A, and Cv-L extracts was investigated by three different in vitro
methods: in order to establish the primary antioxidant properties, the 1,1-diphenyl-1-
picrylhydrazyl (DPPH) test, involving HAT and SET mechanisms, and the reducing power,
a SET-based assay, were used. The secondary antioxidant properties were determined
through the estimation of the ferrous ion (Fe2+) chelating activity.

The DPPH test is a rapid, simple, inexpensive, and widely used method to measure the
free radical scavenging ability of pure compounds or phytocomplexes. Based on the results
shown in Figure 4, all extracts, except for Em-A, demonstrated valuable radical scavenging
activity, reaching approximately 90% of inhibition at the concentration of 0.5 mg/mL.
Among the tested extracts, Es-A was the most active, as confirmed also by the lowest IC50
value (p < 0.001); at the concentration of 0.25 mg/mL, it showed activity higher than that of
BHT, used as a standard drug, displaying radical scavenging activity superimposable to
that of the standard (around 100%) at the concentrations of 1 and 2 mg/mL (Figure 4).

Figure 4. Free radical scavenging activity (DPPH test) of hydroalcoholic extracts from leaves and
aerial parts of 3 different Ericaceae taxa: C. vulgaris leaves (Cv-L), E. scoparia leaves (Es-L), E. scoparia
aerial parts (Es-A), E. multiflora leaves (Em-L), E. multiflora aerial parts (Em-A). Data are expressed as
the mean ± SD of three independent experiments (n = 3) and were analyzed by one-way ANOVA
followed by Dunnett’s post-hoc test. **** p < 0.0001, *** p < 0.001, ** p < 0.05 vs. BHT.

Based on the IC50 values, the efficacy of the extracts and the standard decreases in the
order Es-A > BHT > Es-L > Em-L > Cv-L > Em-A (Table 2); however, at 1 mg and 2 mg/mL,
Es-L, Em-L and Cv-L exhibited radical scavenging activity close to that of BHT, while only
Em-A reached about 80% of inhibition (Figure 4).
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Table 2. Free radical scavenging activity (DPPH test), reducing power, and ferrous ion (Fe2+) chelating
activity of hydroalcoholic extracts from leaves and aerial parts of 3 different Ericaceae taxa.

Ericaceae Taxa
DPPH Test

IC50 (mg/mL)
Reducing Power

ASE/mL

Fe2+ Chelating
Activity

IC50 (mg/mL)

Cv-L 0.212 ± 0.061 a 2.790 ± 0.100 a NA
Es-L 0.189 ± 0.051 a 2.721 ± 0.062 a NA
Es-A 0.142 ± 0.014 b 1.898 ± 0.056 b >2
Em-L 0.200 ± 0.001 a 3.814 ± 0.091 c NA
Em-A 0.611 ± 0.017 c 5.538 ± 0.148 d >2

Standard BHT
0.154 ± 0.001 b

BHT
1.131 ± 0.037 e

EDTA
0.0067 ± 0.0003

C. vulgaris leaves (Cv-L), E. scoparia leaves (Es-L), E. scoparia aerial parts (Es-A), E. multiflora leaves (Em-L),
E. multiflora aerial parts (Em-A). NA: no activity. Data are expressed as the mean ± SD of three independent
experiments (n = 3) and were analyzed by one-way ANOVA followed by Tukey–Kramer multiple comparisons
test. a–e Different letters within the same column indicate significant differences between mean values (p < 0.001).

The reducing power reflects the ability to stop the radical chain reaction. In this assay,
the presence of antioxidant compounds in the sample determines the reduction of Fe3+ to
the ferrous form (Fe2+). As shown in Figure 5, all the extracts, except Em-A, displayed good
reducing power, which was dose-dependent. Among the tested extracts, those of E. scoparia
were the most active. In fact, at the concentration of 1 mg/mL, Es-A showed activity close
to that of BHT; at 2 mg/mL, the reducing power of both Es-A and Es-L was higher than that
of the standard. Based on the ASE/mL values, the efficacy of the extracts and the standard
decreases in the order BHT > Es-A > Es-L > Cv-L > Em-L > Em-A (Table 2).

Figure 5. Reducing power of hydroalcoholic extracts from leaves and aerial parts of 3 different Eri-
caceae taxa evaluated by spectrophotometric detection of Fe3+-Fe2+ transformation method. C. vulgaris
leaves (Cv-L), E. scoparia leaves (Es-L), E. scoparia aerial parts (Es-A), E. multiflora leaves (Em-L),
E. multiflora aerial parts (Em-A). Data are expressed as the mean ± SD of three independent ex-
periments (n = 3) and were analyzed by one-way ANOVA followed by Dunnett’s post-hoc test.
**** p < 0.0001, *** p < 0.001, vs. BHT.

The Fe2+ chelating activity of Em-L, Em-A, Es-L, Es-A, and Cv-L extracts was estimated
by monitoring the formation of the Fe2+-ferrozine complex. In this assay, only Es-A and
Em-A displayed weak chelating properties, whereas all the other extracts were not active
(Table 2).

From our findings, it is evident that all the extracts possess strong primary antioxidant
properties; interestingly, that obtained from the aerial parts of E. scoparia is the most power-
ful. HPLC analysis revealed, for this extract, the highest content of flavonoid compounds,
represented mainly by flavonols such as several myricetin glycosides, but also kaempferol,

63



Molecules 2022, 27, 3979

quercetin, and isorhamnetin glycosides. The flavonols, containing more hydroxyl groups
(one to six OH groups), have a very strong ability to scavenge DPPH radicals and they
are well-known, potent antioxidants. These compounds have a 3-hydroxyl group in the
C-ring and 3′,4′-dihydroxy groups (catechol structure) in the B-ring, but also possess the
2,3-double bond in conjugation with the 4-oxo function in the C-ring, which are the essential
structural elements for potent radical scavenging activity [33].

Erica scoparia aerial part extract is rich in myricetin glycosides, which have been
shown to possess strong primary antioxidant activity [34,35]. Thus, the best activity
observed for Es-A could be correlated primarily to these compounds, but also to kaempferol,
isorhamnetin, and quercetin glycosides.

2.2.2. Artemia salina Lethality Bioassay

The toxicity of Em-L, Em-A, Es-L, Es-A, and Cv-L extracts was assessed by the Artemia
salina lethality bioassay, extensively utilized as an alternative model for toxicity evaluation.
This simple method offers numerous advantages, such as rapidity, low cost, continuous
availability of cysts (eggs), and ease of maintenance under laboratory conditions [36]. It is
a useful system for predicting the toxicity of plant extracts in order to consider their safety.
The results of the bioassay showed that the median lethal concentration values were higher
than 1000 μg/mL for all the tested extracts, thus indicating the lack of toxicity against brine
shrimp larvae based on Clarkson’s toxicity criterion [37].

3. Materials and Methods

3.1. Chemicals and Reagents

LC–MS-grade water (H2O), acetonitrile (ACN), formic acid, methanol, and DMSO
were purchased from Merck Life Science (Merck KGaA, Darmstadt, Germany). Taxifolin,
rutin, 4-caffeoylquinic acid, ishorhamnetin, quercetin, and kaempferol-3-glucoside were
also obtained from Merck Life Science (Merck KGaA, Darmstadt, Germany). Unless
indicated otherwise, all chemicals were purchased from Sigma-Aldrich (Milan, Italy).

3.2. Plant Materials

Three Ericaceae taxa, Erica multiflora, Erica scoparia, Calluna vulgaris, were collected in
December 2019 from three different places in Northern Morocco; Khemiss anjra (Tetouan
province) with longitude −5.5125257, latitude 35.6632287; Ben karrich (Tetouan province),
longitude −5.4279948, latitude 35.5068513; Souq l’qolla (Chefchouaen), longitude −5.59873,
latitude 35.12112 35, respectively. The taxonomic identification was confirmed by Prof.
Kadiri Mohamed, Abdelmalek Essaadi University, Tetouan, Morocco.

The plant material was collected in December according to their flourishing stage. The
selected samples for the preparation of the extracts consisted of leaves and aerial parts, for
both Erica species that bloomed in this month, while, for C. vulgaris, only the leaves were
used because, in the same period, this species had not yet flowered.

The selected parts were dried in darkness at room temperature for 2 weeks, and then
crushed in an electrical grinder to a particle size less than 4 mm; the grounded parts were
stored in a refrigerator under 4 ◦C in amber glass vials to avoid oxidation effects.

3.3. Extraction Procedure

One hundred milligrams of different powdered plant material of the three studied
species was extracted, in a 50 mL volumetric flask, with 10 mL of ethanol:water, 96:4
(v:v), followed by sonication (60 W, 25 ◦C, 37 Hz) for 20 min. The obtained extracts were
centrifugated for 10 min under 3000 rpm and filtered using Whatman filter paper (Merck
Life Science, Merck KGaA, Darmstadt, Germany). The extraction procedure was repeated
three times, and then the filtrates were combined, evaporated to dryness by a rotavapor
and stored at 4 ◦C. The yields of the extracts, referring to 100 g of dried plant material, were
31.37% for E. multiflora leaves (Em-L), 33.26% for E. multiflora aerial parts (Em-A), 37.97% for
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E. scoparia leaves (Es-L), 46.76% for E. scoparia aerial parts (Es-A), and 33.72% for C. vulgaris
leaves (Cv-L).

3.4. LC–DAD/ESI–MS Analyses

The hydroalcoholic extracts (Em-L, Em-A, Es-L, Es-A, and Cv-L) were analyzed through
the LC–MS technique using a Shimadzu liquid chromatography system (Kyoto, Japan),
composed of a CBM-20A controller, two LC-30AD dual-plunger parallel-flow pumps, a
DGU-20A5R degasser, a CTO-40C column oven, a SIL-40C autosampler, an SPD-M40
photo diode array detector, and an LCMS-8050 mass spectrometer, through an ESI source
(Shimadzu, Kyoto, Japan).

Separation analyses were performed on a 150 × 4.6 mm; 2.7 μm Ascentis Express RP
C18 column (Merck Life Science, Merck KGaA, Darmstadt, Germany). The mobile phase
was composed of two solvents, water (solvent A) and acetonitrile (solvent B), both acidified
with formic acid at 0.1% v/v. The flow rate was set at 1 mL/min and a simplified linear
gradient of elution program was followed: 0–5 min, 0–30% B, 5–30 min, 30–100% B, 35 min,
100% B. PDA range: 200–400; λ = 280 nm (sampling frequency: 40.0 Hz, time constant:
0.08 s).

The applied mass spectrometry conditions were as follows: scan range, m/z 100–1200;
scan speed, 2500 amu/s; event time, 0.3 s; nebulizing gas (N2) flow rate, 1.5 L/min; drying
gas (N2) flow rate, 15 L/min; interface temperature, 350 ◦C; heat block temperature, 300 ◦C;
DL (desolvation line) temperature, 300 ◦C; DL voltage, 1 V; interface voltage, −4.5 kV.

3.5. Preparation of Calibration Curves

Calibration curves of six polyphenolic standards (R2 > 0.9989) were used for the
quantification of the polyphenolic content in sample extracts by using different concentra-
tion levels: 4-caffeoylquinic acid (y = 3450.1x − 26,363; LoD = 0.034, LoQ = 0.104), taxifolin
(y = 18,001x − 35,329; LoD = 0.071, LoQ = 0.215), rutin (y = 10,066x + 2176.5; LoD = 0.014,
LoQ = 0.042), isorhamnetin (y = 25,334x + 1890.3; LoD = 0.116, LoQ = 0.353), quercetin
(y = 20,376x + 7053.8, LoD = 0.007, LoQ = 0.022), kaempferol-3-glucoside (y = 13,848x + 2354.1,
LoD = 0.090, LoQ = 0.274). Each analysis was performed in triplicate.

3.6. Antioxidant and Cytotoxic Activities
3.6.1. Free Radical Scavenging Activity

The free radical scavenging activity of Em-L, Em-A, Es-L, Es-A, and Cv-L extracts was
determined using the DPPH (1,1-diphenyl-1-picrylhydrazyl) method [38]. The samples
were tested at different concentrations (0.0625–2 mg/mL). An aliquot (0.5 mL) of solution
containing different amounts of sample was added to 3 mL of daily prepared methanol
DPPH solution (0.1 mM). The optical density change at 517 nm was measured, 20 min
after the initial mixing, with a model UV-1601 spectrophotometer (Shimadzu). Butylated
hydroxytoluene (BHT) was used as reference.

The scavenging activity was measured as the decrease in the absorbance of the samples
versus DPPH standard solution. Results were expressed as the radical scavenging activity
percentage (%) of the DPPH, defined by the formula [(Ao − Ac)/Ao] × 100, where Ao is
the absorbance of the control and Ac is the absorbance in the presence of the sample or
standard.

The results, obtained from the average of three independent experiments, are reported
as mean radical scavenging activity percentage (%) ± standard deviation (SD) and mean
50% inhibitory concentration (IC50) ± SD. The IC50 value is a parameter calculated as the
concentration of extract needed to decrease the initial DPPH concentration by 50%. Thus,
the lower IC50 value, the higher the antioxidant activity of the sample.

3.6.2. Reducing Power Assay

The reducing power of Em-L, Em-A, Es-L, Es-A, and Cv-L extracts was evaluated by
the spectrophotometric detection of Fe3+-Fe2+ transformation method [39]. The extracts
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were tested at different concentrations ranging from 0.0625 to 2 mg/mL. Solutions of
different concentrations of extracts in 1 mL solvent were mixed with 2.5 mL of phosphate
buffer (0.2 M, pH 6.6) and 2.5 mL of 1% potassium ferricyanide [K3Fe(CN)6], and the
resulting mixture was incubated at 50 ◦C for 20 min. The solution was cooled rapidly,
mixed with 2.5 mL of 10% trichloroacetic acid, and centrifuged at 3000 rpm for 10 min.
After centrifugation, the supernatant (2.5 mL) was mixed with 2.5 mL of distilled water and
0.5 mL of 0.1% fresh ferric chloride (FeCl3). The absorbance of the solution was measured
at a wavelength of 700 nm after 10 min. An increase in the absorbance of the reaction
mixture indicates an increase in its reducing power. An equal volume (1 mL) of water
mixed with a solution prepared as described above was used as a blank. Ascorbic acid and
BHT were used as references. The results averaged from three independent experiments
were expressed as mean absorbance values ± SD. The reducing power was also expressed
as ascorbic acid equivalent (ASE/mL); when the reducing power is 1 ASE/mL, the reducing
power of 1 mL extract is equivalent to 1 μmol ascorbic acid.

3.6.3. Ferrous Ion (Fe2+) Chelating Activity

The Fe2+ chelating activity of Em-L, Em-A, Es-L, Es-A, and Cv-L extracts was estimated
according to the method reported by Decker and Welch [40]. The samples were tested at
different concentrations (0.0625–2 mg/mL). Briefly, different concentrations of each sample
in 1 mL solvent were mixed with 0.5 mL of methanol and 0.05 mL of 2 mM FeCl2. The
reaction was initiated by the addition of 0.1 mL of 5 mM ferrozine. Then, the mixture was
shaken vigorously and left standing at room temperature for 10 min. The absorbance of the
solution was measured spectrophotometrically at 562 nm. The control contained FeCl2 and
ferrozine, complex formation molecules. Ethylenediaminetetraacetic acid (EDTA) was used
as a reference. The percentage of inhibition of the ferrozine—(Fe2+) complex formation was
calculated by the formula [(Ao − Ac)/Ao] × 100, where Ao is the absorbance of the control
and Ac is the absorbance in the presence of the sample or standard. The results, obtained
from the average of three independent experiments, are reported as mean inhibition of the
ferrozine—(Fe2+) complex formation (%) ± SD and IC50 ± SD.

3.6.4. Artemia salina Lethality Bioassay

The potential toxicity of Em-L, Em-A, Es-L, Es-A, and Cv-L L extracts was investigated
in brine shrimp (Artemia salina Leach) [41]. Ten brine shrimp larvae, taken 48 h after
initiation of hatching in artificial seawater, were transferred to each sample vial, and then
artificial seawater was added to obtain a final volume of 5 mL. Different concentrations
of each extract were added (10–1000 μg/mL) and the brine shrimp larvae were incubated
for 24 h at 25–28 ◦C. Then, the surviving larvae were counted using a magnifying glass.
The assay was carried out in triplicate, and median lethal concentration (LC50) values were
determined by Litchfield and Wilcoxon’s method. Extracts giving LC50 values greater than
1000 μg/mL were considered non-toxic.

3.7. Statistical Analysis

The heat map and PCA were established to provide an easier comparison of the
phenolic compounds between the plant parts; the results were expressed as mean values
± relative standard deviation (RSD). All data were processed with principal component
analysis (PCA) and collected in a heat map; the phenolic compounds were considered as
variables in these plots to identify the connections between all the plant parts as observa-
tions. Principal component analysis (PCA) and heat map were generated using XLSTAT
software ver. 2019.2.2.

Statistical comparison of the antioxidant activity data was carried out by using one-
way analysis of variance (ANOVA) (GraphPAD Prism Version 9.4.0. Software for Science).
p-values lower than 0.05 were considered statistically significant.
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4. Conclusions

In this contribution, three Moroccan Ericaceae species, namely Erica multiflora, Erica
scoparia, and Calluna vulgaris, were investigated. The phenolic profiles of the leaf and aerial
extracts revealed a quite complex pattern, with up to 52 phenolic compounds positively
identified, including phenolic acids and flavonoids. The antioxidant properties of the
extracts were evaluated by means of three different methods, namely DPPH, reducing
power, and Fe2+ chelating assays, demonstrating their high potential. On the basis of the
phenolic profile and remarkable results achieved for the antioxidant activity, such species
could be considered as a potential safe source of bioactive compounds to be advantageously
employed in traditional Moroccan medicine. Interestingly, myricetin derivates might
have important therapeutic potential, e.g., antioxidant, anti-inflammatory, anti-diabetes,
anticancer, and protective effects against Alzheimer’s disease [42]; furthermore, the efficacy
kaempferol and rutin can be exploited against doxorubicin-induced cardiotoxicity [43],
while quercetin could be employed for its interesting anticancer effects against prostate
and breast cancers [44].
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Abstract: The aim of this study is to examine the ability of resveratrol to counteract hexavalent
chromium [Cr(VI)]-induced genetic damage, as well as the possible pathways associated with this
protection. Hsd:ICR male mice are divided into groups of the following five individuals each:
(a) control 1, distilled water; (b) control 2, ethanol 30%; (c) resveratrol, 50 mg/kg by gavage; (d) CrO3,
20 mg/kg intraperitoneally; (e) resveratrol + CrO3, resveratrol administered 4 h prior to CrO3. The
assessment is performed on peripheral blood. Micronuclei (MN) kinetics are measured from 0 to 72 h,
while 8-hydroxydeoxyguanosine (8-OHdG) adduct repair levels, endogenous antioxidant system
biomarkers, and apoptosis frequency were quantified after 48 h. Resveratrol reduces the frequency
of Cr(VI)-induced MN and shows significant effects on the 8-OHdG adduct levels, suggesting that
cell repair could be enhanced by this polyphenol. Concomitant administration of resveratrol and
Cr(VI) results in a return of the activities of glutathione peroxidase and catalase to control levels,
accompanied by modifications of superoxide dismutase activity and glutathione levels. Thus, antioxi-
dant properties might play an important role in resveratrol-mediated inhibition of Cr(VI)-induced
oxidant genotoxicity. The increase in apoptotic cells and the decrease in necrosis further confirmed
that resveratrol effectively blocks the actions of Cr(VI).

Keywords: resveratrol; hexavalent chromium; 8-hydroxydeoxyguanosine adduct repair; apoptosis;
endogenous antioxidant system; antigenotoxic

1. Introduction

Resveratrol (3,4′,5-trihydroxy-trans-stilbene) is a polyphenol found in a group of
stilbenes. It has high antioxidant potential associated with beneficial health effects in
the context of neurodegenerative and cardiovascular diseases, as well as some types of
cancer, diabetes, and obesity-related disorders [1,2]. The antioxidant effects of resveratrol
have been attributed to its ability to scavenge reactive oxygen species (ROS), activate
repair mechanisms, and induce apoptosis [3,4]. Notably, resveratrol has been found to
prevent DNA damage [5,6]. Although the effects of resveratrol on toxicity induced by
metals (e.g., arsenic trioxide, sodium arsenite, copper oxide, chromic chloride, and potas-
sium dichromate) have been examined in rodent hearts, livers, kidneys, thymus, and
ovaries [7–11], there are no studies evaluating the effects of this polyphenol on hexavalent
chromium [Cr(VI)] compound-induced genotoxicity.
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Cr(VI) is largely released into the environment due to industrial activities, mainly
including electroplating, welding, leather tanning, and pigment manufacturing, or found
in automobile exhaust and tobacco products [12,13]. Both acute and chronic exposure to
Cr(VI) compounds have been associated with cancer induction in different organs and
tissues [14,15]. The genotoxic damage produced during its intracellular reduction may
initiate and promote Cr(VI)-induced carcinogenesis by the formation of DNA adducts,
cross-linking (DNA-protein and DNA-DNA), abasic sites, and oxidized DNA bases [16].
It is important to highlight that the induction of apoptosis, the inhibition of repair mech-
anisms, and gene expression play a crucial role in the genotoxic damage generated by
exposure to Cr(VI) compounds [15,17]. Several studies have shown that antioxidants can
counteract the effects of ROS and free radicals [18], such that antioxidant-rich substances
have emerged as potential agents for preventing and adjuvating oxidative stress and DNA
damage [19–21]. More precisely, compounds such as polyphenols have been shown to play
a direct role as radical scavengers and metal chelators and to exert indirect effects by modu-
lating levels of transcription factors and enzymes [22–24]. Therefore, the aim of the present
study was to examine the protective effects of resveratrol against Cr(VI)-induced genotoxi-
city in vivo and the underlying metabolic processes including 8-hydroxydeoxyguanosine
(8-OHdG, 7,8-dihydro-8-oxodeoxyguanosine) adduct repair, the endogenous antioxidant
component system, and apoptosis, which may be involved in preventing Cr(VI)-induced
DNA damage.

2. Results

2.1. Effect of Resveratrol on MN Induced by CrO3

The genotoxic damage caused by Cr(VI) was evaluated using the micronuclei (MN)
assay in erythrocytes of peripheral blood using acridine orange (AO)-coated slides. Dif-
ferential AO staining distinguished polychromatic erythrocytes (PCE) from normochro-
matic erythrocytes (NCE) because PCE were stained, showing orange fluorescence due
to the presence of ribosomal RNA (Figure 1A(i)), while NCE did not stain at all (shadow)
(Figure 1A(ii)). The AO also enabled the identification of MN, which exhibited yellow
fluorescence due to their DNA content (Figure 1A(iii)). To compare the kinetics of MN in-
duction in treatment groups, data were analyzed by calculating the net induction frequency
(NIF) using Equation (1) as follows:

NIF = |MN frequencies measured at time xi − MN frequencies measured at time 0|/n (1)

where xi is the evaluation at 24, 48, or 72 h per group, time 0 is the evaluation at 0 h (before
treatment) per group, and n is the number of mice per group.

Calculating the NIF enhanced the ability to determine net MN induction by eliminating
baseline MN variability among treated groups at time 0. Figure 1B illustrates the NIF of MN
values for all treatments at 24, 48, and 72 h after administration. Treatments had a significant
effect (p < 0.0001) on the MN frequencies according to the two-way repeated-measures
analysis of variance (RM-ANOVA). In the chromium trioxide (CrO3) group, an increase of
about 7, 10, and 5 MN was observed at 24, 48, and 72 h, respectively, which was significantly
higher than the control C1 (p < 0.001, p < 0.0001, and p < 0.015, respectively). The group
treated with resveratrol and CrO3 (resveratrol + CrO3) had lower MN frequency than the
CrO3 only treatment at all times examined and was highest at 48 h (p < 0.001), though
this reduction was no longer significant at 72 h (p > 0.05). However, in this group, the
MN frequencies observed at 48 h were significantly different from the control groups (C1,
p < 0.001; C2, p < 0.040) and the group treated with resveratrol alone (p < 0.006). There was
a significant effect of time on the frequency of MN in the two-way RM-ANOVA (p < 0.0001).
In the CrO3 group, the frequency of MN increased at 48 h with respect to the initial time
(p < 0.038) and decreased at 72 h (p < 0.004). In the resveratrol + CrO3 group, the MN
frequency decreased at 72 h (p < 0.009), and values at the initial and final times were similar.
Treatment with resveratrol alone did not significantly affect the frequency of MN compared
to control group C2 (p > 0.05).
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Figure 1. Effect of resveratrol and CrO3 on the frequency of micronuclei (MN) were evaluated
in the peripheral blood of mice. (A) Fluorescent microphotograph (1000×) of peripheral blood
cells using the AO coating method. Polychromatic erythrocytes (PCE) stain fluorescent orange (i),
normochromatic erythrocytes (NCE) do not stain at all (shadow) (ii), and MN fluoresces yellow (iii).
(B) Data show the MN frequency at 24, 48, and 72 h minus the MN frequency at 0 h (net induction
frequency: NIF, see results text). The frequencies of MN in the resveratrol + CrO3 group decreased
by 63, 50, and 47% at 24, 48, and 72 h, respectively, compared with those in the CrO3 group. A
total of 4000 PCE were evaluated in each mouse (n = 5 mice/group). Statistical significance was
determined using two-way repeated measures-ANOVA followed by Tukey’s post-hoc test. Analysis
by treatments: a p < 0.001 vs. C1, 24 h; b p < 0.004 vs. resveratrol + CrO3, 24 h; c p < 0.0001 vs.
C1, 48 h; d p < 0.001 vs. resveratrol + CrO3, 48 h; e p < 0.001 vs. C1, 48 h; f p < 0.040 vs. C2, 48 h;
g p < 0.006 vs. resveratrol, 48 h; h p < 0.015 vs. C1, 72 h; NS p > 0.05 vs. CrO3, 72 h. Analysis by time
of evaluations: i p < 0.038, CrO3; j p < 0.004, CrO3; k p < 0.009, resveratrol + CrO3. C1, Control 1,
vehicle only (distilled water). C2, Control 2, vehicle only (ethanol 30%). CrO3, chromium trioxide.
AO, acridine orange.

2.2. Effect of Resveratrol and CrO3 on 8-OHdG Adduct Levels

The 8-OHdG adduct was measured at 48 h in blood plasma since this method does not
require sacrificing the animals. It is generally accepted that the excretion of the oxidized
nucleosides 8-oxodG and 8-oxoGuo can be measured in fluids such as plasma, under
the assumption that an organism maintains a steady-state with no changes in the rate of
oxidation [25]. In that situation, the number of oxidized guanine moieties in the nucleic acid
and its precursor pool must be equal to the number removed/excreted from the cell. Thus,
the levels of 8-OHdG evaluated in fluids represent the balance between formation and repair
rates. When evaluating oxidative damage to DNA using the 8-OHdG adduct repair levels
in peripheral blood plasma analyzed by one-way ANOVA, there was a significant effect of
treatment (p < 0.0015). The group treated with resveratrol prior to CrO3 (resveratrol + CrO3)
had higher 8-OHdG levels than the control groups (C1, p < 0.012; C2, p < 0.007) and the
CrO3 group (p < 0.002) (Figure 2). Although the resveratrol group displayed numerically
higher 8-OHdG levels than the control C2 and CrO3 had lower levels than control C1,
neither comparison was statistically significant.

73



Molecules 2022, 27, 4028

Figure 2. Effect of resveratrol and CrO3 on 8-hydroxydeoxyguanosine (8-OHdG, 7,8-dihydro-
8-oxodeoxyguanosine) levels evaluated in peripheral blood plasma 48 h after treatments
(n = 4 mice/group). Statistical significance was determined using one-way ANOVA followed by
Tukey’s post-hoc test: a p < 0.012 vs. C1; b p < 0.007 vs. C2; c p < 0.002 vs. CrO3. C1, Control 1, vehicle
only (distilled water); C2, Control 2, vehicle only (ethanol 30%); CrO3, chromium trioxide.

2.3. Effect of Resveratrol and CrO3 on the Antioxidant System

The effect of the treatments on the antioxidant system was determined by evaluating
glutathione (GSH) levels and the enzymatic activity of superoxide dismutase (SOD), glu-
tathione peroxidase (GPx), and catalase (CAT). During the reduction of Cr(VI) to trivalent
chromium [Cr(III)] superoxide radical (O2

•) is generated, which can be dismutated by
SOD. While GPx and CAT, when interacting with hydrogen peroxide (H2O2), can inhibit
the production of the hydroxyl radical (•OH), and GSH participates in one of the Cr(VI)
reduction pathways [15]. The enzymatic activities of SOD, GPx, and CAT are shown in
Figure 3. Data were analyzed with a one-way ANOVA. Treatment had a significant effect on
SOD activity (p < 0.0001). The resveratrol group had higher SOD activity than the control
group (C2) (p < 0.0001), and the resveratrol + CrO3 group showed an increase compared
to the control groups (C1, p < 0.016; C2, p < 0.001), the resveratrol group (p < 0.019) and
the CrO3 group (p < 0.0001). GPx activity was also significantly affected by treatment
(p < 0.0001). The CrO3 treatment increased GPx activity compared to the control group C1
(p < 0.019) and the resveratrol + CrO3 group (p < 0.004). Resveratrol treatment alone also
increased GPx activity compared to control group C2 (p < 0.0001). The resveratrol + CrO3
group had lower GPx activity than the resveratrol only group (p < 0.0001). There was also a
significant effect of treatment on CAT activity (p < 0.0001). Resveratrol treatment increased
CAT activity relative to the C2 control (p < 0.005), while treatment with CrO3 increased it
compared to control group C1 (p < 0.034). CAT activity was lower in the resveratrol + CrO3
group than in the resveratrol group (p < 0.001) and the CrO3 group (p < 0.0002). Together,
these results demonstrate that in the resveratrol + CrO3 mice, resveratrol restored GPx and
CAT activity to levels similar to the controls. In the resveratrol + CrO3 group, SOD levels
were higher than those of the control and CrO3 groups.
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Figure 3. (A) Superoxide dismutase (SOD), (B) glutathione peroxidase (GPx), and (C) catalase
(CAT) activities evaluated in peripheral blood at 48 h after treatments with resveratrol and CrO3

(n = 5 mice/group). Statistical significance was determined using one-way ANOVA followed by
Tukey’s post-hoc test: a p < 0.0001 vs. C2; b p < 0.016 vs. C1; c p < 0.001 vs. C2; d p < 0.019 vs. resveratrol;
e p < 0.0001 vs. CrO3; f p < 0.0001 vs. C2; g p < 0.019 vs. C1; h p < 0.004 vs. resveratrol + CrO3;
i p < 0.0001 vs. resveratrol; j p < 0.005 vs. C2; k p < 0.034 vs. C1; l p < 0.0002 vs. resveratrol + CrO3;
m p < 0.001 vs. resveratrol. C1, Control 1, vehicle only (distilled water); C2, Control 2, vehicle only
(ethanol 30%); CrO3, chromium trioxide.
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The GSH levels are shown in Figure 4. There was a significant effect of treatment
on GSH levels (p < 0.0001). There were no significant differences in GSH levels between
CrO3-treated animals and any other group (p > 0.05), while resveratrol + CrO3 mice had
significantly lower GSH levels than the controls (C1, p < 0.0001; C2, p < 0.0001), the
resveratrol group (p < 0.0001), and the CrO3 only group (p < 0.0001).

Figure 4. Average glutathione (GSH) levels evaluated in peripheral blood erythrocytes 48 h after
treatment with resveratrol and CrO3 (n = 5 mice/group). Statistical significance was determined
using one-way ANOVA followed by Tukey’s post-hoc test: a p < 0.0001 vs. C1; b p < 0.0001 vs. C2;
c p < 0.0001 vs. resveratrol; d p < 0.0001 vs. CrO3. C1, Control 1, vehicle only (distilled water); C2,
Control 2, vehicle only (ethanol 30%); CrO3, chromium trioxide.

2.4. Effect of Resveratrol and CrO3 on Apoptotic and Necrotic Cells

Apoptotic and necrotic cells as well as cell viability were evaluated using differential
acridine orange/ethidium bromide (AO/EB) staining (Figure 5A). The dual fluorochrome
assay is capable of distinguishing between viable and nonviable cells based on membrane
integrity. When cells are still viable, they keep the plasma membrane intact, allowing only
AO to intercalate into DNA, which causes the nucleus to fluoresce green (Figure 5A(i,iii)).
However, in nonviable cells, membrane integrity is lost, causing, ethidium bromide (EB)
to also intercalate into DNA, making the nucleus fluoresce red since EB overwhelms AO
staining (Figure 5A(ii,iv)). The color of the nucleus depends on the viability of the cell, not
the state of the nucleus. Early apoptotic cells that have intact membranes but in which the
DNA has begun to fragment still exhibit green nuclei because the EB cannot enter the cell,
but chromatin condensation is visible as bright green patches in the nuclei (Figure 5A(iii)).
As the cell progresses through the apoptotic pathway and membrane blebbing begins to
occur, EB permeates the cell, producing a red-stained cell. Late apoptotic cells show bright
red patches of condensed chromatin in the nuclei (Figure 5A(iv)); this distinguishes them
from necrotic cells, which stain uniformly red (Figure 5A(ii)). When comparing the effect of
treatments on apoptosis by one-way ANOVA, there was a significant effect of treatment on
the frequency of healthy, total, early and late apoptotic cells as well as necrotic cells when
compared to their control groups (p < 0.0001). Resveratrol reduced the frequency of total
and early apoptotic cells compared to control groups (p < 0.022 and p < 0.015, respectively),
while CrO3 induced an increased number of total, early, late apoptotic, and necrotic cells
compared to control groups (p < 0.0001). In the resveratrol + CrO3 mice, there were fewer
late apoptotic and necrotic cells compared to the CrO3 group (p < 0.001 and p < 0.0001,
respectively) and an increase in total and early apoptotic cells compared to the control
group (p < 0.0001) and the resveratrol group (p < 0.0001) (Figure 5B).
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Figure 5. (A) Fluorescent microphotograph (400×) of peripheral blood cells using differential acridine
orange/ethidium bromide (AO/EB) staining. (i) Healthy cell. (ii) Necrotic cell. (iii) Early apoptotic
cell. (iv) Late apoptotic cell. (B) Effect of resveratrol and CrO3 on the frequencies of healthy, apoptotic
(total, early, and late), and necrotic cells in peripheral blood, evaluated 48 h after treatments. A total
of 300 nucleated cells were evaluated in each mouse (n = 5 mice/group). Statistical significance was
determined using one-way ANOVA followed by Tukey’s post-hoc test: a p < 0.0001 vs. C1; b p < 0.03
vs. C2; c p < 0.0001 vs. C2; d p < 0.0001 vs. resveratrol; e p < 0.022 vs. C2; f p < 0.015 vs. C2; g p < 0.011
vs. CrO3; h p < 0.034 vs. C2; i p < 0.02 vs. resveratrol; j p < 0.001 vs. resveratrol + CrO3; k p < 0.0001
vs. resveratrol + CrO3. C1, Control 1, vehicle only (distilled water); C2, Control 2, vehicle only
(ethanol 30%); CrO3, chromium trioxide.

Table 1 shows the PCE/NCE ratio. These evaluations were performed on the same
samples and times used for MN. There were no significant effects in any of the treatments
compared to their control groups (C1, C2) or time 0. However, when cell viability was
compared in nucleated peripheral blood cells (48 h) using the dual fluorochrome assay,
a significant effect of treatment on viable and nonviable cells (p < 0.0001) was observed
(one-way ANOVA). The dual fluorochrome assay is an indicator of cell metabolism and
death caused by cell membrane injury. Viable cells included those with an intact membrane,
and thus they exhibited a nucleus fluoresced green by AO intercalation (healthy and early
apoptotic cells; Figure 5A(i,iii), respectively). Moreover, nonviable cells included those
in which the integrity of the membrane had been lost and that, therefore, presented a
nucleus fluoresced red due to the intercalation of the EB (late apoptotic and necrotic cells;
Figure 5A(ii,iv), respectively). Treatment with CrO3 increased nonviable cells compared
to the control group (p < 0.0001), while treatment with resveratrol prior to CrO3 exposure
decreased the nonviable cells observed in the group treated with CrO3 alone (p < 0.0001).
Resveratrol treatment alone had no significant effect on cell viability (Figure 6).
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Table 1. PCE/NCE ratio in peripheral blood of mice treated with resveratrol and CrO3.

Treatment Dose (mg/kg)
Time Analysis

(h)
n

PCE/NCE
1000 Cells

(mean ± SD)

C1 0 0 5 48.5 ± 8.6
24 46.7 ± 4.6
48 48.2 ±11.9
72 52.0 ± 8.2

C2 60 0 5 46.7 ± 7.0
24 47.2 ± 9.6
48 53.0 ± 7.5
72 43.4 ±13.2

Resveratrol 50 0 5 54.8 ±12.2
24 47.5 ± 9.5
48 48.7 ± 5.9
72 50.5 ± 6.4

CrO3 20 0 5 46.5 ±10.0
24 45.8 ± 7.0
48 51.1 ±12.8
72 39.8 ±12.9

Resveratrol + CrO3 50 + 20 0 5 45.6 ± 7.9
24 46.4 ± 2.8
48 53.8 ±12.7
72 44.6 ± 5.8

A total of 2000 erythrocytes were evaluated in each mouse (n = 5 mice/group). C1, Control 1, vehicle only (distilled
water); C2, Control 2, vehicle only (ethanol 30%). CrO3, chromium trioxide; PCE, polychromatic erythrocytes;
NCE, normochromatic erythrocytes.

Figure 6. Effect of resveratrol and CrO3 on the frequencies of viable and nonviable cells in the
peripheral blood of mice evaluated 48 h after treatment using differential acridine orange/ethidium
bromide (AO/EB) staining. Viable cells include healthy and early apoptotic cells. Nonviable
cells include late apoptotic and necrotic cells. A total of 300 nucleated cells were evaluated for
each mouse (n = 5 mice/group). Statistical significance was determined using one-way ANOVA
followed by Tukey’s multiple comparisons post hoc test: a p < 0.0001 vs. C1; b p < 0.0001 vs.
resveratrol + CrO3. C1, Control 1, vehicle only (distilled water); C2, Control 2, vehicle only (ethanol
30%); CrO3, chromium trioxide.
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The mice in the CrO3 group showed clinical signs of toxicity, including bristling hair,
decreased mobility, and loss of appetite. The dose of 50 mg/kg of resveratrol did not exhibit
any apparent clinical signs of toxicity. None of the mice exposed to resveratrol, CrO3, or
both treatments died.

3. Discussion

The aim of this study was to (1) examine the protective effect of resveratrol against
Cr(VI)-induced genotoxic damage in vivo and, (2) explore the possible protective pathways
of resveratrol at the time of greatest induction of genotoxic damage by CrO3 (48 h). The
evaluations were carried out on the same peripheral blood samples, in which the protection
from genotoxic damage (MN) was studied. The pathways explored were adduct repair
8-OHdG levels, antioxidant system GSH levels, and enzymatic activities of SOD, GPx, and
CAT. Our findings showed that the administration of resveratrol 4 h prior to exposure to
CrO3 reduced the frequency of MN induced by this metal in Hsd:ICR male mice. Similarly,
an approximation of the possible pathways involved in the protection of genotoxic damage
induced by CrO3 was achieved.

To evaluate the genotoxic damage attributed to Cr(VI), a dose of 20 mg/kg CrO3 was
administered intraperitoneally (ip). The 20 mg/kg dosage was based upon a previous study,
in which this dose induced the formation of MN in the peripheral blood of mice [19,26].
Cr(VI) detoxification is relatively fast (no more than 48 h) when administered ip, in contrast
to the effects observed with long-term oral and inhalation exposure to Cr(VI) [27]. Although
the ip route is an artificial exposure route, it is useful for detecting genotoxic damage in
short-term protocols, such as the MN assay, when testing compounds with potential
clastogenic properties. Similarly, it is a more sensitive and direct route than inhalation or
oral exposure [28,29]. Thus, a short-term protocol using the ip route of administration was
selected to examine direct genotoxic damage induced by CrO3. Resveratrol bioavailability
studies, which have described peak plasma concentrations from approximately 1 to 6 h after
treatment [30], also support the use of a short-term protocol to assess genotoxic damage.

The increase in MN is an indication of the genotoxic effects exerted by Cr(VI). Ac-
cording to the guidelines of the Organization for Economic Cooperation and Development
(OECD) and the Environmental Protection Agency (EPA), a substance or compound that
induces more than 4 MN/1000 PCE should be considered a genotoxic agent [29,31]. Our
results are consistent with the genotoxic damage reported for Cr(VI) compounds and par-
ticularly CrO3 [26,32], as increases greater than 5 MN were observed at all times evaluated.
Administration of resveratrol 4 h before exposure to CrO3 reduced these frequencies of MN
in vivo. When evaluating the levels of 8-OHdG in blood plasma at 48 h after CrO3 treat-
ment, no significant alterations in adduct repair were detected. Notably, Maeng et al. [33]
reported that inhalation of 18 mg/m3 of sodium chromate resulted in significantly elevated
8-OHdG levels in the lungs after 1 week. However, after 2 weeks of exposure, this dose
produced no significant differences in pulmonary 8-OHdG levels, with full recovery after
3 weeks. Maeng et al. [33] also demonstrated that inhalation of higher sodium chromate
levels did not significantly alter pulmonary 8-OHdG levels. Similarly, Thompson et al. [34]
noted that the in vitro genotoxicity of Cr(VI) is primarily oxidative in nature at low con-
centrations. They observed that 8-OHdG reaches non-cytotoxic concentrations at 24 h
in cell cultures treated with different doses of sodium dichromate. It is conceivable that
ip administration of 20 mg/kg CrO3 might be too high to significantly affect 8-OHdG
levels in the blood, in agreement with in vivo findings of Maeng et al. [33] and in vitro
observations of Thompson et al. [34]. However, it should not be ruled out that Cr(VI)
might reduce the levels of protein expression initiating DNA mismatch repair by inhibiting
the hMLH1 and hMLH2 genes and the 8-oxoguanine DNA glycosylase1 (OGG1) repair
enzyme involved in base excision repair (BER) [35–37]. Mice treated with resveratrol prior
to CrO3 showed an elevation in 8-OHdG levels. There are the following two possible
explanations for these results: (1) resveratrol activated repair mechanisms that counteract
oxidative damage in DNA, and/or (2) resveratrol contributed to the elimination of 8-OHdG
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adducts formed by the oxidative damage. The 8-OHdG levels are known to be related
to the balance between oxidative DNA damage and the rate at which it is repaired [25].
Yan et al. [38] observed in vitro that resveratrol activates the BER pathway, increasing the
expression of OGG1. Further, Mikuła-Pietrasik et al. [39] noted that resveratrol enhanced
the activity of the repair enzyme OGG1 in senescent human cells. In our study, resveratrol
provided approximately 50% protection against genotoxic damage from CrO3 at all eval-
uation times. This effect might be attributed to the antioxidant properties of resveratrol,
which enable this substance to interact with H2O2 and O2

• and •OH radicals [40]. Previ-
ously, Leonard et al. [41] demonstrated in vitro that resveratrol scavenged •OH in JB6 cells
exposed to Cr(VI). In a previous study in vivo with (-)-epigallocatechin-3-gallate (EGCG),
García-Rodríguez et al. [42] reported that 8-OHdG levels returned to control levels when
EGCG and Cr(VI) were co-administered, contrasting with the findings of this study. They
also found that co-administration of EGCG and Cr(VI) decreased the magnitude of MN
increase compared to Cr(VI) alone [42], similar to the effect observed in this study with
resveratrol. Hence, it is possible that when resveratrol was administered in combination
with CrO3, the repair mechanisms were enhanced by this polyphenol, contributing to a
reduction in MN levels.

In the group treated with resveratrol and CrO3, MN frequencies were reduced by 60,
51, and 46% at 24, 48, and 72 h, respectively. However, the reduction at 72 h was no longer
significant. This may be due to the pharmacokinetics of CrO3. It has been reported that
Cr(VI) compounds might be excreted within 48 h of exposure [27,43]. Hence, the greatest
damage to DNA occurs during that period. Another possibility is that the micronucleated
PCE induced over 24 h matured into NCE by 72 h, such that these were not quantified
at that time. When leaving the bone marrow, PCE degrades ribosomal RNA in 24 h [44].
In other studies, this same trend was also observed in the reduction of MN at 72 h after
administration of Cr(VI) [19,45].

The evaluations of SOD, GPx, CAT, and GSH activities were performed in peripheral
blood samples obtained at 48 h because this did not require sacrificing the animals, which
was necessary to continue with the evaluation of MN kinetics in the same individuals.
Further, in vitro studies showed that resveratrol’s antioxidant properties may neutralize
oxidative capacity in human erythrocytes [46], and SOD and GSH play important roles in
the antioxidant system of erythrocytes [47]. In addition, altered functions of extracellular
antioxidants may be assessed by the evaluation of antioxidant molecules in plasma [48].
SOD and GSH measurements were carried out in erythrocytes while CAT and GPx were
carried out in plasma.

In the group treated with CrO3, there was a decrease in SOD activity accompanied
by an elevation in GPx and CAT activities, which is consistent with previous findings.
Both in vitro [49] and in vivo studies demonstrated the effects of oral [50] and ip [42]
administration of Cr(VI) compounds on endogenous antioxidants, such as activities of
SOD, CAT, GPx, heme oxygenase-1 (HO-1) and levels of GSH. Matés [51] proposed that
SOD plays an important role as a first-line antioxidant defense enzyme by catalyzing
the dismutation of O2

• to form H2O2, which is subsequently reduced to H2O by GPx
and CAT. The decrease in SOD activity observed in the group treated with CrO3 might
be related to its depletion by reacting with the O2

• radicals that are generated in excess
during reduction to Cr(III). Meanwhile, the H2O2 generated by the activity of SOD may be
increased due to the activity of GPx and CAT that was observed in this group. Regarding
GSH levels, no significant changes were observed with CrO3 treatment, suggesting that
reduction of Cr(VI) was not primarily mediated by this pathway. In this sense, in vivo
studies noted that the reduction of Cr(VI) compounds is predominantly via nicotinamide
adenine dinucleotide phosphate (NADPH) and other reducing agents such as ascorbate,
cysteine, lipoic acid, fructose, and ribose [15]. In the group treated with resveratrol and
CrO3, GSH levels were significantly decreased. GSH is a primary antioxidant molecule
that plays a fundamental role in reducing cellular oxidative stress. GSH might act in the
following different ways: (1) directly as an electron donor by eliminating O2

•, (2) through
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GPx catalysis by reducing H2O2 levels, or (3) by forming complexes with detoxifying
enzymes such as glutathione S-transferase (GST) [52]. GSH, GPx, and GST are some of
the major antioxidant defense systems that scavenge ROS [53]. Resveratrol was found to
induce phase II detoxification enzymes in in vitro and in vivo systems [54], and to increase
GST activity in cultured aortic smooth muscle cells [55]. Further, several investigators have
shown that polyphenols elevate GSH levels and stimulate the transcription of genes that
are relevant for the synthesis of endogenous antioxidants, thus counteracting oxidative
stress [56]. On the other hand, in this same group (resveratrol + CrO3), the activities of
GPx and CAT were restored, and SOD activity increased. Data suggest that resveratrol
might counteract CrO3-induced oxidative stress by an indirect antioxidant effect related
to the regulation of the endogenous antioxidant system. In in vitro studies, Yao et al. [57]
observed that resveratrol protected against oxidative damage induced by sodium sulfate
dextran, while Chen et al. [8] found that polyphenols diminished damage mediated by
sodium arsenite. In both cases, evidence indicated that the observed protection was related
to increased SOD activity. SOD is a phase 2 enzyme that can be activated through the
Nrf2/Keap1 signaling pathway. Nrf2 is a fundamental sensor of oxidative stress that
plays a central role in the regulation of phase 2 antioxidant and detoxifying enzymes and
related proteins [58]. Zhuang et al. [59] found that resveratrol regulates p-Nrf2 levels in
a dose-dependent manner. This suggests that resveratrol attenuates the oxidative state,
probably by activating the Nrf2 signaling pathway, which in turn elevates SOD activity.
Resveratrol was also found to maintain the cellular redox balance by enhancing the activity
of antioxidant enzymes, including HO-1, CAT, GPx, and SOD, in rat arterial endothelial
cells [60]. Banu et al. [10] showed that 10 mg/kg resveratrol protected against potassium
dichromate-induced oxidative stress in rat ovarian tissue by enhancing the activities of GPx,
CAT, SOD, peroxiredoxin, and thioredoxin, and by lowering the concentration of H2O2.
Therefore, it is possible that resveratrol also removed H2O2 generated by SOD activity,
which reduced the need for GPx and CAT activation in the group treated with resveratrol
and CrO3. Nevertheless, it is important to keep in mind that the endogenous antioxidant
system is dynamic, and thus, it is possible that our results may depend upon the evaluation
time (48 h), the dose of resveratrol used, and the experimental model.

Although the PCE/NCE ratio is included in the MN assay as an indicator of cytotoxi-
city [29], no marked changes in the PCE/NCE ratio were observed in any of the treated
groups in this study. These results need to be interpreted with caution, since when toxicity
occurs during erythropoiesis, activation of cell division mechanisms may mask the effects
on the PCE/NCE ratio [61]. For this reason, cytotoxicity was assessed by analyzing cell
viability using the AO/EB differential staining technique, which allows us to distinguish
between viable and non-viable cells according to the integrity of the membrane [45]. When
cell viability, apoptosis, and necrosis were determined, treatment with CrO3 significantly in-
creased the numbers in total, early and late apoptotic cells, as well as necrotic and nonviable
cells. These results corroborate the cytotoxicity reported for Cr(VI) compounds [26,27,45].
ROS generation and DNA damage induced by Cr(VI) exposure might play an essential
role in cytotoxicity and the apoptotic signaling pathway [62]. It has been proposed that
apoptosis induction is mediated by DNA damage sensors that directly activate p53 through
proteins such as DNA-dependent kinase (DNA-PK) or indirectly through mutated ataxia-
telangiectasia (ATM) and ATM-Rad3 (ATR) with Chk1 or Chk2 [63]. It has also been
reported that apoptosis induction may be mediated through p53-independent pathways
such as cleaved caspase 3 and cytochrome C [10,64]. However, when polyphenol was
administered 4 h prior to CrO3 in mice, a significant increase in early apoptotic cell number
was observed compared to the group treated with CrO3 alone. This effect was masked
when early and late apoptotic cells were summed, as late apoptotic cells also showed a
significant decrease in this group. Hence, it is possible that the enhanced induction of
early apoptotic cells following combined CrO3 resveratrol treatment may contribute to the
elimination of cells containing Cr(VI)-induced DNA (MN) damage. Although there are
no apparent studies of the effects of resveratrol on Cr(VI)-induced apoptosis pathways,
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resveratrol was reported to induce apoptosis as a mechanism of elimination of damaged
cells in cancer cell lines [4]. Further, alterations in the expression of the Bcl2 protein, the
loss of mitochondrial function, the release of cytochrome c, and the activation of caspases
trigger the response for the activation of apoptosis [65]. Mirzapur et al. [66] reported that
in breast cancer cells, resveratrol elevated the levels of the Bcl2/Bax protein, as well as the
expression of p53 genes and caspases 3 and 8. Therefore, based upon these observations
and the results reported in the present study, there is clearly a need to conduct studies
that aim to reach a more detailed understanding of how resveratrol interacts with proteins
such as p53, DNA-PK, ATM, ATR, Bax, Bcl2, caspases (3 and 8), among others. Indeed,
these studies may greatly contribute toward understanding the mechanisms by which
polyphenols such as resveratrol might contribute to the elimination of cells with genotoxic
damage induced by compounds with carcinogenic potential such as Cr(VI).

The administration of resveratrol reduced the frequency of MN induced by CrO3 and
resveratrol treatment itself did not produce DNA damage (MN induction). The reduction
in GSH and elevation in apoptotic cell number with both treatments (resveratrol + CrO3),
as well as increases in SOD, GPx, CAT, and 8-OHdG (the latter non-significant) with resver-
atrol alone, suggest a toxic effect. In in vitro and in vivo studies, it has been observed that
resveratrol exhibits biphasic effects (antioxidant and prooxidant). Meira-Martin et al. [67]
considered that the increases in SOD and SOD/CAT activity observed in vitro with differ-
ent doses of resveratrol are generated to maintain the cellular redox balance. Hence, it has
been proposed that its prooxidant activity contributes to the activation of the endogenous
antioxidant system [68]. Sinha et al. [69] found that the prooxidative effects of resveratrol
are associated with the generation of the O2

• radical, H2O2, and a complex mixture of
semiquinones and quinones. However, in this study, no marked effects on viable cell
numbers were observed in the group treated with resveratrol and CrO3, and this group
exhibited a significant decrease in necrotic cell frequency, suggesting that polyphenols
diminished the cytotoxicity produced by CrO3. Other in vivo studies also noted that resver-
atrol diminished the toxicity induced by metals, such as arsenic [70], copper, and zinc [71],
contributing to the balance of the cellular redox system and reducing the expression of
proinflammatory cytokines. On the other hand, the administration of resveratrol alone
significantly decreased total and early apoptotic cells when compared to its control, sug-
gesting that resveratrol alone does not induce toxicity and that it reduced the potential
toxic effect of the vehicle (30% ethanol). Although ethanol is a less toxic polar vehicle than
other vehicles such as dimethyl sulfoxide (DMSO) [72], ad libitum administration (11%)
was shown to increase serum ROS in treated mice for 60 days [73]. Based on our results, it
is suggested to extend these studies by using more diluted doses of resveratrol and even
administering it in repeated doses, to reduce the possible toxic effects and improve the
protection against the genotoxic damage observed in the present study.

4. Materials and Methods

4.1. Chemicals and Reagents

Cr(VI) [CrO3, purity grade 99.9%; CAS 1333-82-0], 3,4′,5-trihydroxy-trans-stilbene
[resveratrol, purity grade ≥ 98%; CAS 501-36-0], AO [CAS 10127-02-3], and EB [CAS
1239-45-8] were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

4.2. Animals

A group of 25 adult male Hsd:ICR mice (8–12 weeks old, 28–35 g) were used in the
experiment. The animals were obtained from Harlan® (Mexico City, CDMX, Mexico) at
the “Facultad de Química, Universidad Nacional Autónoma de México-UNAM” and accli-
mated for two weeks prior to initiating the experiments. During the acclimation period, the
groups of five mice were kept in a plastic cage at a controlled room temperature (22± 2 ◦C)
with a 12-h light-dark cycle (the lights came on at 7:00 a.m. and went off at 7:00 p.m.). Mice
had free access to food (Purina-Mexico®, Mexico City, CDMX, Mexico; small rodent chow)
and water. Considering that in previous studies there were no differences between males
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and females in the genotoxic effects of CrO3 administered by ip injection [16,26,45], this
study was carried out using only male mice, in accordance with guidelines for the testing
of chemicals (mammalian erythrocyte micronucleus test) of the OECD and the EPA [29,31].

The mice were randomly divided into five groups of five individuals each. Two control
groups were used (C1: mice treated ip with sterile distilled water and C2: mice treated
with 30% ethanol by gavage) because the CrO3 solution was prepared by dissolving the
compound in water, whereas resveratrol was dissolved in 30% ethanol. The resveratrol
group was treated with a single dose of 50 mg/kg by gavage, and the CrO3 group was
treated with a single dose of 20 mg/kg ip. The last group received combined resveratrol and
Cr(VI) treatments (resveratrol + CrO3); the mice were treated with resveratrol at 50 mg/kg
by gavage 4 h prior to CrO3 ip injection (20 mg/kg).

The assessment was carried out on peripheral blood obtained from the tail vein since
this does not require animals to be sacrificed.

4.3. Micronuclei Assay

For the MN evaluations, sequential peripheral blood samples (5 μL) were obtained
from the same individuals (0 to 72 h), and 0–h samples were designated as a negative
control. The samples were placed directly onto slides previously treated with AO, as
described by Hayashi et al. [74]. Two slides were prepared for each mouse and were stored
in the dark at 4 ◦C for 24 h. The assessments were performed by identifying PCE, NCE, and
MN in PCE using a fluorescence microscope (NikonTM OPTIPHOT-2; Tokyo, Japan) with
blue excitation (480 nm) and a barrier filter emission (515–530 nm) at 100× magnification.
MN analysis was based upon 4000 PCE per mouse, and the presence of MN was considered
to indicate genotoxic damage. The relative proportion of PCE to NCE was also analyzed
for 2000 erythrocytes.

In this study, underlying metabolic processes such as 8-OHdG adduct repair, en-
dogenous antioxidant component system, apoptosis, and cell viability analyses were also
evaluated because these processes may be involved in preventing Cr(VI)-induced DNA
damage. These parameters were measured using the same peripheral blood samples ob-
tained at 48 h after treatments, in which MN were measured since this is the time when the
greatest genotoxic damage induced by Cr(VI) has been observed [26].

4.4. Plasma 8-Hydroxydeoxyguanosine Levels

Plasma 8-OHdG levels were determined using an enzyme-linked immunosorbent
assay. Peripheral blood samples (50 μL) were centrifuged (15 min at 2500× g) at room
temperature. The plasma was collected and immediately analyzed according to the man-
ufacturer’s instructions using Trevigen’s HT 8-oxo-dG ELISA Kit II (No. 4380-192-K;
Gaithersburg, MD, USA). The absorbance at 450 nm of each well was determined using
a Multiskan™ FC microplate reader (Thermo Scientific™, Vantaa, Finland). Product for-
mation is inversely proportional to the amount of 8-OHdG present in the sample. The
8-OHdG levels were determined in duplicate (per sample) and according to the 8-OHdG
standard curve.

4.5. Antioxidant System

The antioxidant system was evaluated by determining the activities of SOD, GPx, and
CAT, as well as the GSH levels.

4.5.1. Superoxide Dismutase Activity

SOD activity was evaluated in peripheral blood erythrocytes. Fifty-μL samples were
diluted in phosphate-buffered saline. The erythrocytes were separated using FicollPaque™
(Sigma Chemical Co., St. Louis, MO, USA). (800× g for 25 min at 12 ◦C). The precipitate
was separated, and cold distilled water (4 ◦C) was added (10:1). Then, it was incubated
(0 ◦C for 15 min) to lyse. Hemoglobin was then precipitated by adding ethanol and chlo-
roform (10,000× g for 10 min at 4 ◦C). The SOD activity was determined according to
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the manufacturer’s instructions using Trevigen’s HT Superoxide Dismutase Assay Kit
(No. 7501-500-K; Gaithersburg, MD, USA). The absorbance was read at 450 nm at 1-min
intervals for 10 min in a Multiskan™ FC microplate reader (Thermo Scientific™, Vantaa,
Finland). One unit of SOD activity was defined as the amount of protein that inhibited
tetrazolium salt (WST-1)-formazan, up to a maximum of 50%. The protein concentration
was determined according to the instructions for the Cayman Chemicals Protein Determi-
nation Kit (No. 704002; Ann Arbor, MI, USA). SOD activity was measured in duplicate (per
sample) and according to the SOD standard curve.

4.5.2. Glutathione Peroxidase Activity

GPx activity was detected in the plasma of peripheral blood. Twenty-five μL samples
were centrifuged at 1000× g for 10 min at 4 ◦C. The plasma was collected and diluted with
the GPx sample buffer (1:2) included in the kit. GPx activity was determined according to
the instructions for the Cayman Chemicals Glutathione Peroxidase Assay Kit (No. 703102;
Ann Arbor, MI, USA). One unit of GPx was defined as the amount of enzyme that oxi-
dized 1 nmol of NADPH/min. The absorbance was read at 340 nm in a Multiskan™ FC
microplate reader (Thermo Scientific™, Vantaa, Finland). GPx activity was determined in
duplicate (per sample) and according to the GPx standard curve.

4.5.3. Catalase Activity

CAT activity was evaluated in the plasma of peripheral blood. Twenty-five μL samples
were centrifuged at 1000× g for 10 min at 4 ◦C to obtain plasma. The activity of CAT
was evaluated according to the instructions for the Cayman Chemicals Catalase Assay
(No. 707002; Ann Arbor, MI, USA). This kit uses the peroxidation function of CAT to
determine enzyme activity. The absorbance was read at 540 nm in a Multiskan™ FC
microplate reader (Thermo Scientific™, Vantaa, Finland). One unit of CAT was defined as
the amount of enzyme that induced the formation of 1 nmol of formaldehyde/min. CAT
activity was measured in duplicate (per sample) and according to the CAT standard curve.

4.5.4. Glutathione Levels

GSH levels were evaluated in the erythrocytes of peripheral blood. Fifty μL samples
were centrifuged at 3000× g for 15 min at 0 ◦C. The erythrocytes were suspended in
5% cold (w/v) metaphosphoric acid, mixed and stored at 0 ◦C for 15 min. Subsequently,
the suspension was centrifuged at 14,000× g for 10 min at 4 ◦C. The clarified supernatant
was collected, and GSH levels were analyzed according to the instructions using Trevigen’s
HT Glutathione Assay Kit (Item No. 7511-100-K; Gaithersburg, MD, USA). The absorbance
was read at 405 nm in a Multiskan™ FC microplate reader (Thermo Scientific™, Vantaa,
Finland). The levels of GSH were determined in duplicate (per sample) according to the
GSH standard curve.

4.6. Apoptosis and Cell Viability

To evaluate apoptosis, necrosis, and cell viability, differential acridine AO/EB staining was
performed using a technique previously adapted for peripheral blood [45]. Ten μL samples
were centrifuged at 4500× g for 5 min. The cell pellet was resuspended in 20 μL of
AO/EB dye mix and plated on a clean slide. Two slides were prepared per mouse, and
the analysis was performed immediately. The assessments were based upon 300 cells per
mouse. Apoptotic, necrotic, viable, and nonviable cells were identified using a fluorescence
microscope OPTIPHOT-2 (NikonTM; Tokyo, Japan) with blue excitation (480 nm) and a
barrier filter emission (515–530 nm) at 40× magnification.

4.7. Statistical Analysis

Each mouse was considered an independent replicate according to the OECD and
EPA guidelines [29,31]. Individual samples were averaged for each experimental group.
The MN frequencies, PCE/NCE ratio, viability (viable/nonviable cells), number of apop-
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totic and necrotic cells, levels of 8-OHdG and GSH, and activities of SOD, GPx, and CAT
are expressed as the mean ± standard deviation (SD). The data were checked for nor-
mality using the Shapiro–Wilk test. Statistical significance between the groups for MN
was determined by using two-way RM-ANOVA because MN depends on two factors
(i.e., treatment and time). The treatment is independent, while the evaluations at each time
are considered dependent since the samples were obtained from the same mouse. For the
other parameters, one-way ANOVA was used because the evaluations depended only on
one factor (i.e., treatment). In the analysis of ANOVA, post hoc Tukey multiple comparisons
were carried out. GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) was used
for all analyses. Differences were considered significant at p < 0.05.

5. Conclusions

Our findings demonstrate a protective effect of resveratrol against Cr(VI)-induced
genotoxic damage, by reducing the frequency of MN induced by CrO3 in vivo. Likewise,
an approximation of the possible pathways involved in the protection of genotoxic damage
induced by these compounds with carcinogenic potential, such as Cr(VI), was achieved.
Resveratrol showed effects on the modulation of the endogenous antioxidant system,
8-OHdG adduct repair, and apoptosis when administered 4 h prior to Cr(VI) exposure.
These effects suggest that these pathways might be involved in the protection provided
by this polyphenol against genotoxic damage induced by Cr(VI). Although resveratrol
treatment modified endogenous antioxidant system constituents, the dose of 50 mg/kg
alone did not alter MN frequencies, suggesting that it is not related to the induction of DNA
damage. In vivo studies using more diluted doses of resveratrol and even administering it
in repeated doses, as well as direct evaluations in target organs, could help determine the
specific mechanisms, by which resveratrol counteracts Cr(VI)-induced genotoxicity. These
studies contribute to the understanding of the potential antigenotoxic value of polyphenols
such as resveratrol, and to the exploration of their possible use as chemotherapeutic agents
in the prevention and treatment of diseases related to genotoxic damage.
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Abstract: Within the Cactaceae family, Opuntia comprises the most widespread species, with a recog-
nized importance in human life, including feeding, domestic use as home natural barriers, and as
a traditional remedy for diverse diseases and conditions such asthma, edema, and burns. Indeed,
scientific reports have stated that these health benefits may be due to various active compounds,
particularly polyphenols, which are ubiquitously found in plants and have proven their pharmaco-
logical efficiency by displaying antimicrobial, anti-cancer, and anti-inflammatory activities, among
others. Opuntia species contain different classes of phenolic compounds that are recognized for their
anti-inflammatory potential. Among them, quercetin, isorhamnetin, and kaempferol derivates were
reported to greatly contribute to modulate cells’ infiltration and secretion of soluble inflammatory
mediators, with key implications in the inflammatory process. In this review, we make a summary
of the different classes of phenolic compounds reported in Opuntia species so far and explore their
implications in the inflammatory process, reported by in vitro and in vivo bioassays, supporting the
use of cactus in folk medicine and valorizing them from the socio-economic point of view.

Keywords: Opuntia sp.; prickly pear; phenolic compounds; flavonoids; inflammation

1. Introduction

Cacti belong to the plant family Cactaceae, which includes around 1500 species with
recognized and very high phenotypic variations. Although the taxonomical characteriza-
tion of the species is not always easy [1,2], the main subfamilies are currently well classified
(Figure 1). Among them, the genus Opuntia, from the Opuntioideae subfamily, is the most
recognized, being widely distributed across the globe [3,4]. Opuntia cacti (prickly pear) are
among the plants with greater recognition in quotidian life, with archeological evidence
encompassing the analysis of human coprolites dating back between 6500 to 10,000 years
ago and suggesting its use as foodstuff [5,6]. The first discovery of cacti dates back to
the times of the conquest of the new world by Spanish conquistadors who, besides being
amazed by its attractive and delicious fruits, also noticed its granted economic and cultural
importance in the daily life of the ancient Mesoamerican population [7,8] (Figure 2). After
this, the plant became widely spread worldwide through cultivation and trade, nowadays
being abundant in many arid and semi-arid regions of America, Africa, Asia, Europe, and
Oceania [9,10].
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Figure 1. Taxonomic classification of Opuntia species (photograph from the author (W.Z.): wild
Opuntia sp., Bejaia, Algeria).

 

Figure 2. Representation of the emblem of Tenochtitlan from the Codex Mendoza, with the prickly
pear as the center of the universe. Photo: © Bodleian Libraries, University of Oxford; Shelfmark:
Bodleian Library MS. Arch. Selden. A. 1; Holding Institution: Bodleian Libraries, University of
Oxford; Terms of use: CC-BY-NC 4.0.
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The fast growth of cactus species and their good adaptation to poor soil make them
very important plants for these populations, being part of their nourishment, livestock
feed, and as a home natural barrier [11,12]. In addition, cacti became important in folk
medicine for their capacity to alleviate diverse health conditions, such as diarrhea, asthma,
hemorrhoids, ulcers, burns, and edema [2,13,14]. These beneficial properties to human
health led to an increase in scientific research focused in cacti plants, particularly on
species of the genus Opuntia, due to their recognized pharmacological properties [6].
Indeed, it was revealed that all parts of cacti (flowers, fruits, cladodes, and peels) constitute
undeniable sources of valuable nutritional elements and biologically active primary and
secondary metabolites, such as vitamins, carotenoids, betalains, polyunsaturated fatty
acids, and polyphenols, leading people to consider them as important functional foods,
with interesting nutraceutical and pharmacological properties [15–17].

Phenolic compounds, including flavonoids and phenolic acids, are ubiquitous molecules
found in nature, particularly in plants, with more than 8000 compounds described so far,
and divided into different classes [18]. Among other factors, the phenolics’ qualitative and
quantitative profiles vary with plants’ genus, species, ripeness, cultivar, growth region, and
kind of plant tissue [19–21]. The literature has reported a multitude of phenolic compounds in
all Opuntia species [6,22], with a particular prevalence of phenolic acids and flavonoids, such
as dihydroquercetin, quercetin, isorhamnetin, and kaempferol, known for their efficient
antioxidant activity and ability to protect human organisms from the deleterious effects of
free radicals through diverse mechanisms of action. It is widely known that oxidative stress
appears as a consequence of tilting the balance in favor of free radicals compared to the
antioxidant system. This imbalance stands at the base of many diseases, including different
types of cancer, arteriosclerosis, myocardial infarction, diabetes, inflammatory diseases,
central nervous system disorders, and cells’ aging [23,24]. In addition to the antioxidant
power of polyphenols, recent investigations also recognized their antimicrobial, hepato-
protective, anti-carcinogenic, and anti-inflammatory properties [22,25]. As a matter of fact,
research devoted to phenolic compounds’ valorization is ever present in the majority of
natural matrices, from the optimization of the extraction processes to their biotechnological
exploitation in food and cosmetic industries and elucidation of mechanisms of action in
a wide array of pharmacological targets. Following the traditional use of cacti in acute
health conditions where inflammation plays a central role, inflammatory mediators and
enzymes appear among the main targets. Inflammation is a body’s natural response to
a pathogen invasion, toxin, or physical damage (chemical or traumatic), which involves
the generation of a wide array of inflammatory mediators, such as reactive oxygen species
(ROS), by inflammatory and immune cells. When the inflammatory process is uncontrolled
or when the endogenous defense systems fail to establish homeostasis, inflammation can
become chronic, leading to tissue damage and often preceding the establishment of chronic
diseases [26,27]. There are many pharmacological treatments for inflammation based on
steroidal and non-steroidal compounds; however, they present significant undesirable side
effects and resistances, leading to an increasing interest in the search for bioactive com-
pounds from natural sources as a potential effective and alternative non-pharmacological
approach [28]. In this regard, the present work provides a general review on the different
classes of phenolic compounds found in Opuntia sp. and on the anti-inflammatory activity
reported for the genus so far.

2. Phenolic Compounds

2.1. General Overview

After cellulose, phenolic compounds represent the most abundant group of secondary
metabolites of the plant kingdom. This large family ranges from simple compounds with
low molecular weight to large and complex polyphenols mainly found conjugated with
sugars and organic acids [29]. In plants, phenolic compounds are biosynthesized by the
shikimate pathway, which is localized in the chloroplasts. These aromatic molecules have
important roles in plants, being implicated in the regulation of their growth, signaling,
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defense, and in conferring color to their fruits, leaves, and flowers [24,30,31]. Their chemical
structure is characterized by the presence of at least one aromatic ring containing one or
more hydroxyl groups [32]. From the chemical point of view, phenolic compounds are
characterized by an acidic behavior, since the oxygen of the hydroxyl function is strongly
linked to the ring, while the connection to the hydrogen atom is weak, allowing the proton
dissociation into the medium and giving origin to a negatively charged phenolate ion [33].

The medicinal properties reported for polyphenols over the years aroused scientists’
interest in improving their extraction methodologies by using different solvents and ex-
traction methods, the most widely explored being infusion, decoction, and maceration as
well as Soxhlet, ultrasound, and microwave-assisted extraction [34]. There are more than
8000 phenolic compounds described in plants, with a high structural variability [18,35]. Ac-
cording to the classification system followed by De la Rosa et al. [30], phenolic compounds
can be divided according to their chemical structure into two main classes: flavonoids and
non-flavonoids. The first category is characterized by its structure complexity and known
for its efficient bioactivity, accounting for nearly two-thirds of dietary polyphenols [30]. Its
basic structure consists of a 15-carbon structure with two phenyl rings (A and B) connected
by a three-carbon bridge, forming a heterocyclic pyran ring (ring C) skeleton (Figure 3a).
The differences in the pyran ring substituents and the extent of hydrogenation allows
defining six subcategories: flavones, flavonols, flavanols, isoflavones, flavanones, and
anthocyanidins [29,31].

Figure 3. Basic structures of flavonoids (a) and phenolic acids (b).

The non-flavonoids’ category includes smaller and simpler compounds. The principal
molecules in this category are phenolic acids, particularly present in fruits and vegetables,
accounting for one-third of dietary phenolic compounds. Phenolic acids are structurally
composed by a single benzene unit, substituted by one carboxylic group and at least one
hydroxyl group. Thus, many compounds can be considered simple phenols, and they
are generally classified according to the number of carbons they have, the most common
being hydroxybenzoic acids with a basic skeleton C6–C1 (Figure 3b) [30,33]. However, the
non-flavonoids’ category also includes other compounds with a complex structure and
with a high molecular weight, which are characteristic and major components of some
plants, such as lignans, chalcones, and stilbenes [30].

2.2. Phenolic Compounds’ Occurrence in Opuntia sp.

Different classes of phenolic compounds can be found in cactus plants, with different
qualitative and quantitative profiles, which mainly depends on environmental factors,
plant origin, species, developmental stage, and age [2]. From the literature, there are no
records about a specific extraction method or the most suitable solvent for polyphenols’
recovery from Opuntia sp. samples; hence, researchers tend to choose the procedure that
suits them according to their objectives and equipment availability. Accordingly, due to
the polarity of polyphenols, some high polar solvents have been generally used, such
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as methanol, acetone, ethanol, water, or even mixtures between them [36,37]; several
extraction methods have been followed, including conventional ones, such as maceration,
infusion, and decoction [10,38,39], and non-conventional ones, such as microwave-assisted
extraction and ultrasonic-assisted extraction [40,41].

The occurrence of phenolic compounds in cactus has been described in seeds, flowers,
cladodes, pulp, and peel, as detailed in Table 1. According to Santos-Díaz et al. [6], the
phenolic profile in Opuntia genera is complex, with more than 40 compounds described
in both pulp and cladodes and more than 20 in seeds of different species. It seems im-
portant to highlight that the majority of the available reports do not specify the phenolic
composition of each vegetative tissue of Opuntia sp., which makes it difficult to establish a
defined qualitative profile. However, some compounds such as delphinidin, petunidin, and
malvidin seem to be exclusively found in Opuntia sp. cladodes, while phloretin, psoralen,
pinoresinol, and epigallocatechin are found in seeds.

Furthermore, the significant differences between species reported in the literature
make it difficult to establish the qualitative and quantitative phenolic profiles of Opuntia sp.
These differences are mostly devoted to the different extraction methods followed by the
authors, which include both the use of solvents of different polarities, different extraction
times, temperatures, and equipment. Differences in the Opuntia raw material used for
extraction are also worth considering: phenolics’ extractions can be performed using dry
or fresh material, of different maturation states, and from different geographic locations,
which modifies the abiotic factors to which species are exposed and, consequently, their
phenolic profile. For instance, Chahdoura et al. [60] found that ferulic acid derivatives were
the most abundant compounds in Opuntia sp. seeds, reaching about 0.36 and 0.95 mg/g
for Opuntia microdasys (Lehm.) N.E. Pfeiffer and Opuntia macrorhiza Engelm., respectively,
while Amrane-Abider et al. [46] found a higher chlorogenic acid content, with 0.89 mg/g in
Opuntia ficus-indica L. (Mill) seeds. The most abundant phenolic acid from the pulp of differ-
ent varieties of O. ficus-indica found by the authors was piscidic acid, with 8.70–22.31 mg/g,
and quercetin was the most abundant flavonoid with 0.08–0.26 mg/g (dry weight, DW).
Contrarily, Zenteno-Ramírez et al. [17] reported gallic acid and epicatechin as the most
abundant compounds in the pulp of different Opuntia species. In the peel of different
O. ficus-indica varieties, García-Cayuela et al. [57] found that piscidic acid was the most
abundant phenolic acid with 27.53–44.62 mg/g DW and isorhamnetin derivates were
the most representative flavonoids (1.48–2.54 mg/g DW). For the cladodes, some reports
indicated that quinic acid and myricetin were the most common in Opuntia dillenii (Ker
Gawl.) Haw. cladodes [39,56], while Missaoui et al. [41] reported for O. ficus-indica a higher
abundance for piscidic acid and isorhamnetin derivates, with 9.67 mg/g and 3.93 mg/g,
respectively. Regarding the flowers, a study by Chahdoura et al. [59] on the flowering
stage of O. microdasys demonstrated that ferulic acid and isorhamnetin derivates were the
most frequent, ranging from 1.24–2.95 mg/g and 4.68–23.04 mg/g, respectively, while
Ammar et al. [65] found a higher content in quinic acid and quercetin derivates, with 1.32
and 8.50 mg/g, respectively, for O. ficus-indica flowers. Moreover, Ouerghemmi et al. [54]
reported that ferulic acid and quercetin were in higher amounts when compared to other
phenolic compounds in O. ficus-indica flowers. It seems evident, based on the available
studies, that besides the abiotic factors, the species-specific ones have a significant role in
phenolics’ concentration and distribution throughout the different plant tissues. It seems
difficult to establish a tissue fingerprint for Opuntia sp. since both flavonoids and phenolic
acids present a wide distribution throughout all the studied plant parts. Based on the
available studies, it seems that seeds present the widest variety of phenolic compounds,
while the lowest variability has been observed for flowers. It was also observed that
anthocyanidins and hydroxycinnamic acid were almost exclusive of cladodes; however,
the fact that this was reported in only one study is not enough to state it as a tissue fin-
gerprint or a species-specific characteristic. The same line of thought can be followed for
phloretin, psoralen, and pinoresinol, which were only reported in the seeds of Opuntia
stricta (Haw.) Haw.
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Table 1. Phenolic compounds reported in the different vegetative parts of the genus Opuntia 1.

Phenolic Compounds Plant Tissue Concentration (μg/g) Opuntia Species References

Flavonoids

Flavones

Apigenin
Seeds

Cladodes
Flowers

NS
0.19–0.65

NS

O. stricta
O. ficus-indica

O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[38,42–44]

Luteolin Pulp
Peel

NS
NS

O. ficus-barbarica
O. robusta [45]

Flavonols

Myricetin

Seeds
Pulp
Peel

Cladodes

198.19–428.14
NS
NS
8.52

O. ficus-indica
O. ficus-barbarica

O. robusta
[45–47]

Rutin

Seeds
Pulp
Peel

Cladodes

8.00–100.00
9.70–12.50

65.70–103.40
2.11–4.95

O. ficus-indica
O. ficus-barbarica
O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[42,44,45,48,49]

Quercetin and derivates

Seeds
Pulp
Peel

Cladodes
Flowers

4.37–18.77
84.20–599.20

715.70–1316.20
8.97–75.13

NS

O. ficus-indica
O. ficus-barbarica

O. robusta
O. engelmannii
O. streptacantha
O. hyptiacantha
O. megacantha

O. albicarpa

[12,38,42,44,45,47,49–58]

Kaempferol and derivates

Pulp
Peel

Cladodes
Flowers

207.10–529.10
52.90–675.50
72.97–241.68
321.00–708.00

O. ficus-indica
O. engelmannii
O. streptacantha
O. hyptiacantha
O. megacantha

O. albicarpa
O. microdasys

[38,47–50,52–55,57,59]

Isorhamnetin and
derivates

Seeds
Pulp
Peel

Cladodes
Flowers

67.14–288.58
29.30–58.40

1484.70–2213.70
1250.00–4140.00

NS

O. ficus-indica
O. microdasys

O. stricta
O. streptacantha
O. hyptiacantha
O. megacantha

O. albicarpa

[12,19,38,44,46–48,50–57,59,60]

Flavanones

Naringenin Pulp
Peel

210.00
20.00–180.00

O. ficus-indica
O. ficus-barbarica

O. robusta
[45,56]

Flavanols

Catechin

Seeds
Pulp
Peel

Cladodes
Flowers

NS
14.44–27.89

NS
180.00

NS

O. stricta
O. ficus-indica
O. megacantha

O. streptacantha
O. robusta

[17,38,43,49,52,54,61]

Epicatechin
Seeds
Pulp
Peel

NS
19.16–90.81

NS

O. ficus-indica
O. albicarpa

O. megacantha
O. streptacantha

O. robusta

[17,42,61]

Gallocatechin
Seeds
Pulp
Peel

NS
116.60–178.20
120.40–334.70

O. stricta
O. ficus-indica [43,49]

Epigallocatechin Seeds NS O. stricta
O. ficus-indica [42,43]

Anthocyanidins

Pelargonidin Seeds
Cladodes

NS
187.97

O. stricta
O. ficus-indica [43,47]
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Table 1. Cont.

Phenolic Compounds Plant Tissue Concentration (μg/g) Opuntia Species References

Flavonoids

Flavones

Cyanidin Seeds
Cladodes

NS
1058.57

O. stricta
O. ficus-indica [43,47]

Delphinidin Cladodes 2.81 O. ficus-indica [47]

Petunidin Cladodes 186.55 O. ficus-indica [47]

Malvidin Cladodes 4.31 O. ficus-indica [47]

Phenolic Acids

Gallic acid and derivates

Seeds
Pulp
Peel

Cladodes
Flowers

NS
32.60–81.20

NS
20.53–38.96

NS

O. ficus-indica
O. stricta

O. ficus-barbarica
O. robusta

O. albicarpa
O. megacantha

O. streptacantha
O. hyptiacantha

[17,42–45,49,54,61–63]

Ferulic acid and derivates

Seeds
Pulp
Peel

Cladodes
Flowers

96.33–1366.24
80.00

150.00–390.00
130.00–370.00
291.00–786.00

O. ficus-indica
O. stricta

O. ficus-barbarica
O. microdasys

O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[12,43–
46,48,49,51,52,55,56,59,61,64]

Caffeic acid and derivates

Seeds
Pulp
Peels

Cladodes
Flowers

NS
NS
NS
NS

255.00–469.00

O. ficus-indica
O. ficus-barbarica

O. robusta
O. microdasys

O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[12,38,42,44,45,48,49,51,54,59,
61]

Sinapic acid

Seeds
Pulp
Peel

Cladodes

NS
100.00–4100.00
820.00–2350.00
40.00–750.00

O. stricta
O. ficus-indica [43,49,56]

p-Coumaric acid

Seeds
Pulp
Peel

Cladodes
Flowers

NS
NS
NS

20.91
65.00–178.00

O. ficus-indica
O. ficus-barbarica

O. robusta
O. microdasys

O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[42,44,45,48,49,52,59]

Hydroxycinnamic acid Cladodes 8.45–1248.24

O. ficus-indica
O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[44,47]

Chlorogenic acid Seeds
Cladodes

885.31–1148.41
5.00–26.49

O. ficus-indica
O. streptacantha
O. hyptiacantha
O. megacantha

O. albicarpa

[42,44,46,50,52]

Ellagic acid
Seeds
Pulp
Peel

73.74–74.38
25.00–73.20

NS

O. ficus-indica
O. megacantha

O. streptacantha
O. robusta

O. ficus-indica

[17,46,61]

Vanillic acid

Seeds
Pulp
Peel

Cladodes
Flowers

NS
NS
NS

0.11–24.30
NS

O. stricta
O. ficus-barbarica

O. robusta
O. ficus-indica

O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[43–45,49,54,61]
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Table 1. Cont.

Phenolic Compounds Plant Tissue Concentration (μg/g) Opuntia Species References

Syringic acid

Seeds
Pulp
Peel

Cladodes
Flowers

NS
13.60–66.50

NS
2.34–13.99

NS

O. ficus-indica
O. robusta

O. albicarpa
O. megacantha

O. streptacantha
O. hyptiacantha

O. stricta

[12,17,42–45,54,61]

Protocatechuic acid
Seeds
Pulp
Peel

4.57–22.36
NS
NS

O. ficus-indica
O. ficus-barbarica

O. robusta
O. stricta

[45,46,49,58,61–63]

Hydroxybenzoic acid
Pulp
Peel

Cladodes

200.90–816.80
964.00–1718.20

114.01

O. ficus-indica
O. hyptiacantha
O. streptacantha
O. megacantha

O. albicarpa

[44,47,49,57,62]

Piscidic acid

Seeds
Pulp
Peel

Cladodes

NS
NS
NS
NS

O. ficus-indica
O. stricta [48,51,53,55,57,58,63]

Eucomic acid

Seeds
Pulp
Peel

Cladodes

NS
NS
NS
NS

O. ficus-indica
O. streptacantha
O. hyptiacantha
O. megacantha

O. albicarpa
O. stricta

[48,50,51,53,55,58,63]

Gentisic acid Pulp
Peel

NS
NS

O. ficus-barbarica
O. robusta [45]

Rosmarinic acid Peel
Flowers

NS
NS O. ficus-indica [49,54]

Catechol
Seeds
Pulp
Peel

NS
NS
NS

O. stricta
O. ficus-barbarica

O. robusta
O. ficus-indica

[43,45,61]

Other Phenolics

Phloretin
Psoralen

Pinoresinol
Seeds NS O. stricta [43]

1 NS, not specified.

3. Opuntia sp. in Inflammation

Inflammation is a physiological, self-limiting process occurring in mammalian tissues
as a response to harmful situations such as microorganism invasion, physical damage, or
exposition to toxic chemicals. The inflammatory process tends to eliminate primary triggers
and contributes to initiating the regeneration of injured tissues by mediating an organized
immune response, involving particularly macrophages and mast cells [66,67]. However, in
some situations, the mechanisms involved in restoring tissues’ homeostasis fail, generating
a deregulated response that often results in a chronic inflammatory response, which is ever
present in a wide variety of diseases and metabolic disorders such as diabetes, obesity,
cancer, arthritis, and neurodegenerative and cardiovascular diseases [66,68].

The inflammatory framework involves a complex cascade of events with a coor-
dinated action between pro- and anti-inflammatory mediators and biological systems
including different cell lines (macrophages, neutrophils) and signaling molecules [69,70].
The NF-κB transcription factors have been long recognized for constituting a prototypical
pro-inflammatory signaling pathway. In fact, these proteins are normally retained in the
cytoplasm, being bound to a class of inhibitory proteins known as the IκB family. How-
ever, after stimulation, the activation of specific enzymes, known as IκB kinases (IKK),
may phosphorylate the inhibitory protein, leading to the dissociation of the IκB/NF-κB
complex. This results in a proteasomal degradation of IκB protein, while NF-κB can then
translocate to the nucleus, binding DNA and activating the transcription of some targeted
genes for cytokines, such as tumor necrosis factor-α (TNF-α) and interleukins (IL) (IL-1β
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and IL-6), as well as the production of several enzymes including cyclooxygenase (COX)
and lipoxygenase (LOX) (Figure 4) [71–73]. These latter enzymes have a key role in the
inflammatory process through the transformation of the arachidonic acid released from the
phospholipid membrane into a spectrum of pro-inflammatory bioactive mediators includ-
ing prostanoids and leukotrienes, which act by enhancing edema formation, increasing
vascular permeability and leukocytes’ infiltration into the injured tissue [74–76].

 

Figure 4. The implication of NF-κB signaling pathway in inflammation. The inflammatory stim-
ulation of a cell may lead to IKK phosphorylation and activation which, in turn, may lead to the
phosphorylation of the IκB/NF-κB complex retained in the cytoplasm. The IκB is degraded by the
proteasome, while the NF-κB transcription factor can enter into the nucleus and bind DNA to initiate
the transcription of some targeted genes implicated in the inflammatory response.

Over the years, many studies have been conducted in order to explore the potential
targets of Opuntia sp. extracts and isolated phenols regarding the inflammatory process.
From the anti-inflammatory investigations of Opuntia sp. reported in the literature, some
species were the subject of greater scrutiny: O. stricta, Opuntia humifusa (Raf.) Raf., Opuntia
elatior Mill., O. dillenii, and, mostly, O. ficus-indica [65,77–81]. Different parts of the plant
(flowers, cladodes, seeds, and fruits) were explored, and different extraction methods
and solvents were used according to the desired purpose. However, most of the works
exploring the anti-inflammatory potential of Opuntia sp. were conducted using crude
extracts, and only a few of them provided information on the anti-inflammatory potential
of isolated phenolic molecules, especially flavonoids from Opuntia sp., such as isorhamnetin
and kaempferol derivates [77,82,83].

3.1. Modulation of Inflammatory Mediators and Enzymes

Most of the available studies exploring the anti-inflammatory activity of Opuntia sp.
extracts and isolated compounds were undertaken in vitro and explored specific mediators
and enzymes involved in the inflammatory process (Table 2). Among them, nitric oxide
(NO), produced by the inducible nitric oxide synthase (iNOS) upon inflammatory stimuli, is
among the most explored. Gómez-Maqueo and co-workers [84] reported that the pulps and
peels of two varieties of prickly pears presented anti-inflammatory potential by scavenging
NO radicals. Indeed, besides being implicated in many physiological processes, the high
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levels of NO also play a key role in the pathogenesis of inflammation, by upregulating
iNOS and pro-inflammatory cytokines’ production (TNF-α and IL-8), leading at the end to
serious tissue damage [78,85]. Following this train of thought, the reduction in the inflam-
matory response can benefit from the well-known free radical scavenging ability of phenolic
compounds. The same authors followed their study and found that the different prickly
pears’ parts were also able to inhibit hyaluronidase activity. This enzyme is implicated in
both physiological and pathological processes by hydrolyzing hyaluronic acid (HA), one
of the most important compounds in the extracellular matrix, with more than 50% found
in human skin [86]. The degradation of HA leads to the breakdown of tissues’ structural
integrity and, consequently, to an increase in their permeability, favoring the progression
of inflammatory mediators. Thus, a balanced regulation of hyaluronic acid metabolism is
important to maintain normal tissue organization and structure of the extracellular matrix.
On the other hand, an over-activation of hyaluronidase may contribute to degenerative
changes in connective tissues; therefore, enzyme inhibitors may play a beneficial role
during the inflammatory process, presenting potential beneficial health effects such as hin-
dering the exacerbation of the inflammatory response [86–88]. Similarly, another study of
Gómez-Maqueo et al. [89], using other varieties of prickly pears, explored the same bioactivi-
ties in vitro, with a notably higher efficiency for peels when compared to pulps. The authors
attributed this behavior to some compounds found in the species under study, particularly
to indicaxanthin and to the phenolic compounds isorhamnetin glycosides, kaempferol
glycoside, and quercetin, which mainly contributed to the observed anti-inflammatory
potential by presenting a higher hyaluronidase inhibitory activity when compared to other
purified standards.

A study conducted by Chaalal et al. [90] demonstrated that polyphenols extracted
from different parts of O. ficus-indica fruits (seeds, pulp, and entire fruit) presented an anti-
inflammatory potential and could exert a neuroprotective effect by decreasing the tran-
scriptional expression of pro-inflammatory mediators such as TNF-α, IL-1β, and iNOS in
N13-microglial cells after lipopolysaccharide (LPS) stimulation, pointing out the potential
health benefit of these compounds in case of neuronal damage. In another study, Cho et al. [78]
reported that chloroform and ethyl acetate fractions of O. humifusa cladodes were able to
decrease NO production in LPS-stimulated RAW 264.7 macrophages, pointing to quercetin as
one of the main compounds responsible for this behavior. Moreover, they also noticed that
both fractions differently modulated cytokines’ gene expression, especially for iNOS, IL-6,
and IL-1β, suggesting the implication of other bioactive components from the species in the
anti-inflammatory potential, while Yeo et al. [91] showed that methanolic extracts obtained
from the seeds of the same species reduced NO production from LPS-stimulated macrophages’
RAW 264.7. The isolated compound americanin A was found to be responsible for reducing
iNOS and pro-inflammatory cytokines’ (TNF-α and IL-6) expression levels, which resulted
principally by preventing NF-κB translocation into the nucleus.
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In a study conducted with the intestinal Caco-2/TC7 cell line, Filannino and co-
workers [92] reported that raw material and fermented extracts from O. ficus-indica clado-
des presented an anti-inflammatory effect by significantly reducing NO and chemokines’
(IL-8 and TNF-α) production, which are important effectors in the inflammatory process
contributing to the recruitment and activation of different inflammatory cells. In addition
to decreasing the intracellular ROS generated during cells’ stimulation, flavonoids (espe-
cially kaempferol and isorhamnetin), were considered to be the main responsible for this
anti-inflammatory modulation. They displayed a significant decrease in prostaglandin
E2 accumulation, which is a pro-inflammatory product from COX-2 and prostaglandin
synthase metabolism, generally implicated in promoting local vasodilatation, and attrac-
tion and regulation of different immune cells’ functions. Similarly, a study conducted by
Matias et al. [82] found that flavonoid-rich concentrate from O. ficus-indica fruits prevented
oxidative stress through the neutralization of H2O2-induced free radicals and also pre-
vented protein oxidation in inflamed Caco-2 cells. Otherwise, the extract allowed protecting
the intestinal barrier dysfunction, which was correlated with the ability of some flavonoids
to decrease TNF-α secretion. They also found that the incubation of inflamed Caco-2 cells
with the extract significantly modulated cytokines’ secretion, leading particularly to a
decrease in IL-8 and NO production, which are linked to the activation of the NF-κB path-
way. Indeed, it was proven that the extract reduced the degradation of IκBα, an important
inhibitor of NF-κB, preventing its migration from cytosol to the nucleus, where it could
promote the transcription of pro-inflammatory genes.

3.2. Anti-Inflammatory Activity In Vivo

Most of the in vivo works exploring the anti-inflammatory activity of Opuntia species
were conducted using rats as animal models, following the carrageenan-induced inflam-
mation method, which is frequently used to evaluate the anti-edematous effect of natural
products (Table 2) [79].

A study by Ahmed et al. [77] reported the in vivo anti-inflammatory potential of
different parts of O. dillenii with a high efficiency verified for the flowers, from which
three isolated compounds, namely, kaempferol 3-O-α-arabinoside, isorhamnetin-3-O-β-D-
glucopyranoside, and isorhamnetin-3-O-β-D-rutinoside, were characterized as the active
principles contributing significantly to reducing paw edema in albino rats. Ammar et al. [65]
also reported the anti-inflammatory potential for Opuntia sp. flowers; the authors found that
the methanolic extracts of O. ficus-indica flowers exhibited an anti-inflammatory potential
by reducing the paw edema size in Wistar rats, with the same efficiency as the non-steroidal
anti-inflammatory drug indomethacin. This effect was confirmed by a significant decrease
in the number of inflammatory cells, including leukocytes and lymphocytes, a decrease
in malondialdehyde (MDA) levels, which is correlated with the decrease in the lipid
peroxidation process occurring at inflammatory sites, and a restoration of some antioxidant
enzymes’ activities, including superoxide dismutase (SOD), catalase (CAT), and glutathione
(GSH), which contribute to neutralize free radicals’ overproduction. According to the
phytochemical analysis, the authors suggested the implication of phenolic compounds,
particularly quercetin, isorhamnetin, and kaempferol, which could scavenge free radicals
and decrease inflammation. Moreover, Antunes-Ricardo et al. [83] found that O. ficus-indica
cladodes’ extract and its isolated isorhamnetin derivatives (isorhamnetin-3-O-glucosyl-
rhamnosyl-rhamnoside and isorhamnetin-3-O-glucosyl-rhamnoside) decreased the amount
of neutrophils’ infiltration into the inflammatory site (carrageenan-induced air-pouch
inflammation in rats) with a decrease in NO production more efficient than that obtained
with the standard drug used, indomethacin. The authors also found that cladodes’ extract
and isolated compounds were able to inhibit COX-2 activity and cytokines’ production,
particularly TNF-α and IL-6, with a better efficiency for the crude sample, probably due to
a synergistic effect of its different phytochemicals.
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4. Conclusions

The present review shows the richness of Opuntia species as producers of a wide variety
of phenolic compounds, with an important role in the inflammatory process. The anti-
inflammatory studies conducted until now demonstrated the benefit of different species
to reduce the oxidative stress occurring at the site of an injury, decreasing the amount of
neutrophils’ infiltration, as well as pro-inflammatory mediators’ production, such as NO,
TNF-α, and interleukins. These effects were correlated with the presence of flavonoids in the
different tissues of cactus, namely, quercetin, isorhamnetin, and kaempferol derivates, as the
important bioactive components. Even though the Opuntia genus regroups a lot of species
throughout the world, the available studies are limited to a few of them, with O. ficus-indica
being by far the most explored. Nevertheless, reports on cactus plants reveal their potential
anti-inflammatory application in the pharmaceutical industry, supporting the traditional use
of these species in folk medicine and enhancing their economic value worldwide and for
local communities.
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Abstract: Although ginseng leaf is a good source of health-beneficial phytochemicals, such as polyphe-
nols and ginsenosides, few studies have focused on the variation in compounds and bioactivities
during leaf thermal processing. The efficiency of far-infrared irradiation (FIR) between 160 ◦C and
200 ◦C on the deglycosylation of bioactive compounds in ginseng leaves was analyzed. FIR treat-
ment significantly increased the total polyphenol content (TPC) and kaempferol production from
panasenoside conversion. The highest content or conversion ratio was observed at 180 ◦C (FIR-180).
Major ginsenoside contents gradually decreased as the FIR temperature increased, while minor
ginsenoside contents significantly increased. FIR exhibited high efficiency to produce dehydrated
minor ginsenosides, of which F4, Rg6, Rh4, Rk3, Rk1, and Rg5 increased to their highest levels at
FIR-190, by 278-, 149-, 176-, 275-, 64-, and 81-fold, respectively. Moreover, significantly increased
antioxidant activities were also observed in FIR-treated leaves, particularly FIR-180, mainly due to
the breakage of phenolic polymers to release antioxidants. These results suggest that FIR treatment is
a rapid and efficient processing method for producing various health-beneficial bioactive compounds
from ginseng leaves. After 30 min of treatment without leaf burning, FIR-190 was the optimum
temperature for producing minor ginsenosides, whereas FIR-180 was the optimum temperature
for producing polyphenols and kaempferol. In addition, the results suggested that the antioxidant
benefits of ginseng leaves are mainly due to polyphenols rather than ginsenosides.

Keywords: ginseng leaf; far-infrared irradiation; polyphenols; ginsenosides; antioxidants; health
benefits

1. Introduction

Ginseng (Panax ginseng Meyer) roots and their processed products are widely con-
sumed because of their excellent health benefits, which are attributed to their bioactive
ginsenosides [1]. Qualified ginseng roots require a relatively long cultivation period and
are typically harvested between 4 and 6 years. Consequently, ginseng leaves are produced
in large quantities annually and disposed of as waste at the end of the growing season.
However, ginseng leaves possess similar pharmacological activities to the roots [2]. The
distribution of ginsenosides in ginseng leaves has been investigated, which suggests that
the leaves have similar ginsenoside compositions to the roots [3–5]. In addition, Chung
et al. [6] reported an extremely high total phenolic content of ginseng leaves compared
to the roots. Yin et al. [7] suggested that ginseng leaves contain higher total flavonoids
compared to the roots, especially flavonol glycosides of panasenoside and kaempferol-3-O-
glucoside. However, although ginseng leaves are potentially good sources for producing
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phytochemicals, especially polyphenols and ginsenosides, and have advantages in annual
yield production, ginseng leaves have not been fully studied and used.

Thermal processing methods play a vital role in the global ginseng market. Numerous
studies have shown significant processing results related to the deglycosylation pattern of
ginsenosides and various health-beneficial biological activities, exhibiting bioconversion
from major ginsenosides to minor ginsenosides, as well as antioxidant, antitumor, and
anti-inflammatory effects [8–11]. Nevertheless, considerable efforts are required to reason-
ably use ginseng leaves, because few studies have focused on phytochemical variations,
especially polyphenols, during dry-heat thermal processing.

Far-infrared irradiation (FIR) treatment is widely used in the food-processing industry
because it is easily applicable in terms of fast and efficient heating of plant materials for
inducing the decomposition of multi-chain molecular clusters [12]. Our previous studies
have suggested that FIR is an efficient method for accelerating ginsenoside conversions in
ginseng roots and leaves [10,13], which is significantly different from traditional steaming
treatment at the same temperature [13]. An increase in the content of bioactive compounds,
such as phenolic acids and flavonoids, by FIR has been reported in rice, angelica, gamguk
flowers, grapes, and buckwheat sprouts [14–18]. However, there is still no detailed study
related to defining an adequate FIR temperature for producing the maximum range of
bioactive compounds from ginseng leaves.

When considering cost, source availability, and sustainability, ginseng leaves are a
more appropriate choice for obtaining phytochemicals, especially polyphenols and gin-
senosides, compared to their roots. The aim of this study was to investigate the effects of
FIR treatment on the bioactive compounds (total phenolics, flavonoids, and ginsenosides)
and human health benefits (antioxidant activities) of ginseng leaves. Our results will pro-
vide useful information for the further use and application of ginseng leaves in the health
product industry and food science.

2. Results and Discussion

2.1. Effects of FIR Treatment on TPC in Ginseng Leaves

The effects of FIR treatment on TPC in ginseng leaves are shown in Figure 1. As the FIR
temperature increased, the TPC gradually increased up to 180 ◦C and then decreased. The
highest TPC in ginseng leaves was 25.27 mg/g d.w. at FIR-180, which is about 1.56 times
that of the untreated control. The lowest TPC (15.16 mg/g d.w.) was observed at FIR-
200, with no significant difference being observed between FIR-200 and the untreated
control. It can be concluded that suitable FIR treatment conditions can increase the TPC in
ginseng leaves. The effect of FIR treatment on TPC improvement has also been reported
in Angelica gigas Nakai, Arachis hypogaea L., Camellia sinensis var. sinensis, and Hibiscus
cannabinus L. [15,19–21]. The increase in the TPC can be explained by the release of
small polyphenols due to the breaking of molecular bonds in large polyphenols at high
FIR temperatures [12,22]. However, relatively higher temperatures (FIR-190 and FIR-
200) caused a decrease in the TPC in ginseng leaves compared to low temperatures (FIR-
160, FIR-170, and FIR-180), which might be explained by the destruction of polyphenol
structures by high FIR energy [18]. Based on our results, it can be concluded that 180 ◦C
is a suitable temperature for FIR treatment for the processing of ginseng leaves to obtain
more polyphenols. Polyphenols are an important phytochemical group in edible plants
due to their various biological activities and health benefits, gaining increasingly more
attention of researchers to investigate their content variation in plant tissues during different
processing methods [23–25]. For ginseng, previous studies have mainly focused on their
root polyphenol content changes during processing [26,27]. To the best of our knowledge,
this is the first study to show the excellent effect of suitable FIR treatment on improving the
TPC in ginseng leaves.
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Figure 1. Changes in the total polyphenol content of ginseng leaves treated by FIR at different temper-
atures. The values are expressed as the mean with standard error (n = 3). Different letters (a–e) above
the bar graphs indicate significant differences at p < 0.05 on Tukey’s HSD test.

2.2. Effects of FIR Treatment on Panasenoside and Kaempferol Contents of Ginseng Leaves

Panasenoside (kaempferol 3-O-glucosyl-(1-2)-galactoside) is a kaempferol glycoside
and has been found to be the main flavonoid in ginseng leaves [7]. Figure 2A,B shows the
variation in the contents of panasenoside and its aglycone (kaempferol) before and after
FIR treatment. Before FIR treatment (0), ginseng leaves had 10.53 mg/g d.w. of panaseno-
side and only 0.03 mg/g d.w. of kaempferol. Similarly, Yin et al. [7] reported contents
of 15.84 mg/g d.w. and 0.43 mg/g d.w of panasenoside and kaempferol, respectively, in
4-year-old ginseng leaves. After FIR treatment, a significant decrease in the panaseno-
side content of ginseng leaves was observed with increasing FIR temperature, with only
2.29 mg/g d.w. remaining in the leaves after FIR-200 treatment. In contrast, our results
showed a significant increase in kaempferol. Its content increased sharply to 0.42 mg/g
d.w. until FIR-180, which was 14.3 times that of the untreated control (0). The kaempferol
content did not significantly increase at temperatures greater than 180 ◦C, such as FIR-190
and FIR-200.

According to the structures of panasenoside and kaempferol (Figure 2C), it is assumed
that FIR energy causes a significant increase in the kaempferol content due to the degly-
cosylation of panasenoside. It has been suggested that FIR has the capacity to transfer
heat energy, cleave covalent bonds, and liberate low-molecular-weight compounds [12,22].
However, the content of kaempferol did not significantly vary when the temperature ex-
ceeded 180 ◦C, despite the continuous decrease in the panasenoside content with increasing
FIR temperature (Figure 2A,B). Furthermore, the increased aglycone content was not as
high as that of panasenoside. The effects of FIR heat energy on ginseng leaf flavonoids were
assumed in two situations according to temperature variation: (1) The relatively fast degly-
cosylation of panasenoside accompanied by the slow degradation of kaempferol occurred
when FIR temperatures were below 180 ◦C, which explains the relatively slow decrease in
the panasenoside content and the sharp increase in kaempferol, and (2) the rapid deglyco-
sylation of panasenoside accompanied with the faster degradation of kaempferol when
the FIR temperature exceeded 180 ◦C, which explains the rapid decrease in panasenoside
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and the lack of significant change in the kaempferol content. These assumptions were
supported by Oliveira et al. [28]. They reported that the kaempferol content of Poincianella
pyramidalis decreased significantly when the air inlet temperature was increased from 160 to
180 ◦C during spray-drying. Deng et al. [29] suggested that flavonol glycosides (kaempferol
and quercetin derivatives) are degraded during the roasting process to correspond to an
increase in aglycones in noni leaves (roasted at 175 ◦C from 10 to 60 min or roasted for
20 min from 100 to 250 ◦C, respectively). Moreover, FIR treatment usually provides higher
energy during the material dry process compared to common dry processes under the
same temperature control. In addition, it is expected that FIR treatment may lead to an
intermediate compound by cleaving one glucoside of panasenoside rather than directly
deglycosylating two glucosides to kaempferol. However, this intermediate compound was
not detected in this study (data not shown). This result also supports our assumption.
Previous studies on flavonoids in ginseng leaves have mainly focused on the types and
contents of flavonoids in raw materials [7]. To the best of our knowledge, this is the first
study to investigate flavonoid variation patterns in ginseng leaves during processing. Ac-
cording to our results, FIR treatment significantly increases the content of kaempferol via
the deglycosylation of panasenoside (Figure 2), which has been found to possess higher
bioactivities, such as antitumor, antioxidant, and anti-inflammatory activities, compared to
its glycosides [30]. Thus, it can be concluded that FIR treatment (FIR-180) is a promising
method for processing ginseng leaves to obtain more kaempferol. Here, it is also important
to note that leaf burning was observed when the FIR temperature exceeded 200 ◦C dur-
ing the 30 min treatment, suggesting that higher FIR temperatures are risky for ginseng
leaf processing.

Figure 2. Changes in panasenoside (A) and kaempferol (B) contents and structural conversion pattern
(C) from panasenoside to kaempferol in ginseng leaves treated by FIR at different temperatures. The
values are expressed as the mean with standard error (n = 3). Different letters (a–d) above the bar
graphs indicate significant differences at p < 0.05 on Tukey’s HSD test.

2.3. Effects of FIR Treatment on Ginsenoside Contents of Ginseng Leaves

Ginsenosides can be roughly divided into two types according to the position and
amount of glycol groups in the glycosides: (1) protopanaxadiol (PPD) type and (2) pro-
topanaxatriol (PPT) type [8]. Here, the variations in nine PPD-type and eight PPT-type
ginsenosides in ginseng leaves during FIR treatment were qualified and quantified using
HPLC, respectively (Figure 3 and Figure S1, and Table S1).
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Figure 3. Flow schemes of the conversion patterns of PPD type (A) and PPT type (B) of ginsenosides
in ginseng leaves treated by FIR at different temperatures. A heat map (C) of 17 kinds of ginsenoside
changes in ginseng leaves treated by FIR at different temperatures. The unit of ginsenoside content
is mg/g dry weight. GN indicates the glycosyl number attached on ginsenoisde. The values in bar
graphs are expressed as the mean with standard error (n = 3). Different letters (a–f) above the bar
graphs indicate significant differences at p < 0.05 on Tukey’s HSD test.
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2.3.1. PPD-Type Ginsenosides

The effects of FIR treatment on the transformation of PPD-type ginsenosides in gin-
seng leaves are shown in Figure 3A,C, and Table S1. Overall, FIR treatment reduced
the major ginsenoside content and increased the minor ginsenoside content. In detail,
the ginsenosides Rb1 (4.25 mg/g d.w.), Rb2 (9.41 mg/g d.w.), Rb3 (1.42 mg/g d.w.), Rc
(5.72 mg/g d.w.), and Rd (23.65 mg/g d.w.) were the predominant compounds in untreated
ginseng leaves, whereas their contents gradually decreased after FIR treatment (Figure 3,
light yellow). Each of the aforementioned ginsenosides showed a relatively low amount
at FIR-200, with 0.58, 1.45, 0.13, 0.90, and 3.11 mg/g d.w. of Rb1, Rb2, Rb3, Rc, and Rd
being observed, respectively. In contrast, non-FIR-treated ginseng leaves only had small
amounts of minor ginsenosides (Figure 3, blue column), such as Rg3 (0.07 mg/g d.w.), Rk1
(0.04 mg/g d.w.), Rg5 (0.10 mg/g d.w.), and Rh2 (0.12 mg/g d.w.), whereas they signifi-
cantly increased after FIR treatment. The ginsenoside Rg3 increased to its highest amount
at FIR-180, presenting a 22-fold (1.49 mg/g d.w.) higher content than the untreated control.
The highest amounts of Rk1, Rg5, and Rh2 were observed at FIR-190, which increased
77-fold (3.30 mg/g d.w. Rk1), 100-fold (10.01 mg/g d.w. Rg5), and 3-fold (0.41 mg/g d.w.
Rh2), respectively, compared to the non-FIR-treated control.

FIR treatment significantly increased the content of minor PPD-type ginsenosides (Rg3,
Rk1, Rg5, and Rh2) in ginseng leaves by achieving the deglycosylation and dehydration of
the major ginsenosides. The major ginsenosides Rb1, Rb2, Rb3, Rc, and Rd had their glyco-
syl residue(s) at C-20 removed, causing a significant increase in the content of the minor
ginsenoside Rg3. Furthermore, Rg3 was then converted to Rk1 and Rg5 via dehydration at
C-20 and C-21/C-22 or to Rh2 by deglycosylation at C-3. Similar results have been reported
for ginseng roots and observed in the ginsenoside variation patterns after different thermal
processing methods, such as microwave heating, puffing, and steaming [9,31,32]. However,
in our results, it is important to point out that most of the Rg3 was further converted to the
dehydrated type (Rk1 and Rg5) instead of the deglycosylated type (Rh2). According to the
carbenium ion mechanism [33], the deglycosylation of ginsenosides at C-20 is easy than at
other positions because it can generate tertiary carbenium ions with more stability. Then,
the active tertiary alcohol is further eliminated during thermal processing. In addition,
Zaitsev’s rule can potentially give the reason why more Rg5 is enhanced than Rk1 during
FIR treatment [34,35]. Our previous study suggested that 10 min of FIR treatment (between
60 and 120 ◦C) significantly increases the major ginsenoside (Rb1, Rb2, Rc, Rd) content
of ginseng leaves, whereas it has no effect on minor ginsenosides (Rg3, Rh2) [13]. These
results indicate that both the temperature and time of FIR treatment are important factors
affecting ginsenoside variation in ginseng leaves. In addition, Chen et al. [36] reported that
polar PPD-type ginsenosides (Rb1, Rb2, Rb3, Rc, and Rd) can be converted to Rg3, F2, Rh2,
C-K, PPD, and Rk2 during the creation of black ginseng leaves. Thus, it is important to
select suitable processing methods in consideration of the final products before processing
ginseng leaves. Compared to FIR-190, a decreased pattern of each PPD-type minor gin-
senoside was observed in FIR-200-treated ginseng leaves, which can be explained by the
destruction of ginsenoside structures by high FIR energy.

2.3.2. PPT-Type Ginsenosides

Re (47.71 mg/g d.w.) and Rg1 (28.47 mg/g d.w.) were the major PPT-type ginsenosides
(Figure 3B,C, and Table S1) found in non-FIR-treated ginseng leaves. During FIR treatment,
the Re and Rg1 contents gradually decreased as the FIR temperature increased, exhibiting
85% and 83% reductions at FIR-200, respectively. However, the content of minor ginseno-
sides, Rg2, Rh1, F4, Rg6, Rh4, and Rk3, significantly increased as the FIR temperature
increased, presenting their highest amounts at FIR-190. Hundred-fold increases in most mi-
nor ginsenosides described above were found at FIR-190, namely 319-fold (5.34 mg/g d.w.)
in F4, 169-fold (3.48 mg/g d.w.) in Rg6, 187-fold (3.14 mg/g d.w.) in Rh4, and 314-fold
(1.21 mg/g d.w.) in Rk3 compared to the untreated control (less than 0.03 mg/g d.w. of
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each ginsenoside). The increases in Rg2 and Rh1 at FIR-190 were relatively small, exhibiting
8.07- and 3.11-fold increases compared to the untreated control, respectively.

The conversion patterns of the PPT-type ginsenosides are shown in Figure 3B. The
increase in the minor ginsenoside Rg2 was as a result of the glycosyl residue at C-20 of
the major ginsenoside Re being detached due to high FIR energy [8,22]. As we mentioned
in Section 2.3.1, the fact that the glycosyl residue at C-20 was easily deglycosylated than
at C-6 can be explained by the carbenium ion mechanism [33]. Rg2 was then converted to
F4 via dehydration between C-20 and C-22 positions or to Rg6 via dehydration between
C-20 and C-21 positions. Similar results were reported by Kim et al. [11] using standard
ginsenosides. The standard ginsenoside Re was deglycosylated and transformed to
the less polar ginsenosides Rg2, F4, and Rg6 after heat processing at 120 ◦C. Likewise,
the deglycosylation of Rg1 at C-20 caused an increase in the Rh1 content, followed
by an increase in Rk3 and Rh4, resulting from the dehydration of Rh1 between C-20
and C-21/C-22. A similar result was reported by Hwang et al. [31]. They showed the
variation in Rg1, Rh1, Rh4, and Rk3 in white ginseng heated at different temperatures at
20 MPa for 2 h. In our results, relatively higher amounts of F4 and Rg6 were transformed
compared to Rh4 and Rk3. Differently, Chen et al. [36] investigated ginsenoside changes
in black ginseng leaf products and suggested that the degradation of Re and Rg1 to minor
ginsenosides, such as Rk3, Rh4, and PPT, is the main transforming PPT-type pattern.
This can be explained by the different progressions of thermal processing (methods,
time, temperature, etc.) affecting different substances [13,37–41], as Rk3 and Rh4 are
the deglycosylated products of Rg6 and F4 at C-6, respectively. Ginsenoside mutations
in ginseng leaves during heat treatment have not been widely studied in the literature,
especially in terms of dry-heat treatment. In our results, it is important to point out that
FIR treatment (especially FIR-190) significantly increased the content of each dehydrated
minor ginsenoside compared to unprocessed ginseng leaves (Figure 3C). The moderate
FIR energy that showed high dehydration efficiency at C-20 instead of deglycosylation
at C-6 was considered a response to the significant increased minor ginsenosides F4,
Rg6, Rh4, and Rk3. A decreased pattern of each minor ginsenoside at FIR-200 compared
to those at FIR-190 was also observed in our results, which may be due to ginsenoside
degradation caused by excessive FIR energy.

These results suggest that a higher FIR temperature is more advantageous for ginseng
leaf processing and indicate that 190 ◦C is a suitable temperature. It is also recommended
for obtaining more dehydrated minor ginsenosides based on the processing conditions.
Compared to major ginsenosides, minor ginsenosides show stronger or even new biological
activities [42], so numerous studies have been devoted to promote the transformation
of major ginsenosides into profitable ginsenosides through thermal processing [31,43].
Although our previous results have shown that FIR treatment can promote the conversion
of major ginsenosides to minor ginsenosides in ginseng roots and leaves [10,17], this study
optimized the processing technology and significantly improved the conversion efficiency
in ginseng leaves.

2.4. Effects of FIR Treatment on Antioxidant Activities of Ginseng Leaves

The effects of FIR treatment on the antioxidant activities of ginseng leaves are shown
in Table 1. Non-FIR-processed ginseng leaves (0; IC50 = 2.33) showed relative lower
DPPH free-radical-scavenging ability compared to FIR-treated leaves, especially FIR-180
(IC50 = 1.52; Table 1.) Similar to the variations in DPPH radical-scavenging ability, ABTS
radical-scavenging ability initially increased from FIR-160 to FIR-180 and then decreased
(Table 1). These patterns show a distinct indication that appropriate FIR treatment can signif-
icantly improve antioxidant activities of ginseng leaves. Similar results were also observed
in Oriza sativa L. [14], Camellia sinensis var. sinensis [20], and Hibiscus cannabinus L. [21],
where FIR treatment increased antioxidant activities compared to non-treated controls.
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Table 1. Changes in antioxidant activities (DPPH/ABTS radical-scavenging ability) in ginseng leaves
treated by FIR at different temperatures.

FIR Treatment
(◦C)

IC50 (mg/mL)

DPPH Radical-Scavenging Ability ABTS Radical-Scavenging Ability

0 2.33 ± 0.03 e 2.61 ± 0.04 e
160 1.72 ± 0.02 c 1.88 ± 0.04 c
170 1.61 ± 0.02 d 1.75 ± 0.02 b
180 1.52 ± 0.02 a 1.66 ± 0.02 a
190 1.98 ± 0.02 b 2.15 ± 0.03 d
200 2.47 ± 0.03 f 2.47 ± 0.03 e

The values are expressed as the mean ± SE (n = 3). Different letters within the same column indicate significant
differences at p < 0.05 on Tukey’s HSD test.

In our results, extremely consistent variation patterns were exhibited between antioxi-
dant activities and the TPC (Figure 1 and Table 1), which suggested that the antioxidant
activities of ginseng leaves are most likely contributed by polyphenols rather than other
compounds. The reason why stronger antioxidant activities in ginseng leaves were exhib-
ited at FIR-160 to FIR-180 may be because FIR accelerates the release of antioxidants or leads
to the transformation of certain substances to stronger-antioxidant-activity compounds,
such as breakage of phenolic polymers [12,17,21]. The broken polyphenols exhibit better
antioxidant activities. However, the reason why patterns of antioxidant activities decreased
at higher FIR temperatures, FIR-190 to FIR-200, may be explained by the destruction of
phenolic polymers and the degradation of simple formed phenolics. The degradation of
phenolics may have been increasingly accelerated at temperatures higher than 180 ◦C in
this study. It has been reported that ginseng leaves show stronger antioxidant activity com-
pared to the roots [6,40]. In addition, several studies have evaluated the effects of different
types of thermal processing on ginseng leaf antioxidant activities [43,44]. However, to the
best of our knowledge, this is the first study to investigate the effect of FIR treatment on
the antioxidant activity of ginseng leaves. Proper application of FIR can be considered a
good method of improving the antioxidant activities and health benefits of herbal plants by
increasing active polyphenols.

3. Materials and Methods

3.1. Chemicals

Organic solvents (HPLC grade) were purchased from Merck KGaA (Darmstadt, Ger-
many). Folin–Ciocalteu reagent was purchased from Wako Pure Chemicals (Osaka, Japan).
The standard compounds of panasenoside and kaempferol were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Pure ginsenoside standards (98%) were purchased
from ChromaDex (Santa Ana, CA, USA) and Ambo Institute (Daejeon, Korea).

3.2. Sample Collection and FIR Treatment

Six-year-old Korean ginseng leaves were used, which were collected from a ginseng
farm in Wonju, Korea. Intact and undamaged leaves were washed with distilled water
and then wiped with gauze. Fresh ginseng leaves were fully dried in an oven at 50 ◦C for
24 h and then ground using a grinder. The powder was meshed using a 200 μm sieve to
obtain a uniform particle size of the powder. The powder was divided into two portions:
(1) non-FIR-treated control (Con; 0) and (2) FIR treatments in an FIR dryer (HKD-10; Korea
Energy Technology, Seoul, Korea) for 30 min at 160 ◦C (FIR-160), 170 ◦C (FIR-170), 180 ◦C
(FIR-180), 190 ◦C (FIR-190), and 200 ◦C (FIR-200).

3.3. Bioactive Compound Analysis
3.3.1. Sample Extraction

First, 2 g of each sample was weighed and added to 100 mL of 80% methanol solution
(v/v). Sample extraction was performed in a shaking incubator for 24 h at 30 ◦C. After ex-
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traction, the solution was centrifuged (05PR-22 centrifuge, Hitachi, Tokyo, Japan) at 500× g
for 10 min at room temperature. The supernatants were gathered after centrifugation and
filtered through Whatman No. 42 filter paper (Whatman Inc., Clifton, NJ, USA). The filtrate
was concentrated using a vacuum rotary evaporator (Eyela Co., Tokyo, Japan) at 40 ◦C. The
samples were freeze-dried in a vacuum freeze-dryer (Christ Alpaha 1–4, Germany). Finally,
the samples were stored in a refrigerator at −20 ◦C for subsequent experiments.

3.3.2. Determination of TPC

The TPC was determined by the Folin–Ciocalteu method as follows: (1) Mix 1.9 mL
of distilled water and 1.0 mL of Folin–Ciocalteu reagent in a tube, (2) prepare 0.1 mL of
the sample solution (2 mg/mL, dissolved by 80% methanol) and add it to the tube, and
(3) add 1.0 mL of 20% Na2CO3. The reaction mixture was incubated for 2 h at 25 ◦C.
After incubation, the absorbance of the sample was recorded at 765 nm. The results were
expressed as milligrams of gallic acid equivalents (GAE) per gram of dry weight (d.w.).

3.3.3. High-Performance Liquid Chromatography (HPLC) Analysis of Panasenoside
and Kaempferol

Panasenoside and kaempferol contents of ginseng leaves were determined using
HPLC. The equipment was an HPLC system (CBM-20A; Shimadzu Co, Ltd., Kyoto, Japan)
with 2 gradient pump systems (LC-20AT; Shimadzu, Japan), an auto sample injector (SIL-
20A; Shimadzu), a UV detector (SPD-20A; Shimadzu), and a column oven (CTO-20A;
Shimadzu). Each sample extract (0.1 mg) was dissolved in 1 mL of 80% methanol (v/v) and
filtered through a 0.22 μm membrane filter before sample injection into the HPLC system.
HPLC separation was performed on an Inertsil ODS-SP C18 column (250 mm × 4.6 mm,
5 μm; GL Sciences, Tokyo, Japan). The injection volume of samples was 10 μL. The
gradient running phase was programmed with the combination of solvent A (water with
0.1% trifluoroacetic acid) and solvent B (acetonitrile), in which solvent B was sequentially
increased from 14% to 18% (0 to 10 min), 18% to 30% (10 to 20 min), 30% to 60% (20 to
30 min), 60% to 65% (30 to 33 min), 65% to 100% (33 to 40 min), and 100% to 100% (40
to 50 min) and then finally adjusted from 100% to 14% (50 to 65 min). The operating
temperature was set at 35 ◦C. The flow rate of the mobile phase was kept at 1.0 mL per min.
The detector was set at 355 nm for monitoring panasenoside and kaempferol.

3.3.4. HPLC analysis of Ginsenosides

The ginsenoside contents were determined by HPLC, the same equipment as mentioned
before in Section 3.3.3. The prepared sample solution was filtered through a 0.22 μm
membrane filter. The injection volume was 10 μL. A Kinetex C18 column (100 mm × 4.6 mm,
2.6 μm; Torrance, CA, USA) was used. The gradient running phase was programmed with
the combination of solvent A (water) and solvent B (acetonitrile), in which solvent B was
sequentially increased from 17% to 23% (0 to 30 min), 23% to 24% (30 to 35 min), 24% to
32% (35 to 45 min), 32% to 44% (45 to 48 min), 44% to 44% (48 to 52 min), 44% to 55% (52 to
65 min), 55% to 100% (65 to 85 min), and 100% to 100% (85 to 95 min) and finally adjusted
from 100% to 17% (95 to 105 min). The operating temperature and flow rate were the same
as those in the procedure mentioned in Section 3.3.3. The detector was set at 203 nm for
monitoring ginsenosides.

3.4. Determination of Antioxidant Activities

The ginseng leaf powder (90 mg) was weighed, added to 30 mL of 80% methanol
solution in a 50 mL tube, and extracted at 30 ◦C for 30 min with sonication. Then, the
sample was centrifuged at 3500 r/min for 15 min. The supernatant was collected and
filtered through a 0.22 μm membrane filter. The DPPH radical-scavenging activity was
measured, as described by Eom et al. [17] with some modifications. Roughly, 1 mL of the
sample solutions at different concentrations were mixed with 3 mL of DPPH solution. After
the reaction for 30 min in the dark, the absorbance was measured at 517 nm. Next, the
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ABTS radical-scavenging ability was measured, as described by Lim et al. [45] with some
modifications. Briefly, 0.5 mL of sample solutions at different concentrations were taken in
a test tube and 5 mL of the prepared ABTS solution was added. After the reaction at room
temperature for 10 min in the dark, the absorbance was measured at 734 nm. IC50 values
denote the concentration of the sample, which is required to scavenge 50% of DPPH and
ABTS free radicals.

3.5. Statistical Analysis

The data were analyzed statistically using SAS software (Enterprise Guide version
7.1; SAS Institute Inc., Cary, NC, USA). The data between non-FIR-treated control and FIR
treatment groups were analyzed by one-way analysis of variance. The significance between
experimental groups was evaluated using Tukey’s honestly significant difference (HSD)
test at a p < 0.05 significance level.

4. Conclusions

This study studied in detail the effect of FIR on the representative health-beneficial
compounds and antioxidant activities of ginseng leaves. Our results demonstrate that
FIR treatment is a rapid and efficient method for producing deglycosylated bioactive
compounds from ginseng leaves. FIR treatment at 180 ◦C is recommended to obtain more
polyphoneols and kaempferol. However, the ideal FIR treatment temperature for producing
deglycosylated minor ginsenosides, such as F4, Rg6, Rh4, Rk3, Rk1, and Rg5, is 190 ◦C. Both
polyphenols and ginsenosides are compounds that are beneficial to human health, with
different bioactivities that vary between individual compounds. However, with regard to
the antioxidant activity of ginseng leaves, it seems to be mainly contributed by the highly
accumulated polyphenols rather than ginsenosides. These findings will help the further
use of ginseng leaves in health care products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules27154782/s1, Figure S1. The chemical structures of analyzed ginsensides in this
study. PPD, protopanaxadiol; PPT, protopanaxadiol; glc, β-D-glucose; arap, α-L-arabinopyranosyl;
xyl, β-D-xylose; araf, α-L-arabinofuranosyl; Table S1. Changes of PPT and PPD ginsenoside contents
(mg/g dry weight) in ginseng leaves treated to different FIR temperatures.
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Šimunović, J.; Kopjar, M.

Polysaccharides as Carriers of

Polyphenols: Comparison of

Freeze-Drying and Spray-Drying as

Encapsulation Techniques. Molecules

2022, 27, 5069. https://doi.org/

10.3390/molecules27165069

Academic Editor: Nour Eddine

Es-Safi

Received: 21 July 2022

Accepted: 7 August 2022

Published: 9 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Review

Polysaccharides as Carriers of Polyphenols: Comparison of
Freeze-Drying and Spray-Drying as Encapsulation Techniques

Ivana Buljeta 1, Anita Pichler 1, Josip Šimunović 2 and Mirela Kopjar 1,*
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Abstract: Polyphenols have received great attention as important phytochemicals beneficial for hu-
man health. They have a protective effect against cardiovascular disease, obesity, cancer and diabetes.
The utilization of polyphenols as natural antioxidants, functional ingredients and supplements is
limited due to their low stability caused by environmental and processing conditions, such as heat,
light, oxygen, pH, enzymes and so forth. These disadvantages are overcome by the encapsulation of
polyphenols by different methods in the presence of polyphenolic carriers. Different encapsulation
technologies have been established with the purpose of decreasing polyphenol sensitivity and the
creation of more efficient delivery systems. Among them, spray-drying and freeze-drying are the
most common methods for polyphenol encapsulation. This review will provide an overview of
scientific studies in which polyphenols from different sources were encapsulated using these two
drying methods, as well as the impact of different polysaccharides used as carriers for encapsulation.

Keywords: polysaccharides; polyphenols; freeze-drying; spray-drying

1. Introduction

Polyphenols are secondary plant metabolites consisting of an aromatic ring to which
one or more hydroxyl groups are attached [1]. These compounds are synthesized through
plant development and/or as a plant’s response to environmental stress conditions [2].
Even when they are at low concentrations in plants, polyphenols protect them from preda-
tors or ultraviolet damage [3]. They are known as natural antioxidants and therefore
have many beneficial effects on health (e.g., antimicrobial, anti-inflammatory, antioxidant
effect, etc.) [4–6]. The health benefits of polyphenols are influenced by the matrix in which
they are processed and ultimately consumed [7]. One well-known property of polyphenols
is the positive influence on diabetes and obesity due to the possibility of inhibition of
digestive enzymes such as α-glucosidase and α-amylase [8]. Anthocyanins are a group
of polyphenols responsible for the red, blue and purple color of fruit and vegetables. The
major anthocyanin found in most plants is cyanidin-3-glucoside, correlated with reduced
reactive oxygen species (ROS) levels and antioxidant potential in in vitro conditions [9,10].
Flavan-3-ols are a subgroup of flavonoids and their main representatives are catechin, epi-
catechin, epigallocatechin and epigallocatechin-3-gallate. These compounds are abundantly
found in green tea, strawberries and black grapes. Studies showed a positive effect of cate-
chin in Alzheimer’s and Parkinson’s diseases, diabetes and in cancer treatment [11]. Gallic
acid, a polyphenol from a group of phenolic acids, a subgroup of hydroxybenzoic acids was
the subject of many studies that have proven its significant antioxidant, anticarcinogenic,
antimicrobial and antimutagenic effects [12].

Due to the presence of unsaturated bonds in their structures, polyphenols are sensitive
to various environmental conditions such as the presence of oxygen, light and water [2].
The presence of water is the most important factor, due to its essentiality in most chemical
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reactions [13,14]. In the food industry, thermal processes are mostly used to obtain edible,
microbiologically safe foods, to improve digestibility, and to modulate their textures,
flavors and colors [14]. During these processes, structural changes occur leading to the
degradation of polyphenols which are often ignored [14]. In order to maintain their
stability, they need to be protected, and one of the possible ways is encapsulation in which
polysaccharides, proteins, lipids or combinations thereof can be utilized as carriers. In
that way, the preservation of polyphenolic properties is achieved over longer periods
because the carrier materials represent a barrier to oxygen and water [2]. By encapsulation
of polyphenols, besides increased stability, mitigation of unpleasant tastes or flavors,
controlled release, improved aqueous solubility and bioavailability can be achieved [3].
Drying has effect on the material’s appearance and chemical composition. It also prolongs
shelf life and inhibits enzymatic degradation and microbial growth of materials or foods [15].
Adequate selection of a drying method and operating conditions yields foods with slight
changes in appearance and maximum retention of bioactive compounds [15].

Spray-drying is a commonly used method for encapsulating due to its simple reg-
ulation and control, limited cost, and continuous operation [16]. Freeze-drying is also
often used for encapsulation of thermosensitive compounds and materials with some
disadvantages such as higher unit cost and long processing time [17]. Suitable selection
of carrier and encapsulation technique leads to successful incorporation and retention of
bioactive compounds [2]. Food enriched with encapsulated polyphenols can be a versatile
and cost-effective approach [14]. In addition, this approach enables other features such as
controlled release, improved bioaccessibility and bioavailability for absorption [14].

This paper will provide the literature review of spray-drying and freeze-drying for the
encapsulation of polyphenols from different sources. Moreover, with emphasis on polysac-
charides, the influence of carrier materials on polyphenol encapsulation will be reviewed.

2. Polyphenols

Polyphenols include various different compounds divided into several classes: pheno-
lic acids, flavonoids, stilbenoids, tannins, coumarins, and polymeric lignans (Figure 1) [18].
Their chemical structure may vary from simple to complex. The largest group of polyphe-
nols is that of flavonoids, divided into several subgroups (flavonols, flavones, flavanols,
flavanones, anthocyanidins, isoflavonoids, and chalcones) [19]. Their structure consists of
two phenyl groups linked with a three-carbon bridge. According to the degree of oxidation
and unsaturation of the three-carbon segment, they differ from each other. Different sugar
molecules can be attached to the hydroxyl groups of flavonoids. They are usually in a
glycosidic form which improves their solubility in water. Acylation of the glycosides where
sugar hydroxyls are derivatized with acid (such as ferulic and acetic acids) is also common.
The interconnection between several basic units of polyphenols makes larger and more
complex structures, such as hydrolysable tannins and condensed tannins [20]. Phenolic
acids represent a large group of hydrophilic polyphenols and they are constituted of a
single phenyl ring [14]. Due to the diversity in the structures of polyphenols, they possess
different properties (such as solubility and polarity) [20].

Polyphenols exist ubiquitously in vegetables and fruits and their consummation is
very desirable [14]. Various positive bioactivities of polyphenols toward pathologic con-
ditions are known, through their antioxidant properties. These molecules are capable of
donating hydrogen atoms and electrons [14]. One such activity is the anticancer property
of polyphenols [21]. Hollman et al. [22] reviewed the antioxidant activities of polyphe-
nols within the organism and their positive impact on cardiovascular health. In addition,
polyphenols contribute to the sensory quality of the products (wine, jellies, juices, choco-
late, etc.). They affect color, bitterness, turbidity, etc. [6,23]. Due to their many functional
properties, polyphenols are of great interest to the food, chemical and pharmaceutical
industries [2].
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Figure 1. Classification of polyphenols and the most important representatives of individual groups
(adapted from Dobson et al. [18]).

3. Encapsulation

Encapsulation is the process of entrapment of active compounds into particles to en-
able isolation or controlled release of given compounds. The main role of encapsulation is
the protection of sensitive active compounds from degradation [17]. Various techniques can
be used for encapsulation depending on core material, size of required particles, physical
state, or sensitivity to high temperature [24]. These techniques include freeze-drying, spray-
draying, extrusion, fluidized bed coating, spray-cooling/chilling, coacervation, liposome
entrapment, cocrystallization, vacuum-drying, centrifugal suspension separation, nanoen-
capsulation, molecular inclusion and emulsification [13]. Encapsulation with coacervation
is based on phase separation of a hydrocolloid from an initial solution and subsequent
deposition of the formed coacervate phase around an active ingredient suspended in media.
It is considered an expensive technique but very beneficial for high-value compounds [25].
Extrusion is a process based on passing a polymer solution with active ingredients through
a nozzle (or syringes) into a gelling solution. Usually the used wall material is sodium
alginate while calcium chloride solution serves for capsule forming. It is easy to execute
on a laboratory scale with long shelf-life capsules, while scale-up of this technique is
expensive and demanding with a limited choice of wall materials [26]. Emulsification
includes the dispersion of one liquid into the other (two immiscible liquids) in the form
of droplets. An emulsifier is required for stabilization and by application of drying, a
powder form of encapsulates can be achieved [26]. The molecular inclusion method is
also known as host-guest complexation. Apolar guest molecules are trapped inside the
apolar cavity of host molecules (such as cyclodextrins) through non-covalent bonds [26].
Cocrystallization techniques include modification of the crystalline structure of sucrose to
an irregular agglomerated crystal with porous structure in which active ingredient can be
incorporated [25]. Fluidized bed coating is also referred to as fluidized bed processing, air
suspension coating, or spray coating. The principle is that coating is applied to the particles
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suspended in the air. For this technique a wide range of coating materials such as aqueous
solutions of cellulose, starch derivates, gums, or proteins is suitable [27]. Spray chilling is
also known as spray cooling, prilling, or spray congealing. The basic principle is similar
to spray drying with the key difference of using a cooling chamber instead of a drying
chamber. Regarding coating materials, only lipid-based materials (fats, waxes, fatty acids,
fatty alcohols and polyethylene glycols) are used [27]. Nanoencapsulation is an innovative
trend in the field of food technologies. The final results are particles of diameters ranging
from 1 to 1000 nm. The term nanoparticles includes nanospheres and nanocapsules. The
first one has a matrix-type structure where the active ingredients can be adsorbed at the
sphere surface or encapsulated in particles. In nanocapsules, the active ingredient is limited
to a cavity with an inner liquid core surrounded by a polymeric membrane. Nanoparticles
have a larger surface area, increased solubility, enhanced bioavailability and improved
controlled release [25]. Freeze-drying and spray-drying are the most frequently employed
methods for removing water from foods with encapsulation effects [28]. A schematic view
of these methods is presented in Figure 2.

Figure 2. Schematic view of freeze-drying and spray-drying process, characteristics of particles and
advantages and disadvantages of methods (adapted from Fang and Bhandari, [25]; Grgić et al., [26]).

The wide range of polyphenol biological activities can be restricted due to their low
stability, low bioavailability, and unpleasant flavor [14]. Encapsulation of polyphenols
improves their stability during storage and can also be used to achieve the masking of
unpleasant flavors in foods (such as bitter taste and astringency) [2]. Food with high
intensity of bitterness and astringency elicit negative consumer reactions. Compounds
responsible for that are flavanols and flavonols. Flavan-3-ol monomers such as catechin,
epicatechin, epigallocatechin, epicatechin gallate and epigallocatechin gallate as well as
their oligomers proanthocyanidins (condensed tannins) are abundant in wine and tea. It
can be said that flavanols are the main compounds that cause bitterness and astringency
in tea and red wine (with the exception of caffeine in tea) [29]. The method selected for
encapsulation must be based on the polyphenol’s characteristics such as chemical structure,
thermophysical stability, solubility, affinity to coating material, target properties such as
particle size and morphology, among others [14].
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3.1. Freeze-Drying

Freeze-drying, also known as lyophilization, is a drying technique based on the
phenomenon of sublimation. This technique allows the long-term preservation of heat-
sensitive and oxidation-prone compounds, as well as foods and other biological materials,
since it is conducted at low temperatures and under vacuum [30]. This method does
have disadvantages such as higher unit cost and processing time [17]. Despite those
issues, freeze-drying is widely used to obtain high-value food products and is considered a
standard method for encapsulation in most research studies [30].

The freeze-drying process includes the complete freezing of samples, ice sublimation
(primary drying) and desorption of remaining unfrozen/bond water (secondary drying).
In the first step, the freezing rate determines the formation and size of ice crystals. Large
ice crystals formed by the slow rate of freezing can sublimate easily and increase the
primary drying rate. In primary drying, the shelf temperature will increase using a vacuum
to start the sublimation. It is necessary that product temperature is 2–3 ◦C below the
temperature level of collapse, at which the product can lose its macroscopic structure.
The endpoint of the primary drying phase is a key parameter to determine because the
increased temperature (in the secondary drying) before the sublimation of all ice could
collapse the final product quality [30].

3.2. Spray-Drying

In the food industry spray-drying is the most frequently used technique. It is eco-
nomical, flexible and can be used continuously with easy scale-up [13]. Advantages over
the other methods are higher effectiveness and shorter drying time [16]. This technique
is based on transforming a material from liquid form into powder form [24]. However,
when spray-drying is used for polyphenol encapsulation, conditions must be optimized
in order to avoid an accelerated degradation [17]. Depending on process conditions and
formulations, spray-drying micrometric capsules can be core-and-shell, multiple core or
matrix type [14]. Before spray-drying, a solution or suspension of polyphenols with carriers
must be obtained, followed by atomizing into a hot air stream.

3.3. Particle Morphology

Spray-dried particles are usually spherical with varying diameters and concavities,
regardless of the choice of coating material [17]. Mean size range of such particles range
from 10 μm to 100 μm [25]. The formation of concavities is associated with shrinkage of
the particles due to dramatic loss of moisture after cooling. On the other hand, powders
obtained by freeze-drying have a flake-like structure or one that resemble broken glass. The
reason could be the low temperature of the process which results in the absence of forces to
break the frozen liquid into droplets. Differences in surface morphology of freeze-dried
powders could be due to different coating agents. For example, powder with soybean
protein and maltodextrin as coating materials had a spherical porous structure, while
powders with only maltodextrin lost their porous structure [17]. The final particle size of
freeze-dried powders depends on the grinding procedure, not on the drying process [31].

3.4. Polyphenol Carriers

Materials used for encapsulation, which makes a protective shell, should be biodegrad-
able and food-grade. They also must be able to establish a barrier between an internal
phase and its surroundings [13]. Selection of coating material influences encapsulation
efficiency and encapsulates stability [24]. Commonly used materials are carbohydrates such
as maltodextrin, cyclodextrins, gum Arabic and modified starch. These materials lead to an
increase in the glass transition temperature of the dried product. By trapping a bioactive
compound, they enable its preservation against stickiness, temperature, enzymatic and
chemical changes [13].

Maltodextrin is one of the most often used carriers, having a low bulk density and
viscosity and high solubility at high solids contents [16,24]. It is obtained by partial
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hydrolysis of starch using an enzyme or acid. Maltodextrin has the ability to retain volatile
compounds. Its disadvantages, such as low emulsibility, are often overcome by combining
maltodextrin with other materials [16].

Cyclodextrins are safe for food applications and broadly studied as hosts for encapsu-
lation [3]. The commonly used cyclodextrins are α-, β- and γ-cyclodextrin. They possess a
hydrophobic central cavity and a hydrophilic external part [32]. Due to this structure, guest
molecules (different organic and inorganic molecules) are able to be accommodated into the
cavity. The hydrophilic external surface provides aqueous solubility [3,24]. The application
of cyclodextrins in spray-drying is limited due to their low water solubility (1.8%). This
limitation can be overcome by cyclodextrin modification. An example of such modification
is hydroxypropyl-β-cyclodextrin which has a higher water solubility (60%) and thus can be
subjected to drying techniques [24].

Gum Arabic consists of galactose, rhamnose, arabinose, 4-O-methyglucuronic acid and
glucuronic acid and its natural source is the acacia plant (stems and branches). Furthermore,
its low viscosity and high solubility, stable emulsions and high retention rates of volatile
compounds have enabled a broad range of applications of this polymer [16]. On the other
hand, some disadvantages such as low production yield and a consequently higher price
make it less accessible [33].

4. Application of Spray-Drying and Freeze-Drying for Encapsulation of Polyphenols

During freeze-drying of foods rich in polyphenols, cells are disrupted, and therefore
exposed to an increased enzyme activity (polyphenol oxidase and peroxidase enzyme)
upon thawing, and the degradation of the polyphenols can occur [34,35]. However, some
studies have shown that the amount of polyphenols may increase after this process. The
flavonol content in freeze-dried onions increased, which can be attributed to the release
of polyphenols from the matrix [36]. Wilkowska et al. [24] observed that freeze-dried
powders had 1.5 times higher retention of anthocyanins than spray-dried ones. From
studying the values of total polyphenols content, it has been noticed that when applying
spray-drying, 73% of compounds were lost. Encapsulates of polyphenols in coffee grounds
extract achieved by freeze-drying and spray-drying with maltodextrin, gum Arabic and
maltodextrin:gum Arabic (1:1) as carrier materials were evaluated for total polyphenols
content and flavonoid content. The results showed that freeze-drying was a more effective
technique for retention of polyphenols and flavonoids and maltodextrin a more efficient car-
rier. On the other hand, spray-dried particles possessed a higher antioxidant activity than
freeze-dried ones [2]. One interesting investigation was conducted on developing novel
protein ingredients fortified with blackcurrant concentrate. As a source of protein, they
used whey protein isolate and freeze-drying and spray-drying techniques. Encapsulates
obtained by spray-drying possessed a higher total polyphenols content, anthocyanins con-
tent and encapsulation efficiency compared to the freeze-dried ones [28]. Robert et al. [37]
encapsulated polyphenols from pomegranate juice and ethanolic extract by spray-drying,
and observed a higher encapsulation efficiency when soy protein isolates were used com-
pared to the maltodextrin. On the other hand, capsules with maltodextrin, stored at 60 ◦C
in an oven for 56 days, resulted in a lower degradation of polyphenols and anthocyanins.
Wu et al. [38] investigated the physicochemical properties and nutritional characteristics
of functional cookies with incorporated encapsulated blackcurrant polyphenols. For the
preparation of encapsulates, whey protein isolate and blackcurrant concentrate were used
and the applied encapsulating techniques used were freeze-drying and spray-drying. The
results of total polyphenols content were higher for enriched cookies with freeze-dried
encapsulates than for those with spray-dried encapsulates.

Ersus and Yurdagel [39] observed that during spray-drying, maltodextrins with higher
DE (equivalents of dextrose) are more sensitive to higher outlet air temperatures. Heating
could lead to structural deformations due to shorter chains and oxidation of free glu-
cose functional groups at the open ends. Their results confirmed the encapsulation of
black carrot anthocyanins using maltodextrin DE 20-21 for 20% feed solid content and
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160–180 ◦C drying temperatures. Gomes et al. [40] obtained a higher retention of papaya
pulp polyphenol and flavonoid compounds in spray-dried products than in freeze-dried
products. Vanillic acid had an enormous decrease of 76% after freeze-drying. Enzymatic
reactions with the action of peroxidase and polyphenol oxidase are likely to occur in the
freeze-drying process. Moreover, the disrupted material structure caused by the formation
of ice crystals and lower exposure to oxygen can cause the liberation of these enzymes.
Furthermore, artepillin C concentration increased three times after drying, which can lead
to the false-positive results of the spray-drying technique. It is known that processes at
high temperatures may release more bound polyphenols which cannot be detected in
fresh samples [40]. Saikia et al. [41] encapsulated polyphenols from Averrhoa carambola
pomace using maltodextrin and freeze-drying and spray-drying methods. The authors
obtained a higher encapsulation efficiency in freeze-dried encapsulates. It might be that
some polyphenols are destroyed during spray-drying, due to their sensitivity to heat. Dur-
ing the spray-drying process, fine misty droplets with increased surface are obtained and
due to that higher surface, they are more exposed to heat. Moreover, during atomization,
some amount of carrier can be eliminated from the core material and the partially cov-
ered capsules thus obtained can be destroyed by heat. During the freeze-drying process,
no atomization or heat exposure are present. These authors also observed a decrease in
surface polyphenols with higher maltodextrin content [41]. On the other hand, high inlet
temperatures applied in spray-drying are short-lived, so this technique is less destructive
for bioactive compounds compared to the other conventional thermal processes [42]. It
has to be taken into consideration that in the freeze-drying process, obtained powders are
ground and this process increases the possibility of contact with air, resulting in oxidation
reactions [42,43]. In the freeze-drying process, the formation of a sawdust-like form is
usual, leading to a lower surface area/volume ratio. Additionally, by the spray-drying
process, smaller sized microspheres with a larger surface area were obtained using the
spray-drying process (for the same amount of material as for freeze-drying), which led to
the deterioration of the surface polyphenols [2]. Considering the short time of exposure to
high temperatures during spray-drying, this technique seems good for the encapsulation of
polyphenols. Dealing with thermosensitive and highly valuable materials, freeze-drying is
a suitable method [33]. Tables 1–3 present the studies on the encapsulation of polyphenols
using freeze-drying and spray-drying techniques.

Table 1. Studies of spray-drying application for encapsulation of polyphenols from different sources.

Bioactive Material Reference

Roselle (Hibiscus sabdariffa L.) extract

[44]

Carrier Maltodextrin, gelatin, pectin, carboxymethyl cellulose, carrageenan, gum Arabic and
whey protein

Conditions 0.5 mm—nozzle diameter; 400 kPa—compressor air pressure; 7.5 mL/min—feed flow rate;
155 ◦C—inlet temperature; 55 ◦C—outlet temperature; 56 m3/h—air flow rate

Observations Pectin can be a suitable carrier of roselle polyphenols because it retained the highest amount
of polyphenols (98.20 mg/100 mg)

Plum (Prunus salicina Lindl.) polyphenols

[45]

Carrier Maltodextrin, gum Arabic, gelatin, chitosan and β-cyclodextrin

Conditions 150 ◦C—inlet temperature; 85 ◦C—outlet temperature; 850 mL/h—feed flow rate;
90 MPa—atomization pressure; 1.15 m3/min—blower rate; 0.7 mm—nozzle diameter

Observations Powders obtained with maltodextrin/chitosan possessed the highest stability as well as
retention of total polyphenols (94%) after storage (60 days at 25 ◦C)
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Table 1. Cont.

Bioactive Material Reference

Pomegranate juice anthocyanins

[46]

Carrier Gum Arabic, modified starch from waxy maize and maltodextrin

Conditions 1 mm—nozzle diameter; 1 kg/h—mass flow rate; 162–170 ◦C—inlet temperatures;
89–93 ◦C—outlet temperatures; 500 m3/h—air flow rate

Observations By using gum Arabic:modified starch from waxy maize (1:1) mixture, up to 70% of total
monomeric anthocyanins were retained

Cinnamon (Cinnamomum zeylanicum) proanthocyanidins

[47]

Carrier Maltodextrin

Conditions 1.2 mm—nozzle diameter; 130 ◦C and 160 ◦C—drying temperatures; 40 mL/min—feed
flow rate

Observations
The highest retention of proanthocyanidins (100%) was obtained in the sample with 20% of
maltodextrin and dried at 160 ◦C; during 90 days of storage, maltodextrin contributed to
stability of proanthocyanidins

Polyphenols of Orthosiphon stamineus leaves

[48]

Carrier Maltodextrin and whey protein isolate

Conditions 0.5 mm—atomizer; 180 ◦C—inlet temperature; 407 mL/h—feed flow rate

Observations By using 5.33 wt.% of maltodextrin, the highest retention of sinensetin (82.24%), rosmarinic
acid (82.67%) and eupatorine (80.19%) was obtained

Fadogia ancylantha, Tussilago farfara and Melissa officinalis extracts

[49]

Carrier Maltodextrin and apple pectin

Conditions 120 ◦C—inlet temperature; 69–71 ◦C—outlet temperature; 5 mL/min—feed flow rate;
0.5 mm—nozzle diameter; 500 L/h—drying air flow; 6 bar—air pressure; 100%—aspiration

Observations
By using 10:1 maltodextrin:pectin ratio, 3% w/v of raw dried extract was encapsulated;
loading efficiency values were very high: 80.1%, 91.5% and 97.2% for Tussilago, Melissa and
Fadogia polyphenols, respectively

Black carrot (Daucus carota L.)

[39]

Carrier Maltodextrins (DE 10, DE 28–31 and DE 20–23)

Conditions 160 ◦C, 180 ◦C and 200 ◦C—inlet temperatures; 107 ◦C, 118 ◦C and 131 ◦C—outlet
temperatures; 5 mL/min—feed flow rate

Observations Powders with maltodextrin DE 20–23 contained the highest anthocyanin concentration
(630 mg anthocyanin/100 g dry matter of powder)

Mountain tea (Sideritis stricta) extract

[50]

Carrier β-cyclodextrin, maltodextrin and gum Arabic

Conditions 145 ◦C, 155 ◦C and 165 ◦C—inlet temperatures; 75 ◦C—outlet temperature; 500 L/h—flow
rate; 70%—aspiration rate; 240–640 mL/h—feed rate

Observations

By increasing inlet air temperature from 145 ◦C to 155 ◦C, a 4% increase in total polyphenols
content occurred, but a further increase in inlet temperature had a negative effect; an increase
in the concentration of carriers resulted in a decrease in total polyphenols content
(18.96 g/100 g—without carrier, 7.61 g/100 g—for 3 g/100 g of carrier, and 5.43 g/100 g—for
5 g/100 g of carrier)
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Table 1. Cont.

Bioactive Material Reference

Cactus pear (Opuntia ficus-indica)

[51]

Carrier Maltodextrin and inulin

Conditions 140–160 ◦C and 120–160 ◦C—inlet temperatures for maltodextrin and inulin, respectively;
600 L/h—air flow; 10 mL/min—feed rate; 20 psi—atomization pressure

Observations

Optimal conditions for encapsulation with maltodextrin were 3:1 ratio of core/coating
material and 140 ◦C inlet temperature while for inulin the optimal ratio was 3:1 for
encapsulation of pulp extract and 5:1 for encapsulation of ethanolic extract and 120 ◦C inlet
temperature; concentration of polyphenols after encapsulation ranged as follows: cactus
ethanolic extract + inulin (2410 mg GAE/g powder) > cactus pulp + maltodextrin (2135 mg
GAE/g powder) > cactus pulp + inulin (2028 mg GAE/g powder) > cactus ethanolic extract +
maltodextrin (1812 mg GAE/g powder)

Açai (Euterpe oleracea Mart.) juice

[52]

Carrier Maltodextrin (DE 10 and DE 20), gum Arabic, and tapioca starch

Conditions 1.5 mm—nozzle diameter; 0.06 MPa—compressor air pressure; 15 g/min—feed flow rate;
140 ◦C—inlet temperature; 78 ◦C—outlet temperature; 73 m3/h—air flow rate

Observations

Powders obtained with tapioca starch possessed the lowest anthocyanin content
(3247.15 mg/100 g) while between the two types of maltodextrin (for DE 10 3436.85 mg/100 g
and for DE 20 3402.30 mg/100 g) and gum Arabic (3415.96 mg/100 g) no statistical difference
was determined in anthocyanin content

Jaboticaba (Myrciaria jaboticaba) peel extracts

[53]

Carrier Maltodextrin, gum Arabic, and modified starch from waxy maize

Conditions 140 ◦C, 160 ◦C and 180 ◦C—inlet temperatures; 360 mL/h—feed flow rate; 20 mbar—vacuum;
28 m3/h—aspiration

Observations

The highest anthocyanins retention was obtained at 160 ◦C air drying temperature using
maltodextrin (99.02%) and gum Arabic/maltodextrin (100%) as carriers; a combination of
maltodextrin with starch resulted in the lowest anthocyanins retention (around 80%)
regardless of air drying temperatures

Pomegranate (Punica granatum) polyphenols and anthocyanins of juice and ethanolic extracts

[37]

Carrier Maltodextrin and soybean protein isolates

Conditions 140–160 ◦C and 100–140 ◦C—inlet temperatures for maltodextrin and soybean protein
isolates, respectively; 600 L/h—air flow; 10 mL/min—feed rate; 20 psi—atomization pressure

Observations

Encapsulation efficiency of polyphenols was better in the soybean protein isolates matrix
(76.2% for pomegranate juice and 82.9% for pomegranate ethanolic extract) than for
maltodextrin (53.3% for pomegranate juice and 71.0% for pomegranate ethanolic extract); the
highest encapsulation efficiency of anthocyanins from pomegranate ethanolic extract was in
the soybean protein isolates matrix (100%) while the highest efficiency of pomegranate juice
anthocyanins was in the maltodextrin matrix (86.6%)

Rosemary (Rosmarinus officinalis L.) leaves polyphenols

[54]

Carrier Maltodextrins (MDE 10 and 21), whey protein isolates and polyglycerol polyricinoleate

Conditions 175 ◦C—inlet temperature; 90 ◦C—outlet temperature; 600 L/h—drying air flow; 18%—feed
flow rate; 700 kPa compressor air pressure

Observations

Higher encapsulation efficiency (around 42%) of total polyphenols was obtained when higher
amounts of protein (4%) were used, pointing to the important impact of protein in that target
delivery system; encapsulation efficiency with 2% of whey protein isolates was around 28%;
type of maltodextrin showed no significant impact on encapsulation efficiency
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Table 1. Cont.

Bioactive Material Reference

Epigallocatechin-3-gallate (EGCG)

[55]
Carrier Gum Arabic and maltodextrin

Conditions 160 ◦C—inlet temperature; 60 ◦C—outlet temperature

Observations Concentration of EGCG at surface was 8% and loading efficiency (EGCG in the inner space)
was 85%

Turmeric oleoresin (curcumin)

[56]

Carrier Maltodextrin and gum Arabic

Conditions 5 mL/min—feed flow rate; 150 ◦C, 175 ◦C and 200 ◦C—inlet air temperatures; 90 ◦C—outlet
air temperature

Observations Gum Arabic used as a carrier at the inlet air temperature of 175 ◦C showed the highest
encapsulation efficiency (71.74%) and total curcumin content (3.41 g/100 g)

Barberry (Berberis vulgaris) extract

[57]

Carrier Gum Arabic, gelatin and maltodextrin

Conditions 800 mL/h—flow rate; 150 ◦C—inlet temperature; 100—outlet temperature

Observations Samples produced with gum Arabic and maltodextrin (core/wall material ratio 25%) in
combination possessed the highest microencapsulation efficiency (96.22%)

Roselle (Hibiscus sabdariffa L.) extract

[58]

Carrier Maltodextrin and gum Arabic

Conditions 180 ◦C—inlet air temperature; 80 ◦C—outlet air temperature; 12 mL/min—feed flow rate;
0.8 bar—atomizing-air pressure

Observations
In sample where maltodextrin:gum Arabic ratio was 70:30, improved retention of
polyphenols (465.80 mg GAE/100 g), anthocyanins (171.21 mg cyanidn-3-glucoside/100 g)
and antioxidant activity (3.81 mmol Trolox/kg) was achieved

Blackberry pulp

[59]

Carrier Maltodextrin and gum Arabic

Conditions 0.49 kg/h—flow rate; 145 ◦C—inlet temperature; 75–80 ◦C outlet temperature;
0.36 m3/h—drying air flow rate; 35 m3/h—aspirator flow rate

Observations Samples with maltodextrin and a combination of both carriers possessed higher anthocyanin
retention (around 85%) than gum Arabic (around 78%)

Chokeberry anthocyanins

[60]

Carrier Maltodextrin, guar gum, gum Arabic, inulin, pectin and β-glucan

Conditions 140 ◦C—drying temperature; 25%—pump flow; 600 L/h—air flow

Observations

Capsules with β-glucan had the highest content of anthocyanins (first day and after 7 days of
storage) while the ones with gum Arabic had the lowest content; the following encapsulation
efficiency was observed: maltodextrin + gum Arabic—78.61%, maltodextrin + inulin—88.37%,
maltodextrin + β-glucan—92.78%, maltodextrin + pectin—91.85% and maltodextrin + guar
gum—92.98%

Berries and roselle anthocyanins

[61]

Carrier Gum Arabic, maltodextrin, whey protein isolate and agave fructans

Conditions 180 ◦C—inlet temperature; 80 ◦C—outlet temperature; 13%—feed rate; 94%—air flow

Observations
Retention of anthocyanins was 10.71–86.09%; retention of total polyphenols ranged from
34.71–100%; whey protein isolate was the best carrier agent for anthocyanins and
phenolic compounds
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Table 2. Studies of freeze-drying application for encapsulation of polyphenols from different sources.

Bioactive Material Reference

Red wine polyphenols

[62]
Carrier Maltodextrin 20% DE 10

Conditions Freezing plate and condenser at −40 ◦C, vacuum below 200 μm Hg; process duration—40 h

Observations The freeze-drying process resulted with 97% polyphenol retention; there was no significant
changes in polyphenols during 15 days of storage at 38 ◦C

Fermented Miang wastewater bioactive compounds

[63]

Carrier Maltodextrin, gum Arabic and modified starch

Conditions Samples were frozen at −18 ◦C for 24 h and then freeze-dried at −45 ◦C under a pressure
of 0.133 mbar for 72 h

Observations

Between used carriers, there were no statistical difference in total polyphenols content but in
surface polyphenols content, differences were observed: by using gum Arabic in
10:1 core:coating material ratio (% w/w), the lowest concentration of surface polyphenols was
observed with the highest encapsulation efficiency (98.05%); encapsulation efficiency for
maltodextrin and modified starch was 89.07% and 81.58%, respectively

Polyphenols of wastewater from Miang (fermented tea leaf) production

[64]

Carrier Maltodextrin and gum Arabic

Conditions Samples were frozen at −18 ◦C for 24 h and then freeze-dried under a pressure of 0.133 mbar
for 72 h

Observations The weight ratio of maltodextrin:gum Arabic mixture to concentrated fermented Miang water
of 1:10 was the best for polyphenols encapsulation with 99.4% efficiency

Cloudberry (Rubus chamaemorus) polyphenols

[65]

Carrier Maltodextrins DE5–8 and DE18.5

Conditions Pressure < 0.1 mbar and duration of 48 h

Observations

Maltodextrin DE 5–8 resulted in higher encapsulation efficiency for all polyphenols,
especially for ellagitannins (99%), proanthocyanidins (94%) and flavonols (90%); the highest
encapsulation efficiency values of maltodextrin DE 18.8 were for hydroxycinnamic acids and
hydroxybenzoic acids (69% and 68%, respectively)

Red onion peel polyphenols

[66]

Carrier Maltodextrin and soybean protein isolate

Conditions Not defined

Observations
The combination of maltodextrin with soybean protein isolate showed higher encapsulation
efficiency (94.30%) than for the carriers individually (maltodextrin 91.5% and soybean protein
isolate 89.83%)

Yellow onions skins flavonoids extract

[67]

Carrier Maltodextrin, pectin and whey proteins hydrolysates

Conditions Samples were frozen at −70 ◦C and then freeze-dried at −42 ◦C under a pressure of 0.1 mbar
for 48 h

Observations Maltodextrin:pectin:whey proteins hydrolysates in a ratio of 2:1:0.4 resulted in the highest
flavonoid encapsulation (66.46%)

Phoenix dactylifera L pit polyphenols

[68]

Carrier Gum Arabic and egg yolk protein

Conditions Samples were frozen at −80 ◦C for 12 h and then freeze-dried for 48 h

Observations
Microparticles with a higher amount of egg yolk protein showed the highest encapsulation
efficiency (99.75%); the lowest encapsulation efficiency was observed when gum Arabic and
gum Arabic:egg yolk protein (3:1) were used (44.06% and 43.04%, respectively)
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Bioactive Material Reference

Elsholtzia ciliate ethanolic extract

[69]
Carrier Gum Arabic, maltodextrin, beta-maltodextrin, resistant-maltodextrin, skim milk and

sodium caseinate

Conditions Samples were frozen at −80 ◦C for 24 h and then freeze-dried at −50 ◦C at 0.05 mbar for 24 h

Observations The highest encapsulation efficiency of total polyphenols content were observed with sodium
caseinate (83.02%) while the lowest were with maltodextrin (21.17%)

Blackberry juice polyphenols

[70]

Carrier Apple fibers

Conditions
Samples were frozen at −18 ◦C for 24 h and then freeze-dried under the following conditions:
−55 ◦C—freezing temperature; −35–0 ◦C—temperature of sublimation; 0.220 mbar—vacuum
level; 0–21 ◦C—isothermal desorption temperatures; 12 h—process duration

Observations
Different amounts of apple fibers (1%, 2%, 4%, 6%, 8%, and 10%) were used for polyphenol
encapsulation, and results showed the best adsorption of total polyphenols when
1% (1.82 g GAE/100 g) and 2% (1.79 g GAE/100 g) of fiber was used

Blackberry juice polyphenols

[71]

Carrier Citrus fibers

Conditions
Samples were frozen at −18 ◦C for 24 h and then freeze-dried under the following conditions:
−55 ◦C—freezing temperature; −35–0 ◦C—temperature of sublimation; 0.220 mbar—vacuum
level; 0–21 ◦C—isothermal desorption temperatures; 12 h—process duration

Observations
By increasing the amount of fiber above 1%, a decrease in the concentration of adsorbed
polyphenols occurred; complexes with higher amounts of fiber (2% and 4%) had higher
retention levels of polyphenols after eight months’ storage (70% and 79%, respectively)

Raspberry juice polyphenols

[72]

Carrier Cellulose

Conditions
Samples were frozen at −18 ◦C for 24 h and then freeze-dried under the following conditions:
−55 ◦C—freezing temperature; −35–0 ◦C—temperature of sublimation; 0.220 mbar—vacuum
level; 0–21 ◦C—isothermal desorption temperatures; 12 h—process duration

Observations

The complex with 2.5% of cellulose resulted in the highest concentration of polyphenols
(2.43 g/kg for 15 min of complexation and 1.96 g/kg for 60 min of complexation); higher
amounts of the carrier (5%, 7.5% and 10%) negatively affected polyphenols adsorption; the
highest retention of polyphenols during storage was observed in powders with
5% and 7.5% of cellulose (from 90–100%)

Table 3. Studies of spray-drying (SD) and freeze-drying (FD) applications for encapsulation of
polyphenols from different sources.

Bioactive Material Reference

Roselle (Hibiscus sabdariffa L.) anthocyanins

[16]

Carrier Maltodextrin, gum Arabic, inulin and konjac

Conditions SD: 500 mL/h—flow rate; 150 ◦C—inlet temperature; 91 ◦C—outlet temperature
FD: Not defined

Observations

The freeze-dried sample with 100% konjac had the highest antioxidant content but with low
encapsulation efficiency of 43.6% (anthocyanins located on the surface); a mixture of
maltodextrin and gum Arabic provided powders with high antioxidant content and efficiency for
both methods of drying (around 95%)
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Bioactive Material Reference

Grape (Vitis labrusca var. Bordo) skin phenolic extract

[73]

Carrier Gum Arabic, polydextrose, and partially hydrolyzed guar gum

Conditions

SD: 0.60 L/h—flow rate; 140 ◦C—drying air temperature; 3.5 kg/cm2—air pressure;
40.5 L/h—air flow rate
FD: Dispersions were frozen at −68 ◦C for 24 h and then freeze-dried at −57 ◦C for 48 h at
vacuum pressure of less than 20 μm Hg

Observations
Between these drying methods, there was no difference in polyphenol retention; the spray-drying
method using 10% gum Arabic had the highest retention of phenolic compounds (25.03 mg
GAE/g) as well as freeze-drying with 5% gum Arabic and 5% of polydextrose (24.57 mg GAE/g)

Coffee grounds polyphenols extract

[2]

Carrier Maltodextrin and gum Arabic

Conditions SD: 108 mL/h—flow rate; 100 ◦C—air inlet temperature; 75% (28 m3/h)—aspiration
FD: The samples were previously frozen and then freeze-dried at −60 ◦C at 0.05 bar for 48 h

Observations

In spray-drying, using maltodextrin as wall material achieved the best encapsulation of
flavonoids (around 52%) while a combination of maltodextrin and gum Arabic was the best for
encapsulation of total phenolic compounds (around 65%); In freeze-drying, 100% maltodextrin as
wall material was the best for encapsulation of total polyphenols and flavonoids
(62% and 73%, respectively)

Model fruit juice (0.1% citrus pectin, 10% sucrose and 0.5% gallic acid)

[13]

Carrier Maltodextrin and gum Arabic

Conditions
SD: 72–144 mL/h—flow rate; 80–120 ◦C—inlet temperature; 600 L/h—nozzle air flow rate;
75% (28 m3/h)—aspiration
FD: 300–500mTorr—chamber pressure; 0.3–0.7 ◦C—freezing rate; 16 ± 0.5 h—process duration

Observations

The higher concentrations of gallic acid in freeze-dried samples were achieved with close to
100% gum Arabic and encapsulant concentration of 10–20% and with maltodextrin concentration
of 80–100%; for spray-dried samples the best conditions also included 10–20% encapsulant
concentration and maltodextrin:gum Arabic ratio of 50–80%

Lemon by-product aqueous extract

[17]

Carrier Maltodextrin, soybean protein and -carrageenan

Conditions

SD: 125 ◦C—inlet temperature; 55 ◦C—maximum outlet temperature; 601 L/h—atomization air
flow rate; 4 mL/min—liquid feed pump rate; 38 m3/h—main drying air flow rate; 70 ◦C—feed
solution temperature; 70 mL—feed solution
FD: Using liquid nitrogen, samples were initially frozen and then freeze-dried (48 h)

Observations

Freeze-dried samples obtained with a combination of maltodextrin and soybean protein achieved
the highest encapsulation productivity of total polyphenols content and total flavonoids
content (74%); in spray-drying, the best encapsulation productivity for total polyphenols
content (67%) was achieved with the same combination of wall materials as for freeze-drying,
while for encapsulation productivity of total flavonoids content (58%), no statistical difference
was observed between wall materials

Acerola (Malpighia emarginata DC) pulp and residue

[74]

Carrier Gum Arabic and maltodextrin mixture

Conditions

SD: 1 mm—feed nozzle diameter; 4 m3/min—drying air flow rate; 0.36 L/h—feed rate;
30 L/min—compressed air flow; 3.5 kgf/cm2—air pressure; 170 ◦C—inlet temperature;
82 ◦C—outlet temperature
FD: Samples were previously frozen at −18 ◦C for 48 h and then freeze-dried at −58.8 ◦C for 48 h
at 0.42 a mbar vacuum

Observations

Microencapsulation efficiency for total polyphenols content of freeze-dried samples of both pulp
and residue was higher (around 68%) than for spray-dried samples; for microencapsulation
efficiency of total flavonoids content, the best results (around 59%) were obtained for freeze-dried
acerola residue
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Bioactive Material Reference

Star fruit (Averrhoa carambola) pomace polyphenols

[41]

Carrier Maltodextrin

Conditions
SD: 185 ◦C—inlet temperature; 88 ◦C—outlet temperature; 6 mL/min—feed rate;
0.1 mm—nozzle size
FD: Frozen samples (−40 ◦C) were freeze-dried at −55 ◦C for 24 h

Observations Freeze-dried encapsulates had a higher encapsulation efficiency (78–97%) than spray-dried ones
(63–79%); an increase in maltodextrin concentration led to an increase in core polyphenols content

Gallic acid

[33]

Carrier Acid-hydrolyzed low dextrose equivalent potato starch

Conditions SD: 160 ◦C—inlet temperature; 75 ◦C—outlet temperature
FD: Not defined

Observations Encapsulation efficiency for freeze-dried samples ranged from 70–84% and for spray-dried from
65–79% without statistically significant differences between methods

Hydroxytyrosol

[3]

Carrier β-cyclodextrin

Conditions
SD: 100 ◦C—gas inlet temperature; 100 L/min—drying gas (air) flow rate; 0.5 mL/min—feed
rate; 35 mbar—inside pressure; 100%—spray rate
FD: Frozen samples were slowly dried at −50 ◦C under 0.06 mbar

Observations Spray-dried particles had a spherical and smooth surface with encapsulation efficiency of 84.4%;
freeze-dried particles had an irregular shape and encapsulation efficiency was 89.6%

Papaya pulp

[40]

Carrier Maltodextrin

Conditions SD: 150 ◦C—inlet temperature; 4 m3/min—air flow; 3 kgf/cm2—air pressure; 0.4 L/h—feed flow
FD: −62 ◦C—processing temperature; 6.11 mbar—vacuum degree; 48 h—process duration

Observations
Freeze-dried products possessed lower retention of vanillic, ferulic, and caffeic acids (15.85 ng/g,
under detection limit, and under detection limit, respectively) than spray-dried (30.73 ng/g,
11.26 ng/g, and 9.45 ng/g, respectively)

Moringa stenopetala leaves extract

[75]

Carrier Maltodextrin and high methoxyl pectin

Conditions
SD: 0.5 mm—nozzle diameter; 485 mL/h—flow rate; 140 ◦C—inlet temperature;
78–81 ◦C—outlet temperature
FD: Samples were frozen at −70 ◦C for 2 h and then freeze-dried for 72 h

Observations

Total polyphenols content and total flavonoid content of freeze-dried samples were higher than
in spray-dried ones, but encapsulation efficiency and storage stability were better in spray-dried
samples; encapsulation efficiency for spray-dried powders with maltodextrin and
maltodextrin/high methoxyl pectin was 83.52% and 87.93%, while for freeze-dried ones, it was
71.44% and 82.12%, respectively

Cranberry juice

[76]

Carrier Maltodextrin

Conditions SD: 50%—pump capacity; 35 m3/h—air flow
FD: 0.03 mbar

Observations

Powders obtained with sugar free cranberry juice and without maltodextrin had almost five times
higher contents of polyphenols (6423 mg/kg—FD and 6433 mg/kg—SD) than powders with
15% maltodextrin and cranberry juice (961 mg/kg—FD and 807 mg/kg—SD); in samples with
maltodextrin, p-coumaroyl-hexose concentration was higher when spray-drying was applied
(180 mg/kg); considering anthocyanins, spray- and freeze-drying equally affected their retention
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Rose (Rosa rugosa) anthocyanins

[42]

Carrier Gum Arabic and maltodextrin

Conditions SD: 170 ◦C—inlet temperature; 5 m3/min—drying airflow rate; 0.36 L/h—feed rate
FD: −52 ◦C—processing temperature; 0.45 mbar—vacuum degree; 48 h—process duration

Observations The retention rate of total polyphenols content and anthocyanin content was 86% and 75.85% for
spray-dried powder, and 91.44% and 95.12% for freeze-dried powder, respectively

Lowbush Vaccinium myrtillus blueberry fruit juice

[24]

Carrier Hydroxypropyl-β-cyclodextrin and maltodextrin

Conditions

SD: 140 ◦C—inlet temperature; 70 ◦C—outlet temperature; 75%—air flow rate;
0.7 mm—nozzle diameter
FD: Slowly freezing at −50 ◦C; pre-drying at 0.42 mbar and 30 ◦C; secondary drying—reducing
pressure to 0.05 mbar and increasing temperature to 40 ◦C

Observations

Spray-dried microparticles with maltodextrin and hydroxypropyl-β-cyclodextrin microcapsules
had higher total polyphenols content and total anthocyanins content (around 1.65 g/100 g and
1.3 g/100 g, respectively) than freeze-dried microparticles with β-cyclodextrin (around
1.45 g/100 g and 1.1 g/100 g, respectively); total losses of anthocyanins and total polyphenols
during drying were lower in the freeze-drying process

Apple peel polyphenols

[77]

Carrier Maltodextrin, gum Arabic, and whey protein concentrate

Conditions
SD: 150 ◦C—inlet temperature; 50 ◦C—outlet temperature
FD: Samples were frozen at −20 ◦C for 24 h and then freeze-dried at −45 ◦C under a pressure of
less than 0.12 mbar for more than 48 h

Observations

Freeze-dried samples homogenized by ultrasonication possessed higher encapsulation efficiency
values for phenolic content (83.69%), flavonoid content (85.47%), and antioxidant activity
(86.85%) compared to the spray-dried samples previously homogenized by ultra turrax
(83.58%, 48.31% and 80.21%, respectively)

5. Application of Encapsulated Polyphenols in Food Products

Due to the increasing awareness of consumers toward health and the consumption of
food that promotes health, the enrichment of food products with encapsulated polyphenols
and replacement of artificial food additives with natural ones is strongly supported [78].
Over the last few years, applying encapsulated polyphenols in food products has been on
the rise. In reviewing scientific papers, those dealing with encapsulated polyphenols with
polysaccharides were singled out.

Yogurt has high water content and a low pH value which makes it challenging to
incorporate polyphenols with poor solubility. Encapsulated polyphenols into hydrophilic
wall materials can overcome these shortcomings [78]. Robert et al. [37] encapsulated
polyphenols from pomegranate with maltodextrin and soybean protein isolates and in-
corporated them in yogurt. Encapsulates with maltodextrin had the lower degradation
rate during storage. Moreover, mushroom extract rich in polyphenols, encapsulated with
maltodextrin crosslinked with citric acid, was incorporated in yogurt [79]. In a study
of El-Messery et al. [77], polyphenols extracted from apple peel were encapsulated with
maltodextrin, whey protein and gum Arabic using spray-drying and freeze-drying. The
obtained powders were used in supplementing yogurt. Results showed no significant
influence of powders on the physiochemical and texture properties of samples. The authors
suggested that those encapsulated polyphenols can be used as a functional food ingredient
for yogurt. One interesting study dealt with encapsulation of eugenol-rich clove extract in
maltodextrin and gum Arabic by spray-drying. These encapsulates were incorporated into
soybean oil for increasing antioxidant activity. Potatoes fried in that oil had better sensorial
properties than ones fried in oil with butylated hydroxytoluene (synthetic antioxidant) [80].
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Encapsulated polyphenols can also be incorporated into bread. Ezhilarasi et al. [81] en-
riched bread with encapsulated Garcinia fruit polyphenols with maltodextrin and whey
protein isolates. Furthermore, green tea polyphenols, encapsulated using β-cyclodextrin
and maltodextrin by freeze-drying and spray-drying, were added to bread. Bread quality
(volume and crumb firmness) didn’t change compared to the control sample [82]. Fur-
thermore, anthocyanins from red onion skins were encapsulated using gum Arabic, soy
protein isolate and carboxymethyl cellulose as wall materials, and applying the gelation
and freeze-drying techniques. The powder, which has the highest encapsulation efficiency,
has been added to crackers and results showed improved antioxidant activity of these
enriched crackers. The authors suggest the suitability of applying such additives in bakery
products [83]. Table 4 presents some other studies that dealt with incorporating encapsu-
lated polyphenols with polysaccharides using freeze-drying and spray-drying techniques
into food products.

Table 4. Selected studies on the incorporation of encapsulated polyphenols into food products.

Food
Product

Source of
Polyphenols

Wall
Material

Encapsulation
Technique

Major Findings Reference

Biscuit Italian black rice
polyphenols

Maltodextrin
Gum Arabic

Spray-drying
Freeze-drying

Spray-dried encapsulates, added to biscuits,
were the most stable during storage and were

partially protected during the baking; enriched
biscuits showed a higher content of polyphenols,

anthocyanins and antioxidant activity than
control biscuits

[84]

Biscuit Cocoa hulls
polyphenols

Maltodextrin
Gum Arabic Spray-drying

By using powder with maltodextrin, the most
stable sample with unaffected total polyphenols

content after baking was obtained
[85]

Cake Sour cherry
polyphenols

Maltodextrin
Gum Arabic Freeze-drying

The incorporation of encapsulated polyphenols
didn’t impair the sensory or quality properties of
cakes; a positive effect on hygroscopicity, baking
stability, storage and digestibility was observed

[86]

Chocolate Peanut skins
polyphenols Maltodextrin Spray-drying

Antioxidant activity increased after the addition
of encapsulates; with 9% of additives antioxidant

activity was similar to dark chocolate while
flavor was similar to milk chocolate

[87]

Jelly Barberry
polyphenols

Maltodextrin
Gum Arabic

Gelatin
Spray-drying

Gum Arabic/maltodextrin was the best wall
material; jelly with 7% of powder showed better

consumer acceptability than commercial jelly;
antioxidant activity was increased

[88]

6. Conclusions

Bioactive compounds, such as polyphenols attract a lot of attention from scientists,
functional food product developers and consumers due to their health-promoting effects.
Most of these compounds are chemically unstable and encapsulation techniques have
been widely applied in order to enhance their stability. Nevertheless, freeze-drying is still
assumed to be the most suitable for heat-sensitive compounds. The adequate method of
encapsulation depends on the type of polyphenol and material for encapsulation, how-
ever. Therefore, it cannot be generally said that freeze-drying is better than spray-drying
or vice versa. Choosing a polyphenol carrier is important in order to achieve effective
encapsulation. While freeze-drying will definitely result in a higher quality and better
bioactivity retention compared with conventional spray drying methods, its application
is excessively expensive, time consuming and limited in throughput capacity for most
commercial applications. Therefore, in order to increase the number and variety of products
on the consumer markets, as well as the application range of encapsulated polyphenols,
new technologies will need to be researched and if necessary developed.
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This paper contributes to the insights into previously researched and optimized en-
capsulating conditions for a large number of polyphenol-rich materials.
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Abstract: Averrhoa carambola L. is reported for its anti-obese and anti-diabetic activities. The present
study aimed to investigate its aqueous methanol leaf extract (CLL) in vivo anti-obese activity along
with the isolation and identification of bioactive compounds and their in vitro α-glucosidase in-
hibition assessment. CLL improved all obesity complications and exhibited significant activity in
an obese rat model. Fourteen compounds, including four flavone glycosides (1–4) and ten dihy-
drochalcone glycosides (5–12), were isolated and identified using spectroscopic techniques. New
compounds identified in planta included (1) apigenin 6-C-(2-deoxy-β-D-galactopyranoside)-7-O-β-D-
quinovopyranoside, (8) phloretin 3′-C-(2-O-(E)-cinnamoyl-3-O-β-D-fucopyranosyl-4-O-acetyl)-β-D-
fucopyranosyl-6′-O-β-D fucopyranosyl-(1/2)-α-L arabinofuranoside, (11a) phloretin3′-C-(2-O-(E)-p-
coumaroyl-3-O-β-D-fucosyl-4-O-acetyl)-β-D-fucosyl-6′-O-(2-O-β-D-fucosyl)-α-L-arabinofuranoside,
(11b) phloretin3′-C-(2-O-(Z)-p-coumaroyl-3-O-β-D-fucosyl-4-O-acetyl)-β-D-fucosyl-6′-O-(2-O-β-D-
fucosyl)-α-L-arabinofuranoside. Carambolaside M (5), carambolaside Ia (6), carambolaside J (7),
carambolaside I (9), carambolaside P (10a), carambolaside O (10b), and carambolaside Q (12), which
are reported for the first time from A. carambola L. leaves, whereas luteolin 6-C-α-L-rhamnopyranosyl-
(1-2)-β-D-fucopyranoside (2), apigenin 6-C-β-D-galactopyranoside (3), and apigenin 6-C-α-L-rham-
nopyranosyl-(1-2)-β-L-fucopyranoside (4) are isolated for the first time from Family. Oxalidaceae.
In vitro α-glucosidase inhibitory activity revealed the potential efficacy of flavone glycosides, viz.,
1, 2, 3, and 4 as antidiabetic agents. In contrast, dihydrochalcone glycosides (5–11) showed weak
activity, except for compound 12, which showed relatively strong activity.

Keywords: antidiabetic; Averrhoa carambola L.; dihydrochalcone; flavone glycosides; obesity;
Oxalidaceae; type 2 diabetes

1. Introduction

The radical shift from malnutrition to overnutrition, as well as the increase in seden-
tary behaviour, has led to the increasing incidence of obesity, a complex chronic nutritional
disorder characterized by an energy expenditure and intake imbalance. With estimates of
2.3 billion overweight individuals and 700 million obese adults, obesity with its comor-
bidities is considered the fifth-largest cause of death worldwide [1,2]. Insulin resistance
is one of the most prevalent obesity-related changes [3] and hence, obesity is a key pre-
disposal to type 2 diabetes [1]. Furthermore, some white fat storage areas in the body
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are more directly associated to metabolic consequences of obesity, such as diabetes, than
others [2]. Obesity-related problems, viz., diabetes has been associated with decreased
life expectancy [4] as well as imparting various clinical disorders such as renal disease,
blindness, and amputation of lower limbs, among others [5].

Moreover, obesity and associated symptoms are predicted to cost the global economy
USD 2 trillion per year nearly as much as smoking, armed conflict, and terrorism [4]. The
common synthetic anti-obesity medicine orlistat is successful in treating obesity, however,
it exerts serious gastrointestinal side effects [6].

Likewise, α-glucosidase inhibitors as typical anti-diabetic medicines reported to pos-
sess side effects despite their important function in lowering blood glucose levels [7]. Only
three α-glucosidase inhibitors are currently used in clinical practice including acarbose,
miglitol, and voglibose [5,7], warranting for the development of natural medicines that
comprise medicinal herbs, either as pure components or as extracts, as an alternative
therapy for obesity [3,7].

For decades, Averrhoa carambola L., commonly known as starfruit, a member of the
Oxalidaceae family, indigenous to the tropical southeast, is planted across the tropics
for its edible fruit as well as its ornamental traits, and it was recently domesticated in
other countries, including Ecuador and Egypt [8]. A. carambola L. flesh is reported for its
potential in the treatment of diabetes [9] as well as its confirmed hypoglycemic and porcine
pancreatic lipase inhibitory effects [10,11].

In spite of being edible with several health benefits, starfruit is contraindicated in
uremic patients owing to its high oxalate content in addition to its negative inotropic and
chronotropic effects [8].

Besides, A. carambola leaves were reported for their traditional uses in treatment
of hyperglycemia, diabetes, and its related diseases [12,13]. Biological studies further
confirmed the hypoglycemic activities of leaves and some of its isolated compounds [13,14]
Moreover, leaves were reported to possess potential antioxidant activity [15]. Further, leaf
decoction are reported to be used for treatment of aphthous stomatitis and angina [16].

With regards to chemical composition and compared to fruits, A. carambola leaves are
less investigated. Flavone C-glycosides have been previously isolated from leaves, viz.,
isovitexin, carambolaflavones A and B, and apigenin 6-C-(2′′-O-α-L-rhamnopyranosyl)-β-
D-glucopyranoside [15]. Both carambolaflavones were reported for their hypoglycemic
effect in rats [12]. Recently, 12 dihydrochalcone C-glycosides were reported from leaves [17].
Dihydrochalcones are natural phenolics with a C6–C3–C6 skeleton structure, where two
aromatic rings are connected via a C3 chain [18] and abundant in A. carambola.

In the context of the overall strategy to control obesity and its complications using
functional foods, an A. carambola crude methanol-leaf extract (CLL) anti-obese effect was
assessed using an in vivo high fat diet (HFD)-induced obesity rat model. CLL extract as well
as Orly (as reference drug) were orally administered as interventions for the management
of obesity showing significant improvement in obesity and its associated complications.

Where, rats were fed on high fat diet for eight weeks resulting in dyslipidemia,
hyperglycemia, hyperleptinemia, insulin resistance, oxidative stress, and abnormalities in
liver and kidney functions. To confirm development of the obesity model and to assess
different treatment actions, both physical and biochemical parameters were monitored.
Further, leaf extract was subjected to detailed phytochemical isolation to identify active
agent(s) using NMR and MS spectroscopy, with pure compounds assessed for their α-
glucosidase inhibitory activity.

2. Results and Discussion

2.1. In Vivo Assay of A. carambola Leaf Extract against HFD-Induced Obesity Model in Rats

A. carambola L. flesh has been reported for the treatment of diabetes in folk medicine [9].
Besides, pharmacological assays confirmed its hypoglycemic effect [10] as well as its porcine
pancreatic lipase inhibitory effect [11]. Starfruit is known for its richness in phenolics, es-
pecially flavonoids [19], its potential for preventing and curing metabolic disorders, viz.,
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obesity and obesity-related metabolic syndrome [20]. The existence of bioactive phytochem-
icals, i.e., flavan-3-ols and 2-diglycosyloxybenzoates in carambola leaf, with reported lipase
and α-glucosidase inhibitory activities [17], might participate in the anti-obese activity
of leaves, warranting their assessment. The effect of CLL extract was assessed against
different parameters in HFD-induced obese rats including body weight, dyslipidemia,
effect on leptin, α-amylase, plasma glucose, insulin levels and insulin resistance, oxidative
stress, and lipid peroxidation as well as the effect on liver and kidney functions, as detailed
in the next subsections.

2.1.1. Body Weight and Biochemical Markers Determination

CLL extracts showed a significant reduction in rat body weight (258 g) compared
to obese rats (291 g), however, it was still higher than the normal rats group (246 g)
(Figure 1A and Table 1). Although Orly caused a significant decrease in BW gain (p < 0.05),
as compared with the CLL and obese groups, several biochemical markers were measured
as the index for obesity status, revealing the excelling of CLL over Orly, as detailed in the
next subsections.

Table 1. List of nutritional and biochemical parameters in obese, normal, and treated animal groups
(n = 3).

No. Measured Parameters
Tested Groups

Normal Obese Orly CLL

1 Initial BW (g) 115.7 a ± 1.7 115.8 a ± 2.6 115.8 a ± 2.7 115.7 a ± 5.1

2 BW after induction of obesity (g) 217.7 a ± 7.8 248.7 b ± 8.3 248.8 b ± 7.5 249 b ± 3.8

3 Final BW (g) 246.5 b ± 10.1 291 d ± 4.9 233.2 a ± 11.2 258 c ± 8.7

4 Leptin (ng/mL) 12.8 a ± 0.3 24.1 d ± 0.4 21.09 c ± 0.1 18.0 b ± 0.2

5 Insulin (μg/L) 6.4 a ± 0.1 12.2 e ± 0.3 10.1 d ± 0.1 9.4 b ± 0.2

6 Glucose (mg/dL) 69.8 a ± 2.01 106.6 e ± 3.3 89.9 c ± 2.1 80.0 d ± 1.7

7 IR 1.1 a± 0.1 3.2 e± 0.1 2.2 d ± 0.1 1.9 c ± 0.1

8 BChE (U/L) 250.7 a ± 5.2 415.7 e ± 8.5 285.2 d ± 7.3 274.8 c ± 5.8

9 α-amylase (U/L) 9.2 a ± 0.4 15.33 e ± 0.3 13.7 d ± 0.3 12.4 c ± 0.2

10 MDA (nmol/mL) 5.6 a ± 0.2 15.1 e ± 0.6 12.9 d ± 0.6 10.4 c ± 0.4

11 CAT (U/L) 598.1 a ± 14.8 319.5 e ± 0.4 329.3 d ± 12.7 473.2 c ± 10.7

12 T-Ch (mg/dL) 70.4 a ± 2.1 136.6 e ± 5.4 97.9 d ± 3.9 89.7 c ± 3.8

13 TG (mg/dL) 67.7 a ± 1.9 113.3 e ± 2.4 99.5 d ± 4.2 87.6 c ± 2.4

14 HDL-Ch (mg/dL) 42.8 a ± 0.7 27.8 e ± 1.2 31.5 d ± 0.8 37 c ± 0.6

15 LDL-Ch (mg/dL) 19.5 a± 0.7 85.5 d ± 3.5 69.2 c ± 1.8 49.8 c ± 1.4

16 T-Ch/HDL-Ch ratio 1.64 a ± 0.03 4.9 e ± 0.2 3.1 d ± 0.2 2.4 c ± 0.1

17 ALT (IU/L) 18.6 a ± 0.6 25.3 d ± 1.1 21.0 c ± 0.6 19.7 d ± 0.4

18 AST (IU/L) 41.9 a ± 0.7 49.7 b ± 1.1 43.8 c ± 0.6 43.2 d ± 0.7

19 Creatinine (mg/dL) 0.624 a ± 0.01 0.76 d ± 0.02 0.68 c ± 0.02 0.617 b ± 0.02

20 Urea (mg/dL) 24.6 a ± 1.1 33.2 d ± 0.9 26.8 c ± 0.6 25.0 b ± 0.6

21 Uric acid (mg/dL) 0.8 a ± 0.04 1.3 b ± 0.09 1.4 c ± 0.1 1.9 c ± 0.1

Results are expressed as mean ± S.E.M. Values with different superscript letters in the same raw are significantly
different at p < 0.05 levels. b,c,d and e are significantly higher than a.
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Figure 1. Body weight and biochemical parameters in the 4th week of treatment of experimental
animals with Orly and CLL compared to normal and obese groups. (A) The initial, final body
weights (BW) and BW gain (g). (B) The level of plasma total cholesterol (TCh mg/dL), triglycerides
(TG mg/dL), high-density lipoprotein cholesterol (HDL-Ch mg/dL), and low-density lipoprotein
cholesterol (LDL-Ch mg/dL). (C) The level of leptin (ng/mL), insulin (μg/L), glucose (mg/dL), and
α-amylase (U/L). (D) The level of plasma butyrylcholinesterase (BChE (U/L)) and plasma catalase
activity (CAT (U/L)). (E) The level of malondialdehyde (MDA (nmol/mL) and TCh/HDL. (F) The
level of plasma uric acid (mg/dL) and plasma creatinine (mg/dL). (G) Calculated insulin resistance
(IR). (H) The activity of aspartate transaminase (AST (IU/L)), alanine transaminase (ALT (IU/L)),
and urea (mg/dL). Each bar graph represents the mean replicate measurement (n = 6) expressed as
mean ± S.E. The bar graphs with a similar lower-case letter (such as ‘a’) among experimental groups
are not significantly different from each other (p > 0.05). The bar graphs with different lower-case
letters (such as a, b, c, d, and e) are statistically different from each other (p < 0.05).

142



Molecules 2022, 27, 5159

2.1.2. Effect of CLL on Dyslipidemia

Dyslipidemia, a metabolic complication of obesity manifested by hypertriglyceridemia [21],
was observed in obese rats compared to normal rats, as shown by the elevation of plasma
total cholesterol (two-fold increase), triglycerides (1.7-fold increase), LDL cholesterol (four-
fold increase), and the ratio of T-Ch/HDL-Ch (three-fold increase) (Figure 1A, Table 1)
concurrent with the reduction in plasma level of HDL-Ch (1.5-fold decrease) (Figure 1E,
Table 1). CLL significantly improved dyslipidemia compared to obese control rats as well as
rats treated with Orly (p < 0.05), however, it was still higher than normal rats (Figure 1A,E,
Table 1).

2.1.3. Effect of CLL on Leptin, α-Amylase, Plasma Glucose, Insulin Levels, and Insulin Resistance

Obese rats are also reported to exhibit increment in the plasma levels of plasma glucose,
insulin, insulin resistance, leptin, and α-amylase [22]. A significant elevation in plasma
levels of glucose (1.5-fold increase), insulin (two-fold increase), and insulin resistance
(three-fold increase) was noted in obese rats compared to normal rats.

Oral administration of Orly and CLL improved plasma levels of glucose (89.9 and
80 mg/dL, respectively), insulin (10.1 and 9.4 μg/L, respectively), and insulin resistance
(2.2 and 1.9, respectively) with different degrees (Figure 1C,G, Table 1). Obese rats exhibited
significantly elevated levels of plasma leptin, a key hormone in the control of food intake
and body weight and a target in obesity management [23,24] (two-fold increase) comparable
to those in normal rats. Orly and CLL significantly reduced plasma levels of leptin (21.1 and
18.0 ng/mL, respectively) compared to obese control (24.1 ng/mL). Another drug target in
obesity is the inhibition of the digestive enzyme α-amylase [25]. In this study, significant
increase in α-amylase activity in obese rats (15.3 U/L) was dramatically reduced upon
administration of both Orly and CLL (13.7 and 12.4 U/L, respectively) (Figure 1C, Table 1).
Hence, CLL is significantly excelling over Orly in decreasing leptin, insulin, glucose, and
α-amylase levels (p < 0.05).

2.1.4. Effect of CLL on Oxidative Stress and Lipid Peroxidation

In the current study, elevated plasma levels of butyrylcholinesterase (BChE) were
observed in the obese control (415.7 U/L) in agreement with [22], compared to different
experimental groups (250.7, 274.8, and 285.2 U/L in normal, CLL and Orly treated groups,
respectively). High plasma BChE activity is associated with aberrant lipid profiles, insulin
resistance, and hypertension [23], suggestive for BChE role in many metabolic functions [24].
Oral administration of Orly as well as CLL reduced BchE plasma elevation significantly at
different levels (285.2 and 274.8 U/L, respectively). Malondialdehyde (MDA), a biomarker
used for assessing oxidative stress, was significantly enhanced in obese rats (15.1 nmol/mL)
compared to those of normal ones (5.6 nmol/mL), as an indicator of lipid peroxidation,
while catalase enzyme activity, an indicator of antioxidant status, showed reduction by
1.9 fold. Rats treated with Orly and CLL exhibited improved oxidative stress markers at
different levels (Figure 1D,E, Table 1). CLL revealed significant improvement in oxidative
stress markers and lipid peroxidation profiles, better than Orly (p < 0.05).

2.1.5. Effect of CLL on Kidney and Liver Functions

Kidney function indicators (creatinine, urea, and uric acid) as well as plasma transam-
inases (AST and ALT) revealed significant elevation in obese rats compared to normal
rats, in agreement with [25]. Treatment with Orly and CLL significantly improved kidney
and liver functions, except for the significant elevation of uric acid content in the case
of CLL, which is most probably attributed to the high oxalate level in the leaves [26]
(Figure 1F,H, Table 1). Hence, CLL was significantly better than Orly in terms of kidney-
and liver-function improvement, except for an elevated uric acid level (p < 0.05).

Overall, despite the better effect of Orly in reducing body weight gain compared to
CLL, the latter revealed better improvement in mostly all tested biochemical parameters,
except for an elevated uric acid level.
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2.2. Isolation and Structure Elucidation

To identify anti-obese agents in the CLL extract, the extract was subjected to fractiona-
tion using column chromatography (CC) and liquid chromatography (LC), to afford 14 com-
pounds (C1–C12) including 4 flavone glycosides, i.e., 1 (Figures S1–S6), 2 (Figures S7–S11),
3 (Figures S12–S14), and 4 (Figures S15–S19) as well as 10 dihydrochalcone glycosides,
i.e., 5 (Figures S20–S24), 6 (Figures S25–S29), 7 (Figures S30–S36), 8 (Figures S37–S43),
9 (Figures S44–S48), 10a and 10b (Figures S49–S54), 11a and 11b (Figures S55–S60), and
12 (Figures S61–S67). All compounds were checked for their purity using HPLC (Figure S68).

Isolated Compounds Structure Determination Using NMR and MS

Fourteen compounds were isolated and identified using different spectroscopic techniques
including (1) apigenin 6-C-(2-deoxy-β-D-galactopyranoside)-7-O-β-D-quinovopyranoside,
(2) luteolin 6-C-α-L-rhamnopyranosyl-(1-2)-β-D-fucopyranoside, (3) apigenin 6-C-β-D-
galactopyranoside, (4) apigenin 6-C-α-L-rhamnopyranosyl-(1-2)-β-L-fucopyranoside,
(5) carambolaside M, (6) carambolaside Ia, (7) carambolaside J, (8) phloretin 3′-C-(2-O-(E)-
cinnamoyl-3-O-β-D-fucopyranosyl-4-O-acetyl)-β-D-fucopyranosyl-6′-O-β-D fucopyranosyl-
(1/2)-α-L arabinofuranoside, (9) carambolaside I, (10a) carambolaside P, (10b) carambola-
side O, (11a) phloretin3′-C-(2-O-(E)-p-coumaroyl-3-O-β-D-fucosyl-4-O-acetyl)-β-D-fucosyl-
6′-O-(2-O-β-D-fucosyl)-α-L-arabinofuranoside, (11b) phloretin3′-C-(2-O-(E)-p-coumaroyl-3-
O-β-D-fucosyl-4-O-acetyl)-β-D-fucosyl-6′-O-(2-O-β-D-fucosyl)-α-L-arabinofuranoside, and
(12) carambolaside Q.

New compounds for the first time to be identified in nature, including compounds
1, 8, 11a, and 11b, are discussed in detail in this section. All spectral data are provided
in supplementary file. Compound 1 (Figure 2) was isolated as a yellowish amorphous
powder soluble in 100% MeOH. The molecular formula of compound 1 was calculated
as C27H30O13, based on a deprotonated ion peak calculated at m/z 561.16137, detected
at m/z 561.1614 [M-H]− (calculated C27H29O13

−, error −0.1 ppm) in the HR-ESI-MS
spectrum (Figure S1). Compound 1 showed two UV maximums (λmax) (MeOH) at 270 nm
(Band II) and 334 nm (Band I), characteristic for a flavone skeleton [27]. The IR spectrum of
compound 1 illustrated a broad band at 3431.4 cm−1 and 1623 cm−1, consistent with the
presence of hydroxy group and carbonyl functions [28].

The full assignment of 1H and 13C NMR data (Figures S2 and S3, Table 2) was adopted
based on the analysis of the 1H-1H COSY, HSQC, and HMBC spectra (Figures S4–S6). The
existence of a flavone unit could be easily assigned from the 1H NMR and 13C NMR spectra
(Figures S2 and S3, Table 2) from key signals of 4 A2B2-type aromatic protons at δ 7.80 (2H,
d, J = 8.8 Hz, H-2′/6′) and at δ 6.77 (2H, d, J = 8.8 Hz, H-3′/5′) for a p-disubstituted benzene
ring, together with two aromatic singlets at δ 7.02 (H-8) and at δ 6.58 (H-3), referring
to 6,7-disubstituted apigenin [29]. Moreover, 13C NMR (Figure S3) revealed 27 carbon
resonances, which may be typical for di-glycosylated apigenin as follows: a carbon signal
at δ 184.0 (C-4) assignable for a ketonic carbonyl, carbon resonances at δ 102.4 (C-3), δ
159.9 (C-5), δ 113.6 (C-6), δ 164.5 (C-7), and δ 96.4 (C-8) were similar to those reported for
6,7-disubstituted apigenin [29]. Excluding carbons of flavone unit, another 12 carbons were
left assigned to two sugar moieties for deoxy-hexopyranosyl units. δ (Chemical shift) and J
(coupling constant) values as well as the 1H-1H COSY spectrum (Figure S4) identified the
first hexose moiety as 2-deoxy-β-D-galactose. The signals for an anomeric proton at δ 5.10
(dd, J = 12.1, 2.4 Hz, H-1′′), two protons at δ 2.83 (q, J = 12.1 Hz, H1-2′′) and at δ 1.59 (m,
H2-2′′), two protons at δ 4.02 (dd, J = 12.1, 2.1 Hz, H1-6′′) and at δ 3.74 (dd, J = 12.1, 6.4 Hz,
H2-6′′), six carbons at δ 70.5 (C-1′′), 32.3 (C-2′′), 71.6 (C-3′′), 78.7 (C-4′′), 76.1 (C-5′′), and δ

62.8 (C-6′′) are consistent with those of a 2-deoxy-β-D-galactose [30] attached at the C-6
position in apigenin via a C-glycosidic linkage, confirmed via HMBC correlations (Figure 3).
The second sugar was assigned as β-quinovopyranose attached to carbon 7 via an oxygen
bridge, based on its anomeric proton and carbon at δ 4.92 (1H, d, J = 7.7 Hz, H-1′′′) and δ

103.8 (C-1′′′). Further, methyl protons at δ 1.26 (3H, d, J = 6.5 Hz, H-6′′′), four oxymethine
carbons at δ 75.0 (C-2′′′), 77.1 (C-3′′′), 71.8 (C-4′′′), and 72.1 (C-5′′′), and a methyl carbon
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at δ 17.9 (C-6′′′) confirmed sugar constitution. This sugar unit was identified from large
axial–axial coupling constants revealing the axial orientation of all the ring protons of this
unit, in agreement with the literature [31]. Hence, compound 1 was identified as apigenin
6-C-(2-deoxy-β-D-galactopyranoside)-7-O-β-D-quinovopyranoside, a new compound first
time to be isolated in planta.

 

Figure 2. Chemical structures of compounds 1–12 isolated from CLL extract.

Figure 3. Key HMBC correlations of compound 1, 8, and 11a.
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Table 2. 1H (600 MHz) and 13C NMR (150 MHz) data of compounds 1–4 in CD3OD.

H/C
1 2 3 4

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

2 168.0 166.4 166.2 166.4

3 6.58, s 102.4 6.55, s 104.1 6.58, s 103.9 6.57, s 103.2

4 184.0 184.2 184.1 184.0

5 159.9 160.8 162.1 160.8

6 113.6 110.0 109.3 110.3

7 164.5 164.7 165.2 163.5

8 7.02, s 96.4 6.52, s 96.2 6.49, s 95.4 6.49, s 96.6

9 158.5 158.9 158.8 159.1

10 106.9 105.5 105.2 104.9

1′′ 118.8 123.7 123.2 122.9

2′ 7.8, d (8.8) 129.8 7.38, br.s 114.2 7.82, d (8.4) 129.5 7.83, d (8.4) 129.4

3′ 6.77, d (8.8) 119.3 147.1 6.92, d (8.5) 117.1 6.91, d (8.5) 117.3

4′ 170.2 151.1 162.9 162.3

5′ 6.77, d (8.8) 119.3 6.90, d (8.3) 116.9 6.92, d (8.5) 117.1 6.91, d (8.5) 117.3

6′ 7.8, d (8.8) 129.8 7.39, br.s 120.4 7.82, d (8.4) 129.5 7.83, d (8.4) 129.4

1′′ 5.10, dd (12.1, 2.4) 70.5 4.92, d (9.8) 73.7 4.9, d (9.9) 75.4 4.91, d (9.5) 73.7

2′′ 2.83, q (12.1), 1.59, m 32.3 4.27, t-like (9.3) 75.8 4.16, t (8.9) 72.7 4.31, t (9.3) 76.1

3′′ 3.80, ddd (11.7, 4.9. 2.8) 71.6 3.75, dd (9.1, 6.2) 77.8 3.8, m 80.2 3.73, d (8.5) 77.9

4′′ 3.59, d (2.1) 78.7 3.70, br.s 74.1 3.7, dd (12.2, 5.4) 71.8 3.68, br.s 74.2

5′′ 3.60, d (2.1) 76.1 3.78, m 76.3 3.42, br.s 82.7 3.77, d (6.3) 76.1

6′′ 4.02, dd (12.1, 2.1), 3.74,
dd (12.1, 6.4) 62.8 1.29, d (6.2) 17.2 3.48, m 62.9 1.28, d (5.9) 18.0

1′′′ 4.92, d (7.7) 103.8 5.19, br.s 102.4 5.17, s 102.4

2′′′ 3.64, dd (9.5, 7.8) 75 3.85, br.d 72.4 3.36, s 72.4

3′′′ 3.53, t (9.1) 77.1 3.47, d (8.2) 72.1 3.48, dd (3.2, 9.5) 72.2

4′′′ 3.40, t (9.4) 71.8 3.10, t-like (9.4) 73.4 3.10, t (9.5) 73.5

5′′′ 3.62, d (6.7) 72.1 2.56, m 69.9 2.63, m 69.9

6′′′ 1.26, d (3H, 6.5) 17.9 0.72, d (3H, 6) 18.0 0.73, d (5.9) 17.3

Another novel dihydrochalcone reported for the first time is compound 8 (Figure 2),
isolated as yellowish amorphous powder soluble in 100% MeOH, with an estimated
molecular formula of C49H60O23, based on a deprotonated ion peak calculated at m/z
1015.34526 and detected at m/z 1015.3460 [M-H]− (calculated C49H59O23

−, error −0.7 ppm)
in the HR-ESI-MS spectrum. The IR spectrum of compound 8 showed absorption bands
ascribable to hydroxyl (3432 cm−1) and carbonyl moeity (1616 cm−1) [28]. The 13C/DEPT
spectrum (Figure S40) revealed the presence of 49 carbon atoms with 48 directly attached
protons (3 × CH2, 11 × C, 31 × CH, 4 × CH3). Analysis of the 1H-1H COSY, HSQC,
and HMBC spectra led to their assignment as the dihydrochalcone skeleton [28] (Figures
S41–S43, Table 3). Typical signals for the dihydrochalcone of four A2B2-type aromatic
protons were detected at δ 6.91 (1H, br.s, H-2), δ 7.09 (1H, d, J = 8.4 Hz, H-6), 6.62 (1H,
br.s, H-3), and δ 6.70 (1H, d, J = 8.4 Hz, H-5), with an aromatic proton singlet at δ 6.00
(H-5′) and four aliphatic methylene protons at δ 2.73 and δ 2.68 (H2-7) and δ 3.19 and
δ 3.35 (H2-8) (Figure S38, Table 3). Further, 13C NMR (Figure S39, Table 3) revealed the
signal at δ 205.1 (C-9) of a ketonic carbonyl and two aliphatic methylene carbons at δ 30.8
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(C-7) and 49.1 (C-8), confirming the 3′-substituted phloretin structure. The presence of
two trans-olefinic protons at δ 7.51 (1H, d, J = 16.0 Hz, H-7′′′′) and 6.26 (1H, d, J = 16.0 Hz,
H-8′′′′), five aromatic protons at δ 7.51 (2H, d, J = 3.8 Hz, H-2′′′′/6′′′′) and 7.38 (3H, m,
H-3′′′′/4′′′′/5′′′′), a carboxyl carbon at δ 168 (C-9′′′′ ′′′′), two olefinic carbons at δ 146 (C-7′′′′)
and 119.3 (C-8′′′′), six aromatic carbons, typical for a cinnamoyl unit [32] and a resonance
for a single acetate methyl singlet at δ 2.02, and two carbons of an acetyl moiety at δ

173.6 and 20.5 [33] that suggested a phloretin-acetylated cinnamate. However, the HMBC
experiment (Figure S43) could not clarify the connection of the acetyl group, most probably
due to the need for using the low-temperature NMR technique [34]. Excluding carbons of
dihydrochalcone, acetyl moiety, and trans cinnamoyl units, 23 carbons remained in the 13C
NMR spectrum, assigned for four sugar moieties including three hexoses and a pentose.
Sugars δ (chemical shift) and J (coupling constant) values as well as 1H-1H-COSY cross
peaks and three hexose moieties were determined to be β-fucopyranosyls. The signals for
an anomeric proton at δ 5.09 (1H, d, J = 9.9 Hz, H-1′′), a methyl proton doublet at δ 1.31 (3H,
d, J = 4.2 Hz, H3-6′′), five oxymethine carbons at δ 74.1 (C-1′′), 71.9 (C-2′′), 84.5 (C-3′′), 74.1
(C-4′′), and 76.3 (C-5′′), and a methyl carbon at δ 17.2 (C-6′′) are consistent with those of a
β-fucosyl moiety attached to C-3′ of the phloretin moiety via a C-glycosidic linkage [35].
The HMBC spectrum could not though confirm this linkage, as no correlation appeared
between (H-1′′) and C-2′, C-3′, or C-4′, which is likely attributed to the phenomenon of
coexistence of two conformationally variant rotamers, due to restricted rotation around
the single bond between C-9 and C-1 resulting from the steric hindrance of the cinnamoyl
moiety [34]. Further, the change pattern of δ values at C-1′′ (−1.7 ppm), C-2′′ (+1.9), and C-
3′′ (−1.7), due to the esterification in comparison to the unesterified analog (carambolaside
Ja), confirmed the connection of a cinnamoyl unit at C-2′′ [34]. The downfield shift in C-3′′
(Δδ + 1.6) and C-4′′ (Δδ +0.5), relative to those in compound 7 (Figure S32), located the
acetyl moiety at C-4′′. A second hexose was assigned based on its anomeric signals at δ
4.36 (1H, d, J = 7.6 Hz, H-1′′′) and δ 106 (C-1′′′), a methyl proton doublet at δ 1.26 (3H, d, J
= 6.4 Hz, H3-6′′′), four oxymethine carbons at δ 72.3 (C-2′′′), 74.7 (C-3′′′), 73 (C-4′′′), and 72
(C-5′′′), and a methyl carbon at δ 16.8 (C-6′′′), as β-fucopyranose connected via an oxygen
linkage [35] between C-1′′′ and C-3′′, confirmed by the HMBC correlations from H-1′′′ to
C-3′′ (Figure 3 and Figure S43). The third sugar signals were typical for a pentose from its
anomeric proton at δ 5.71 (1H, s, H-A1), four oxymethine carbons at δ 106.6 (C-A1), 92.9
(C-A2), 76.3 (C-A3), and 84.1 (C-A4), and an oxymethylene carbon at δ 62 (C-A5) annotated
as a α-arabinofuranosyl moiety [36]. Lastly, signals of a third β-fucopyranosyl moiety
were assigned from its anomeric signal at δ 3.97 (1H, br.s, H-F1) and δ 105.6 (C-F1), methyl
protons at δ 1.29 (1H, s, H1-F6) and δ 0.75 (2H, s, H2-F6), four oxymethine carbons at δ 72.9
(C-F2), 72.2 (C-F3), 75 (F4), and 71.9 (F5), and a methyl carbon at δ 16.9 (F6).

The HMBC experiment could not clarify the connection of the acetyl group, α-
arabinofuranosyl moiety, or the last β-fucopyranosyl moiety, which warranted using
the low-temperature NMR technique [34]. Altogether, compound 8 was identified as
phloretin 3′-C-(2-O-(E)-cinnamoyl-3-O-β-D-fucopyranosyl-4-O-acetyl)-β-D-fucopyranosyl-
6′-O-β-D fucopyranosyl-(1/2)-α-L arabinofuranoside.

Compound 11 (Figure 2), another novel dihydrochalcone, was isolated as a yellowish
amorphous powder soluble in 100% MeOH. The molecular formula of compound 11

was established as C49H60O24, based on a deprotonated mol. ion peak calculated at m/z
1031.34018 and detected at m/z 1031.3389 [M-H]− (calculated C49H59O24

−, error +1.2 ppm)
in its HR-ESI-MS spectrum (Figure S55). The IR spectrum of compound 11 revealed two
major absorption bands at 3432 cm−h and 1616 cm−&, consistent to hydroxyl and carbonyl
moieties, respectively [28].
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Table 3. 1H (600 MHz) and 13C NMR (150 MHz) data of compounds 5–9 in CD3OD isolated from
CLL extract.

H/C
5 6 7 8 9

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

1 134.2 134.2 134.1 134.2 134.1

2 7.07, d (8.4) 130.5 7.11, d (8.4) 130.5 6.89, br.s 130.5 6.91, br.s 130.5 7.09, d (8.3) 130.5

3 6.67, d (8.4) 116.1 6.72, d (8.4) 116.3 6.61, br.s 116.4 6.62, br.s 116.3 6.70, d (8.4) 116.3

4 156.5 156.7 156.6 156.6 156.6

5 6.67, d (8.4) 116.1 6.72, d (8.4) 116.3 6.61, br.s 116.4 6.70, d (8.4) 116.3 6.70, d (8.4) 116.3

6 7.07, d (8.4) 130.5 7.11, d (8.4) 130.5 6.89, br.s 130.5 7.09, d (8.4) 130.5 7.09, d (8.3) 130.5

7 2.87, t (7.4) 31.4 2.91, d (5.7)
1.31, s 30.8 2.73/2.65, br.s 30.9 2.73/2.68, br.s 30.8 2.91, m/1.29, s 30.8

8 3.36, t (7.4) 46.6 3.41 unresolved 45.8 3.35/3.06 47.6 3.35/3.19, br.s 49.1 3.35/3.41 46.2

9 204.8 203.6 205.4 205.1 205.2

1′ 106.4 106.5 106.0 106.0 106.8

2′ 167.5 168 165.5 168 165.8

3′ 107.1 106.5 106.0 106.0 106.8

4′ 167.5 168 164.6 166.3 165.1

5′ 6.05, s 98.3 6.03, s 99.5 6.12, s 97.4 6.00, S 98.7 6.13, S 97.6

6′ 161.5 161.6 161.8 161.8 161.5

1′′ 4.77, d (9.9) 76.8 4.78, d (9.8) 76.1 5.11, d (9.5) 74.1 5.09, d (9.9) 74.1 5.07, d (9.7) 73.9

2′′ 4.36, br.s 71.3 4.43, t (9.4) 70.3 5.78, br.s 71.8 5.88, br.s 71.9 4.78, br.s 75.0

3′′ 3.63, dd (9.7, 3.3) 77.5 3.52, dd (9.4, 3.2) 77.7 3.96, br.s 82.9 3.97, br.s 84.5 3.53, dd (9.3, 3) 77.1

4′′ 3.95, d (3) 84.2 3.48, d (1.8) 74.4 3.95, d (2.5) 73.6 3.97, br.s 74.1 3.69, d (2.9) 73.7

5′′ 3.77, q (6.4) 76.1 3.74, q (6.7) 76 3.88, br.s 76.5 3.85, d (5.8) 76.3 3.73, q (6.5) 76.0

6′′ 1.33, d (3H, 6.4) 17.6 1.27, d (3H, 6.5) 17.2 1.33, d (3H, 6) 17.2 1.31, d (3H, 4.2) 17.2 1.32, d (6), 1.26,
d (2H, 6.5) 17.2

1′′′ 4.58, d (7.7) 106.4 4.37, d (7.6) 105.7 4.36, d (7.6) 106.0

2′′′ 3.34, m 76.2 3.48, dd (9.7,
7.7) 72.3 3.49, dd (9.7, 7.7) 72.3

3′′′ 3.28, m 78.2 3.38, dd (9.7,
3.4) 74.8 3.38, dd (9.8, 3.4) 74.7

4′′′ 3.35, m 71.3 3.55, d (3.4) 73.0 3.55, d (3.2) 73.0

5′′′ 3.40, m 78.3 3.62, q (6.9) 72.0 3.62, q (6.5) 72.0

6′′′
3.85, dd (11.9,
2.1) 3.71, dd

(11.8, 5.2)
62.7 1.26, d (3H,

(6.5) 16.9 1.26, d (3H, 6.4) 16.8

1′′′′ 136.0 136.0 136.4

2′′′′ 7.50, d (6.1) 129.3 7.51, d (3.8) 129.3 7.52, dd (7.4,
3.5) 129.2

3′′′′ 7.39, br.s 130.1 7.38, br.s 130.0 7.40, m 130.0

4′′′′ 7.39, br.s 131.4 7.38, br.s 131.4 7.40, m 131.5

5′′′′ 7.39, br.s 130.1 7.38, br.s 130.0 7.40, m 130.0

6′′′′ 7.50, d (6.1) 129.3 7.51, d (3.8) 129.3 7.60, dd (7.4,
3.5) 129.2

7′′′′ 7.51, d (16.0) 146.1 7.51, d (16.0) 146.0 7.69, d (16.0) 146.3

8′′′′ 6.27, d (16.0) 119.2 6.26, d (13.1) 119.3 6.53, d (16.0) 118.6

9′′′′ 167.7 168.0 167.7

A1 5.59, d (1.1) 108.1 5.78, d (1.2) 107.5 5.73, s 106.9 5.71, s 106.6 5.78, s 106.8

A2 4.04, dd (9.5, 6) 87.1 4.31, dd (4.6, 1.6) 92.6 4.19, br.s 92.9 4.19, br.s 92.9 4.29, m 92.5

A3 4.00, dd (6, 3.6) 78.2 4.17, dd (7.7, 4.9) 76.3 4.11, dd (7.9,
4.9) 76.3 4.10, dd (8, 5) 76.3 4.11, dd (7.9,

4.9) 76.0
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Table 3. Cont.

H/C
5 6 7 8 9

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

A4 4.25, dd (3.6, 1.7) 83.5 4, m 84.5 3.99, br.s 84.4 3.97, br.s 84.1 4.00, br.s 84.2

A5
3.65, dd (12.1,

4.7) 3.73, dd (8.1,
3.1)

62.7
3.67, dd (12.5,

4.6) 3.8, dd (12.5,
2.8)

62.2
3.62, dd (13.3,
6.4), 3.77, dd

(13.4, 6.3)
62.1 3.62, dd (13.4,

6.5), 3.78, br.s 62.0
3.66, dd (12.4,
4.8), 3.79, dd

(12.4, 2.9)
62.2

F1 4.14, s 105.4 3.99, br.s 105.2 3.97, br.s 105.6 4.15, br.s 105.4

F2 3.48, m 72.9 3.41, br.s 72.9 3.41, br.s 72.9 3.47, dd (9.2,
3.4) 72.9

F3 3.37, dd (9.7, 3.4) 72 3.25, br.s 72.2 3.23, br.s 72.2 3.25, br.s 72.2

F4 3.37, s 75 3.43, br.s 75 3.42, br.s 75 3.36, d (3.4) 75

F5 3.26, q (6.5) 72.2 2.93, br.s 71.8 2.94, br.s 71.9 3.25, q (6.3) 72.0

F6 1.01, d (6.5) 16.7 1.29, 0.78, s
(3H) 16.9 1.29, s (2H), 0.75,

br.s 16.9 1.00, d (3H,
6.4) 16.9

CH3
CO-
4′′

2.02, S 20.5

CO
acetyl 173.6

NMR spectral analysis confirmed that compound 11 existed in the form of a mixture
of two diastereoisomers (11a and 11b). 1H and 13C NMR data, in addition to the HSQC
spectrum (Figures S56–S58), indicated a structure closely related to that of compound 8,
with an extra hydroxyl group characteristic for a p-coumaroyl moiety, instead of the
cinnamoyl moiety in compound 8 existing in two diastereomers, i.e., (E) and (Z) isomers.
Signals for (E)-isomer were assigned for the two olefinics at δ 7.45 (d, J = 14.3 Hz, H-
7′′′′) and at 6.05 (d, J = 14.3 Hz, H-8′′′′), characteristic for an (E)-p-coumaroyl moiety in
addition to four p-coupled aromatic protons at δ 7.36 (2H, d, J = 8.6 Hz, H-2′′′′/6′′′′) and
6.67 (2H, d, J = 8.5 Hz, H-3′′′′/5′′′′). Moreover, 13C NMR (Figure S57) exhibited a carboxyl
carbon at δ 168.9 (C-9′′′′), two olefinic carbons at δ 145.2 (C-7′′′′) and 113.2 (C-8′′′′), and
six aromatic carbons, typical for a (E)-coumaroyl unit [37]. In contrast, (Z)-p-coumaroyl
moiety exhibited signals of four para-coupled aromatic protons at δ 7.19 and 7.4 (2H, s,
H-2′′′′/6′′′′), unresolved peaks corresponding to H-3′′′′/5′′′′, and two olefinic protons at δ
6.69 (d, J = 11.2 Hz, H-7′′′′) and 5.60 (d, J = 11.6 Hz, H-8′′′′), coupled with a characteristic
constant of J = 11.2 Hz. Then, 13C-NMR exhibited a carboxyl carbon at δ 168.9 (C-9′′′′), two
olefinic carbons at δ 142.4 (C-7′′′′) and 114.8 (C-8′′′′), and six aromatic carbons typical for
an (Z)-coumaroyl unit [37]. A resonance for a single acetate methyl singlet at δ 2.04 and
two carbons of an acetyl moiety at (δ 172.0 and 19.1) were detected [33], as in compound 8.
The downfield-shifted C-3′′ (Δδ + 0.3) and C-4′′ (Δδ − 2), relative to those in compound 10

(Figure S51, Table 4), located the acetyl moiety at C-4′′. The HMBC experiment (Figure 3)
could not confirm the connection of the acetyl group most probably due to the need
for using low-temperature NMR technique, as in 8 [34]. Consequently, compound 11a

was established as phloretin 3′-C-(2-O-(E)-p-coumaroyl-3-O-β-D-fucosyl-4-O-acetyl)-β-
D-fucosyl-6′-O-(2-O-β-D-fucosyl)-α-L-arabinofuranoside. Whereas 11b was assigned as
phloretin 3′-C-(2-O-(Z)-p-coumaroyl-3-O-β-D-fucosyl-4-O-acetyl)-β-D-fucosyl-6′-O-(2-O-
β-D-fucosyl)-α-L-arabinofuranoside. These compounds are reported for the first time in
nature. Other identified compounds reported in the literature included carambolaside
M (5) [11] (Figures S20–S24), carambolaside Ia (6) [11] (Figures S25–S29), carambolaside J
(7) [11] (Figures S30–S36), carambolaside I (9) [34] (Figures S44–S48), carambolaside P and
O (10) [11] (Figures S49–S54), carambolaside Q (12) [11] (Figures S61–S67), luteolin 6-C-α-
L-rhamnopyranosyl-(1-2)-β-D-fucopyranoside (2) [38] (Figures S7–S11), apigenin 6-C-β-D-
galactopyranoside (3) [39] (Figures S12–S14) and apigenin 6-C-α-L-rhamnopyranosyl-(1-2)-
β-L-fucopyranoside (4) [38] (Figures S15–S19), by comparison of their spectroscopic data to
those in previous references, but isolated for the first time from starfruit leaves.
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Table 4. 1H (600 MHz) and 13C NMR (150 MHz) data of compounds 10–12 in CD3OD.

H/C

10 11
12

10a (Z-isomer) 10b (E-isomer) 11a (Z-isomer) 11b (E-isomer)

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

1 134.2 133.8 134.7 134.4 134.2

2 6.93/7.00, br.s 130.5 7.09, d (8.2)/7.18,
s 130.6 6.93/7.02, br.s 129.0 7.11, d (8.5)/7.23,

d (8.2) 129.1 6.90, br.s 130.5

3 6.75, d (6.1) 117.6 6.70, d (8.5) 116.4 6.79, d (8.4) 115.9 6.72, d (8.5) 114.9 6.63, d (7.4) 116.4

4 156.6 156.5 155.1 155.1 156.6

5 6.75, d (6.1) 117.6 6.70, d (8.5) 116.4 6.79, d (8.4) 115.9 6.72, d (8.5) 114.9 6.63, d (7.4) 116.4

6 6.93/7.00, br.s 130.5 7.09, d (8.2)/7.18
s 130.6 6.93/7.02, br.s 129.0 7.11, d (8.5)/7.23,

d (8.2) 129.1 6.90, br.s 130.5

7 2.77/2.70, br.s 30.8 2.77/2.89, br.s 30.8 2.78/2.68, br.s 29.3 2.78/2.91, br.s 29.3 2.65/2.75, br.s 30.4

8 3.35/3.07 46.6 3.35/3.16 46.6 3.37/unresolved 45.0 3.37/unresolved 45.0 3.09/3.36, br.s 47.5

9 204.9 204.9 204.1 204.1 206

1′ 105.8 105.8 104.5 104.5 105.7

2′ 165.8 165.8 167.1 167.1 165.5

3′ 105.6 106.5 104.5 104.5 106

4′ 165.8 165.8 167.1 167.1 164.9

5′ 6.09, s 97.7 5.95, s 97.7 6.16, s 95.7 6.11, s 95.7 6.15, s 96.3

6′ 161.8 161.8 160.3 160.3 161.7

1′′ 5.09, d (9.9) 74.1 5.02, d (9.8) 74.1 5.04, d (9.9) 72.6 5.12, d (9.5) 72.6 5.07, d (7.8) 74

2′′ 5.79, br.s 71.9 6.23, br.s 71.5 5.78, br.s 70 6.26, br.s 70 5.52, br.s 72.9

3′′ 3.91, br.d (9.7) 82.5 3.91, br.d (9.7) 82.5 3.94, br.s 82.8 3.94, br.s 82.8 3.85, br.s 74.9

4′′ 3.96, br.s 73.6 3.96, br.s 73.6 3.98, s 71.6 3.98, s 71.6 3.78, m 73.6

5′′ 3.82, m 76.3 3.86, br.s 76.3 3.85, br.d (6.7) 74.8 3.88, br.d (6.6) 74.8 3.82, m 76.9

6′′ 1.31, d (3H, 6.8) 17.2 1.29, br.s 17.2 1.31, d (3H,
6.8) 17.2 1.29, br.s 17.2 1.33, d (3H,

6.4) 17.2

1′′′ 4.36, d (7.6) 105.9 4.30, d (6.8) 105.9 4.38, d (7.6) 104.5 4.32, d (6.8) 104.5

2′′′ 3.48, dd (9.7, 7.7) 72.2 3.46, br.d (7.2) 72.2 3.50, dd (9.7,
7.7) 70.8 3.46, br.d (7.2) 70.7

3′′′ 3.39, dd (9.8, 3.4) 75.0 3.39, dd (9.8, 3.4) 74.9 3.41, dd (9.8,
3.4) 73.6 3.41, dd (9.8, 3.4) 73.5

4′′′ 3.55, d (3.5) 73.0 3.56, d (4.0) 72.9 3.57, d (3.6) 71.4 3.58, d (4.1) 71.5

5′′′ 3.62, q (6.9) 72.0 3.62, q (6.9) 72.0 3.63, q (6.6) 70.5 3.63, q (6.6) 70.4

6′′′ 1.26, d (3H, 6.4) 16.9 1.26, d (3H, 6.4) 16.9 1.26, d (3H,
6.4) 15.4 1.26, d (3H, 6.4) 15.4

1′′′′ 127.3 127.3 125.9 125.9 127.2

2′′′′ 7.33, d (8.4) 131.3 7.18/7.37 133.3 7.36, d (8.6) 129.8 7.19/7.4 132.7 7.37, d (8.5) 131.2

3′′′′ 6.65, d (8.4) 116.1 6.95, d (8.9) 116.3 6.67, d (8.5) 114.5 6.81, d (8.5) 117

4′′′′ 163.7 163.7 164.1 164.1 161.5

5′′′′ 6.65, d (8.4) 116.1 6.95, d (8.9) 116.3 6.67, d (8.5) 114.5 6.81, d (8.5) 117

6′′′′ 7.33, d (8.4) 131.3 7.18/7.37 133.3 7.36, d (8.6) 129.8 7.19/7.4 132.7 7.37, d (8.5) 131.2

7′′′′ 7.43, d (15.9) 146.8 6.66, d (11.2) 144.7 7.45, d (14.3) 145.2 6.69, d (11.2) 142.4 7.45, d (15.9) 146.4

8′′′′ 6.01, d (15.0) 114.4 5.59, d (12.4) 116.4 6.05, d (14.3) 113.2 5.60, d (11.6) 114.8 6.08, d (15.9) 115.3

9′′′′ 168.8 168.8 168.9 168.9 168.4

A1 5.71, s 105.9 105.9 5.74, s 104.5 5.92, s 104.5 5.73, br.s 107.1

A2 4.15, m 93.1 4.31, br.s 93.1 4.18, m 91.5 4.31, br.s 91.5 4.17, br.s 93

A3 4.10, dd (7.9, 4.9) 76.1 4.16, dd (7.7, 3.8) 76.3 4.13, dd (7.9,
4.9) 74.8 4.18, dd (6.7, 4.4) 74.8 4.11, dd (7.9,

4.8) 76.3
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Table 4. Cont.

H/C

10 11
12

10a (Z-isomer) 10b (E-isomer) 11a (Z-isomer) 11b (E-isomer)

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

A4 3.94, m 84.1 3.94, m 84.1 3.94, m 84.3 3.94, m 84.3 3.95, ddd 84.5

A5 3.62, m, 3.77, br.s 62.0 3.62, m, 3.68, br.s 62.0 3.65, d (11.8,
5.3), 3.79, m 60.6 3.65, d (11.8, 5.3),

3.79, m 60.6
3.63, dd (12.1,
4.7), 3.83, br.d

(12.3)
62

F1 3.97, d (5.6) 105.1 4.06, br.s 105.1 4.00, d (5.2) 104.5 4.08, br.s 104.5 3.96, d (7.6) 105.4

F2 3.38, dd (9.8, 6.4) 72.9 3.53, br.d (6.6) 72.9 3.4, dd (9.8,
6.4) 73.2 3.54, m 71.4 3.41, dd (9.6,

7.9) 72.2

F3 3.23, br.s 74.7 3.33, m 74.8 3.25, m 73.2 3.35, m 73.4 3.24, br.d (6.7) 74.90

F4 3.45, d (3.4) 72.3 3.42, d (3.2) 72.4 3.48, br.s 70.9 3.44, d (3.1) 70.8 3.40, d (3.3) 72.8

F5 2.89, br.s 71.5 3.19, m 71.5 2.91, br.s 70.4 3.21, m 70.5 2.9, br.s 71.8

F6 0.89, 0.76, s (3H) 16.9 0.94, 0.76 (3H) 16.9 0.89, 0.76, s
(3H) 15.7 0.94, 0.76, s (3H) 15.7 0.79, br.s (3H) 16.9

CH3
CO-
4′′

2.04, s 19.1 2.04, s 19.1

CO
acetyl 172.0 172.0

2.3. Structure-Activity Relationship Assessment of Isolated Compounds as α-Glucosidase Inhibitors

To further confirm potential efficacy of CLL compounds, isolated compounds were
tested for their in vitro α-glucosidase inhibitory activity, to assess their efficacy. Considering
the limitation of yield, in vivo assay was not possible to be performed. The efficacy of
the isolated compounds was measured and discussed in relationship to the flavonoid
structures, as discussed in the next subsections for each class separately, to identify the
most crucial motifs within each for activity.

2.3.1. Structure-Activity Relationship Assessment of Flavones as α-Glucosidase Inhibitors

Tested flavone compounds 1, 2, 3, and 4, along with flavone standard aglycones, i.e.,
apigenin and luteolin, exhibited strong α-glucosidase inhibition, where IC50 values were
determined at 613, 328, 439, and 390 μM, respectively, exceeding that of acarbose determined
at 662 μM, a commercial α-glucosidase inhibitor anti-diabetic drug. The order of activity of the
isolated flavone glycosides was as such, with IC50 values at 327.9, 390.4, 439.2, and 612.9 μM
for compounds, viz., 2, 4, 3, and 1, which are much higher than those of acarbose. However,
flavone glycosides were less potent than their corresponding aglycones, i.e., apigenin and
luteolin, with IC50 values at 85.6 and 48.2 μM, respectively (Figure 4A,B, Table 5).

Among glycosides, compound 2, identified as luteolin 6-C-α-L-rhamnopyranosyl-(1-
2)-β-D-fucopyranoside, showed the highest inhibitory activity among all isolated flavone
glycosides in line with its aglycone, suggestive for the improved efficacy of C-glycosyl
flavone against α-glucosidase enzyme, which is in agreement with reports that sugar moiety
attached at C-6 position improved efficacy against pancreatic lipase inhibitory activity [40],
extended herein to include the α-glucosidase inhibition effect (Figure 4B).

In contrast, compound 1, identified as apigenin 6-C-(2-deoxy-β-D-galactopyranoside)-
7-O-β-D-quinovopyranoside, showed the weakest inhibitory activity among all isolated
flavone glycosides, with IC50 612.9 μM, likely attributed to the glycosylation of hydroxy
group at the C-7 position [41] (Figure 4B) and absent in compounds 2, 3, and 4. Com-
pounds 3 and 4 exhibited strong inhibition with an IC50 value of 439.2 μM and 390.4 μM,
respectively, in line with previously published data on the efficacy of apigenin 6-C-(2′′-
O-α-rhamnopyranosyl)-β-fucopyranoside in lowering the glucose level in hyperglycemic
rats [40]. Standard apigenin and luteolin showed the strongest inhibitory activity, with IC50
values at 85.6 and 48.2 μM, respectively, compared to that of acarbose (661.6 μM), with
luteolin showing the stronger inhibitory activity compared to that of acarbose, which is in
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accordance with the previously reported α-glucosidase inhibitory activity [42]. In line with
our findings, hydroxylation at C-3′ of the B-ring of apigenin, in particular, was reported
to enhance the α-glucosidase inhibition activity [41], whereas glycosylation affected it
negatively compared to the aglycones [43].

 

Figure 4. (A) IC50 (μM) of tested compounds against α-glucosidase enzymes in vitro. (B) The
potential sites of flavone C-glycosides affecting α-glucosidase inhibitory potential. (C) The potential
sites of dihydrochalcone C-glycosides affecting the α-glucosidase inhibitory potential. The up arrows
represent increased inhibition, whereas the down arrows represent decreased inhibition activity.
Results are expressed as mean ± SE (n = 3).

Table 5. IC50 of tested compounds using in vitro α-glucosidase inhibition assay. (-) indicates inac-
tive compounds.

Class Code Compound Name IC50 (μM)

Standard AC Acarbose 661.6 ± 0.01

Flavone

Ap Apigenin 85.6 ± 0.01

LU Luteolin 48.2 ± 0.02

1 Apigenin 6-C-(2-deoxy-β-D-galactopyranoside)-7-O-β-D-quinovopyranoside 612.9 ± 0.03

2 Luteolin 6-C-α-L-rhamnopyranosyl-(1-2)-β-D-fucopyranoside 327.9 ± 0.05

3 Apigenin 6-C-β-D-galactopyranoside 439.2 ± 0.01

4 Apigenin 6-C-α-L-rhamnopyranosyl-(1-2)-β-L-fucopyranoside 390.4 ± 0.2

Dihydrochalcone

PHL Phloretin 110.4 ± 0.06

PHZ Phloridzin 853.1 ± 0.02

5 carambolaside M -

6 carambolaside Ia -

7 carambolaside J -

8 4′′-O-acetyl-carambolaside J -

9 carambolaside I -

10 mix of carambolaside P and carambolaside O -

11 Mix of 4′′-O-acetyl-carambolaside P and 4′′-O-acetyl-carambolaside O -

12 carambolaside Q 323.6 ± 0.06
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2.3.2. Structure-Activity Relationship of Dihydrochalcones and Their Glycosides as
α-Glucosidase Inhibitors

The isolated dihydrochalcone glycosides, viz., compounds 5, 6, 7, 8, 9, 10, 11, and 12,
were assessed for their α-glucosidase inhibitory activity in comparison to acarbose, together
with two standard dihydrochalcones, phloretin and its glucoside phloretin-2′-glucose,
commonly named phloridzin. All dihydrochalcone glycosides, viz., 5, 6, 7, 8, 9, 10, and
11, were found inactive except for compound 12, which showed relatively strong activity
with IC50 at 323.6 μM (Figure 4A, Table 5). The reported weak α-glucosidase inhibitory
activity of diglycosylated chalcones [41] clarified the inactivity of all isolated compounds
and suggested that with regards to α-glucosidase inhibition, glycosylated forms of flavones
are more active than dihydrochalcones. Further study is warranted, to carefully assess the
α-glucosidase enzyme kinetic analysis of the dihydrochalcone carambolaside Q.

Regarding standard dihydrochalcones, phloretin was reported as a strong α-glucosidase
inhibitor [44] and as a glucose transporter inhibitor [45], with a measured IC50 value at
110.4 μM (Figure 4A). Further, phloridzin revealed moderate inhibitory activity, with an IC50
of 853.1 μM (Figure 4A), in accordance with the reported dose-dependent α-glucosidase
inhibition [46] and confirming that the inhibitory activity of monoglycosyl chalcones
is lower than its aglycones [41] (Figure 4C). These results suggests that α-glucosidase
inhibitory activity of A. carambola L. extract is mainly mediated by flavone glycosides
composition, with a smaller contribution coming from dihydrochalcone glycosides being
less active, except for compound 12.

3. Materials and Methods

3.1. Plant Material

A. carambola, fresh leaf was collected from Groppy Arboretum, Giza, Egypt, in May
2021. The soil is of clay type with high humidity up to 90%. The tree grows in shade
and is irrigated every 15 days. Plant material was authenticated by plant taxonomist Dr.
Mohamed Gibali, Senior Botanist, Orman Botanic Garden (Giza, Egypt), and Mrs. Therese
Labib, Consultant of Plant Taxonomy at the Ministry of Agriculture and Orman Botanic
Garden, Giza, Egypt. A voucher specimen number (4754) was deposited in the (CAIM)
Herbarium of Flora and Phytotaxonomy Researches Department, Horticultural Research
Institute, Agricultural Research Center, Egypt.

Shade-dried powdered sample of A. carambola leaf (2 kg) was repeatedly extracted
with 70% MeOH of analytical grade (Sigma Aldrich, St. Louis, MO, USA) in a water
bath at 40 ◦C (3 × 5 L, each 48 h) until exhaustion and then filtered off. The filtrate was
concentrated under reduced pressure to dryness at 55 ◦C to yield 500 g (25%) crude extract
of A. carambola leaves. The obtained extract was kept at 4 ◦C for further phytochemical and
biological assessments.

3.2. Chemicals

Biodiagnostic kits were purchased from Biodiagnostic Co. (Dokki, Giza, Egypt) for
measurement of AST, ALT, urea, uric acid, creatinine, total cholesterol, HDL, LDL, MDA,
leptin, insulin, glucose, α-amylase, BChe, and CAT levels. The enzyme α-glucosidase was
purchased from Oriental Yeast Co. (Tokyo, Japan), while HEPES for making buffer solution
was purchased from EMD Millipore Corp (Billerica, MA USA). Phenolic standards, i.e.,
luteolin, apigenin, phloretin, and phloridzin, and 5-fluorouracil as reference cytotoxic drug
were purchased from Wako Pure Chemical Industries (Osaka, Japan). Orly as a reference
anti-obese drug for in vivo experiment was obtained from Eva Pharma, Egypt. Acarbose as
a reference antidiabetic for in vitro experiments was purchased from Wako Pure Chemical
Industries (Tokyo, Japan).

3.3. Chromatographic and Spectroscopic Techniques

Polyamide 6S, Silica Gel 60 (60–120 mesh), and Sephadex LH-20 (Riedel-de Haën AG,
Seelze, Germany) were used for column chromatography (CC). Medium-pressure liquid
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chromatography (MPLC) was performed using Reveleris Prep System set (Buchi, Flawel,
Switzerland) with a UV-ELSD detector, a C-18 flash column (FP ID C18, 35–45 μM, 40 g).
Celite No. 545 from Wako (Japan) was used for loading sample. Analytical pre-coated
Silica Gel 60 F245 plates (NP-TLC), preparative reversed-phase silica gel 60 RP-18 F254S
(RP18-PTLC) thin layer chromatography plates (Merck, Germany), and preparative normal
phase silica Gel 70 FM (NP-PTLC) thin layer chromatography plates (Wako, Japan) were
used for the final purification of compounds. Thin layer chromatography (TLC) plates
were visualized under UV light at (254 and 365 nm) and sprayed with 10% MeOH-H2SO4
reagent, followed by heating for 2–3 min. Methanol used for extraction in CC was of
analytical grade. Methanol and formic acid for MS and HPLC analyses were of HPLC
grade. HPLC analysis was employed using an Agilent 1220 Infinity LC system, equipped
with ELSD detector, a binary solvent delivery system, and an autosampler and connected
to YMC column (5 μM, 4.6 × 150 mm, Japan). Aqueous formic acid (0.1%) and acetonitrile
were used as mobile phases A and B, respectively, with the total flow rate at 1.0 mL/min
for 35 min.

Detection of UV absorption of isolated compounds was done using a Shimadzu
ultraviolet–visible (UV–Vis) 1601 recording spectrophotometer (P/N 206-67001, Kyoto,
Japan) over the range of 190–500 nm was used for all measurements. Path length of cuvettes
used was 1 cm. Manipulation of spectra was performed using UVProbe 2.42 software.

Optical rotation was measured on a Jasco DIP-370 polarimeter.
The NMR 1D and 2D spectra were recorded in CD3OD, using TMS as internal standard,

and chemical shift values were recorded in δ ppm on a Bruker DRX 600 NMR spectrometer.
Sample was completely dried to remove any residual solvent, resuspended in 600 μL
deuterated methanol (CD3OD), and centrifuged prior to NMR analysis.

The HR-ESI-MS was acquired on an Agilent 6545 Q-TOF LC–MS system with dual
electrospray ionization (ESI) (Santa Clara, CA, USA) in negative ionization mode, as it is
more sensitive for the detection of phenolics, due to their acidic nature making it easier
for them to lose protons. IR was recorded on an FTIR-6700 (JASCO, Tokyo, Japan). The
sample was ground with KBr in a ratio of (1:10); the mixture is then pressed in disc form
and placed into the sample hold, and the IR spectrum was run.

3.4. In Vivo Assessment of CLL Extract in an HFD Rat Anti-Obesity Activity
3.4.1. Experimental Animals

Male albino rats of Sprague Dawley strain weighing 100–134 g (115.7 ± 7.6 g as
mean ± SD) obtained from Animal House of National Research Centre, Cairo, Egypt, were
kept on standard chow diet (8% fat) or high-fat diet (HFD) (30% saturated fat), provided
with water ad libitum. Animals were kept individually in stainless steel metabolic cages at
25 ◦C; water and food were given ad libitum. All experiments were carried out according
to the research protocols established by Research Ethics Committee in Faculty of Pharmacy,
Cairo University, and by Medical Research Ethics Committee (MREC) in NRC, which follow
the recommendations of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals Ethical Approval Certificate No. MP (1959).

3.4.2. In Vivo Assay Experimental Design

Twenty-four rats were randomized into two groups and received either standard chow
diet (8% fat, n = 6), as a normal control, or an HFD (30% saturated fat, n = 18) to induce
obesity for 8 weeks [47]. Body weight and food intake were recorded every week. After
induction of obesity, rats were divided into three subgroups and still fed on HFD. For
subgroup 1, rats were fed on HFD and given the vehicle as obese control. For subgroup 2,
rats were fed on HFD and given oral dose of Orly (10 mg/kg RBW/day) for 4 weeks as
anti-obesity drug group. Rats in subgroup 3 were fed on HFD and given oral administration
of crude methanol extract of A. carambola leaf (CLL), prepared as described in Section 3.1
(300 mg/kg RBW/day) for four weeks. Normal control rats were continued to be fed on
standard chow diet for four weeks. Body weight and food intake were recorded every week.

154



Molecules 2022, 27, 5159

At the end of the experiment, blood samples were collected for determination of plasma to-
tal cholesterol (T-Ch) [48], high-density lipoprotein cholesterol (HDL-Ch) [49], low-density
lipoprotein cholesterol (LDL-Ch) [50], and triglycerides (TG) [51]. T-Ch/HDL-Ch ratio was
calculated as an indicator of cardiovascular risk. Plasma butyrylcholinesterase (BChE) [52],
plasma α-amylase activity [53] was assessed. Plasma malondialdehyde (MDA) [54] and
plasma catalase activity (CAT) [55] were estimated as indicators of lipid peroxidation and
oxidative stress, respectively. For assessment of liver functions, the activity of plasma
transaminases aspartate transaminase (AST) and alanine transaminase (ALT) were esti-
mated, according to the method of [56]. Plasma level of creatinine [57], urea [58], and uric
acid [59] were determined to assess changes in kidney functions. Plasma insulin [60] and
blood glucose levels [61] were determined. Insulin resistance was calculated based on
homeostasis model assessment of insulin resistance (HOMA-IR), according to [62]: (fasting
plasma glucose (FPG) (mmoL/L) × fasting plasma insulin (FPI) (μU/mL))/22.5.

The animal experiment has been carried out according to Ethics Committee, National
Research Centre, Cairo, Egypt, following the recommendations of the National Institutes of
Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985).

3.4.3. Statistical Analysis

Statistical analyses were done using SPSS version 22. The results were expressed as
mean ± standard error (SE) and analyzed statistically using one-way analysis of variance
(ANOVA) followed by Duncan test. The statistical significance of difference was taken as
p ≤ 0.05.

3.5. Isolation and Structural Elucidation

An amount of 150 g from aqueous methanol leaf extract (CLL; see Section 3.1) was
fractionated using a polyamide column (Figure S69). Elution started with distilled H2O
followed by H2O/MeOH, with gradual increase until reaching pure MeOH. The obtained
fractions from the column (500 mL each) were examined using PC and TLC and observed
under UV light. Similar fractions were pooled together, according to their TLC and PC
profiles, to furnish 9 major fractions (A~I). Fraction B was the selected fraction for further
purification based on TLC and PC detection. Fraction B (100% H2O, 40 g) was subjected
to column chromatography (CC) on Sephadex LH-20 with aqueous MeOH for elution
(30–100%). Similar fractions were pooled together, according to their TLC profiles, to
furnish 7 fractions, B-1~B-7.

Fraction B-4 (30% MeOH, 700 mg) was subjected to reversed-phase flash column chro-
matography using a Buchi MPLC eluted with a gradient solvent mixture of MeOH/H2O
(v/v, 4:6→ 5:5→ 6:4→ 7:3→8:2→9:1, each 400 mL, and flushed with 600 mL 100% MeOH).
Similar fractions were pooled together, according to their TLC profiles, to afford 15 fractions,
B-4-1~B-4-15. Fraction B-4-4 (v/v, 4:6 MeOH/H2O, 42 mg) was repeatedly purified with
an n-PTLC to yield compound 5 (4 mg). Further, fraction B-4-11 (v/v, 5:5 MeOH/H2O,
150 mg) was repeatedly purified with an n-PTLC to yield compound 6 (3 mg). In addition,
fraction B-4-13 (v/v, 5:5 MeOH/H2O, 25 mg) was repeatedly purified with an n-PTLC to
yield compounds 7 and 8 (7 and 6 mg, respectively) (Figure S69).

Fraction B-6 (50% MeOH, 5.5 gm) was subjected to chromatographic separation using
Sephadex LH-20 column eluted with n-butanol/H2O (1:1), to afford fractions B-6-1~B-6-9.
Fraction B-6-6 (700 mg) was subjected to reversed-phase flash column chromatography
using a Buchi MPLC and eluted with a gradient solvent mixture of MeOH/H2O (v/v,
20:80–100:0, each 400 mL) MPLC to afford 17 subfractions B-6-6-1~B-6-6-17. Subfraction
B-6-6-3 (v/v, 4:6 MeOH/H2O, 16 mg) was repeatedly purified with an n-PTLC to yield
compound 1 (7 mg). Further, subfraction B-6-6-12 (v/v, 6:4 MeOH/H2O, 40 mg) was
repeatedly purified with an n-PTLC to afford compounds 9, 10 and 11 (6, 8.5 and 10 mg,
respectively) (Figure S69).

Similarly, Fraction B-6-7 (2.2 g) was fractionated on a Sephadex LH-20 column, using
n-butanol/H2O (1:1) to afford fractions B-6-7-1~B-6-7-3. Thereafter, subfraction B-6-7-3
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(76 mg) was separated by reversed-phase flash column chromatography using a Buchi
MPLC and eluted with a gradient solvent mixture of MeOH/H2O (v/v, 40:60–100:0, each
400 mL and flushed with 1000 mL 100% MeOH) to yield compound 2 (v/v, 5:5 MeOH/H2O,
7.4 mg) (Figure S69).

Fraction B-7 (50% MeOH, 1.14 g) was subjected to Sephadex eluted with butanol/H2O
(1:1; v/v) to furnish fractions B-7-1~B-7-7. Moreover, the fractionation of fraction B-7-5
(146 mg) on reversed-phase flash column chromatography using a Buchi MPLC and eluted
with a gradient solvent mixture of MeOH/H2O (v/v, 40:60 to 100:0, each 400 mL), which
resulted in pure compounds 3, 4, and 12 (8, 4, and 5 mg, respectively).

Compound 1: Yellowish amorphous powder (MeOH); [α]D25 −2.72 (c 0. 0044, MeOH);
UV (MeOH) λmax nm (log ε) 225 (2.39), 271 (2.43) and 333 (2.49) (Figure S70); IR (FTIR):
ν = 3431, 2360, 1623 cm1 (Figure S71); Rt from HPLC 14.76 min; HR-ESI-MS detected at m/z
561.1614 [M-H]− (calculated at m/z 561.16137, C27H29O13

−, error −0.1 ppm); 1H (600 MHz)
and 13C (150 MHz) NMR data in CD3OD, see Table 2.

Compound 2: Yellowish amorphous powder (MeOH); [α]D25 −2.2 (c 0. 005, MeOH);
UV (MeOH) λmax nm (log ε) 226 (2.23), 272 (2.25) and 329 (2.37) (Figure S70); Rt from HPLC
14.59 min; HRESIMS m/z 577.1600 [M-H]− (calculated C27H29O14

−, error 6.53 ppm); 1H
(600 MHz) and 13C (150 MHz) NMR data in CD3OD, see Table 2.

Compound 3: Yellowish amorphous powder (MeOH); [α]D25 15.0289 (c 0. 00519,
MeOH); UV (MeOH) λmax nm (log ε) 269 (1.33) and 335 (1.3) (Figure S70); Rt from HPLC
12.44 min; HRESIMS m/z 431.0986 [M-H]− (calculated C21H19O10

−, error 0.62 ppm); 1H
(600 MHz) and 13C (150 MHz) NMR data in CD3OD, see Table 2.

Compound 4: Yellowish amorphous powder (MeOH); [α]D25 1.689 (c 0. 00296, MeOH);
UV (MeOH) λmax nm (log ε) 269 (2.73) and 336 (2.75) (Figure S70); Rt from HPLC 15.42 min;
HRESIMS m/z 561.1661 [M-H]− (calculated C27H29O13

−, error 8.03 ppm); 1H (600 MHz)
and 13C (150 MHz) NMR data in CD3OD, see Table 2.

Compound 5: Yellowish amorphous powder (MeOH); [α]D25 +8.9 (c 0.003, MeOH);
UV (MeOH) λmax nm (log ε) 232 (1.92) and 286 (1.94) (Figure S70); Rt from HPLC 12.88 min;
HRESIMS m/z 713.2272 [M-H]− (calculated C32H41O18

−, error 3.69 ppm); 1H (600 MHz)
and 13C (150 MHz) NMR data in CD3OD, see Table 3.

Compound 6: Yellowish amorphous powder (MeOH); [α]D25 −20.69 (c 0.0003, MeOH);
UV (MeOH) λmax nm (log ε) 228 (0.63) and 284 (0.54) (Figure S70); Rt from HPLC 14.37 min;
HRESIMS m/z 697.2350 [M-H]− (calculated C32 H41O17

−, error 0.06 ppm); 1H (600 MHz)
and 13C (150 MHz) NMR data in CD3OD, see Table 3.

Compound 7: Yellowish amorphous powder (MeOH); [α]D25 −66.41 (c 0.003, MeOH);
UV (MeOH) λmax nm (log ε) 231 (2.53) and 284 (2.58) (Figure S70); Rt from HPLC 18.15 min;
HRESIMS m/z 973.3340 [M-H]− (calculated C47 H57O22

−, error 1.1 ppm); 1H (600 MHz)
and 13C (150 MHz) NMR data in CD3OD, see Table 3.

Compound 8: Yellowish amorphous powder (MeOH); [α]D25 −40.39 (c 0.003, MeOH);
UV (MeOH) λmax nm (log ε) 230 (1.60) and 285 (1.65) (Figure S70); IR (FTIR): ν = 3433,
2921, 1616, 1516, 1449, 1382, 1222, 1173, 1073 cm1 (Figure S71); Rt from HPLC 18.14 min;
HRESIMS detected at m/z 1015.3460 [M-H]− (calculated at m/z 1015.34526, C49H59O23

−,
error −0.7 ppm); 1H (600 MHz) and 13C (150 MHz) NMR data in CD3OD, see Table 3.

Compound 9: Yellowish amorphous powder (MeOH); [α]D25 −31.379 (c 0. 0015,
MeOH); UV (MeOH) λmax nm (log ε) 232 (1.99) and 290 (2.03) (Figure S70); Rt from HPLC
18.10 min; HRESIMS m/z 827.2768 [M-H]− (calculated C41H47O18

−, error 0.78 ppm); 1H
(600 MHz) and 13C (150 MHz) NMR data in CD3OD, see Table 3.

Compound 10: Yellowish amorphous powder (MeOH); [α]D25 −102.778 (c 0. 0014,
MeOH); UV (MeOH) λmax nm (log ε) 230 (1.94), 290 (1.99) and 310 (2.05) (Figure S70);
Rt from HPLC 17.50 min; HRESIMS m/z 989.3289 [M-H]− (calculated C47H57O23

−, error
0.67 ppm); 1H (600 MHz) and 13C (150 MHz) NMR data in CD3OD, see Table 4.

Compound 11: Yellowish amorphous powder (MeOH); [α]D25 −95.42 (c 0. 0024,
MeOH); UV (MeOH) λmax nm (log ε) 226 (1.27) and 286 (1.26) (Figure S70); IR (FTIR):
ν = 3433, 2921, 1616, 1516, 1449, 1382, 1222, 1173, 1073 cm1 (Figure S71); Rt from HPLC
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17.60 min; HRESIMS detected at m/z 1031.3389 [M-H]− (calculated at m/z 1031.34018,
C49H59O24

−, error + 1.2 ppm); 1H (600 MHz) and 13C (150 MHz) NMR data in CD3OD, see
Table 4.

Compound 12: Yellowish amorphous powder (MeOH); [α]D25 −112.25 (c 0. 004,
MeOH); λmax nm (log ε) 226 (2.17), 290 (2.21) and 310 (2.19) (Figure S70); Rt from HPLC
16.94 min; HRESIMS m/z 843.2782 [M-H]− (calculated C41H47 O19

−, error 7.27 ppm); 1H
(600 MHz) and 13C (150 MHz) NMR data in CD3OD, see Table 4.

3.6. In Vitro α-Glucosidase Inhibitory Assay

The assay of α-glucosidase inhibitory activity of compounds was adopted from [63].
Briefly, 100 μL of DMSO and 100 μL of α-glucosidase enzyme (5 U/mL in 0.15 M HEPES
buffer) were added to 100 μL substrate (0.1 M sucrose solution dissolved into 0.15 M HEPES
buffer). The mixture was vortexed for 5 sec and then incubated at 37 ◦C for 30 min to
allow for enzymatic reaction. After incubation, the reaction was stopped by heating at
100 ◦C for 10 min in a block incubator. The formation of glucose was determined by means
of glucose oxidase method, using a BF-5S Biosensor (Oji Scientific Instruments, Hyogo,
Japan). Mathematically, α-glucosidase inhibitory activity of each sample was calculated
according to this equation: (Average value of control (Ac) − average value of the sample
(As))/Ac × 100.

The IC50 values were calculated from plots of log concentration of inhibitor concentra-
tion against the percentage inhibition curves, using Microsoft Excel 2016. The data were
expressed as mean ± standard deviation (SD) of at least three independent experiments
(n = 3).

4. Conclusions

The global quest for anti-obesity as well as anti-diabetic drugs is currently ongoing,
as obesity and its complications continue to afflict the world’s population, warranting
the discovery of new therapeutic regimens. A high-fat diet induced obesity model in rats
was used for the assessment of anti-obese activity of A. carambola leaf extract, in relation
to its phenolic composition. To the best of our knowledge, this study presents the first
comprehensive attempt to reveal the in vivo anti-obese activity of A. carambola leaf extract,
leading to the isolation of new bioactive components. Oral administration of A. carambola
leaf extract enhanced all obesity complications, viz., dyslipidemia, hyperglycemia, insulin
resistance, and oxidative stress, and exhibited significant anti-obesity activity in obese rats
(Figure 5). Further, the effect of CLL was significantly better than Orly in almost all tested
biochemical parameters, except for elevated uric acid level, although Orly revealed better
reduction in body weight gain.

Multiple chromatographic approaches of the leaf extract led to the isolation of 14 com-
pounds, including 4 flavone glycosides (1–4) and 10 dihydrochalcone glycosides (5–12)
with two non-separable mixtures, including four newly described compounds, i.e., 1, 8, 11a,
and 11b were reported for the first time in the literature. Further, in vitro α-glucosidase in-
hibitory activity assessment of isolated compounds revealed the strong potency of isolated
flavone glycosides, viz., compounds 1, 2, 3, and 4, as α-glucosidase inhibitors, compared
to dihydrochalcone glycosides, except for compound 12. These results suggest for the
role of flavone glycosides in alleviation of the major obesity comorbidity, i.e., diabetes via
α-glucosidase inhibition, and has yet to be confirmed for other action mechanisms. An
extended approach utilizing detailed studies on the molecular mechanisms of A. carambola
leaf effect should now follow, together with subclinical and clinical trials on leaf crude
extract, to be more conclusive, especially considering the known negative impact of its
fruit on kidney functions. Moreover, assessment of the isolated phytoconstituents for their
anti-obese activity using in vivo model or targeting other enzymes, i.e., lipases, etc., should
now follow to correlate for the extract’s potential anti-obesity effect. This study poses A.
carambola leaf as a new anti-obesity functional food and adds to its effects aside from its
fruit’s more explored uses.
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Figure 5. Collective scheme for extraction, isolation, and biological activities performed on A. caram-
bola leaves.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/molecules27165159/s1. HRESIMS: 1H NMR: 13C NMR, 1H-1H COSY, HSQC, and HMBC
spectra of compound 1 (Figures S1–S6); HRESIMS, 1H NMR, 13C NMR, HSQC, and HMBC spec-
tra of compound 2 (Figures S7–S11); HRESIMS, 1H NMR, and 13C NMR spectra of compound
3 (Figures S12–S14); HRESIMS, 1H NMR, 13C NMR, HSQC, and HMBC spectra of compound
4 (Figures S15–S19); HRESIMS, 1H NMR, 13C NMR, HSQC, and HMBC spectra of compound
5 (Figures S20–S24); HRESIMS, 1H NMR, 13C NMR, HSQC, and HMBC spectra of compound 6

(Figures S25–S29); HRESIMS, 1H NMR, 13C NMR, DEPT-135, 1H-1H COSY, HSQC, and HMBC spec-
tra of compound 7 (Figures S30–S36); HRESIMS, 1H NMR, 13C NMR, 1H-1H COSY, DEPT-135, HSQC,
and HMBC spectra of compound 8 (Figures S37–S43); HRESIMS, 1H NMR, 13C NMR, HSQC, and
HMBC spectra of compound 9 (Figures S44–S48); HRESIMS, 1H NMR, 13C NMR, HSQC, and HMBC
spectra of compound 10 (Figures S49–S54); HRESIMS, 1H NMR, 13C NMR, HSQC, and HMBC spectra
of compound 11 (Figures S55–S60); HRESIMS, 1H NMR, 13C NMR, HSQC, 1H-1H COSY, DEPT-135,
and HMBC spectra of compound 12 (Figures S61–S67); Scheme of isolation (Figure S69); UV spectra
of isolated compounds (Figure S70); IR spectra of new compounds 1, 8, 11 (Figure S71).
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Abstract: Since the outbreak of the COVID-19 pandemic, it has been obvious that virus infection poses
a serious threat to human health on a global scale. Certain plants, particularly those rich in polyphe-
nols, have been found to be effective antiviral agents. The effectiveness of Alchemilla viridiflora Rothm.
(Rosaceae) methanol extract to prevent contact between virus spike (S)-glycoprotein and angiotensin-
converting enzyme 2 (ACE2) and neuropilin-1 (NRP1) receptors was investigated. In vitro results
revealed that the tested samples inhibited 50% of virus-receptor binding interactions in doses of
0.18 and 0.22 mg/mL for NRP1 and ACE2, respectively. Molecular docking studies revealed that the
compounds from A. viridiflora ellagitannins class had a higher affinity for binding with S-glycoprotein
whilst flavonoid compounds more significantly interacted with the NRP1 receptor. Quercetin
3-(6”-ferulylglucoside) and pentagalloylglucose were two compounds with the highest exhibited
interfering potential for selected target receptors, with binding energies of −8.035 (S-glycoprotein)
and −7.685 kcal/mol (NRP1), respectively. Furthermore, computational studies on other SARS-CoV-2
strains resulting from mutations in the original wild strain (V483A, N501Y-K417N-E484K, N501Y,
N439K, L452R-T478K, K417N, G476S, F456L, E484K) revealed that virus internalization activity was
maintained, but with different single compound contributions.

Keywords: Alchemilla viridiflora Rothm.; polyphenols; SARS-CoV-2; COVID-19; spike glycoprotein;
neuropilin-1; in vitro; in silico

1. Introduction

Virus infections are now more clearly than ever a severe hazard to human health
on a worldwide scale. SARS-CoV-2 triggered one of the deadliest pandemics in human
history, with over 500 million confirmed cases of infection by worldometer (https://www.
worldometers.info/coronavirus/) (accessed on 29 June 2022). The SARS-CoV-2 virus
causes COVID-19 disease, which has a wide range of symptoms ranging from mild and
asymptomatic cases to respiratory infections with fatal consequences. In addition to the
deaths of over 6 million people worldwide, this pandemic imposed a new strain on all
countries, causing local healthcare systems to collapse. Recent research studies have
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provided a detailed explanation of the SARS-CoV-2 virus’s entrance into the host cell [1].
This is a complex process since it requires multiple enzymatic structures from the host cell
to be activated in stages. Coronavirus’ S glycoprotein is a structural component required
for interaction with the host receptor. Previous research has shown that entry glycoproteins
are typically split into two subunits before being internalized by the host cell. SARS-CoV-2
S glycoprotein is made up of two subunits: S1 is in charge of making contact with ACE2
and S2 attaches virus glycoprotein to the host cell’s membrane [2]. Then, this initiates a
multi-step process that involves, furin convertase and transmembrane protease serine 2 [3].
However, it became obvious that an alternative method of internalization exists once it was
shown that viruses may infiltrate host cells without using the ACE2 receptor. This method
for virus internalization has recently been discovered to include neuropilin-1 receptors [4].

The anti-SARS-CoV-2 activity was studied in a number of medicinal plants with
a documented history of antiviral use in traditional medicine [5]. One of their shared
properties is the abundant presence of compounds with polyphenol chemical moiety. Plant
polyphenols are a diverse group of molecules, and their substantial presence in plant
tissue is associated with many medicinal plants’ health-beneficial properties (antioxidant,
antidiabetic, antibacterial, etc.) [6,7]. It has been shown that phenolic compounds can
block viral attachment to the human angiotensin-converting enzyme 2 (ACE2) receptor by
interacting with the spike (S)-glycoprotein’s receptor-binding region [8]. One of the most
promising modes of action for natural compounds has been identified as the interaction
between S-glycoprotein and the ACE2 receptor [9]. In fact, numerous naturally occurring
substances with known antiviral properties, such as hesperidin, punicalin, and punicalagin
demonstrated potent anti-SARS-CoV-2 activity in a variety of in vitro and in silico studies.
This was attributed to contact interference between the virus and the ACE2 receptor on a
host cell [10–13].

The traditional medical usage of many Alchemilla species for treating viral infections
has been supported by recent studies that demonstrated virucidal activity against influenza
and orthopoxviruses [14,15]. Recent investigations have revealed that Alchemilla viridiflora
Rothm. (Figure 1) polar extract possessed a strong ACE inhibitory effect, with particular
components, such as miquelianin, being emphasized for their individual contributions to
this activity [16].

Figure 1. Alchemilla viridiflora Rothm: (a) plant at natural habitat; (b) magnified flowering parts.
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This could be yet another link between A. viridiflora constituents and SARS-CoV-2
given that the incidence of COVID-19 disease requiring hospital admission is significantly
reduced while taking ACE inhibitors [17]. Even though immunization is the most effective
strategy to avoid SARS-CoV-2 infection, there are some circumstances where people are
unable to get vaccinated due to medical reasons. Therefore, there is a need to develop
alternative strategies to prevent and treat SARS-CoV-2 infection in these individuals. To
avoid infection or at least reduce viral load, one strategy is to use natural compounds in
appropriate pharmaceutical dosage forms to block early contact between the virus and
ACE2 and NRP1 receptors.

To the best of the authors’ knowledge, Alchemilla isolates have not yet been investigated
for their capacity to prevent SARS-CoV-2 infection despite being a rich source of bioactive
polyphenols with demonstrated antiviral activity. The overall aim of this study is to clarify
A. viridiflora methanol extract’s real potential for SARS-CoV-2 internalization through two
main mechanisms by applying in silico and in vitro studies.

2. Results and Discussion

2.1. LC-MS Chemical Analysis (Phytochemical Analysis)

Given that polyphenols are thought to be the primary bioactive chemicals in Alchemilla
species, the polyphenolic profile has been thoroughly examined. According to our previous
study conducted on the same extract, 23% of the polyphenolic components of A. viridiflora
are present in the dry methanol extract [16]. Similarly, ellagitannins and flavonoids are
two of the most abundant polyphenol classes in the sample used in this study. A total of
17 compounds were identified using LC-MS analysis (mass spectra and chromatograms are
shown in Figures S1 and S2 of the Supplementary Materials, respectively) of A. viridiflora
methanol extract with subsequent MS data processed and analyzed using MestReNova
software (Table 1). Pedunculagin, tellimagrandin I, tellimagrandin II and galloyl-bis-
hexahydroxydiphenoyl (HHDP) hexose constituted the major ellagitannin fraction of
A. viridiflora extract while flavonoid fraction comprised quercetin, quercetin derivates
and kaempferol glycosides. The recent chemical characterization of A. viridiflora extract
provided by Radovic et al. (2022) is consistent with the present phytochemical analysis [16].

Table 1. Polyphenols identified in A. viridiflora methanol extract sample by LC-MS method.

Compound Formula: Molecular Weight: Match Score: RT: Adduct/Loss:

Pedunculagin C34H24O22 784.076 0.998 9.35 −/H+
Galloyl-HHDP hexose C27H22O17 618.086 0.999 12.41 Na+/−

Isoquercitrin C21H20O12 464.095 0.999 12.44 H+/−
Quercetin 3-(6”-ferulylglucoside) C31H28O15 640.143 0.993 12.46 −/H+

Tellimagrandin I C34H26O22 786.092 0.993 16.4 −/H+
Brevifolin carboxylic acid C13H8O8 292.022 0.997 21.5 −/H2OH+

Myricetin 3-O-glucuronide C21H18O14 494.07 0.973 22.9 CH3OHH+/−
Tellimagrandin II C41H30O26 938.103 0.992 23.97 −/H+

Pentagalloylglucose C41H32O26 940.118 0.879 29.36 −/H+
Kaempferol 7-O-glucuronide C21H18O12 462.08 0.996 30.97 Na+/−

HHDP-hexoside C20H18O14 482.07 0.961 31.1 CH3OHH+/−
Quercetin 3-methyl ether 7-glucuronide C22H20O13 492.09 0.985 31.13 −/H+

Kaempferol 7-O-glucoside C21H20O11 448.101 0.981 33.06 Na+/−
Di-O-methylquercetin C17H14O7 330.074 0.999 33.82 −/H+

Tiliroside C30H26O13 594.137 0.996 37.7 −/H+
Isorhamnetin-3-O-glucoside C22H22O12 478.111 0.963 39.37 NH4+/−

Miquelianin C21H18O13 478.075 0.96 39.37 NH4+/−

Pedunculagin is a significant monomeric ellagitannin commonly found in Alchemilla
species that has been related to various biological activities such as antitumor, antioxidant,
gastroprotective, hepatoprotective, and anti-inflammatory properties [18]. Additionally,
tellimagrandin I, a compound that was just recently identified as a constituent of Alchemilla
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species, and brevifolin carboxylic acid, an Alchemilla ellagitannin product of hydrolysis
that is also typically found in various pomegranate parts, are both recognized for their
bioactivity and significant antiviral activity [16,19,20]. Compounds from the flavonoid class
are equally important in terms of biological function. Numerous activities, including those
related to the prevention of SARS-CoV-2, have been linked to quercetin, its derivatives and
isorhamnetin [21].

2.2. Molecular Docking Studies

To investigate the individual effects of the positively identified components of the
tested A. viridiflora sample, we used molecular docking simulations. Starting with the most
active compound, quercetin 3-(6”-ferulylglucoside), all compounds are listed in Table 2 in
order of their binding affinity for the S-glycoprotein receptor (PDB ID: 7BZ5). This target’s
binding pocket is depicted in Figure S3, and its constituent residues are given in Table S1
(Supplementary Materials).

Table 2. Molecular docking simulation results of A. viridiflora constituents and positive controls
against wild type S-glycoprotein target (PDB ID: 7BZ5).

Compound
Bind Energy

[kcal/mol]
Interacting Residues *

Quercetin 3-(6”-ferulylglucoside) −8.035 Gln160, Glu151 (1.63 Å), Phe157 (2.63 Å), Ser161 (1.84 Å),
Tyr 162 (2.83 Å)

Tellimagrandin I −8.022 Gln160 (2.82 Å), Glu151 (1.57 Å, 1.71 Å), Phe157 (2.82 Å, 2.84 Å)

Tellimagrandin II −7.955 Gln160, Glu151 (1.59 Å, 1.64 Å), Gly163 (3.10 Å), Tyr116,
Tyr116 (1.73 Å, 1.94 Å), Tyr162 (2.24 Å)

Pedunculagin −7.848 Gln160 (2.23 Å), Glu151 (1.64 Å, 2.15 Å), Gly163 (2.70 Å), Leu119,
Phe157, Tyr116 (1.69 Å), Tyr162 (2.46 Å)

Isorhamnetin-3-O-glucoside −7.761 Glu151 (1.63 Å, 1.76 Å), Leu119, Leu159 (1.60 Å), Phe157,
Ser161 (2.92 Å), Tyr162 (2.79 Å)

Tiliroside −7.633 Arg70, Gln73 (1.50 Å), Gln160, Glu151 (1.61 Å), Lys84 (2.73 Å),
Phe157 (2.42 Å), Tyr120

Pentagalloylglucose −7.601 Gln160 (2.52 Å), Gln160, Glu151 (1.54 Å, 1.62 Å), Ser161 (2.64 Å),
Tyr156, Tyr162 (2.02 Å)

Kaempferol 7-O-glucuronide −7.519 Glu151 (1.92 Å), Phe157 (2.43 Å), Tyr120 (1.20 Å)

Di-O-methylquercetin −7.515 Gln160 (2.38 Å), Glu151 (1.59 Å, 1.60 Å), Phe123,
Phe157 (2.33 Å), Tyr156

HHDP-hexoside −7.506 Glu151 (1.71 Å, 2.00 Å), Phe157, Ser161 (2.39 Å), Tyr116 (2.34 Å)

Miquelianin −7.406 Gln160 (3.09 Å), Glu151 (1.72 Å, 1.92 Å), Leu119, Phe157,
Ser161 (1.49 Å)

Myricetin 3-O-glucuronide −7.404 Glu151 (1.67 Å, 1.94 Å), Leu119, Leu159 (1.73 Å), Phe157,
Ser161 (1.46 Å)

Umifenovir ** −7.384 Glu151 (1.65 Å), Ser161 (1.96 Å), Tyr116

Quercetin ** −7.189 Gln160 (2.07 Å), Glu151 (1.63 Å, 1.78 Å), Phe123,
Phe157 (2.02 Å), Tyr156

Kaempferol 7-O-glucoside −7.121 Gln160 (2.48 Å, 3.02 Å), Glu151 (1.66 Å, 1.70 Å),
Phe157 (1.97 Å), Tyr162 (1.90 Å)

Galloyl-HHDP hexose −6.964 Gln160 (2.56 Å, 2.77 Å), Glu151 (1.56 Å, 1.82 Å),
Leu159 (1.70 Å, 1.96 Å)

Isoquercitrin −6.953 Gln160 (3.03 Å), Glu151 (1.63 Å, 1.64 Å), Leu159 (1.89 Å),
Ser161 (1.80 Å, 2.32 Å)

Quercetin 3-methyl ether 7-glucuronide −6.579 Glu151 (1.58 Å, 1.62 Å), Lys84 (3.06 Å), Lys84, Tyr120 (1.62 Å)
Brevifolin carboxylic acid −6.359 Arg70 (1.53 Å), Tyr162 (1.84 Å), Tyr172 (1.63 Å)

* In the interacting residues column residues involved in hydrogen bonding are denoted in bold font with the
interaction distances enclosed in brackets. ** Positive control compounds are bordered with frame.

These findings demonstrated that the observed inhibitory activity was a result of con-
tributions from both polyphenolic groups. Quercetin 3-(6”-ferulylglucoside) demonstrated
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the highest binding affinity (−8.035 kcal/mol). The most favorable binding orientation of
this compound is presented in Figure 2. Preliminary 12.50 ns molecular dynamic simu-
lation results for the quercetin 3-(6”-ferulylglucoside)-S-glycoprotein complex presented
in Figures S4–S7 confirm the stability of the observed system. Radius gyration trajectory
(Figure S5) deviations between 18.40 Å and 18.85 Å indicate a stable secondary protein
structure with a high complexing potential for the studied ligand. Observing the root mean
square deviation (RMSD) trajectory (Figure S6) reveals that after 2 ns, the complex reaches
a stable state. The complex exhibits simulation-based deviations after that point that do not
compromise the system’s stability because oscillations between the mean and maximum
value do not exceed 2.5 Å.

Figure 2. Quercetin 3-(6”-ferulylglucoside) interactions with S-glycoprotein (wild); (a) the most favor-
able binding pose of the compound; (b) 2D illustration of interaction types between the compound
and target residues.

Two compounds from the ellagitannin class, tellimagrandin I and II, showed only a
somewhat lower affinity for interacting with S-glycoprotein, with binding affinity energies
of −8.022 and −7.955 kcal/mol, respectively. Additionally, every compound that was tested
produced complexes with the target protein that were stabilized by regular hydrogen bonds
on distances lower than 2 Å. One of the key interacting residues, Gln160, was previously
identified as one of 23 virus residues that participate in stable hydrogen bonds, which let
the virus bind to the ACE2 receptor. Most of the tested A. viridiflora polyphenols showed
interaction with this residue, and the second-most potent compound, tellimagrandin I,
interacted with it via an H bond at a distance of 2.82 Å (Figure 3) [22].

When complexing with the target S-glycoprotein, the two positive controls utilized in
this investigation showed a very slight energy difference, with umifenovir forming a more
stable complex (−7.384 kcal/mol) than quercetin (−7.189 kcal/mol).

According to a recent study, umifenovir inhibits the internalization of SARS-CoV-2
and its variants by directly binding to the S-glycoprotein {Shuster, 2021 #41}. However, 12
polyphenolic Alchemilla constituents exhibited more affinity for S-glycoprotein as a target
than umifenovir, indicating more effective infection prevention (Table 2).
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Figure 3. Tellimagrandin I interactions with S-glycoprotein (wild): (a) the most favorable binding pose
of the compound; (b) 2D illustration of interaction types between the compound and target residues.

In addition to docking against wild strain-specific S-glycoprotein more docking sim-
ulations were performed on the V483A, N501Y417NE484K, N501Y, N439K, L452RT478K,
K417N, G476S, F456L, and E484K strains to evaluate the stability of the observed inhibitory
action on other viral strains resulting from mutations. The binding energy fluctuations
curve for S-glycoprotein revealed that different drugs had varying binding affinities. In
particular, the mutated strains identified in South Africa lineage B.1.351 (also known as
501Y.V2 variant) and P.1 lineage (a descendant of B.1.1.28) identified in December 2020
(in Manaus, Amazonas State, North Brazil) showed increased affinity for quercetin and
tellimagrandin II, compounds with binding affinity on first and third place for wild type
virus S-glycoprotein (Figure 4) [23,24]. The increased binding affinity seen in Figure 4 for
the positive control umifenovir is also consistent with the findings of Shuster et al. (2021)
about its maintained activity against new virus strains [25].

Although variations in binding affinity were observed for all identified constituents of
A. viridiflora extract overall conclusion is that the range of the complex energies between
−6.0 and −9.0 kcal/mol for all compounds proves they maintained significant inhibitory
potential regardless of mutation changes in S-glycoprotein. According to these results, the
tested extract should retain its efficacy against other virus strains, which is necessary given
the significant mutational potential identified for the SARS-CoV-2 virus.

Molecular docking simulation results of A. viridiflora constituents and positive control
against the NRP1 target are presented in Table 3. Seven compounds displayed a greater
affinity for NRP1 than the positive control brevifolin carboxylic acid, showing that other
polyphenols also significantly contribute to the inhibitory activity. Figure 5 presents the
binding position and active site of pentagalloylglucose (compound with the highest binding
activity) interaction with NRP1.
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Figure 4. Binding energy (kcal/mol) curves for A. viridiflora constituents and positive controls against
all tested S-glycoprotein structural variants.

Table 3. Molecular docking simulation results of A. viridiflora constituents and positive control against
NRP1 target (PDB ID: 2QQI).

Compound
The Most Favorable

Binding Pose **
Bind Energy

[kcal/mol]
Interacting Residues *

Pentagalloylglucose −7.685

Asp320 (2.29 Å, 2.50 Å), Lys351 (2.29,
2.32 Å), Lys351, Lys352 (2.04 Å),

Pro317 (2.50 Å), Thr413 (2.61 Å, 2.68 Å),
Tyr297, Tyr353 (2.41 Å, 2.71 Å)

Quercetin methyl
ether glucuronide −7.667

Asp320 (2.72 Å), Glu348 (2.09 Å),
Lys351 (2.07 Å), Thr413,

Thr413 (3.01 Å), Trp301 (2.00 Å),
Trp411,Tyr297, Tyr353 (2.51 Å)
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Table 3. Cont.

Compound
The Most Favorable

Binding Pose **
Bind Energy

[kcal/mol]
Interacting Residues *

Tiliroside −7.594
Asp320, Glu348 (2.15 Å),

Lys351 (2.05 Å), Thr413, Tyr297,
Tyr353 (2.82 Å)

Kaempferol 7-O-glucuronide −7.452 Asn300 (1.82 Å), Asp320,
Lys351 (2.05 Å), Trp301 (2.36 Å), Tyr297

Kaempferol 7-O-glucoside −7.264 Asn300 (1.85 Å), Asp320,
Lys351 (2.02 Å), Trp301 (2.30 Å), Tyr297

Quercetin −7.205
Asn300 (2.60 Å), Asp320,

Lys351 (1.94 Å, 2.85 Å), Thr349 (2.72 Å),
Trp301 (2.28 Å), Tyr297 (2.51 Å), Tyr353

Miquelianin −6.986
Asp320 (2.44 Å), Glu348 (2.65 Å),
Lys351 (1.98 Å), Thr349 (2.60 Å),

Thr413

Brevifolin carboxylic acid *** −6.976 Lys351 (2.00 Å), Thr316,
Trp301 (2.32 Å), Trp301, Tyr297

Quercetin
3-(6”-ferulylglucoside) −6.875

Arg418 (2.65 Å), Arg418,
Asn309 (2.90 Å),

Asn313 (2.37 Å),Glu312, Ile345,
Lys350 (2,84 Å), Ser346 (2.83 Å), Thr388
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Table 3. Cont.

Compound
The Most Favorable

Binding Pose **
Bind Energy

[kcal/mol]
Interacting Residues *

Pedunculagin −6.855 Asn300 (2.78 Å), Asp320, Ser298,
Tyr297 (2.33 Å, 2.49 Å)

Myricetin 3-O-glucuronide −6.802
Asp320, Gly318 (2.17 Å),

Lys351 (1.99 Å),
Thr349 (2.72 Å),Thr413, Tyr297

Isoquercitrin −6.799
Asp320, Gly318 (2.52 Å),
Lys351 (2.03 Å, 2.52 Å),

Ser346 (3.02 Å), Thr413, Tyr297

Tellimagrandin I −6.76 Asp320, Glu319 (2.77 Å), Gly318,
Ser321, Thr413 (1.93 Å), Tyr297

Di-O-methylquercetin −6.713 Asn300 (2.05 Å), Glu348, Tyr297,
Tyr301, Tyr353

Isorhamnetin-3-O-glucoside −6.467
Asp320, Asp320 (2.71 Å), Gly318,

Lys351 (2.25 Å, 2.40 Å), Ser346 (2.65 Å),
Thr413, Thr413 (2.56 Å), Tyr297

Galloyl-HHDP-hexose −6.365
Asp320, Asp320 (2.07 Å, 2.92 Å),
Thr413, Trp301, Trp411 (2.51 Å),

Tyr297, Tyr353 (2.67 Å)
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Table 3. Cont.

Compound
The Most Favorable

Binding Pose **
Bind Energy

[kcal/mol]
Interacting Residues *

Tellimagrandin II −6.051 Arg323, Asp320 (2.76 Å), Tyr297

HHDP-hexoside −5.897 Lys351 (2.02 Å), Thr413 (2.46 Å), Tyr353

* In the interacting residues column residues involved in hydrogen bonding are denoted in bold font with the
interaction distances enclosed in brackets. ** 3D structure atoms color legend; red-oxygen, grey-carbon, light
grey-hydrogen. *** positive control compound is bordered with frame.

Figure 5. Pentagalloylglucose binding pose and site in complex with NRP1.

In Jin et al. study from 2022, pentagalloylglucose, the molecule listed first for its affinity
to NRP1, was already recognized as a plant dietary polyphenol with substantial in vitro
inhibitory effect against SARS-CoV-2 infection in Vero cells. This study confirmed that part
of this inhibitory potential could be attributed to the inhibition of SARS-CoV-2 main- and
RNA-dependent RNA-polymerase. Additionally, researchers found efficacy against the
SARS-CoV and MERS-CoV viruses, indicating pentagalloylglucose has broad-spectrum
anticoronaviral potential [26].

Other compounds with energy values below −6.5 kcal/mol, apart from pedunculagin,
were from the flavonoid class, indicating that the flavonoid subclass of A. viridiflora polyphe-
nols may contribute more significantly to inhibition activity when the virus primarily uses
the NRP1 receptor for its internalization. Flavonoid potential for interaction with NRP1
has been already discussed in Yasmin et al. (2017) study where they proposed quercetin
and diosmin as small ligands with promising potential for targeting NRP1 receptors with
implications for therapeutic benefits in neurology and oncology [27]. Multiple interac-
tion types contribute to the stabilization of ligand-target complexes, and it is noteworthy
that all tested ligands were stabilized by at least one conventional hydrogen bond at a
distance closer to 3 Å. The pharmacophore model highlighted ligand interactions with
NRP1 residues: Tyr353, Thr349, Tyr297, Asn300, and Ser298 as critical for inhibitory activity
in the Perez-Miller et al. (2020) investigation that found and confirmed inhibitors of the
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interaction between NRP1 and SARS-CoV-2 S-glycoprotein [28]. All these significant NRP1
residue interactions are also identified in the most favorable binding poses of A. viridiflora
polyphenol constituents. In addition to H bonds with Tyr353, pedunculagin interacts with
the same type of interaction with Asp320, a crucial residue for interaction with vascular
endothelial growth factor C-terminal arginine [29]. In addition to conventional H-bond
interactions, ligands, particularly those with a flavonoid structure, were stabilized by hy-
drophobic interactions. These interactions included ring B from the flavonoid structure
and the amino acid residues Tyr297, Thr316, Tyr353 and Trp411 from the binding pocket
presented in Figure S7.

2.3. In Vitro SARS-CoV-2 Internalization Inhibition Assays

The binding inhibitory effects of an extract of A. viridiflora on S glycoprotein-ACE2
and S glycoprotein-NRP were explored as a mechanism of their anti-SARS-CoV-2 potential
in this work. Umifenovir and quercetin served as positive controls for the S glycoprotein-
ACE2 inhibition assay, and brevifolin carboxylic acid served as a positive control for the S
glycoprotein-NRP inhibition assay, both at the same concentrations as the samples. The
extract was tested at concentrations ranging from 0.0625 to 1.00 mg/mL. The results indi-
cated that the tested A. viridiflora extract was able to inhibit S-glycoprotein interactions with
both receptor targets in a dose-dependent manner. The inhibition values for S-glycoprotein
binding to NRP1 and ACE2 were 56.3% and 87.1%, respectively, at the highest tested con-
centration of A. viridiflora methanol extract (1.00 mg/mL). Positive controls umifenovir and
quercetin inhibited S-glycoprotein and ACE2 contact at the highest tested concentrations
(1 mg/mL), with inhibition values of 5.22% and 2.10%, respectively, whereas brevifolin
carboxylic acid at the same concentration inhibited contact between S-glycoprotein and
NRP1 by 63.07%. These in vitro results are consistent with the docking study simulation,
which indicated that umifenovir had a higher inhibtion potential than quercetin, another
positive control and that A. viridiflora methanol extract could have an even more potent
antiviral effect considering 12 constituents with a higher affinity for the same target than
umifenovir. Brevifolin carboxylic acid suppressed S-glycoprotein and NRP1 interactions
more effectively than A. viridiflora extract, whose constituent it is. Possible cause could be
its lower concentration in extract relative to less potent polyphenols. Using the OriginPro v.
9.8.0.200 program (OriginLab Corp.), the doses that resulted in a 50% inhibition of binding
interactions between S-glycoprotein and receptors for internalization were determined to
be 0.18 and 0.22 mg/mL for NRP1 and ACE2, respectively (Figure 6).

Figure 6. Concentration-inhibition curves of A. viridiflora methanol extract on S-glycoprotein-ACE2
(black line) and S-glycoprotein-NRP1(red line) contacts.
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Results obtained in vitro are consistent with recently published research that inves-
tigated the potential of pomegranate ellagitannin-rich extracts to inhibit the interaction
between S-glycoprotein and ACE2 [11,13]. Ellagitannin polyphenols from pomegranate
peel extract synergistically inhibited contact between virus S-glycoprotein and ACE2 re-
ceptor. Tellimagrandin I and brevifolin carboxylic acid, two of the ellagitannins found in
A. viridiflora, are frequently present in different pomegranate extracts. The significant
potential of A. viridiflora extract for inhibiting SARS-CoV-2 internalization via ACE2 re-
ceptors may be explained by these complementary ellagitannins and other compounds
from the same class [16,30]. Additionally, it was discovered that urolithin A, a common
ellagitannin metabolite in humans, is a potent inhibitor of SARS-CoV-2 binding to the
ACE2 receptor [13]. Liu et al. (2020) in their in vitro study demonstrated that quercetin,
A. viridiflora major flavonoid representative has potency for the recombinant human ACE2
receptor inhibition, at physiologically relevant dosages [31]. This is a further strong indi-
cation that two classes of polyphenols have synergistic inhibitory effects on the internal-
ization of SARS-CoV-2 through the ACE2 host receptor. However, the study’s findings
donot support a firm conclusion in this way and instead can serve as the foundation for
some additional investigation. In order to determine whether NRP1 was a host factor
for SARS-CoV-2, Daly et al. (2020) employed the small ligand EG00229. This ligand
was a confirmed NRP1 antagonist and it was shown to be bound to NRP1 with a Kd of
5.1 and 11.0 μM at pH 7.5 and 5.5, respectively [32]. It was also previously determined
that EG00229 in 3 μM concentration selectively inhibits 50% of vascular growth endothelial
factor A binding to a purified NRP1 b1 domain [33]. However, despite doing a thorough
literature search, the authors were unable to find any additional studies that examined a
natural small ligand as an NRP1 antagonist.

3. Materials and Methods

3.1. Plant Material and Extract Preparation

Plant material of Alchemilla viridiflora Rothm., Rosaceaeand the preparation of the
methanol extract was previously described by Radovic et al. (2022), and the same extract
was used to conduct the current study [16]. Briefly, A. viridiflora, aerial flowering parts
were collected on carbonate soil in subalpine pastures at 1750 m s.m. on Mount Suva
Planina in July 2019. Dr. Marjan Niketic identified plant material from voucher specimens
(20130708/1-2) that were placed in the Natural History Museum (Belgrade, Serbia). The
dry extract was obtained by methanol extraction for two days after which the solvent was
evaporated under low pressure. The yield of dry methanol extract from powdered plant
material was 28.3%.

3.2. Chemicals

Analytical grade methanol was obtained from Macron Fine Chemicals (Avantor, Rad-
nor, PA, USA); analytical grade dimethyl sulfoxide was obtained from FisherScientific
(Fair Lawn, NJ, USA).Acetonitrile and formic acid for HPLC, gradient grade were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Arbidol hydrochloride (umifenovir) for
HPLC (≥98%) and quercetin for HPLC (≥95%) reference standard were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Brevifolin carboxylic acid for HPLC (≥95%) reference
standard was purchased from Cayman Chemical (Ann Arbor, MI, USA).

3.3. LC-MS Chemical Analysis

The LC-MSanalysis of A. viridiflora methanol extract was performed and described
in our earlier research, with an addition in this study relating to the software used for
the identification of individual compounds [16]. Agilent Technologies HPLC1260 Infinity
system connected to a single quadrupole mass detector (Singlequad MS detector 6130) was
employed.Compound separation was carried out at 25 ◦C using a Zorbax SB Aq-C18 col-
umn (3.0 × 150 mm; 3.5 μm). Solvent A (0.1% HCOOH in water) and Solvent B (acetonitrile)
were used for elution.With a flow rate of 0.3 mL/min, the gradient program listed below
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was used: 0–30 min from 10% to 25% B; 30–35 min from 25% to 70% B; 35–40 minreturn to
10% B. Detection wavelengths were at 280 and 350 nm and in negative mode in a range of
50–2000 m/z. Electrospray ionization was carried out at a pressure of 40 psi, a temperature
of 350 ◦C, and a nitrogen flow rate of 10 L/min. Signals from deprotonated molecules
and fragmented ions were acquired in full-scan at fragmentation voltages of 100 V and
250 V. MestReNova v.12.0.0-20080 (Mestrelab Research, S.L., Santiago de Compostela,
Spain) software’smolecule match tool was used for identification of compounds instead of
tentative identification based on comparison with literature data, as it was performed in
our previous study on this extract [16].

3.4. Molecular Docking Simulations
3.4.1. Dataset

For the first target, the crystal structure of S-glycoprotein RBD in a complex with
neutralizing body was retrieved from the Protein Data Bank (PDB; http://www.pdb.org,
PDB ID:7BZ5) and prepared for docking by DockThor-VS web server as a new COVID-
19 resources service (accesed and submitted on 11 May 2022). Besides the wild type S
glycoprotein, docking studies were conducted on 9 mutation variants (V483A, N501Y-
K417N-E484K, N501Y, N439K, L452R-T478K, K417N, G476S, F456L, E484K) of the same
structure (PDB ID:7BZ5) [34]. For the second target, the crystal structure of the b1b2
domains from human neuropilin-1 (PDB ID:2QQI) was retrieved from PDB and prepared for
the docking analysis using Yasara Structure (v. 20.4.24.W.64, YASARA Biosciences GmbH,
Vienna, Austria) (http://www.yasara.org/; accessed on 11 May 2022). This procedure
included deletion of solvents from the PDB files, adding hydrogens and charges to the
structure, and the process of energy minimization. The 3D molecular structures of identified
polyphenols and positive controls were downloaded from PubChem (https://pubchem.
ncbi.nlm.nih.gov/; accessed on 11 May 2022) whereas compounds without 3D structures
were downloaded as 2D structures and after that converted into 3D structures via online
service (http://pccdb.org/tools/convert_3D_mol; accessed on 11 May 2022). All ligands’
final geometries were energy minimized using the Yasara Structure energy minimization
experiment option using AMBER03 force field at physiological pH (7.4), which ran local
steepest descent minimization without electrostatics to eliminate bumps, followed by
simulated annealing minimization energy with a certain energy improvement.

3.4.2. Docking Parameters

Molecular docking simulations for the first target (PDB ID:7BZ5) were conducted
inside a 20 Å size cubic grid box which was centered around Cα of Gln493 residue located at
the binding zone of S glycoprotein and ACE-2 residues. For the second target (PDB ID:2QQI)
grid box was generated around Asp320, Ser346, Thr316, Thr349 and Tyr353 residues within
a distance of 5 Å. The docking procedure was conducted through Yasara Structure software
based on the AutoDockVina algorithm and AMBER03 force field [35]. Output files of the
most stable complexes were further analyzed with the visualization software (Discovery
Studio Visualizer v.20.1.0.19295, Dassault Systèmes, Vélizy-Villacoublay, France).

3.5. Molecular Dynamics (MD) Simulation

Preliminary MD simulation for the energetically most favored quercetin 3-(6”-ferulylgl-
ucoside)-S-glycoprotein complex (determined by docking simulations) was conducted
using YASARA Structure v. 20.12.24.W.64. Hydrogen (H)-bond optimization and pKa
prediction for the chosen pH (7.4) were part of the experimental setup [36]. The addition
of NaCl ions (0.9%, cell neutralization, and energy minimization provided the correct
structure’s geometry. The MD simulation was run for 12.50 ns with the AMBER14 force
field. The setup used 298 K and one atmosphere for temperature and pressure values,
respectively. The composition of the simulated system is given in Table S2.
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3.6. In Vitro SARS-CoV-2 Internalization Inhibition Assays

To investigate the in vitro effects of A. viridiflora polyphenols on SARS-CoV-2 binding
activity to ACE2 and NRP1 the MBS669459 screening kit (https://www.mybiosource.com/
covid-19-assay-kits/covid-19-coronavirus/669459 accessed on 29 June 2022) and RayBio
COVID-19 Spike-NRP1 Binding assay kit (https://doc.raybiotech.com/pdf/Manual/CoV-
NRP1S1_2021.10.06.pdf accessed on 29 June 2022) were employed. Both assays were based
on a colorimetric ELISA kit that measures the binding of RBD of the S-glycoprotein from
SARS-CoV-2 (wild strain) to its human receptors ACE2 and NRP1, respectively. All tested
samples were dissolved in phosphate buffer solution or DMSO the final concentration
of which did not exceed 0.1%. Reagents preparation and assay procedure steps were
conducted strictly following the provided protocols for the default configuration.

4. Conclusions

The results of in vitro research, as well as in silico, showed that methanol extract of
A. viridiflora and its components were capable of considerably inhibiting the internalization
of SARS-CoV-2 through two of its currently most significant receptors. Ellagitannins more
clearly blocked S-glycoprotein’s interactions with ACE2, whilst flavonoids showed more
affinity for interactions with the NRP1 receptor. Additionally, the structural changes
to the S-glycoprotein brought on by mutations had a minor impact on the A. viridiflora
constituens’ activity. Lastly, the polyphenols found in the methanol extract of A. viridiflora
offer intriguing starting points for future in vitro and in vivo anti-SARS-CoV-2 research,
particularly considering their potential synergistic activity.
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https://www.mdpi.com/article/10.3390/molecules27165174/s1. Figure S1: A. viridiflora methanol
extract mass spectrum; Figure S2: A. viridiflora methanol extract base peak chromatogram; Figure S3:
Graphical presentation of binding pockets with constituent amino acid residues (ball and stick display
style) for protein targets used in docking simulations (a) S-glycoprotein (PDB:7BZ5) with binding
pocket residues marked red; (b) Neuropilin-1 (PDB:2QQI) with binding pocket residues marked
blue; Figure S4: A ray-traced picture of the simulated system. The simulation cell boundary is set to
periodic; Figure S5: Total potential energy of the system [vertical axis] as a function of simulation
time [horizontal axis]; Figure S6: Radius of gyration of the solute [vertical axis] as a function of
simulation time [horizontal axis]; Figure S7: Ligand movement root mean square deviation (RMSD)
after superposing on the receptor [vertical axis] as a function of simulation time [horizontal axis];
Table S1: Binding pocket residues list for protein targets used in docking simulations; Table S2:
Composition of the simulated system.
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Abstract: Origanum compactum belonging to the family Lamiaceae is widely used in food and phar-
maceutical fields due to its biologically active substances. We aimed to investigate the total phenol
and flavonoid contents and the phenolic composition, and to evaluate the antioxidant and antibacte-
rial properties of hydroethanolic extract from of Origanum compactum. Total phenol and flavonoid
contents were evaluated using gallic acid and quercetin as standards, respectively, and the phenolic
profile was characterized using high-performance liquid chromatography coupled to a photodiode
array and electrospray ionization mass spectrometry (HPLC-PDA-ESI/MS). The antioxidant activity
was determined by two methods: ferric reducing power (FRAP) assay and the phosphomolybdate
method. The antibacterial effect was evaluated against four bacteria (Escherichia coli, Salmonella
typhimurium, Staphylococcus aureus and Listeria monocytogenes) using the broth microdilution method.
The findings show that the total phenolic and flavonoid contents were 107.789 ± 5.39 mg GAE/g dm
and 14,977 ± 0.79 mg QE/g dm, respectively. A total of sixteen phenolic compounds belonging to
phenolic acids and flavonoids were detected. Furthermore, the extract showed strong antioxidant
activity, and displayed a bacteriostatic effect against Escherichia coli and Salmonella typhimuriumn, and
a bactericidal effect against Staphylococcus aureus and Listeria monocytogenes. Therefore, this study
reveals that Origanum compactum extracts display potential as antibacterial and natural antioxidant
agents for fighting against pathogenic bacteria and preventing oxidative stress.

Keywords: Origanum compactum; phenolic compounds; HPLC-PDA-ESI/MS; antioxidant activity;
antibacterial activity

1. Introduction

The genus Origanum belonging to the family Lamiaceae (tribe Mentheae) includes
42 species and 18 hybrids found throughout North Africa and Eurasia [1]. In Morocco, the
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genus Origanum is represented by five taxa, namely, O. elongatum, O. grosii, O. frontqueri and
O. vulgare and O. compactum, the most commonly used taxa of Origanum [2].

Origanum compactum is an endemic plant of Morocco, widely used for its therapeutic
and culinary properties. In Moroccan traditional medicine, it is frequently employed in the
form of infusions and decoctions to treat a variety of infections (gastrointestinal disorders,
gastric acidity, and bronchopulmonary ailments). In traditional Moroccan cuisine, it is the
first aromatic ingredient chosen for flavoring some traditional dishes due to its pleasant
flavor and spicy fragrance [2,3]. Origanum compactum’s vernacular name is “Zaâtar” and is
widespread in Morocco. It is reported in the Middle Atlas, Rif and Northern regions [2].

Origanum compactum is a member of the compactum section where successive verti-
cillasters are reconciled fake ears contracted terminal, short and globular. The principal
morphological characteristic is that it secretes essential oils with a unique flavor due to the
presence of secretary organs (glandular and non-glandular trichomes) [4].

Origanum species have been investigated for their secondary metabolites, such as
phenolic compounds. Origanum extracts have attracted more attention recently, and inves-
tigations of the total phenolic contents, phenolic profiles and their relation to biological
activities have been conducted. The main types of phenolic compounds found in Origanum
extracts are phenolic acids and flavonoids. Such molecules are compounds with a variety
of structures, characterized by having at least one aromatic ring linked with one or more
hydroxyl groups. Phenolic compounds are important due to their various physiological
functions that help plants adjust to environmental changes and survive (UV protection,
disease resistance, pigmentation and growth regulation) [5].

The phytochemical content of Origanum species is responsible for its benefits for
human health; in vitro and in vivo assays have proved a wide range of pharmacological
properties (antioxidant, antibacterial, anti-inflammatory, anti-cancer, antifungal, antiviral,
antileishmanial, anti-asthmatic, anti-ulcer, anti-diabetic, and decreased risk of cardiovascu-
lar diseases) [3,5].

Despite the numerous studies that have highlighted the phenolic profile and antiox-
idant and antibacterial powers of Origanum extracts, as far as we know, studies of the
ethanolic extract of Origanum compactum are few or nonexistent. Thus, in the present study,
we aimed to investigate the phenolic compounds and the antioxidant and antibacterial ac-
tivities of hydroethanolic extract from aerial parts of Origanum compactum from the Middle
Atlas of Morocco (Khenifra).

2. Results and Discussion

2.1. Phytochemical Screening

Phytochemical screening indicated the presence of secondary metabolites families
in Origanum compactum aerial parts: alkaloids, catechic tannins, sterols and triterpenes,
flavonoids, saponosides, leucoanthocyanins, oses and holosides, and mucilages. On the
other hand, gallic tannins and reducing compounds were almost absent.

Gallic acids, tannins, anthocyanes and flavonoids were previously reported as con-
stituents of Origanum compactum [6]. Other species belonging to the same genus, e.g., Ori-
ganum vulgare, have also been proven to contain tannins, mucilages, proteins, alkaloids,
steroids, flavanoids, starch and anthraquinones [7].

2.2. Polyphenols Extractions Yield

The extraction yield obtained using hydroethanolic solvent at 70% for Origanum com-
pactum was 30.60%. A similar yield of polyphenol extraction by methanol from Origanum
compactum was obtained by Zeroual et al. (31.70%), while the lowest yield (10.30%) was
obtained for n-hexane extraction [3]. It has been reported that ethanol and methanol present
similar yields in most cases [8].

The yield of extraction depends on the solvent used. A solvent’s effectiveness is mostly
determined by its capacity to dissolve particular phenolic groups [8]. Ethanol is one of
the solvents that have been used for the extraction of polyphenols from different plants,
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whether as an aqueous mixture or as absolute ethanol [9], as it provides better results, being
also safer for human health [10].

2.3. Total Polyphenols and Flavonoids Contents in Origanum compactum Extract

Total phenolic content for the ethanolic extract of Origanum compactum was
107.79 ± 5.39 mg GAE/g dm and flavonoid content was 14.98 ± 0.79 mg QE/g dm (Ta-
ble 1). The total phenolic content recorded was good compared to the total phenolic content
in other Origanum extracts. The hydro-methanolic extract of Origanum vulgare presented
total phenolic content of 79–147 mg GAE/g DW [11]. Bower et al. cited total phenolic
content of 430 μg of GAE/mg dm for methanolic extract of Origanum vulgare leaves [12]. A
relatively low total phenolic content (38 mg GAE/200 mL) was reported for the infusion of
the leaves and flowers from Origanum microphyllum [13].

Table 1. Total phenols content, flavonoids content and antioxidant activity of hydroethanolic extract
from Origanum compactum.

Extraction Yield
Total Phenols

Content
Flavonoids

Content
EC50

(FRAP)
TAC

30.60% 107.79 ± 5.39 mg
GAE/g dm

14.98 ± 0.79 mg
QE/g dm

0.017 ± 0.00085
mg/mL

470.90 mg
EAA/g E

2.4. HPLC-PDA/ESI-MS Analysis

The phenolic profile analysis was carried out by using high-performance liquid chro-
matography coupled to a photodiode array and electrospray ionization mass spectrometry
(HPLC-PDA/ESI-MS) (Figure 1). As listed in Table 2, a total of sixteen phenolic com-
pounds were detected in Origanum extract, according to standards, retention times, mass
spectrometry and literature data. The compounds were assigned to phenolic acids (sy-
ringic acid, caffeic acid, lithospermic acid A isomer, salvianolic acid, rosmarinic acid and
melitric acid) and to flavonoids (apigenin-6,8-di-C-glucoside, luteolin glucoside, luteolin
glucuronide, diosmetin jaceosidin, apigenin and cirsilineol). In terms of quantification,
peak No. 9, rosmarinic acid, turned out to be the most abundant one in the studied plant
extract (48,128.62 mg/Kg extract).

Figure 1. Chromatographic profile of phenolic compounds in Origanum compactum extract (EtOH:H2O
7:3 v/v) acquired at 330 nm.
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Table 2. Tentative characterization of phenolic compounds in (EtOH:H2O 7:3 v/v) extract of Origanum
compactum by HPLC-PDA/MS.

Peak
N◦ Compound tR (min) UV (nm) [M − H]− [M + H]+ Fragments Standards

Quantity (mg/Kg)
Extract ± SD

References

1 Syringic acid 9.23 280 197 - - - Nq [14]
2 Caffeic acid 15.31 322 179 - - - Nq [14]

3
Apigenin-6,8-di-

C-glucoside 17.20 270, 336 593 595 - Apigenin 1623.53 ± 288.42 [15,16]

4
Lithospermic
acid A isomer 22.25 284, 344 537 - 339 - Nq [17]

5 Unknown 22.93 287, 331 555 - 359(+) - - [18]

6
Luteolin

glucoside 25.06 286, 336 447 449 287(+) Kaempferol-
glucoside 185.92 ± 37.27 [5,18]

7
Luteolin

glucuronide 25.27 253, 343 461 463 287(+) Kaempferol-
glucoside 258.28 ± 50.75 [15,18]

8 Salvianolic acid I 34.50 309 537 493, 341 297(+) - Nq [19]

9 Rosmarinic acid 32.55 289, 328 359 - - Rosmarinic
acid 48128.62 ± 8077.44 [15,18,20,21]

10 Melitric acid B 37.03 286, 310 519 521 - - Nq [18]
11 Melitric acid A 37.52 287, 312 537 539 - - Nq [18]
12 Unknown 40.27 287, 327 605 607 271(+) - - [20]
13 Diosmetin 40.50 286, 332 299 301 - Apigenin 263.56 ± 26.02 [18]
14 Jaceosidin 41.76 283, 341 329 331 - Nq [21]
15 Apigenin 44.01 288, 332 269 271 - Apigenin 89.64 ± 14.49 [15,18,20]
16 Cirsilineol 47.71 284, 339 - 345 - - Nq [5,18,22]

As it has been already reported in previous studies, the primary classes of phenolic
chemicals in oregano are phenolic acids and flavonoids [5]. The results achieved in this
study are in agreement with such studies [5]. For phenolic acids, the majority of them
were previously cited in Origanum composition. Syringic acid and caffeic acid were previ-
ously reported in plants of the Lamiaceae family, including Oregano [14], and caffeic acid
plays an important role in the biochemistry of this family [23]. Lithospermic acid and
caffeic acid were identified in 80% methanol extract of Origanum vulgare ssp. Hirtum [24].
Lithospermic acid A and B were isolated from the aerial parts of Origanum. Vulgare ssp.
Hirtum by Koukoulitsa et al. [23,25,26]. Salvianolic acid was reported in Origanum majorana
methanol extract [19], and several studies have reported rosmarinic acid in the Origanum
phenolic composition [15,20,23,27–29]. Additionally, the obtained results showing the high
presence of rosmarinic acid in Origanum compactum extract are similar to those reported by
Boutahiri et al. for the same plant originating from another site in Morocco [29].

It has been reported that rosmarinic acid and derivatives appear to constitute the main
phenolic acids in oregano [24]. This is applicable in our study. Rosmarinic acid derivatives
combine one or more rosmarinic acids with additional aromatic groups, which include
lithospermic acid, salvianolic acid and melitric acid [30].

Regarding melitric acid, it was cited in the phenolic profile of some plants such as
Satureja biflora [31] and Melissa officinalis [30,32], and to our knowledge, no previous studies
have reported it as an Origanum phenolic component.

Concerning flavonoids, apigenin and lutelin are among the most abundant individual
flavonoids found in different extracts of oregano species [5,33]. Cirsilineol was identified in
sicilian oregano from Italy by Tuttolomondo et al. [34], and diosmetin was cited in flavonoid
components of Origanum vulgare [35,36]. Jaceosidin was cited in relation to other plants’
phenolic composition; it was isolated from the ethanolic extract of Centaurea nicaeensis [37]
and was identified as a major phenolic compound in Artemisia argyi [38].

2.5. Antioxidant Activity
2.5.1. Antioxidant Activity of Hydro-Ethanolic Fractions by Frap (Ferric Reducing
Power Assay)

Ethanolic extract of Origanum compactum aerial parts (Figure 2) showed powerful
antioxidant potential. The parameter EC50 (effective concentration), which corresponds to
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an absorbance equal to 0.5, was equal to 0.017 ± 0.00085 mg/mL (Table 1). For ascorbic acid
tested under the same conditions, the EC50 was equal to 0.031 mg/mL. The antioxidant
power of Origanum compactum extract was more powerful than ascorbic acid.

 
(a) (b)

Figure 2. (a) Antioxidant activity of hydroethanolic extract of Origanum compactum by FRAP; (b) an-
tioxidant activity of ascorbic acid by FRAP.

Lagouri et al. compared the ferric reducing antioxidant properties of the aqueous
and methanol extracts of Origanum dictamnus; the obtained EC50 values were 0.028 and
0.038 mg/mL, respectively [39]. In another study, methanolic extract of Origanum vulgare
showed the largest ferric reducing ability expressed by 1746.76 ± 45.11 μmol AAE/g
extract [40].

The powerful ferric reducing power of Origanum compactum ethanol extract high-
lighted in this work is attributed to the phenolic contents of the extract, which are mainly
represented by rosmarinic acid and its derivatives. It has been found that rosmarinic acid
is the phenolic acid that provides the strongest antioxidant activity by ferric reducing
power (FRAP) assay on hydromethanolic extract from Origanum majorana [41]. Simi-
larly, Gonçalves et al. [10] partially attributed the high antioxidant capacity (FRAP) of the
methanolic extract of Origanum vulgare to the large quantity of rosmarinic acid (23.53 mg/g
of dry extract) [40].

2.5.2. Total Antioxidant Capacity by Phosphomolybdate Method

The phosphomolybdate method is based on the ability of the extract to convert molyb-
denum molybdate ions MoO4

2− into molybdenum molybdate ions MoO4
2+, and the

consequent creation of a green phosphate/molybdenum (V) complex at acidic pH. The
amount of ascorbic acid equivalents in one gram of dry extract (mg EAA/1 gE) was used
to express the total antioxidant capability of the examined extract.

Total antioxidant capacity of Origanum compactum ethanol extract was found to be
470.905 mg EAA/1 gE (Table 1). According to a different study, the stem’s methanolic ex-
tract and leaves’ methanolic extract of Cuban oregano (Plectranthus amboinicus) showed im-
portant antioxidant potential, with TAC values of 634 μM AAE/g of extract and 782.56 μM
AAE/g of extract, respectively [42]. Koldaş et al. noted that Kolda the antioxidant activities
of water and methanol extracts of Origanum vulgare L. ssp. Viride were higher than those of
ethyl acetate and hexane extracts in terms of phosphomolybdenum reduction potential [43].
Indeed, it has been reported that the antioxidant power of different Origanum extracts
depends on the solvents used during their extraction, which has been correlated with the
phenolic yield during the process [5].

The biological power of plant extracts is related to their content of polyphenols and
flavonoids. Rosmarinic acid and its derivatives salvianolic acid and melitric acid are the
main phenolic acids in Origanum compactum ethanol extract, while the main flavonoid is
apigenin glucoside. The biological effects of rosmarinic acid and its derivatives, which
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include antioxidant, antibacterial, anti-inflammatory and anti-tumor actions, have been
recently highlighted [30,44]. The antioxidant effect of rosmarinic acid is linked to its
ability to scavenge free radicals, which increases membrane stability and protection against
oxidative damage [45].

2.6. Antibacterial Activity

The antibacterial effectiveness of Origanum compactum hydroethanolic extract was
tested against two Gram-negative bacteria (Escherichia coli and Salmonella typhimirium) and
two Gram-positive bacteria (Staphyloccocus aureus and Listeria monocytogenes) through a
broth microdilution assay. Tested concentrations for MIC and MBC were 166.66, 83.33,
41.66, 20.83, 10.41, 5.20, 2.60, 1.30, 0.65 and 0.32 mg/mL. Table 3 summarizes the results.
The MIC values for Origanum compactum hydro-ethanolic extract against all tested bacteria
ranged from 1.30 ± 0.11 to 41.66 ± 0.19 mg/mL. The extract displayed a bacteriostatic ac-
tivity against Escherichia coli and Salmonella typhimirium with MBC/MIC values of 32 and 8,
respectively, and a bactericidal activity against and Staphyloccocus aureus and Listeria mono-
cytogenes with MBC/MIC values of 4 and 2, respectively.

Table 3. Determination of minimum inhibitory concentration and minimum bactericidal concentra-
tion exhibited by Origanum compactum ethanolic extract against bacterial strains (mg/mL).

Bacteria MIC MBC MBC/MIC

Escherichia coli 1.30 ± 0.11 41.66 ± 0.20 32
Salmonella typhimirium 20.83 ± 0.20 166.66 ± 0.18 8
Staphyloccocus aureus 41.66 ± 0.15 166.66 ± 0.11 4
Listeria monocytogenes 41.66 ± 0.19 83.33 ± 0.15 2

The ethanolic extract of Origanum compactum was previously tested against Escherichia
coli and Staphyloccocus aureus, and both strains were sensible to the extract [3].

The resistance of Escherichia coli and Salmonella typhimirium is related to the fact that
Gram-negative bacteria are more resistant than Gram-positive bacteria to the majority of an-
tibacterial agents. The resistance of Gram-negative bacteria is attributed to the hydrophilic
nature of the membrane, which prevents the passage of hydrophobic molecules such as
polyphenols. Escherichia coli have a bacterial wall where lipopolysaccharides are abundant
and inhibit hydrophobic molecules from passing through the membrane [3].

The antibacterial effect of the ethanolic extract of Origanum compactum could be at-
tributed to its phenolic composition. Indeed, the antibacterial activity of rosmarinic acid
has been studied and proved against several bacterial strains. Even so, the molecular
mechanisms and pathways explaining its biological activities have not been thoroughly
investigated [30].

3. Materials and Methods

3.1. Plant Material

The plant was harvested in the region of Khenifra (El Hammam) in late June 2019. It
was cultivated in 2009 by the cooperative El Hammam for the valuation of Medicinal and
Aromatic Plants, and it was not chemically treated. The site is located in the Middle Atlas of
Morocco at a height of 1182 m. Identification of the species was confirmed at the Scientific
Institute of Rabat. The collected samples were dried for ten days at room temperature in
the shade.

3.2. Phytochemical Screening

Phytochemical screening is a qualitative study based on coloring and/or precipitation
reactions from different plant extracts. It aims to highlight the important families of
secondary metabolites contained in the plant. These extracts were obtained by decoction,
infusion or maceration by solvents. Phytochemical screening is also based on the use of
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several reagents. Table 4 contains the reagents and names of reactions used to recognize
different groups.

Table 4. Reagents used in the search for secondary metabolites families.

Family Sought Reagents and/or Reactions Used

Alcaloids Dragendorff reagent and Mayer reagent
Tannins Ferric chloride reaction and Stiasny reagent

Sterols and Triterpenes Liebermann-Buchard reaction
Flavonoids cyanidin reaction

Reducing compounds Fehling’s solution
Saponosides stirring the aqueous solution

3.3. Extraction of Polyphenols

Extraction of polyphenols from aerial parts of Origanum compactum was performed
by Soxhlet apparatus using an aqueous ethanolic mixture (70:30, v/v). First, 30 g of the
plant powder was placed in a filter paper cartridge and introduced into the Soxhlet. The
flask was filled with 350 mL of the hydroethanolic solvent and extracted several times
until the plant was exhausted and the coloring disappeared. Afterwards, the solvent was
evaporated and the extract was recovered with warm distilled water.

The yield of the crude extract was calculated in relation to m0, the mass of the dry
matter at which the solid-liquid extraction was carried out.

R% =
Mass of crude extract

Mass of dry matter powder
× 100 =

m0

30
× 100

3.3.1. Determination of Total Polyphenolic Contents in Origanum compactum

The total phenol content of the extract was determined by the Folin-Ciocalteu method [46].
In a 100 mL volumetric flask, 5 μL of the extract was mixed with 1.5 mL of Folin-Ciocalteu
reagent (10%) and 1.5 mL of sodium carbonate (Na2CO3) at 7.5% (m/v). Then, the flask
was filled with distilled water. The solution was left for 30 min at room temperature. The
absorbance was measured at 760 nm

Gallic acid was used as a positive control. The polyphenol content of the studied extract
is calculated from the regression equation of gallic acid calibration (y = 0.095x + 0.003).
The results are expressed in milligrams of gallic acid equivalent per gram of dry matter
(mg GAE/g dm). The polyphenol content is calculated using the following formula:

T =
C × V

m (dry matter)
× D

where C is the concentration measured by the regression equation of gallic acid calibration,
V is the sample volume and D is the dilution factor.

3.3.2. Determination of Flavonoids Contents in Origanum compactum

Flavonoid content was estimated by the aluminum trichloride (AlCl3) method [47].
First, 10 μL of each fraction was mixed with 0.1 ml of aluminum trichloride 10%, followed
by 20 mL of distilled water and supplemented at 50 mL with absolute methanol. The
solution was incubated in darkness at room temperature for two hours, and the absorbance
was measured at 430 nm. Flavonoids were quantified using a calibration curve performed
with the quercetin standard (y = 0.073x − 0.081). The flavonoid content is expressed in
milligrams of quercetin equivalent per gram of dry matter (mg QE/g dm).

3.4. HPLC-PDA-ESI/MS Analysis

The ethanolic extract of Origanum compactum was analyzed by high-performance
liquid chromatography coupled to a photodiode array and electrospray ionization mass
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spectrometry (HPLC-PDA-ESI/MS). Identification of compounds was performed by using
standard compounds (target identification) or by comparing mass spectrum obtained with
literature data (tentative identification).

3.4.1. Sample Preparation

The crude ethanolic extract of Origanum compactum was redissolved in the same
organic solvents and diluted 1:40 (v/v). For the chromatographic separation, an injection
volume of 5 μL was employed, and the analysis was performed in triplicate.

3.4.2. HPLC-MS Analysis Condition

Chromatographic analysis was accomplished by means of a Shimadzu HPLC sys-
tem (Kyoto, Japan) equipped with a CBM-20A controller, two LC-20AD dual-plunger
parallel-flow pumps, a DGU20A5R degasser, a CTO-20AC column oven, a SIL-30AC au-
tosampler, an SPD-M20A photodiode array detector and an LCMS-2020 single quadrupole
mass spectrometer, with the employment of ESI source operated in negative and positive
ionization modes.

Chromatographic separations were carried out on Ascentis Express RP C18 columns
(150 × 4.6 mm; 2.7 μm) (Merck Life Science, Merck KGaA, Darmstadt, Germany). The
employed mobile phase was composed of two solvents, water (solvent A) and ACN (sol-
vent B), both acidified with 0.10% of formic acid v/v. The flow rate was set to 0.8 mL/min,
and was split into 0.2 mL/min prior to ESI-MS detection, under gradient elution 0–15 min,
0–15% B; 30 min, 20% B; 60 min, 50% B; 70 min, 100% B; 79 min, 100% B. The injection
volume was 5 μL. Diode array detection (DAD) was applied in the range of 200–400 nm and
monitored at a wavelength of 330 nm (sampling frequency: 40.0 Hz, time constant: 0.08 s).
MS conditions were as follows: scan range and scan speed were set to a mass-to-charge ratio
(m/z) of 100–1000 and 2500 amu/s, respectively; event time was 0.3 s; nebulizing gas (N2)
flow rate was 1.5 L/min; drying gas (N2) flow rate was 15 L/min; interface temperature
was 350 ◦C; heat block temperature was 300 ◦C; desolvation line temperature was 300 ◦C;
desolvation line voltage was 1 V; interface voltage was −4.5 kV.

3.4.3. Standards Employed

Calibration curves of three polyphenolic standards (kaempferol-3-glucoside, apigenin,
rosmarinic acid) were employed for the quantification of the polyphenolic content in sample
extracts. Each analysis was performed in 6 repetitions. Data acquisition was performed
by Shimadzu LabSolution software ver. 5.99. Kaempferol-3-glucoside (1, 10, 20, 50, 150)
ppm; y = 13848x + 2354.1; R2 = 0.9995; LoD = 0.090; LoQ = 0.274. Apigenin (1, 10, 25, 50,
100) ppm; y = 25625x + 608.11; R2 = 0.9997; LoD = 0.0263; LoQ = 0.0798. Rosmarinic acid
(5, 10, 25, 50, 100) ppm; y = 7150.6x + 9821.3; R2 = 0.9993; LoD = 0.14; LoQ = 0.43.

3.5. Antioxidant Activity

The antioxidant activity was estimated by two methods: ferric reducing power (FRAP)
assay and the phosphomolybdate method (total antioxidant capacity, TAC).

3.5.1. Ferric Reducing Power (FRAP) Assay

Ferric reducing power assay is a simple and inexpensive procedure that estimates the
antioxidant level of a sample. It is based on the reducing potential of antioxidants in the
extract that react with ferric ions (Fe3+) provided by potassium ferricyanide K3Fe(CN)6 and
reduce them to ferrous ions (Fe2+). The method used is that described by Zovko Koncic [48].

Extract dilutions with concentrations ranging from 0 to 5 mg/mL were prepared. First,
0.5 mL of each solution was mixed with 2.5 mL of a phosphate buffer solution (0.2 M,
pH 6.6) and 2.5 mL of a potassium ferricyanide solution K3Fe(CN)6 (1%). The mixtures
were incubated in a water bath at 50 ◦C for 20 min. Afterwards, 2.5 mL of trichloroacetic
acid (10%) was added to stop the reaction. The mixtures were then centrifuged at 3000 turns
for 10 min. At the end, 2.5 mL of the supernatant of each concentration was mixed with
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2.5 mL of distilled water and 0.5 mL of an aqueous solution of FeCl3 at 0.1%. The absorbance
was measured at 700 nm. The increase in absorbance in the reaction medium indicates the
increase in the reducing power of the sample. Ascorbic acid was used as a positive control,
and its absorbance was measured under the same conditions as the sample.

The antioxidant capacity was expressed by the determination of the effective concen-
tration (EC50), which corresponds to an absorbance equal to 0.5. This parameter was used
to compare the reducing activity of the sample and the control.

3.5.2. Phosphomolybdate Method (Total Antioxidant Capacity, TAC)

The total antioxidant capacity (TAC) of the ethanolic extract from Origanum compactum
aerial parts was assessed using the phosphomolybdate method according to Prieto et al.,
1999 [49]. This method is based on the use of the plant extract to reduce molybdenum (VI)
into molybdenum (V) in an acidic medium. To tubes containing 10 μL of the plant extract
with different concentrations, 1 mL of the phosphomolybdate reagent (0.6 M sulfuric acid,
28 mM sodium phosphate and 4 mM ammonium molybdate) was added. After resting at
room temperature for 20 min, the tubes were incubated for 90 min at 95 ◦C. At 695 nm, the
absorbance was measured. The data are given as milligrams of ascorbic acid equivalent per
gram of extract (mg EAA/g E).

The total antioxidant capacity (TAC) concentration of the analyzed extract was deter-
mined using the ascorbic acid calibration curve (y = 0.0411x + 0.0159. R2 = 0.9966) and the
results are expressed in milligrams of ascorbic acid equivalent per gram of dry extract (mg
EAA/1 g E).

3.6. Antibacterial Activity
3.6.1. Bacterial Strains and Growth Conditions

The bacterial strains (Escherichia coli, Salmonella typhimirium, Staphyloccocus aureus and
Listeria monocytogenes) used in this study were obtained from the Laboratory of Microbi-
ology and Health, Faculty of Sciences at Moulay Ismail University of Morocco. Bacterial
strains from the frozen stock (−80 ◦C) were spread on Mueller Hinton agar (Merck Life
Science, Merck KGaA, Darmstadt, Germany) and incubated at 37 ◦C for 24 h. Then, bacte-
rial suspensions were prepared in sterile distilled water and adjusted to the equivalent of
0.5 McFarland standard (108 cfu/mL).

3.6.2. Broth Microdilution Method

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of extract against four bacterial strains were determined by the broth microdilution
method as described by Bouymajane et al. [21]. To sterile, flat-bottom 96-well microplates,
50 μL of Mueller Hinton broth and dimethyl sulfoxide (MHB-DMSO) was added. Then,
50 μL of dried extract mixed with DMSO (500 mg/mL) of Origanum compactum was added
to the first microplate and mixed in order to determine cascade dilutions. Then, 50 μL
of bacterial suspensions and 50 μL of MHB-DMSO were added to each well. The well
containing the mixture of bacterial suspensions and MHB-DMSO served as a control, and
the well containing the mixture of extract and MHB-DMSO was used as a blank. All
microplates were incubated at 37 ◦C for 24 h. Afterward, 50 μL of TTC (2, 3, 5-triphenyl
tetrazolium chloride) was added to each well of the microplates and re-incubated at 37 ◦C
for 30 min. The MIC was determined as the lowest concentration of the extract that showed
no visible bacterial growth. The MBC was determined as the lowest concentration of
extract that did not produce any bacterial colony. The wells that showed no visible bacterial
growth were streaked on Petri dishes containing MHA and incubated 37 ◦C for 30 min.
The MBC/MIC ratio was used to determine the bacteriostatic and bactericidal effects of the
extract. If MBC/MIC ≤ 4, the extract effect is bactericidal, and if MBC/MIC > 4, the extract
effect is bacteriostatic. All the experiments were carried out in triplicate.
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3.7. Statistical Analysis

The results are expressed as means ± SD. Statistical analysis was performed by
one-way analysis of variance (ANOVA) using the SPSS package. All experiments were
performed in triplicate and the differences were considered significant at p < 0.05.

4. Conclusions

We aimed to characterize the phenolic composition and evaluate the antioxidant and
antibacterial activities of the hydroethanolic extract from aerial parts of Origanum com-
pactum, collected in Morocco. The obtained results reveal the richness of the hydroethanolic
extract of Origanum compactum in flavonoids and phenolic acids. Furthermore, this ex-
tract showed a strong antioxidant capacity and an antibacterial effect, probably due to the
presence of luteolin, apigenin and their derivatives, rosmarinic acid and diosmetin. There-
fore, based on the obtained results, the aerial parts of Origanum compactum are promising
as a source of natural antibacterial and antioxidant agents that can be used in food and
pharmaceutical fields.
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Abstract: Pomegranate use is increasing worldwide, as it is considered a tasteful healthy food. It
is mainly used as fruit, juice, and jam. The pomegranate peel represents about 40–50% of the total
fruit weight and contains numerous and diverse bioactive substances. The aim of this research was
to analyze the pomegranate peel chemical composition of Wonderful cultivated in Southern Italy
and treated with an innovative physic dry concentration procedure in comparison with the peel
composition of freeze-dried Wonderful cultivated in Southern Italy, freeze-dried Wonderful cultivated
in South Africa, and freeze-dried pomegranate cultivated in India. The specific aim was to verify
how much the growth area, cultivar type, and dry procedure influenced the chemical composition
of the peels in terms of valuable bioactive compounds. Spectrophotometric and HPLC identifica-
tion methods were used to detect antioxidants, antioxidant activities, and phenolic and flavonoid
components. Results evidenced that in pomegranate peels of Wonderful cultivated in Calabria and
dried with the innovative process, total phenolic substances, total flavonoids, vitamin C, vitamin E,
and antioxidant activities were the highest. Great amounts of single phenolic acids and flavonoids
were found in Calabrian Wonderful peels dried with the innovative process. Overall, it emerged that
a great amount of bioactive and diverse compounds found in Calabrian Wonderful pomegranate
peel comes from the niche pedoclimatic conditions, and the physic drying innovative methodology
turned out to be an advantageous procedure to concentrate and conserve biocompounds.

Keywords: antioxidants; bioactive compounds; nutraceuticals; phenols; pomegranate peels

1. Introduction

Pomegranate (Punica granatum L., Lythraceae) is a tree native to the Middle East, now
cultivated worldwide, especially in Mediterranean countries, China, Southeast Asia, and
other tropical or dry areas [1]. Except for its delightful taste, its peel, fresh seeds, juice and
leaves hold a broad gamma of bioactive compounds (phenolics, flavonoids alkaloids, ellagic
acid, punicalagin, anthocyanins, and tannins) with antioxidant [2], anti-inflammatory [3],
antimicrobial [4], anticancer [5], anti-cardiovascular [6–8], and anti-infective [9] activities.
As claimed by in vitro assays, commercial pomegranate juice has three-fold the antioxi-
dant activity of red wine and green tea. In pomegranate anthocyanins predominate over
tannins, explaining its high reducing activity. Cyanidin-3,5-O-diglucoside and pelargonidin-
3,5-O-diglucoside are the most representative anthocyanins in the different genotypes of
pomegranate. Due to its great contents of different phytochemicals with health-promoting
effects [10,11], pomegranate fruit is considered the king of the super fruits group [12],
and its extracts are also used by the pharmaceutical industry for creating supplements
in capsules [13]. Pomegranate cultivation covers, worldwide, about 300,000 ha, with a
production of 3 million tons, of which more than 76% is located in India, Iran, China,
Turkey, and the USA. The 500 cultivars of pomegranate that have been identified have
different physical–chemical characteristics and produce fruits that differ in the amount and
types of bioactive compounds [14,15]. Fruits are of the best quality at a temperature of
38 ◦C under a dry climate; thus, the Mediterranean basin has the appropriate climatic con-
ditions, representing an ideal area for high production of good-quality pomegranate fruits.
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Mediterranean pomegranates are mainly based on local cultivars, and their composition can
differ from those of Eastern varieties, displaying a large variety of physical–chemical traits
and distinct flavor profiles. Wonderful is the most widespread commercial pomegranate
cultivar planted in Mediterranean countries and represents the industry standard variety.
In the last few decades, around the world, there has been an increasing interest in the
use of pomegranate and its parts, justified by an increasing demand from health care
consumers and the pharmaceutical and cosmetic industries [13]. Generally, the edible part
of pomegranate is directly consumed as food, or used for the preparation of juices, canned
beverages, jams, and for the flavoring and coloring of drinks; conversely, pomegranate
peel (approximatively 26–30% of the total fruit weight), which currently still represents a
waste to be disposed of, is attracting the attention of the scientific community for its high
content of phytochemicals that allow it to individuate as a new source of bioactive com-
pounds, such as flavonoids, phenolic acids, and tannins with well-ascertained antioxidant
capacity [16–18]. It has been reported that pomegranate by-products, and punicalagins
in particular, decrease the level of fats in the blood and have anticancer, antiviral, and
anti-inflammatory properties [15,19–21]. The scientific community was previously focused
on the chemical characterization and health effects of pomegranate as a fruit or juice and
only few studies were recently focused on the amount and composition of the bioactive
compounds present in the pomegranate peel, which usually are a mixture, the synergistic
effect of which can often cause different physiological responses acting on different organ
targets contemporarily.

Based on the above considerations, the aim of the present study was to analyze
the pomegranate peel composition of the variety Wonderful cultivated in Southern Italy
and treated with an innovative system of dry concentration by the Gioia Succhi food
industry. The specific aim was to verify if the growth area, cultivar type, and dry procedure
influencing the chemical composition of the peels in terms of valuable bioactive compounds
with beneficial effects in the prevention of numerous diseases or metabolic disorders. A
comparison between the peel chemical composition of Wonderful cultivated in Southern
Italy and treated with a spray-dry system and the peel chemical composition of freeze-
dried Wonderful cultivated in Southern Italy, freeze-dried Wonderful cultivated in South
Africa [15,22], and freeze-dried Kullu and Himachal [23,24] cultivated in India and already
used in a pharmaceutical scope was carried out.

2. Materials and Methods

2.1. Chemicals

Metaphosphoric acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), NaOH, nitro-blue tetra-
zolium, dichlorophenol-indophenol (DCPID), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) di-ammonium salt (ABTS•+), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxyl acid
(Trolox), phenazine methosulphate, ethanol, gallic acid, ethylene-diamine-tetra acetic acid
(EDTA), ferrozine, 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ), and iron sulphate heptahydrate
were purchased from Sigma Chemical Co. (St. Louis, MO, USA). HPLC-grade methanol and
acetonitrile (Sigma Aldrich, St. Louis, MO, USA, 99.99%), acetone (Sigma Aldrich, 99.5%),
deionized water, formic acid (Carlo Erba, 95%), and hydrochloric acid (Carlo Erba, 37%)
were used for sample extraction and HPLC analysis. All chemical standards—gallic acid;
protocatechuic acid; procyanidin 1 and 2; syringic acid; p, m, o-coumaric acids; pelargonidin;
trans-cinnamic acid; bergamottin; cyanidine 3 O-glucoside; catechin; vanillic acid; epicatechin;
delphinidin; trans-4-hydroxycinamic acid; sinapinic acid; 3-hydroxycinnamic acid; myricetin;
luteolin; punicalagin; 2,5 dihydroxy benzoic acid; caffeic acid; ellagic acid; naringin; apigenin-
7-neohesperosside; spiraeoside; quercetin; kaempferol; tocopherol; chlorogenic acid; vicenin
2; eriocitrine; rutin; vitexin; quercitin-3 beta-D-glucoside; ferulic acid; and apigenin were
purchased from Sigma Aldrich, St. Louis, MO, USA. Other chemicals were of analytical grade
and purchased from Carlo Erba Reagents s.r.l. (Milan, Italy).
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2.2. Pomegranate Peel Preparation and Extraction

Fruits of the cultivar Wonderful grown in Calabria were washed and hand peeled. The
peel of mature Wonderful fruits was dried in different ways: (1) with an innovative process
by Gioia Succhi, a Calabrian food transformation industry, that used a physical spray-dried
innovative process (PDS) that is held as an industry secret, and (2) stored a −80 ◦C for two
days and then lyophilized with a freeze-dry system (Cheimika, SH Top, Pellezzano SA,
Italy) at −56 ◦C for 96 h (FD). The dried peels were analyzed for chemical characteristics.

2.3. Sample Extract Preparation

The extracts were obtained using the method described in Muscolo et al. (2020) [25].
Briefly, lyophilized pomegranate peels were extracted at room temperature (22–25 ◦C) with
continuous stirring for 90 min with 15 mL 95% ethanol. The samples were centrifuged
(Unicen 21 RT167, Ortoalresa Inc., Madrid, Spain) at 2370× g (4000 rpm) for 15 min and
the supernatants were filtered with 1 mm Whatman 185 filter paper (Merck, Darmstadt,
Germany), evaporated to dryness in a rota-vapor (Diagonal condenser RE 400, Stuart
Equipment, ST15, Stone, UK), and re-suspended in a final volume of 3.0 mL 95% ethanol.

Lyophilized pomegranate peels were extracted at room temperature with continuous
stirring for 60 min with 2.0 mL dH20 (Intercontinental Mod still 3/ES, Bioltecnical Service,
s.n.c., Rome, Italy). The samples were then centrifuged at 590× g (2000 rpm) for 10 min and
the supernatants were filtered with Whatman 1 filter paper and used for the determination
of protein, carbohydrates, and ferrous chelating activity.

2.4. Determination of Total Phenolic Compounds, Total Flavonoids, and Vitamins A, C, and E in
Pomegranate Peel

Total phenol content was determined with Folin–Ciocalteu reagent according to
Muscolo et al. [25]. Briefly, 500 μL of the aqueous extract was mixed with 250 μL of
Folin–Ciocalteu reagent and 2 mL of a 20% Na2CO3 aqueous solution, and the mixture was
filled up to 50 mL with deionized water and placed in the dark for 1 h. The absorbance was
measured at 765 nm using a UV-Vis Agilent 8453 spectrophotometer (Agilent Technologies,
Agilent Technologies, Santa Clara, CA, USA). The results were expressed as mg/L of gallic
acid equivalents.

Total flavonoid content was determined according to the colorimetric method as
reported in Muscolo et al. [25]. The absorbance was measured at 510 nm using a UV-Vis
Agilent 8453 spectrophotometer (Agilent Technologies, Agilent Technologies, Santa Clara,
CA, USA). The results were expressed as rutin equivalents (mg/L) using a calibration curve.

Vitamin A was detected as reported in Aremu and Nweze [26]. Absorbance was read
at 436 nm and vitamin A was expressed as retinol equivalent (RE).

For vitamin C (ascorbic acid) determination, the method of Davies and Masten [27]
was used. Pomegranate powders (0.10 g) were extracted with 10 mL of 3% meta-phosphoric
acid—98% acetic acid centrifuged at 2370× g (4000 rpm) for 10 min, and the supernatant
was used for the determination of ascorbic acid.

For vitamin E (α-tocopherol) analysis, pomegranate powder (0.10 g) was extracted
with 10 mL of hexane:isopropanol solution (3:2 v/v) with agitation for 5 h, and centrifuged
at 1330× g (3000 rpm) for 10 min. The supernatant was used for the determination of
vitamin E [28].

2.5. Protein and Carbohydrate Detection in Pomegranate Peel

Soluble protein was determined using the Bradford method as reported in Muscolo et al. [25]
by using Coomassie Brilliant Blue G-250. The absorbance of each sample was measured at 595 nm
using an 1800 UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan). Bovine serum albumin > 99%
purity (Sigma) was used as standard, and soluble proteins were estimated as mg BSA/g DW.

The total available carbohydrates were measured using the anthrone method with mi-
nor modifications as reported in Muscolo et al. [25]. The amount of available carbohydrates
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was calculated using a glucose calibration curve (range of 10–100 mg/mL). The results
were reported as mg/g DW.

2.6. Determination of Antioxidant Activities in Pomegranate Peel

The antioxidant activity against DPPH radical (2,2-diphenyl-1-picryl-hydrazyl-hydrate)
was determined with the method reported in Muscolo et al. [25]. The DPPH concentration
in the cuvette was chosen to give absorbance values of ∼1.0. Absorbance changes in the
violet solution were recorded at 517 nm after 30 min of incubation at 37 ◦C. The inhibition I
(%) of radical-scavenging activity was calculated as:

I (%) = [(A0 − AS)/A0] × 100 (1)

where A0 is the absorbance of the control and AS is the absorbance of the sample after
30 min of incubation. Results were expressed as μmol Trolox/g DW.

The 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid assay (ABTS) was carried out
according to Muscolo et al. [25] using a solution of 7 mM of ABTS in phosphate buffered
saline (PBS). Aliquots of ethanol extracts (25, 50, and 100 μL) were added to 0.5 mL of
ABTS+• solution and brought to a final volume of 600 μL with PBS. After 6 min of incubation
in the dark at room temperature the absorbance of the samples was measured at 734 nm.
Results were expressed as μmol Trolox/g DW.

The total antioxidant capacity (TAC) was performed according to Muscolo et al. [25].
Sample absorbance was measured at 695 nm using UV-Vis spectrophotometer. Methanol
(0.3 mL) in place of the extract was used as blank. The antioxidant activity was expressed
as μg of α-tocopherol g−1 DW on a calibration curve.

2.7. RP-DAD-HPLC Identification of Phenolic and Flavonoid Components

Pomegranate peel was finely ground for analysis. By-product samples were subjected
to solvent extraction before HPLC analysis for determination of the single phenolic and
flavonoid compounds. Each sample was extracted in two different ways—0.1 g of previ-
ously lyophilised pomegranate peels was dissolved in 10 mL of 1% of HCl in methanol and
0.1 g of sample was dissolved in 10 mL of acetone solution: 1% of HCl in methanol (1:1).
Each sample was analyzed in six independent replicates [25]. Reverse-phase–diode array
detector–high-performance liquid chromatography (RP-DAD-HPLC) analyses of samples
was carried out with a Shimadzu system (Kyoto, Japan), consisting of an LC-10AD pump
system, a vacuum degasser, a quaternary solvent mixer, an SPD-M10A diode array detector,
and a Rheodyne 7725i injector (Merck KGaA, Darmstadt, Germany). Separation of each
compound was done on a 250 × 4.6 mm i.d. 5 μm Discovery C18 column supplied by
Supelco Park (Bellefonte, PA, USA) and equipped with a 4.0 × 20 mm guard column. The
column was placed in a column oven set at 25 ◦C. The injection loop was 20 μL and the
flow rate was 1.0 mL/min. The mobile phase consisted of a linear gradient of solvent A
(acetonitrile) in 2% acidified water (acetic acid:H2O, 2:98) as follows: 0–80% (0–55 min),
90% (55–70 min), 95% (70–80 min), 100% (80–90 min), and 0% (90–110 min). UV-Vis spectra
were measured between 200 and 600 nm and simultaneous detection using a diode array at
278 and 325 nm. Compounds were measured using their retention time and UV spectra
(Dueñas and Estrella, 2002), through comparison with purified standards (Sigma Chemical
Co., Saint Louis, MO, USA).

2.8. Statistical Analysis

Analysis of variance was carried out for all the data sets. One-way ANOVA with
Tukey’s Honestly Significant Difference tests were carried out to analyze the effects of
treatment/cultivar on each of the various parameters measured. ANOVA and a T-test
were carried out using SPSS software (IBM Corp. 2012, New York, NY, USA). Effects were
significant at p ≤ 0.05. To explore relationships among different treatments/cultivars and
chemical parameters, datasets were analyzed using principal component analysis (PCA).
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3. Results and Discussion

Results evidenced that total carbohydrates were contained in a higher quantity in peels
of other cultivars than in peels of Wonderful. The lowest carbohydrate content was found in
spray-dried Wonderful peel (PSD) (Figure 1). Total proteins had an opposite trend, with the
lowest in the peels of the other cultivars and the highest in PSD (Figure 1A). Total phenols
and total flavonoids were present in the highest quantity in the Calabrian Wonderful spray-
dried peels and in the lowest amount in the other cultivar peels. Total phenols were higher
than total flavonoids in all the samples analyzed (Figure 1B). These data evidenced that the
Wonderful cultivar had the majority of total phenols and flavonoids. These data highlighted
that the geographic conditions, in which a determined type of cultivar grows, can drive the
synthesis of bio-compounds, shifting the metabolism from primary to secondary. Data from
Ramakrishna and Ravishankar [29] showed how drought conditions increased, in different
plants and in different part of the plants, the amount of total flavonoids and phenolic acids
that were used as antioxidants to overcome stress conditions. Vaneková et al. [30] showed
how environmental factors such as altitude, habitat type, and sunlight exposure influenced
the synthesis of total phenols and flavonoids in seven different cultivars of berries. The
distribution of drylands is quite accentuated in southern and Mediterranean countries,
and Calabria in particular is dominated by climate conditions mainly characterized by dry
summers and mild wet winters that, as demonstrated by Fialho et al. [31], in pomegranates
increased secondary metabolites with nutraceutical properties. The data of this research are
in line with literature findings and highlight that the major quantity of total phenols and
flavonoids contained in Wonderful peel cultivated in Calabria could be the result of the
microclimatic conditions, which in turn affect metabolism, increasing antioxidants as well
as antioxidant activities, and the soluble protein amount, which can have a double function
of working as osmolytes or as antioxidative enzymes, as demonstrated by Kosová et al. [32].
In the spray-dried peel, the greatest amount of these compounds was found, evidencing that
the innovative methodology used to dry the peels did not denature the bio-compounds but
rather concentrated them. Vitamins were contained in greater amounts in the Wonderful
cultivar than in the other cultivars, and were more concentrated in PSD and CFD. Vitamin E
was the most abundant in all the pomegranate peel samples, except for the peel of the Indian
cultivars. Vitamins have a great role as antioxidants and have important health benefits
when consumed with the diet. The PSD contained a huge amount of vitamins (Figure 2). It
was demonstrated that vitamins are enzymatic cofactors and act as antioxidants. Vitamin
C increases under stress conditions to protect plants from oxidative stress by acting to
detoxify reactive oxygen species (ROS) by direct scavenging or by acting as cofactors in
the enzymatic reactions that involved ascorbate peroxidase and glutathione reductase
enzymes [33]. Vitamin E, which is the most abundant vitamin, is a major single oxygen
scavenger that provides protection against lipid peroxidation [34]. In support of the above
findings, the activities of the antioxidant enzymes were greater in PSD than in the other
samples. All the activities (DPPH, ABTS, and TAC) were expressed more in PSD and CFD
than in the peels of the other samples (Figure 3). These data evidence that the innovative
dry process did not affect the biological compounds and the enzymes.

Single phenolic acids were higher in Wonderful peels than in the peels of the other
cultivars. In PSD, the greatest amount of single phenolic acids was detected (Table 1).
Ellagic acid was the most abundant, followed in ranking by 2-5 dihydroxy-benzoic, gallic,
protocatechuic, p-coumaric, chlorogenic, and ferulic acids. It has been widely demonstrated
that ellagic acid (EA) is a potent antioxidant with antimicrobial, anti-inflammatory, neu-
roprotective, antihepatotoxic, anticholestatic, antifibrogenic, anticarcinogenic, cytotoxic,
and antiviral effects [35]. Recently, Reis Jordão et al. [36] evidenced that ellagic acid can
be a promising alternative treatment for hypertension and cardiovascular disease, and
Pei et al. [37] demonstrated that EA can be used to prevent diabetic cardiac dysfunction.
The doses of EA generally tested in the prevention health treatments were 30 mg/kg.
PSD peel contained a great amount of EA (240 mg/g), suggesting its possible use as a
nutraceutical supplement for the prevention of numerous diseases. Additionally, gallic,
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2-5 dihydroxy-benzoic, protocatechuic, and ferulic acids have been found in a number of
phytomedicines with diverse biological and pharmacological activities, including radical
scavenging, apoptosis of cancer cells, antihyperglycemic, antioxidant effects, and cardiopro-
tective activity [38–41]. Among the single flavonoids (Table 2), procyanidin 2, punicalagin,
procyanidin 1, and pelargonidin were, in this order, the most abundant compounds in
PSD. Conversely, in the freeze-dried Calabrian and South African Wonderful peel, a lesser
amount of single flavonoids than PSD was found, but in a greater quantity than the Indian
cultivars. CFD had a greater amount of punicalagin (65 mg/g), procyanidin 1 (1.6 mg/g),
procyanidin 2 (1.6 mg/g), and delphinidin than SAFD. IC contained a great amount of
procyanidin 2 only in respect to CFD and SAFD.

Figure 1. Soluble proteins and total carbohydrates (A) and total phenols and total flavonoids (B) in
peels of different pomegranate cultivars dried differently. PSD (spray-dried Wonderful peel, experi-
mental data); CFD (Calabrian Wonderful peel freeze-dried, experimental data); SAFD (South African
Wonderful peel freeze-dried, literature data); IC (Indian cultivar peel freeze-dried, literature data). The
experimental data are the mean of six replicates. Soluble protein (mg BSE g−1 DW), carbohydrates
(mg g−1 DW), total phenols (μg TAE g−1 DW), total flavonoids (μg quercetin g−1 DW).
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Figure 2. Vitamin A (μg retinol g−1 DW), C (μg ascorbate g−1 DW), and E (μg α-tocopherol g−1

DW) in peels of different pomegranate cultivars dried differently. PSD (spray-dried Wonderful peel,
experimental data); CFD (Calabrian Wonderful peel freeze-dried, experimental data); SAFD (South
African Wonderful peel freeze-dried, literature data); IC (Indian cultivar peel freeze-dried, literature
data). The experimental data are the mean of six replicates.
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Figure 3. Antioxidant activities expressed as 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), total
antioxidant capacity (TAC), and 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) in peels
of different pomegranate cultivars dried differently. PSD (spray-dried Wonderful peel, experimen-
tal data); CFD (Calabrian Wonderful peel freeze-dried, experimental data); SAFD (South African
Wonderful peel freeze-dried, literature data); IC (Indian cultivar peel freeze-dried, literature data).
The experimental data are the mean of six replicates. Different letters indicate significant differences
p ≤ 0.05. Lowercase (DPPH), capital (ABTS), and italic (TAC).

197



Molecules 2022, 27, 5555

Table 1. Single phenolic acids contained in the peels of different pomegranate cultivars dried dif-
ferently. PSD (spray-dried Wonderful peel, experimental data); CFD (Calabrian Wonderful peel
freeze-dried, experimental data); SAFD (South African Wonderful peel freeze-dried, literature data); IC
(Indian cultivar peel freeze-dried, literature data). The experimental data are the mean of six replicates.

PSD CFD SAFD IC

mg/g SS mg/g SS mg/g SS mg/g SS

Phenolic acids

Gallic 11.1 a 0.2 c 1.2 b 0.2 c

Protocatechuic 7.9 a 1.4 b nd nd
Syringic 0.6 nd nd nd

p-coumaric 5.8 a 4 b 0.09 c 0.07 d

m-coumaric 4 a 0.6 b nd nd
o-coumaric 0.8 ab nd 1.2 a 0.5 b

Trans-cinnamic 1.2 b 0.4 c 2.0 a 0.3 c

3-hydroxycinnamic 0.6 nd nd nd
Trans-4-hydroxycinnamic acid 0.6 b 1 a 0.3 b 0.05 c

Sinapic acid 0.7 a 0.2 b 0.05 c 0.01 d

2,5 dihydroxy-benzoic acid 16.4 a 0.8 b 0.4 b 0.04 c

Vanillic acid 0.8 b 2.6 a 0.8 b 0.2 c

Chlorogenic acid 5.6 a 6 a 1.4 b 0.5 c

Ferulic acid 4 a 0.4 b 0.3 b 0.02 c

Ellagic acid 240 a 8 b 2 c 0.5 d

Different letters in the same row indicate significant differences p ≤ 0.05.

Table 2. Single flavonoids in peels of different pomegranate cultivars dried differently. PSD (spray-
dried Wonderful peel, experimental data); CFD (Calabrian Wonderful peel freeze-dried, experimental
data); SAFD (South African Wonderful peel freeze-dried, literature data); IC (Indian cultivar peel
freeze-dried, literature data). The experimental data are the mean of six replicates.

PSD CFD SAFD OCLR

mg/g SS mg/g SS mg/g SS mg/g SS

Flavonoids

Procyanidin B2 178 a 1.6 c 1.2 d 8.9 b

Pelargonidin 5.8 a nd nd nd-
Cyanidin 3 O-glucoside 12.2 a 4 b 4 b 0.15 c

Catechin 12 a 3 a 0.03 c 1.4 b

Epicatechin 1.37 a nd 0.017 c 0.07 b

Delphinidin 0.8 b 173 a 0.39 c 0.42 c

Myricetin 1.2 a 1.4 a nd nd
Luteolin nd 1 nd 0.0025
Naringin 0.9 nd nd nd

Apigenin-7-neohesperosside 0.2 b 1.2 a 0.34 b nd
Spiraeoside 1.0 a 0.6 b 0.5 b nd
Quercetin 3 a 2 a 0.3 b 0.02 c

Kaempferol 1.2 a 0.2 b 0.05 b 0.1 b

Procyanidin B1 13 a 1.6 b 1.2 b nd
Vicenin 2 nd 2 nd nd

Rutin 0.3 b 3 a 0.56 b 0.021 c

Quercetin-3 beta-D glucoside 1.3 a nd 0.18 b 0.05 c

Apigenin 2 a 2 a 0.7 b 0.037 c

Others
Erythrocin 0.9 nd nd nd

Punicalagin 86 a 65 b 40 28
Tocopherol 2.4 nd nd nd

Different letters in the same row indicate significant differences p ≤ 0.05.
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Pearson’s correlation was used to determine the degree of correlation between selected
reference data and variables (Table 3). As expected, TP was positively correlated with
all the variables except for CARB. Vitamins and proteins were also positively correlated
with all the variables except for carbohydrates. Total flavonoids did not correlate with
the antioxidant activities and CARB. In addition, strong positive correlations between
the antioxidant assays were reported at r = 0.998, p = 0.05, between DPPH and ABTS; at
r = 0.996, p = 0.05, between DPPH and TAC; and at r = 0.988, p = 0.05, between ABTS and
TAC (Table 3). This agrees with the results in Figure 1B suggesting that the high phenolic
content in peel extracts determines the strong antioxidant activity.

Table 3. Pearson’s correlations (r) between total phenols (TP), total flavonoids (TF), vitamin A
(VIT A), vitamin C (VIT C), vitamin E (VIT E), 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), total
antioxidant capacity (TAC), 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), total protein
(PRO), and total carbohydrates (CARB). Values in bold are different from 0 with a significance level
alpha = 0.05.

Variables TP TF VIT A VIT C VIT E DPPH ABTS TAC PRO CARB

TP 1 0.848 0.954 0.940 0.883 0.766 0.803 0.727 0.867 −0.649

TF 0.848 1 0.787 0.796 0.502 0.314 0.374 0.253 0.488 −0.232

VIT A 0.954 0.787 1 0.998 0.878 0.722 0.750 0.705 0.792 −0.783

VIT C 0.940 0.796 0.998 1 0.850 0.682 0.710 0.666 0.754 −0.770

VIT E 0.883 0.502 0.878 0.850 1 0.964 0.972 0.958 0.972 −0.880

DPPH 0.766 0.314 0.722 0.682 0.964 1 0.998 0.996 0.979 −0.825

ABTS 0.803 0.374 0.750 0.710 0.972 0.998 1 0.988 0.990 −0.809

TAC 0.727 0.253 0.705 0.666 0.958 0.996 0.988 1 0.958 −0.859

PRO 0.867 0.488 0.792 0.754 0.972 0.979 0.990 0.958 1 −0.760

CARB −0.649 −0.232 −0.783 −0.770 −0.880 −0.825 −0.809 −0.859 −0.760 1

PCA analysis confirmed this assertion, and evidenced that TP, TF, VIT C, and VIT
A were mainly correlated with PSD (Figure 4). No correlation between SAFD and IC
was evidenced. Single phenolic acids correlated only with PSD (Figure 5), whereas single
flavonoids were mainly correlated with PSD and in part with CFD. Rutin, luteolin, del-
phinidin, and apigenin were the single flavonoids in the highest quantities and correlated
with CFD (Figure 6).

Procyanidins B1 and B2 were discovered to inhibit human colorectal adenocarcinoma
and to improve the survival of chronic disease patients by reducing the complications of
cardiovascular disease and metabolic syndrome, improving the overall quality of life [42].
Additionally, punicalagin is a flavonoid with proven antioxidant, hepatoprotective, anti-
atherosclerotic, and antitumoral activity [43]. An ethical study was performed in 50 subjects
(25 treated with supplements and 25 with placebo) to identify clinical features induced by
25 mg dried pomegranate (Punica granatum) fruit extract (which in turn contained 3.75 mg
procyanidins) and 8.75 mg punicalagin–ellagic acid. Results evidenced after 60 days of
treatment that the values for systemic oxidative stress, plasmatic antioxidant capacity, and
skin antioxidant power increased significantly [44]. Other authors evidenced that the daily
intake of pomegranate juice, rich in flavonoids and phenols, decreased the susceptibility
of low-density lipoproteins (LDLs) to aggregate, and in cultured human coronary artery
endothelial cells exposed to high shear stress, it down-regulated the expression of redox-
sensitive genes and increased the functioning of blood endothelial cells [7]. Considering
that peels contain many more phenols and flavonoids than juice, as already demonstrated
by the previous study of Derakhshana et al. [45] and Russo et al. [46] carried out on different
cultivars, it is possible to conclude that pomegranate peels represent a resource comparable
to the fruit, if not better, that can be used as a source of bio-compounds with high added

199



Molecules 2022, 27, 5555

value in the nutraceutical field to formulate new supplements with beneficial effects on
human health.

 

Figure 4. Total phenols (TP), total flavonoids (TF), proteins (PRO), vitamin C (VIT C), vitamin A (VIT
A), vitamin E (VIT E), total carbohydrates (CARB), soluble proteins, 2,2-diphenyl-1-picryl-hydrazyl-
hydrate (DPPH), total antioxidant capacity (TAC), and 2,2′-azino-bis-3-ethylbenzothiazoline-6-
sulfonic acid (ABTS) contained in peels of different pomegranate cultivars dried differently. PSD
(spray-dried Wonderful peel, experimental data); CFD (Calabrian Wonderful peel freeze-dried, exper-
imental data); SAFD (South African Wonderful peel freeze-dried, literature data); IC (Indian cultivar
peel freeze-dried, literature data).
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Figure 5. PCA (principal component analysis) diagram of single phenolic acids contained in the peels
of different pomegranate cultivars dried differently. PSD (spray-dried Wonderful peel, experimen-
tal data); CFD (Calabrian Wonderful peel freeze-dried, experimental data); SAFD (South African
Wonderful peel freeze-dried, literature data); IC (Indian cultivar peel freeze-dried, literature data).
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Figure 6. PCA (principal component analysis) diagram of single flavonoids contained in the peels
of different pomegranate cultivars dried differently. PSD (spray-dried Wonderful peel, experimen-
tal data); CFD (Calabrian Wonderful peel freeze-dried, experimental data); SAFD (South African
Wonderful peel freeze-dried, literature data); IC (Indian cultivar peel freeze-dried, literature data).

4. Conclusions

In short, the data evidenced that pomegranate peel is a valuable raw material rich in
bioactive compounds. The amount and the type of bioactive compounds depends on the
cultivars, but more so on the area where the plant grows.
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Same cultivars grown in different conditions can have different amounts and varieties
of phenolic compounds and diverse antioxidant activities, evidencing that the pedoclimatic
variables drive the metabolism of the cultivars, increasing or decreasing specific secondary
metabolites implicated in physiological adjustment of plants to adapt to stress conditions or
changing conditions induced by climate. In addition, the spray-drying system developed
by Gioia Succhi is innovative because it is able to perfectly concentrate and conserve the
bioactive compounds with beneficial effects on human health in respect to the freeze-
drying system, which has been already demonstrated by numerous studies to be much
more relevant than the oven-drying procedure (40–60 ◦C). According to the achieved
results, the high antioxidant capacity of pomegranate peel, exalted by the innovative
method of drying, highlights its use as a supplement to preserve human health from
various diseases. The innovative spray-drying method appears to be advantageous from
an economic point of view, as it is able to condense the bioactive compounds considerably,
providing a concentrated peel powder ready to be used in the nutraceutical field.
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Abstract: Inflammation is an immune response to cellular damage caused by various stimuli (internal
or external) and is essential to human health. However, excessive inflammatory responses may
be detrimental to the host. Considering that the existing drugs for the treatment of inflammatory
diseases have various side effects, such as allergic reactions, stomach ulcers, and cardiovascular
problems, there is a need for research on new anti-inflammatory agents with low toxicity and fewer
side effects. As 4′,6-dimethoxyisoflavone-7-O-β-d-glucopyranoside (wistin) is a phytochemical that
belongs to an isoflavonoid family, we investigated whether wistin could potentially serve as a novel
anti-inflammatory agent. In this study, we found that wistin significantly reduced the production
of nitric oxide and intracellular reactive oxygen species in lipopolysaccharide-stimulated RAW
264.7 cells. Moreover, wistin reduced the mRNA levels of pro-inflammatory enzymes (inducible
nitric oxide synthase (iNOS) and cyclooxygenase (COX-2)) and cytokines (interleukin (IL)-1β and
IL-6) and significantly reduced the protein expression of pro-inflammatory enzymes (iNOS and
COX-2). Furthermore, wistin reduced the activation of the nuclear factor-κB and p38 signaling
pathways. Together, these results suggest that wistin is a prospective candidate for the development
of anti-inflammatory drugs.

Keywords: inflammation; phytochemical; wistin

1. Introduction

Inflammation is the body’s immune response and defense mechanism against tissue
damage caused by exposure to harmful or toxic external agents, infections, and physical
injuries [1]. Inflammation resulting from infection or injury is associated with inflammatory
responses such as immune cell recruitment and accumulation, release of inflammatory
mediators, and changes in blood vessel permeability [2]. Generally, there are two types of
inflammation: acute and chronic. Acute inflammation is a rapid process that repairs quickly
to minimize damage and restore tissue homeostasis [3]. However, in chronic conditions,
the inflammatory response continues, resulting in severe organ damage [4]. Chronic in-
flammation promotes the progression of several diseases, including cardiovascular disease,
inflammatory bowel disease, rheumatoid arthritis and diabetes [5]. Crohn’s disease (CD) is
the most prevalent IBD syndrome treated using 6-mercaptopurine (6-MP) and its prodrug
azathioprine (AZA) [6]. As immunosuppressive drugs, 6-MP and AZA inhibit inflamma-
tion by blocking the body’s immune response; however, they may cause disease recurrence
and side effects, such as hepatotoxicity [6]. Sulfasalazine, a medication for patients with
rheumatoid arthritis, has immunomodulatory properties and suppresses pro-inflammatory
cytokines; however, it can cause gastrointestinal side effects, such as headache, dizziness,
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rash, and bone marrow suppression [7]. Non-steroidal anti-inflammatory drugs (NSAIDs)
are anti-inflammatory drugs used worldwide to treat inflammatory conditions [8]. Among
NSAIDs, ibuprofen (IBU) is a non-selective inhibitor of both cyclooxygenase (COX)-1 and
-2 isozymes [9]; however, it is associated with the risk of cardiovascular and gastrointestinal
complications [10,11]. Naproxen is another NSAID used to treat osteoarthritis, migraine,
and rheumatoid arthritis [10]. However, NSAIDs have several side effects, including gas-
trointestinal toxicity, cardiovascular risk, kidney damage, and hepatotoxicity [8]. Therefore,
it is necessary to develop safer anti-inflammatory treatment strategies.

When the human body is infected by pathogens in damaged tissue, immune cells rec-
ognize pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) using pattern recognition receptors (PRRs) and promote inflammatory
signaling pathways [12]. The Toll-like receptor (TLR) family is mainly expressed in im-
mune cells as major PRRs that play key roles in the induction of innate immune responses
and first-line defense [13,14]. Lipopolysaccharide (LPS) is a well-known inflammatory
PAMP molecule that exists in the cell walls of gram-negative bacteria [13]. The TLR4–LPS
interaction activates the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase
(MAPK) pathways [15,16]. TLR4-mediated modulation of myeloid differentiation factor
88 (MyD88) results in activation of NF-κB. Furthermore, NF-κB is regulated by the IκB and
IκB kinase (IKK) complex [17], which causes IκB phosphorylation. The phosphorylation of
the IκB protein results in the phosphorylation of p65, which translocates to the nucleus [18].
In addition, NF-κB is regulated by phosphatidylinositol 3-kinase (PI3K)-Akt [19]. The
MAPK pathway includes extracellular signal-regulated kinase (ERK1/2), c-Jun N-terminal
kinase (JNK), and p38, which result in further activation of the transcription factor activator
protein 1 (AP-1) [16]. Activation of the NF-κB and MAPK pathways has been reported to
increase the expression of inflammatory enzymes (inducible nitric oxide synthase (iNOS)
and cyclooxygenase (COX-2)) and cytokines (interleukin (IL)-1β and IL-6) in immune
cells [16,20]. Therefore, understanding the mechanism by which signaling pathways are
controlled at the molecular level might help modulate the inflammatory response and
develop new modulators of inflammation.

Phytochemicals extracted from plants have emerged as new agents for the treatment
of chronic inflammatory diseases [21]. Current anti-inflammatory disease treatments (non-
steroidal anti-inflammatory drugs and glucocorticoids) have many side effects, including
tissue damage, cardiovascular problems, and liver complications. As plant-derived drugs
have been reported to have fewer toxic effects, it has been suggested that they could be
potential modulators of inflammation [22,23]. Human papillomavirus (HPV) infection
can cause chronic inflammation due to the release of pro-inflammatory cytokines [24,25].
Sinecatechin extracted from green tea has been used as a medication to treat HPV infec-
tions [24,25]. Silymarin extracted from the seeds of milk thistle (Silybum marianum) has
anti-inflammatory activity; it inhibits NF-κB activity and improves liver function in patients
with hepatitis B (HBV) [26–28]. Eupatilin, a plant-derived drug extracted from Artemisia
asiatica Nakai, is used to treat gastritis by mediating anti-inflammatory effects and promot-
ing the regeneration of offended mucosa [29]. Among various isoflavones, genistein is
known for its antioxidant and anti-inflammatory properties. Genistein prevents endothelial
inflammatory damage by inhibiting the NF-κB pathway, which mediates the transcription
of proinflammatory cytokines [30]. Although investigations are required to confirm its
safety and efficacy, low- (5–15 mg/kg/day) and high-dose (160 mg/kg/day) genistein
treatments for patients with mucopolysaccharidosis (MPS) III reportedly have no major
side effects [31]. Another isoflavone, daidzein, inhibits the JNK, PARP, and NF-κB signaling
pathways to express pro-inflammatory cytokines [32]. In addition, plant polyphenols, par-
ticularly flavonoids, have exhibited anti-inflammatory activity both in vitro and in vivo [32].
Compound 4’,6-dimethoxyisooflavone-7-O-β-d-glucopyranoside (wistin), belonging to the
isoflavone family, is an agonist of PPARγ and PPARα in adipocytes and hepatocytes, respec-
tively [33,34]. However, its anti-inflammatory role has not been investigated. Therefore, in
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this study, we aimed to identify its anti-inflammatory effects and elucidate the molecular
mechanisms underlying its anti-inflammatory effects in LPS-stimulated RAW264.7 cells.

2. Results

2.1. Effects of Wistin on Cell Viability in LPS-Induced RAW 264.7 Cells

Because isoflavones have been reported to be cytotoxic at high doses, we attempted
to confirm whether wistin is cytotoxic at high concentrations [35]. The cytotoxicity of
wistin (Figure 1a) on the viability of RAW 264.7 cells was evaluated using the 3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) (MTT) assay. Cotreatment of
wistin (50 μM, 100 μM, and 150 μM) and LPS (0.1 μg/mL) did not show cytotoxicity in
RAW 264.7 at 24 h (Figure 1b).

Figure 1. The effects of wistin on cell viability in LPS-induced RAW 264.7. (a) The chemical structure
of wistin. (b) The cells were treated with the indicated concentrations of wistin (0, 50, 100, 150 μM)
for 30 min prior to treatment with LPS (0.1 μg/mL) for 24 h, and then cell viability was examined
using MTT assay. The data are presented as the means ± SD; n = 3.

2.2. Effects of Wistin on the Production of Pro-Inflammatory Mediators in LPS-Induced RAW
264.7 Cells

Prolonged inflammatory processes increase the production of nitric oxide (NO) and
reactive oxygen species (ROS), leading to tissue dysfunction [36]. ROS can regulate pro-
inflammatory gene expression, and NO is an important pro-inflammatory mediator in
inflammatory signaling [37]. To examine the anti-inflammatory effects of wistin, we in-
vestigated the production of NO and ROS. Wistin showed a significant decrease in LPS-
induced NO production in a dose-dependent manner compared to that in the control group
(Figure 2a). In addition, dose-dependent inhibition of intracellular ROS generation by
wistin was identified using a microplate reader, fluorescence-activated cell sorting (FACS),
and fluorescence microscopy (Figure 2b–e). These data suggest that wistin can reduce the
production of pro-inflammatory mediators (NO and ROS) induced by LPS.

2.3. Effects of Wistin on Pro-Inflammatory Enzymes and Cytokine Gene Expression in
LPS-Induced RAW 264.7 Cells

Next, we investigated the involvement of wistin in the modulation of mRNA levels
of inflammatory enzymes (iNOS and COX-2) and pro-inflammatory cytokines (IL-1β and
IL-6) at indicated time points after LPS treatment [38]. Wistin significantly decreased the
mRNA expression levels of inflammatory enzymes (iNOS and COX-2) (Figure 3a,b). The
expression levels of pro-inflammatory cytokines (IL-1β and IL-6) were not detected at
0 h after LPS treatment and were the highest at 12 h after LPS treatment. In addition,
wistin-treated groups showed a significant decrease in the mRNA expression levels of pro-
inflammatory cytokines at each time point compared to LPS treatment groups. Therefore,
these results suggest that wistin could modulate pro-inflammatory enzymes and cytokine
gene expression induced by LPS.
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Figure 2. The effect of wistin on NO and ROS production in LPS-stimulated RAW264.7. The cells were
treated with the indicated concentrations of wistin for 30 min prior to treatment with LPS (0.1 μg/mL)
for 24 h. (a) The NO production was measured in treated wistin in the culture supernatant. ROS
production was measured on a microplate reader (b), FACS (c,d), and fluorescence microscope (e).
(f) Quantitative analysis of ROS production using ImageJ software. The scale bar represents 100 μm.
* p < 0.05 compared with the LPS-treated group. MFI: mean fluorescence intensity. The data are
presented as the means ± SD; n = 3.

2.4. Effects of Wistin on the Protein Expression Level of Pro-Inflammatory Enzymes in
LPS-Induced RAW 264.7 Cells

The expression of iNOS and COX-2 regulates key inflammatory mediators [39]. There-
fore, we investigated whether wistin exhibits anti-inflammatory effects by inhibiting iNOS
and COX-2 protein expression. As shown in Figure 4a,b, wistin significantly reduced the
protein expression levels of iNOS and COX-2 compared to those in the LPS group. There-
fore, these results suggest that wistin could also inhibit the expression of pro-inflammatory
enzymes at the protein level.
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Figure 3. The effects of wistin on mRNA expression level in LPS-induced RAW 264.7 cells. The
cells were treated with the indicated concentrations of wistin for 30 min prior to treatment with
LPS (0.1 μg/mL). Then, LPS-induced (a) iNOS, (b) COX-2, (c) IL-1β, and (d) IL-6 mRNA level were
measured using a quantitative reverse transcription polymerase chain reaction (qRT-PCR). * p < 0.05
compared with the LPS-treated group. ND: not detected. The data are presented as the means ± SD;
n = 3.

Figure 4. The effects of wistin on protein expression of iNOS and COX-2 in LPS-induced RAW
264.7 cells. The cells were treated with the indicated concentrations of wistin for 30 min prior to
treatment with LPS (0.1 μg/mL) for 24 h. (a) The protein levels of pro-inflammatory enzymes iNOS
and COX-2 were determined by Western blot. (b) Quantitative analysis of the iNOS/β-actin and
COX-2/β-actin using image J. * p < 0.05 compared with the LPS-treated group. The data are presented
as the means ± SD; n = 2.
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2.5. Effects of Wistin on the Activation of AKT/NF-κB Pathway in LPS-Induced RAW 264.7 Cells

The NF-κB pathway regulates the expression and production of pro-inflammatory
enzymes and cytokines [40]. Therefore, we examined the phosphorylation level of LPS-
induced AKT and NF-κB (p65 subunit) following wistin (150 μM) treatment for 2 h. Wistin
significantly reduced the phosphorylation level of AKT and p65 compared to that in the
LPS group (Figure 5a–d). Furthermore, in the absence of LPS stimulation, p65 (red in the
merged image) was present in the cytoplasm. Upon LPS stimulation, p65 (pink in merged
images) was translocated to the nucleus, whereas wistin treatment reduced the nuclear
translocation of p65 (red and pink in merged images) (Figure 5e). These results suggest
that wistin suppresses the AKT/NF-κB signaling pathway.

Figure 5. The effects of wistin on p-AKT, NF-κB (p-p65 subunit) in LPS-induced RAW 264.7 cells.
The cells were treated with the indicated concentrations of wistin for 30 min prior to treatment
with LPS (0.1 μg/mL) for 2 h. Then, the phosphorylation of AKT (a) and p65 (c) were measured
using a Western blot. Quantitative analysis of the p-AKT/β-actin (b) and p-p65/β-actin (d) using
image J. (e) The effects of wistin on the nuclear translocation of p65 (red) using fluorescence mi-
croscopy. The merged images were acquired by overlaying two channels (p65 (red) and DAPI (blue)).
* Indicates translocation of p65 from the cytoplasm to the nucleus. The scale bar represents 10 μm.
(f) Quantitative analysis of the nuclear translocation of p65 using ImageJ software. * p < 0.05 compared
with the LPS-treated group. The data are presented as the means ± SD; n = 3.
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2.6. Effects of Wistin on the Activation of MAPK Pathway in LPS-Induced RAW 264.7 Cells

The MAPK pathway is known for its role in the modulation of inflammatory re-
sponses [41]. We investigated the role of wistin in the phosphorylation of three MAPKs
(p38, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK)). Phos-
phorylation of p38 was decreased by wistin, but that of ERK and JNK was not affected
compared to that in the LPS group (Figure 6). Therefore, these results suggest that wistin
could work by negatively regulating the p38 MAPK pathway.

 
Figure 6. The effects of wistin on MAPK (p-p38, p-ERK, and p-JNK) in LPS-induced RAW 264.7cells.
The cells were treated with the indicated concentrations of wistin for 30 min prior to treatment with
LPS (0.1 μg/mL) for 2 h. Phosphorylation of p38 (a), ERK, (c) and JNK (e) was measured using a
Western blot. Quantitative analysis of the p-p38/β-actin (b), p-ERK/β-actin (d), and p-JNK/β-actin
(f) using image J. * p < 0.05 compared with the LPS-treated group. The data are presented as the
means ± SD; n = 2.
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3. Discussion

Inflammation is a protective response to harmful stimuli (PAMP and DAMP) by the
immune system [42]. However, chronic inflammation can cause various diseases, such as
cardiovascular disease, inflammatory bowel disease, rheumatoid arthritis, and diabetes [5].
Ibuprofen, naproxen, and other NSAIDs are conventional anti-inflammatory drugs used to
treat rheumatism, osteoarthritis, arteriosclerosis, neuroinflammatory diseases, and other
inflammatory diseases [8,10]. However, these drugs have several side effects, such as an
increased risk of gastric mucosal injury, renal injury, and other medical complications [8,10].
Therefore, it is important to identify novel anti-inflammatory agents that can overcome the
shortcomings of conventional anti-inflammatory drugs. Several plants have been used as
folk medicines for the treatment and prevention of diseases [43]. Currently, sinecatechin
extracted from green tea and silymarin extracted from milk thistle seeds (Silybum marianum)
are used as plant-derived anti-inflammatory drugs for treating HPV and HBV infections,
respectively [24–27]. Furthermore, as plant-derived anti-inflammatory drugs, eupatilin and
JOINS tablets are used to treat gastritis and knee osteoarthritis [44,45]. Isoflavones have
antioxidant, anticancer, antibacterial, and anti-inflammatory properties [32]. Our study
highlights the potential of wistin as an anti-inflammatory agent with fewer side effects via
modulation of the inflammatory signaling pathway. However, further in vivo and clinical
studies of wistin in this regard are warranted.

During inflammation, NO plays an important role in the regulation of immune and in-
flammatory responses [46]. Additionally, the high production of ROS during inflammation
can lead to cell damage through the oxidation of DNA, RNA, and proteins [47]. iNOS and
COX-2 are pro-inflammatory mediators that are regulated by pro-inflammatory transcrip-
tion factors [48]. When we examined the effects of wistin on NO and ROS generation, we
found that wistin reduced the levels of both NO and ROS. In addition, wistin significantly
decreased the mRNA expression of inflammatory enzymes (iNOS and COX-2) and inflam-
matory cytokines (IL-1β and IL-6). Furthermore, wistin decreased the protein expression
of iNOS and COX-2. Therefore, these results suggest that wistin exerts anti-inflammatory
effects by modulating inflammatory enzymes, inflammatory mediators, and cytokines.

NF-κB signaling is a well-known inflammatory pathway that regulates the expression
of pro-inflammatory cytokines (IL-1β and IL-6) and pro-inflammatory enzymes (iNOS and
COX-2) [49]. p65 (RelA) is a component of NF-κB, and phosphorylation of p65 induces the
expression of a variety of genes [50]. In addition, AKT regulates NF-κB by phosphorylating
the IκB kinase (IKK) complex, which phosphorylates the p65 subunit [19]. Wistin reduced
the phosphorylation of AKT and p65 in LPS-stimulated RAW264.7. In addition, wistin
decreased the translocation of p65 from the cytosol to the nucleus. These results suggest that
wistin exerts anti-inflammatory effects by inhibiting the AKT/NF-κBsignaling pathway.

The MAPK pathway (ERK, JNK, and p38) regulates pro-inflammatory mediators [41].
In particular, p38 can induce NF-κB activation to induce the expression of pro-inflammatory
cytokines [51]. p38 MAPK activates mitogen- and stress-activated protein kinases (MSK),
which can activate NF-κB (p65 subunit) signaling [52]. Wistin decreased LPS-induced p38
phosphorylation but has no effect on LPS-induced EKR and JNK phosphorylation. These
results suggest that wistin could have anti-inflammatory effects by inhibiting p38 pathways
in LPS-stimulated RAW264.7.

In conclusion, we demonstrated that wistin exerts anti-inflammatory effects by down-
regulating pro-inflammatory mediators in LPS-mediated signaling. Wistin could regulate
pro-inflammatory mediators, including NO, ROS, pro-inflammatory cytokines, and en-
zymes, by inhibiting the NF-κB and p38 signaling pathways (Figure 7). Similarly, genistein
and daidzein inhibit inflammatory mediators via the NF-κB and MAPK signaling path-
ways [30,32]. They belong to the isoflavonoid family and exhibit versatile pharmacological
activities [30,32]. Therefore, wistin may be developed as a plant-derived anti-inflammatory
agent with fewer side effects than other conventional anti-inflammatory drugs.
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Figure 7. Wistin suppressed LPS-stimulated inflammation by inhibiting the phosphorylation of the
p65 and p38 signaling pathways.

4. Materials and Methods

4.1. Reagents

Wistin was purchased from Indofine Chemical Company, Inc. (Hillsborough, NJ, USA)
and was dissolved in dimethyl sulfoxide (DMSO). Dulbecco’s modified Eagle’s medium
(DMEM, high glucose) was purchased from Hyclone Laboratories Inc. (Marlborough,
MA, USA), and fetal bovine serum (FBS) was purchased from Corning (Corning, NY,
USA). Penicillin-streptomycin-glutamine was purchased from Gibco (Waltham, MA, USA).
MTT, LPS from Escherichia coli O127:B8, N-(1-naphtyhyl) ethylenediamine dihydrochloride,
phosphoric acid, sulfanilic acid, and nitrite ion standard solutions were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Dulbecco’s phosphate-buffered saline (DPBS) and
Hank’s balanced salt solution (HBSS) were purchased from WELGENE, Inc. (Gyeongsan,
Korea). 2′7-Dicholrodihydrofluorecsein diacetate (DCF-DA) was purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). The quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) primers were purchased from Macrogen (Seoul, Korea).
Primary antibodies ((iNOS (#13120), COX-2(#12282), phospho-p65 (#13346), phospho-JNK
(#9255), phospho-ERK (#4370), and β-actin (#8457)) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Goat anti-rabbit IgG (5220-0036) and goat anti-mouse
IgG (5220-0341) antibodies were purchased from SeraCare Life Sciences, Inc. (Gaithersburg,
MD, USA).

4.2. Cell Culture

The RAW264.7 cell line (mouse origin) was obtained from Dr. Sung Ho Ryu’s lab
(POSTECH, Korea). The cells were cultured in DMEM supplemented with 10% FBS and 1%
penicillin–streptomycin and incubated at 37 ◦C with 5% CO2.
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4.3. Cell Viability

RAW 264.7 cells were plated in a 48-well plate at a density of 3 × 104 cells/well. After
24 h, RAW 264.7 cells were pre-treated with 50, 100, and 150 μM of wistin for 30 min,
followed by LPS (0.1 μg/mL) treatment and incubation for 24 h. After that, the DMEM
medium was removed, and 1mg/mL of MTT solution was added to each well and was
further incubated for 2 h at 37 ◦C. The solution was removed from the wells and the formed
formazan crystals were dissolved in 200 μL of DMSO. Finally, absorbance was measured at
570 nm using a Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific
Co., Waltham, MA, USA).

4.4. Measurement of NO Production

The Griess test was used to determine NO production. RAW 264.7 cells were plated
into a 24-well plate at a density of 6 × 104 cells/well. After 24 h, RAW 264.7 cells were
pre-treated with 50, 100, and 150 μM of wistin for 30 min, followed by treatment with
LPS (0.1 μg/mL) and further incubation for 24 h. The supernatant from each well was
transferred to a 96-well plate, followed by the addition of Griess reagent in a 1:1 ratio. After
15 min, absorbance was measured at 540 nm using a microplate reader (Varioskan LUX
Multimode Microplate Reader, Thermo Fisher Scientific Co.).

4.5. Measurement of ROS Production

ROS production was determined using the 2’,7’-dichlorofluorescin-diacetate (DCF-DA)
assay. RAW 264.7 cells were plated into a 24-well plate at a density of 6 × 104 cells/well.
After 24 h, RAW264.7 cells were pre-treated with 50, 100, and 150 μM wistin for 30 min,
followed by LPS (0.1 μg/mL) treatment and further incubation for 24 h. The solution was
completely removed from all the wells before incubation with a DCF-DA probe for 30 min
at 37 ◦C. The cells were washed three times with HBSS before measuring fluorescence. The
fluorescence intensity was measured at excitation and emission wavelengths of 485 nm
and 530 nm, respectively, using a microplate reader (Varioskan LUX Multimode Microplate
Reader, Thermo Fisher Scientific Co.). ROS in intact cells were detected with fluorescence
microscopy using a Zeiss microscope (Zeiss, Jena, Germany). ROS production was further
analyzed using flow cytometry (BD FACSVerse™, BD Bioscience).

4.6. QRT-PCR

RAW264.7 cells plated into a 6-well plate at a density of 3 × 105 cells/well were
pre-treated with 150 μM of wistin for 30 min, followed by LPS (0.1 μg/mL) treatment. After
0, 2, 8, 12, and 24 h, cells were washed with DPBS and harvested. Total RNA was isolated
using the TRIzol reagent (Invitrogen, Waltham, MA, USA). cDNA was synthesized from
total RNA using a SimpliAmp Thermal Cycler (Applied Biosystems Co., Waltham, MA,
USA), and then qRT-PCR was performed on a Step One Plus Real-time PCR System Cycler
(Applied Biosystems Co.) using a Power SYBR Green PCR mix Cycler (Applied Biosystems
Co.). The PCR primer sequences (forward and reverse) used are listed in Table 1, and
β-actin was used as the reference gene.

Table 1. Primers used in the quantitative reverse transcription polymerase chain reaction.

Name of the Primer Primer Sequence

iNos
Forward 5′-GAACGGAGAACGTTGGATTTG-3′
Reverse 5′-TCAGGTCACTTTGGTAGGATTT-3′

Cox-2
Forward 5′-GAAGATTCCCTCCGGTGTTT-3′

Reverse 5′-CCCTTCTCACTGGCTTATGTAG-3′

Tnf-α Forward 5′-ACGTGGAACTGGCAGAAGAG-3′
Reverse 5′-GGTCTGGGCCATAGAACTGA-3′

216



Molecules 2022, 27, 5719

Table 1. Cont.

Name of the Primer Primer Sequence

Il-6
Forward 5′-TCTGAAGGACTCTGGCTTTG-3′

Reverse 5′-GATGGATGCTACCAAACTGGA-3′

Il-1β
Forward 5′-AGGTCAAAGGTTTGGAAGCA-3′
Reverse 5′-TGAAGCAGCTATGGCAACTG-3′

β-actin Forward 5′-ATGGAGGGGAATACAGCCC-3′
Reverse 5′-TTCTTTGCAGCTCCTTCGTT-3′

4.7. Western Blot Analysis

Protein isolation was performed using RAW264.7 cells plated in a 60 mm culture dish
at a density of 7 × 105 cells/well. After 24 h, RAW264.7 cells were pre-treated with 150 μM
wistin for 30 min, followed by LPS (0.1 μg/mL) treatment. The protein was isolated at two
time points, 2 and 24 h. Cells were harvested and lysed with lysis buffer (10 mM Tris pH 7.4,
150 mM NaCl, 1 mM EDTA pH 8, 1% Triton X-100, 1% sodium deoxycholate, 30 mM NaF,
1.5 mM NaVO4, 1 mM PMSF, and 1 mg/mL each of aprotinin, leupeptin, and pepstatin
A) and sonicated for 10 s. The cell lysates were centrifuged at 13,000 rpm for 10 min at
4 ◦C (Centrifuge 5424 R (rotor type: FA-45-30-11), Eppendorf, Hamburg, Germany) and
quantified with the help of the Bradford (Abcam, Cambridge, UK) assay. The proteins
(15 μg) were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. The membranes were blocked with 5% skim milk
in Tris-buffered saline supplemented with 0.1% Tween-20 (TBS-T) at room temperature (RT)
for 30 min. Membranes were then incubated with suitable primary antibodies overnight
at RT with gentle shaking. The following day, the membranes were washed with TBS-
T for 30 min. Membranes were then incubated with secondary horseradish peroxidase
(HRP)-conjugated anti-rabbit/mouse IgG antibodies for 1 h at RT. Finally, the membranes
were detected using an ECL reagent (Cytiva, Malborough, MS, USA), and the bands were
visualized using Chemidoc (iBright™ CL1500, Invitrogen). Band intensities were analyzed
using ImageJ software. β-actin was used as the loading control.

4.8. Immunofluorescence

RAW264.7 cells plated into a 4-well plate with a density of 6 × 104 cells/well were
pre-treated with 150 μM of wistin for 30 min, followed by LPS (0.1 μg/mL) treatment. After
2 h, cells were washed with PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich;
Merck KGaA) in PBS for 20 min. The cells were then incubated with 0.2% Triton X-100
and 0.1% citrate (Sigma-Aldrich; Merck KGaA) in PBS for 5 min, washed with PBS, and
blocked with 2% bovine serum albumin (Sigma-Aldrich; Merck KGaA) for 30 min, followed
by probing with rabbit anti-p65 NF-κB antibody (1:500; cat. no. 8242; Cell Signaling
Technology, Inc.) for 2 h. After washing with 2% bovine serum albumin, the cells were
incubated with fluorescein goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody
Alexa Fluor 555 (4 μg/mL; cat. no. A-21428; Invitrogen Inc., Middlesex County, MA, USA)
for 1 h. After washing with 2% bovine serum albumin, the nuclei were counterstained with
DAPI solution (1 mg/mL) for 5 min in the dark, and fluorescence was visualized using a
fluorescence microscope (Zeiss microscope, Carl Zeiss AC).

4.9. Statistical Analysis

Results are presented as mean ± standard deviation (SD). Two statistical analysis
methods were used. ANOVA and Dunnett’s post hoc tests were conducted to compare
three or more groups. The Student’s t-test was conducted to compare two groups. Statistical
significance was set at p < 0.05(*).
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Abstract: In the present study, the extracts of Cytinus hypocistis (L.) L using both traditional sol-
vents (hexane, ethyl acetate, dichloromethane, ethanol, ethanol/water, and water) and natural deep
eutectic solvents (NADESs) were investigated in terms of their total polyphenolic contents and antiox-
idant and enzyme-inhibitive properties. The extracts were found to possess total phenolic and total
flavonoid contents in the ranges of 26.47–186.13 mg GAE/g and 0.68–12.55 mg RE/g, respectively.
Higher total phenolic contents were obtained for NADES extracts. Compositional differences were
reported in relation to antioxidant potential studied by several assays (DPPH: 70.19–939.35 mg TE/g,
ABTS: 172.56–4026.50 mg TE/g; CUPRAC: 97.41–1730.38 mg TE/g, FRAP: 84.11–1534.85 mg TE/g).
Application of NADESs (choline chloride—urea 1:2, a so-called Reline) allowed one to obtain the
highest number of extracts having antioxidant potential in the radical scavenging and reducing
assays. NADES-B (protonated by HCl L-proline-xylitol 5:1) was the only extractant from the stud-
ied solvents that isolated a specific fraction without chelating activity. Reline extract exhibited the
highest acetylcholinesterase inhibition compared to NADES-B and NADES-C (protonated by H2SO4

L-proline-xylitol 5:1) extracts, which showed no inhibition. The NADES extracts were observed to
have higher tyrosinase inhibitory properties compared to extracts obtained by traditional organic
solvents. Furthermore, the NADES extracts were relatively better inhibitors of the diabetic enzymes.
These findings provided an interesting comparison in terms of total polyphenolic content yields,
antioxidant and enzyme inhibitory properties (cholinesterase, amylase, glucosidase, and tyrosinase)
between traditional solvent extracts and NADES extracts, used as an alternative. While the organic
solvents showed better antioxidant activity, the NADES extracts were found to have some other im-
proved properties, such as higher total phenolic content and enzyme-inhibiting properties, suggesting
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functional prospects for their use in phytonutrient extraction and fractionation. The obtained results
could also be used to give a broad overview of the different biological potentials of C. hypocistis.

Keywords: NADES; total polyphenolic content; antioxidants; enzyme inhibition; functional food;
natural medicine; Alzheimer cholinesterase inhibitors

1. Introduction

The genus Cytinus, composed of endophytic parasitic plants (family: Cytinaceae), bears
eight recognised species distributed around two centres of diversity: one in southern Africa
and Madagascar, and one in the Mediterranean region [1].

Indeed, folkloric medicine has dedicated substantial consideration to this genus. These
plants have been used traditionally for treating dysentery, including their ability to soothe
inflammations of the eyes and throat. Some ethnobotanical reviews have also noted the use
of Cytinus juice as an astringent, a haemostatic, and a tonic substance. They are also used
as a scar-healing agent, whereby the scalp pulp is applied daily on corns and calluses, skin
and swollen mucous membranes as an astringent and anti-inflammatory therapy [1,2].

Some studies have also pointed out these plants’ beneficial potential and suggested
their antimicrobial effects over a range of bacterial strains and antioxidant activities [2–4].
Furthermore, they have been highlighted as good sources of biologically active ingredients
of cosmeceutical interest [2,3,5]. In fact, their biological activities have been correlated with
their high tannin content. For instance, hydrolysable tannins were found to be the active
cytotoxic compounds identified in three Cytinus taxa and were assessed against a wide
variety of cancer cell lines [6]. In another study, the tested extract of C. hypocistis was found
to exhibit anti-inflammatory activity and effective cytotoxicity againcst tumour cells, while
it showed the lowest cytotoxicity on a non-tumour cell line, and interestingly, hydrolysable
tannins and flavonoids were also identified as the main groups in the extract [7].

Plants possess a diverse range of such bioactive constituents. However, their avail-
ability strongly depends on the extraction techniques used, among other factors. Even
though to date numerous methods have been developed and upgraded, there is still a need
to achieve a standardised solution with high consideration for the extraction of bioactive
compounds from plants [8].

In addition, there is growing pressure to investigate alternative solvents that retain the
technological advantages of organic solvents while posing less risk to human health and
the environment. Deep eutectic solvents (DESs) and their specialised form obtained from
compounds of natural origin—natural DESs (NADESs)—have shown the most promise
in the field of green chemistry because they are abundant, inexpensive, recyclable, and
appealing for a wide range of applications (food, cosmetic, and pharmaceutical). DESs
have already proved to have several advantages in separation science, especially in terms
of unusual selectivity useful in chromatography [9,10] and extraction [11,12], as well as
membrane processes [13,14]. Many studies have effectively employed NADES extraction
to gain high-quality extracts from numerous plants, including medicinal plants [15–17].
NADESs’ potential biological activity, bioavailability, and the availability of a variety of
solvent combinations for its preparation are also intriguing characteristics. Therefore,
NADES extraction is a cutting-edge technique that has piqued the interest of researchers
and already exhibited great promise in the extraction and isolation of bioactive compounds
from plants [17].

Therefore, the aim of the present study is to compare characteristics of extracts obtained
by means of NADESs with classic organic solvents. For this purpose, the Cytinus hypocistis
(L.) L. extracts were analysed in respect to their LC-MS profiles, the total phenolic (TPC)
and flavonoid (TFC) contents, and antioxidant as well as enzyme-inhibitive properties.
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2. Results and Discussion

2.1. Phytochemical Profiles

Natural products are important sources for drug development. Thus, it is of crucial
importance to develop effective methods to extract and isolate these bioactive products.
Indeed, the lab-intensive and laborious extraction and isolation processes have been a major
challenge in the application of natural products in drug development. There is an urgent
need to develop efficient and selective methods for this [18]. In this respect, different types
of solvents have been widely used for the extraction of phytochemicals, whereby dried
plant powders are used to extract bioactive phytochemicals and remove the Interference
of water concomitantly. The solvents used for the extraction of biomolecules from plants
are chosen based on the polarity of the desired solute. For example, a solvent with the
same polarity as the solute will effectively dissolve the solute. Several solvents can be used
sequentially to limit the number of analogous compounds in the desired yield [19].

Solubility, bioavailability, and stability are all factors in the pharmacological efficacy of
plant extracts and their bioactive principles. Natural deep eutectic solvents (NADESs) are
considered as green solvents to enhance the extraction performance of plant metabolites [16].
As functional liquid media, NADESs can dissolve both natural and synthetic substances
with low water solubility. Hence, they are alternative candidates for applications with some
organic solvents, as well as ionic liquids [20], indicating the enormous potential for NADESs
to be utilised in the development of pharmaceutical formulations, such as nutraceuticals
derived from plant-based metabolites [16]. Thus, in this study, both traditional solvents
and NADESs were used to prepare C. hypocistis extracts and to compare their overall
performance in terms of their bioactive content yields and biological activities.

In the phytochemical studies, the investigation of the polyphenol content present in
plant extracts is an important part of assessing their biological properties. In this study, the
extracts were found to possess TPC and TFC in the range of 26.47–186.13 mg GAE/g and
0.68–12.55 mg RE/g, respectively. Interestingly, the extracts obtained by NADESs yielded
higher TPC (167.57–186.13 mg GAE/g), followed by ethyl acetate, water, ethanol, and
ethanol/water extracts (123.51–127.83 mg GAE/g). On the other hand, the dichloromethane
and hexane extracts yielded low TPC. In the TFC assay, the highest yield was obtained by
ethyl acetate and ethanol/water extracts, followed by water and ethanol extracts, while
the least TFC was yielded by hexane, NADES-C, and dichloromethane extracts (Figure 1,
Table S1). The variation in total polyphenol content clearly varied with the polarity of the
solvents used. However, not only the polarity of the solvents, but also other parameters
such as pH, extraction time, methods, and temperature can affect the extraction yield and
total phenolic content [21–23].

2.2. Characterization of Polar Bioactive Compounds from C. hypocistis Extracts by
UPLC-ESI-QTOF-MS

Following the described LC-MS method, all extracts were analysed, resulting in a
total of 148 detected compounds. Figure 2 shows the base peak chromatograms performed
for each extraction condition and Table S2 summarises all information about detected
compounds such as retention time, m/z ratio, error in ppm, molecular formula, and name
of each proposed compound. In addition, peak numbers were assigned according to their
elution order. The peak areas of the detected compounds are given in Table S3.

It is worth to note that to our knowledge, there is little reference to a comprehensive
characterisation of C. hypocistis extracts [1]. For this reason, our work is especially relevant.
Considering the accurate mass spectra information and data previously reported by litera-
ture, 136 compounds were tentatively annotated in this study. Only one common molecular
feature was detected among all the different extractions; however, this molecular feature
could not be annotated and remained as an unknown compound (Table 1). This could be
explained mainly by the differences in the extraction efficiencies of the different solvents
used, also considering the different physicochemical properties of the compounds present
in the matrix.
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Figure 1. Total phenolic and flavonoid content (A), radical scavenging ability (B), reducing power (C),
metal-chelating ability (MCA) (D), total antioxidant ability (by phosphomolybdenum assay (PBD))
(E), and Pearson’s correlations between total bioactive compounds and antioxidant assays (p < 0.05)
(F). na: not active; different letters in column for same assays indicate significant differences in the
extracts (p < 0.05).

Overall, the tentative characterisation allowed one to classify the compounds in five
major groups: gallotannins, ellagitannins, flavonoids, fatty acids, and other compounds,
with it being important to note that gallotannins were the most important one, with
61 compounds included. These were mainly annotated as mono-, di-, tri-, tetra-, penta-,
hexa-, and hepta-galloyl hexoside. In addition, different isomers were also annotated for
each of these types of chemical structures. Silva et al., reported in 2020 from mono- to
penta-galloyl hexosides in different parts (petals, stalks, and nectar) of C. hypocistis [24].
However, all these compounds were previously reported in other sources such as Magnifera
indica L. kernels and peels [25,26], Rhodiola crenulate roots [27], Rhodiola rosea roots, leaves,
stems and flowers [27], Paeonia plants [28], and Pistacia vera leaves [29], among others [30].
Table 1 shows that a major number of these gallotannins were found in ethyl acetate,
ethanol, water/ethanol, and water extracts. In recent years, several authors have reported
a wide range of biological properties of these galloyl hexoside derivatives [27,29,31,32].
Among other gallic acid derivatives presented in the gallotannins group, three isomers from
neochebulagic acid corresponding to peaks 60, 61, and 70 have been also annotated. These
compounds were reported in Terminalia chebula Retz. Playing a role in the intestinal glucose
transport [33]. Moreover, several compounds previously found in Trapa quadrispinosa
pericarps were detected in our extracts, such as peaks 49, 67, 75, and 87 (digalloyl-lactonised
valoneoyl-d-glucose isomers); peaks 71, 92, and 98 (trigalloyl-lactonised valoneoyl glucose
isomers); and peaks 78, 85, and 102 (galloyl-penta-hydroxy-benzoic-brevifolincarboxyl-
glucose isomers) [34].
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Figure 2. Base peak chromatograms from Cytinus (a) hexane, (b) ethyl acetate, (c) dichloromethane,
(d) ethanol, (e) ethanol/water, (f) water, (g) NADES-A, (h) NADES-B, and (i) NADES-C extracts by
UPLC-MS.
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As the second most important group, ellagitannins contains 30 compounds, which
were annotated as different mono-, di-, and tri-galloyl-DHHDP-glucose isomers and
digalloyl-HHDP-iso DHDG-glucose isomers. Besides these compounds, other ellagitannins
such as terflavin B, phyllanthussin C, geraniin, and balanophlorotannin E isomers have
been previously reported in various Terminalia species and in Trapa species [34,35]. In case
of our species, only peaks corresponding to m/z 937 and 783 were annotated [24].

Regarding flavonoids, catechin and epicatechin as flavan-3-ols were found; quercetin
and two isorhamnetin glucoside isomers as flavonols were also detected, mostly with water,
ethanol, their mixture, and ethylacetate.

On the other hand, hexane and dichloromethane extracts presented the major number
of fatty acids (Peaks 118, 119, 121–132, 135–141, 144–148). Regarding NADESs, the three ex-
tracts showed the lower number of features, and many of the features obtained could not be
annotated such as peaks 7 and 9 (unknowns 3 and 4) were only found in NADES-C extract.
The same happened for peak 2 (unknown 2); this compound was only detected in NADES-
B. Among them, NADES-A presented high number of features corresponding mainly to
gallotannins. This highlights the potential of NADESs to obtain extracts containing addi-
tional bioactive compounds and to “tailor” the properties of extracts. Secondly, extraction
by two NADESs sequentially should allow for the fractionation of bioactive compounds.

Other compounds have been also annotated, although they have not been classified
in specific groups due to the low number and the high range of structures. For instance,
organic acids (quinic and fukiic acids); simple phenols (gallic and ellagic acids); and two
alkyl-phenylketones, namely brevifolin and brevifolin carboxylic acid [36], were included
in this group. In addition, three isomers from galloylnorbergenin, antioxidant isocoumarins
that were previously found in leaves of Diospyros gilletii De Wild [37] were also included.

2.3. Antioxidant Effects

Antioxidants are important chemical substances that occur naturally in food and can
reduce or prevent oxidative stress of the physiological system as the body continuously
produces free radicals. Oxidative stress plays a key role in the development of chronic
and degenerative diseases such as cancer, autoimmune diseases, and neurodegenerative
and cardiovascular diseases. The human body has a variety of mechanisms to counter
oxidative stress by producing antioxidants that are either naturally produced in situ or
supplied externally through foods such as plants, as a rich source of naturally produced
antioxidants. Hence, antioxidants acting as free radical scavengers can eventually help to
avert and repair cellular damage generated by these radicals [38,39].

Herein, moderate-to-very-potent antioxidant activity was noted for C. hypocistis ex-
tracts. For instance, in the radical scavenging assays, the ethanol/water, ethanol, ethyl
acetate, water, and NADES-A extracts demonstrated very high antioxidant potential (DPPH:
829.11–939.35 mg TE/g; ABTS: 2830.66–4026.50 mg TE/g), followed by NADES-C and
NADES-B (DPPH: 701.49 and 767.55 mg TE/g; ABTS: 2134.94 and 2285.15 mg TE/g, respec-
tively). On the other hand, a much lower scavenging ability was displayed by the hexane
and dichloromethane extracts (DPPH: 70.19 and 93.25 mg TE/g; 172.56 and 398.03 mg TE/g,
respectively), compared to the other extracts. The same trend was observed with the reduc-
ing assays, whereby the ethanol/water, ethanol, ethyl acetate, water, and NADES-A extracts
showed significant reducing capacity in the range of 1730.38–1377.38 mg TE/g and 968.98–
1534.85 mg TE/g in CUPRAC and FRAP assays, respectively, whereas a lower reducing
activity was noted for NADES-B and NADES-C and a much lower content for hexane and
dichloromethane extracts (CUPRAC: 97.41–774.94 mg TE/g; FRAP: 84.11–860.90 mg TE/g)
(Figure 1, Table S4). It is clear that most valuable bioactive components are extracted by
relatively polar extracts, while low-polarity solvents such as n-hexane and dichloromethane
are not effective in this case. In Figure 1, Pearson’s correlation analysis indicates a linear
correlation (R > 0.7) between total flavanoid content and radical scavenging and reducing
power assays.
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While only NADES-B did not possess metal-chelating activity, all the other extracts
showed metal-chelating potential in the range of 6.87–21.76 mg EDTAE/g. The extracts also
demonstrated total antioxidant capacity in phosphomolybdenum assay (1.27–3.94 mmol TE/g).
The lowest total antioxidant capacity was revealed for hexane and dichloromethane extracts
(Figure 1). This part of the research reveals a possibility to isolate metal-chelating components
by step extraction using NADES-B at the first stage, followed by a second extractant that is
effective to extract this specific group of compounds present in the studied plant.

2.4. Enzyme Inhibitory Effects

Low levels of the neurotransmitter acetylcholine, oxidative stress, and inflammation in
the central nervous system (CNS) are hallmarks of Alzheimer’s disease (AD), a progressive
neurodegenerative disease. To date, patients diagnosed with AD are only offered enzyme
inhibitors (acetylcholinesterase/butyrylcholinesterase, or AChE/BChE) for treatment [40].
Hence, as mechanism of pharmacological action, these cholinesterase inhibitors are able to
modify cholinergic signalling by disrupting the degradation of acetylcholine [41].

All extracts, except NADES-B and NADES-C extracts, possessed anti-AChE activity
(7.32–15.16 mg GALAE/g). Interestingly, the highest anti-AChE activity was revealed
for NADES-A. It is particularly important observation, as components of NADES-A—
choline chloride and urea—are nontoxic; thus, such obtained extracts could be further used
without removal of NADES. On the other hand, only the extracts prepared in the traditional
way, with solvents hexane, ethyl acetate, dichloromethane, ethanol, and ethanol/water,
displayed anti-BChE potential (1.39–2.13 mg GALAE/g). The water extract and the NADES
extracts showed no anti-BChE activity. It follows from the ionic nature of the used NADESs,
which in this case was not favourable for extraction. The ethanol extract demonstrated
relatively higher BChE inhibitory effect compared to the other extracts (Figure 3).

Figure 3. Cholinesterase inhibitory effects (A), amylase and glucosidase inhibitory effects (B), tyrosi-
nase inhibitory effects (C), Pearson’s correlations between total bioactive compounds and enzyme
inhibitory assays (p < 0.05) (D). na: not active. Different letters in column for same assays indicate
significant differences in the extracts (p < 0.05).
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Tyrosinase is the rate-limiting enzyme in melanin synthesis. Melanin is synthesised in
human melanocytes when tyrosine is hydroxylated to l-DOPA, which is then oxidised to
dopaquinone and polymerises to form melanin. Melasma, melanoma, and freckles are just
some of the dermatological conditions that can develop when melanin production increases
too rapidly. However, tyrosinase in plant-based foods oxidises phenolic compounds into
quinones. The former reacts with amino acids and proteins to produce brown/black
pigments, a process known as enzymatic browning, which is one of the most pressing
problems in the food industry and the source of 50 percent of the industry’s economic
losses. In addition, browning reduces the food’s nutritional value and safety because it
leads to the loss of vitamin C, antioxidants, and other nutrients, and can even lead to the
production of antinutritional and toxic substances. Consequently, tyrosinase inhibition
is seen as an efficient method for preventing hyperpigmentation in the pharmaceutical
industry and delaying enzymatic browning, which is helpful in the food industry [42].

In the current investigation, all the studied extracts were found to possess antity-
rosinase activity (49.14–153.97 mg KAE/g). However, NADES-A exhibited the highest in-
hibitory activity against tyrosinase, while the hexane extract displayed the lowest (Figure 3).
On this basis, it is clear that polar NADES-A, as well as other polar solvents, should be
preferred for the extraction of bioactive compounds responsible for tyrosinase activity.

Interestingly, in the study by Zucca et al. [2], the ethanolic extract of C. hypocistis
showed the highest tyrosinase inhibition activity, compared to cyclohexane and water ex-
tracts, probably due to being predominantly rich in polyphenols, in most part hydrolysable
tannins. C. hypocistis aerial part extract was also reported to show tyrosinase inhibition of
80%, when tested at 50 μg/mL [43]. Furthermore, a linear correlation was obtained between
enzymatic activities and increasing TPC and TFC. The reason could be a specific class of
polyphenols acting against tyrosinase through a competitive inhibition mechanism, thus
interfering with the biological function of tyrosinase, which is a polyphenoloxidase [43].

The inhibition of the carbohydrate-digesting enzymes alpha-glucosidase and alpha-
amylase is an important strategy for controlling blood glucose levels in patients with Type
2 diabetes and borderline diabetes, because it significantly reduces the postprandial rise
in blood glucose [44]. Even though drugs such as voglibose, acarbose, and miglitol are
commercially available as those enzymes’ inhibitors and are also used in practice, they
produce undesirous effects such as abdominal discomfort, bloating, and diarrhoea.

In addition, many chronic diseases such as diabetes are associated with oxidative
stress, during which reactive oxygen species (O2

−, H2O2 and OH−) are generated. The
role of free radicals in the onset and development of diabetes has also been established.
Therefore, compounds that possess both antidiabetic and antioxidant properties without
causing serious side effects would be of great value [45].

In the present investigation, all extracts were found to inhibit both carbohydrate-hydrolysing
enzymes (Amylase: 0.35–2.54 mmol ACAE/g; glucosidase: 0.93–2.20 mmol ACAE/g). Remark-
ably, the NADES extracts were found to be better inhibitors of amylase and glucosidase
compared the other extracts (Figure 3). This could be due to the higher TPC in the NADES
extracts, and this fact was also confirmed by Pearson’s correlation analysis (Figure 3). In
fact, it has been previously suggested that phenolics are involved in the modulation of the
activity of starch digestive enzymes [46].

2.5. Data Mining

To gain more insight into the tested extracts and biological activity assays, we per-
formed PCA analysis. The results are given in Figure 4. Firstly, we examined the relation-
ship between the tested extracts based on the biological activity results. We obtained a
good distribution, and the tested extracts were very well-separated based on the biological
activity results. Two components (PC1: 47.3% and PC2: 33.8) accounted for 811% of the
total components. Two extracts (hexane and dichloromethane) exhibited the lowest bio-
logical abilities and were distributed in the same axis. In addition, polar extracts (ethanol,
ethanol/water, water) and NADES-A had similar biological abilities and were placed in the
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same group. The PCA plot also confirmed a strong correlation between total flavonoid and
antioxidant properties, which were very close to each other on the PCA plot. In addition to
biological activity results, we investigated the similarities/differences of the tested extracts
based on their chemical profiles. Two components were used in the analysis to determine
the distribution of the tested solvents (PC1: 60.1% and PC2: 18.8%). In Figure 4b, the used
nonpolar and polar solvents and NADESs were clearly separated, and these results were
very similar to the distribution from the biological activity results. Taken together, we
concluded that there is a good connection between chemical compounds and biological
activities of Cytinus extracts.

Figure 4. Principal component analysis between tested extracts and biological activities (a). Distri-
bution of the tested extracts in principal component analysis by using chemical compound peak
areas (b).
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3. Materials and Methods

3.1. Materials

The investigated DESs were prepared from reagents of >99% purity (Sigma Aldrich,
Burlington, VT, USA), while hydrochloric and sulphuric acid for DES protonation were of
analytical reagent grade (POCH, Gliwice, Poland).

3.2. Apparatus

DES: chemicals were precisely prepared on a weight basis using a AS.310.R2 analyt-
ical balance (Radwag, Radom, Poland). A 06-MSH-PRO-T magnetic stirrer (Chemland,
Stargard, Poland) was used to prepare DESs.

3.3. Preparation of NADESs

Three NADESs having different properties were used. NADES-A—choline chloride—
urea 1:2; NADES-B protonated by HCl L-proline-xylitol 5:1; NADES-C, protonated by
H2SO4 L-proline-xylitol 5:1.

Two synthesis routes were used.
NADES-A was prepared by simple mixing of compounds at 60 ◦C. The synthesis

of the deep eutectic solvents based on protonated L-proline (NADES-A and -B) involved
dissolving L-proline in an acid solution (the amount of acid with respect to L-proline was
equimolar). Next, a predetermined amount of xylitol was added to the solution. Thus,
prepared solution was placed in a rotary evaporator model Rotavapor R-300 (Buchi, Flawil,
Switzerland) and water was distilled off under reduced pressure. Studies on the synthesis
of this type of DESs and their physicochemical characteristics were the subject of a separate
paper [47].

3.4. Plant Material and Preparation of Extracts

Cytinus hypocistis samples were collected at the flowering season in June 2020 (Anamur,
Mersin, Turkey). The plants were identified by one of the authors (Dr. Evren Yildiztugay)
and voucher specimens were deposited at the herbarium of Selcuk University, Konya,
Turkey. The samples’ aerial parts were dried in the shade at room temperature for about
7 days, and then ground into a powder using a mill. All of the samples were kept in a
dark place.

In this study, the extracts were prepared using traditional solvents (n-hexane, ethyl ac-
etate, dichloromethane, ethanol, ethanol/water (70%), and water) and NADEs. Maceration
was employed as the extraction method to obtain n-hexane, ethyl acetate, dichloromethane,
EtOH, and EtOH/water extracts. The plant materials (10 g) were macerated overnight at
room temperature with 200 mL of these solvents. Finally, the solvents were evaporated from
the mixtures. To obtain water extracts, the plant materials (10 g) were kept with 200 mL
of boiled water, and then the extracts were filtered and lyophilised. In the preparation of
NADE extracts, the plant materials (10 g) were mixed with the NADESs for 20 min at 25 ◦C
in an ultrasonic bath. The extracts were filtered and all extracts were stored at 4 ◦C until
further analysis was required.

3.5. Chemical Reagents

All chemicals were of HPLC-MS grade and used as received. Acetic acid and ace-
tonitrile for UPLC were purchased from Fluka (Sigma-Aldrich, Steinheim, Germany) and
Lab-Scan (Gliwice, Sowinskiego, Poland), respectively. For solutions, ultrapure water was
obtained with a Milli-Q system Millipore (Bedford, MA, USA), and absolute ethanol was
purchased from VWR chemicals (Radnor, PA, USA).

3.6. UPLC-ESI-QTOF-MS Conditions

Cytinus extracts were redissolved at 5 mg/mL in the same extraction solvent and filtered
by 0.22 μm. The compounds were separated using an ACQUITY UPLC H-Class System
(Waters Corp., Milford, MA, USA) with a reversed-phase column (ACQUITY UPLC BEH
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Shield RP18, 130Å, 1.7 μm, 2.1 mm × 150 mm) at a flow rate of 0.7 mL/min and using a
injection volume of 10 μL. The mobile phases were acidified water (0.5% acetic acid, v/v) and
acetonitrile as solvents A and B, respectively. The following multi-step linear gradient was
used in order to achieve an efficient separation: 0.00 min [A:B 99/1], 2.33 min [A:B 99/1],
4.37 min [A:B 93/7], 8.11 min [A:B 86/14], 12.19 min [A:B 76/24], 15.99 min [A:B 60/40],
18.31 min [A:B 2/98], 21.03 min [A:B 2/98], 22.39 min [A:B 99/1] and 25.00 [A:B 99/1].

The UPLC was coupled to an electrospray-quadrupole-time of flight mass spectrom-
eter (ESI-QTOF-MS) Synapt G2 (Waters Corp., Milford, MA, USA) working in negative-
ionisation mode in a m/z range from 50 to 1200 m/z. The MS acquisition was based on
two parallel scan functions switching between them continuously. The first function was
operated at low collision energy in the gas cell (4 eV) and the other at an elevated collision
energy (MSE energy linear ramp: from 20 to 60 eV). Leu-enkephalin was injected for mass
calibration continuously. Other MS parameters were, as follows, source temperature 100 ◦C;
scan duration 0.1 s; resolution 20,000 FWHM; desolvation temperature 500 ◦C; desolva-
tion gas flow 700 L/h; capillary voltage 2.2 kV; cone voltage 30 V; cone gas flow 50 L/h.
Finally, the acquired data were processed using MZmine 2.53 open-source software and
Sirius 4.4.29.

3.7. UPLC-ESI-QTOF-MS Data Processing

Firstly, the raw data files were transformed to. mzML format using MSConvert
software. The converted data were processed using the open-source software MZmine
2.53 (Pluskal et al., 2020). A noise level of 1.0 × 103 was selected. ADAP chromatogram
builder method was used under the following parameters: MS level: 1; min number
of scans: 9; group intensity threshold: 1.0 × 103; min highest intensity: 1.0 × 104; m/z
tolerance: 10 ppm. After that, the chromatogram was deconvoluted using the Wavelets
(ADAP) algorithm and the following parameters: S/N threshold: 50; min feature height:
5E4; coefficient/area threshold: 110; peak duration range: 0.05–0.3 min; RT wavelet range:
0–0.30. An isotopic peak grouper algorithm was also applied (m/z tolerance: 10 ppm, RT
tolerance: 0.02 min, maximum charge: 2). The obtained features were aligned between
samples using the “Join Aligner” algorithm using a m/z tolerance of 10 ppm and a RT
tolerance of 0.1 min. The molecular features, which were also detected in blank samples,
were filtered from the final dataset. Finally, the molecular formulas of the final features
were predicted using Sirius 4.4.29 (Dührkop et al., 2019) and the biological identities were
annotated by comparing the MS/MS spectra of different databases (e.g., MoNA, Massbank,
HMDB, FoodDB, etc.), with the fragments detected in the MSE scans.

3.8. Determination of Total Polyphenol and Flavonoids Contents

Total phenolic and flavonoid contents were calculated with the Folin-Ciocalteu and
AlCl3 assays, respectively [48]. Gallic acid equivalents (mg GAEs/g dry extract) and rutin
equivalents (mg REs/g dry extract) were used to describe the outcomes of the two tests.

3.9. Antioxidant and Enzyme Inhibitory Assays

The antioxidant and enzyme inhibitory activity of comfrey root extracts was assessed
according to methods presented previously [49,50]. Data were expressed as: mg Trolox
equivalents (TE)/g extract in ferric ion reducing antioxidant power (FRAP), cupric ion
reducing antioxidant capacity (CUPRAC), ABTS and DPPH radical scavenging activity;
mg EDTA equivalents (EDTAE)/g extract in the metal chelating ability (MCA), mmol
TE/g extract in the phosphomolybdenum assay (PBD); mg galanthamine equivalents
(GALAE)/g extract in AChE and BChE assays; mg kojic acid equivalents (KAE)/g extract
in tyrosinase inhibitory assay; and mmol acarbose equivalents (ACAE)/g extract in amylase
and glucosidase assays.
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3.10. Data Analysis

All analyses were performed in triplicate and results were reported as means ± SD.
Pearson’s correlation coefficients were calculated between total bioactive components
and biological activity parameters. Pearson’s correlation was performed by GraphPad
version 9.0. The relationship between species, chemical compounds and bioactivities was
also assessed using principal component analysis (PCA). PCA analysis was performed by
SIMCA version 14.0.

4. Conclusions

In the present study, nine extracts of C. hypocistis obtained using traditional solvents
and NADESs were investigated for their total polyphenolic contents, antioxidant and
enzyme inhibitory properties. The extracts were found to be richer in TPC than TFC. In
particular, the NADES extracts were found to yield higher TPC compared to the other
extracts. On the other hand, generally, ethanol/water, ethanol, and water showed very
potent and better antioxidant potential compared to the other extracts, whereas hexane
and dichloromethane exhibited weaker antioxidant potential in almost all antioxidant
assays. While NADES-A extract displayed the highest anti-AChE activity, none of the
NADES extracts displayed inhibition against the butylcholinesterase. With the exception
of the water extract, all the other traditional solvent extracts showed dual cholinesterase
inhibitory properties. Remarkably, the NADES extracts were found to have an enhanced
antityrosinase effect compared to the traditional solvent extracts. Similarly, the NADES
extracts were found to be better glucosidase inhibitors, and the NADES-B and -C extracts
showed higher antiamylase activity in comparison with the other studied extracts. It is
worth highlighting that this study demonstrated NADESs to have brought some improved
abilities in bioactive content yields and bioactivity compared to the traditional extracts,
especially in terms of TPC and some of the enzyme inhibitory activities. However, the
traditional solvents were much better in extracting the antioxidant compounds. Hence,
the current investigation enabled a comparison between traditional solvents and NADESs
and suggested the potential of NADESs as an alternative to traditional organic solvents
for higher extraction of phytonutrients and some better biological performance, although
the traditional solvents were found to be more effective in yielding higher antioxidant
activity. The paper proved the importance of natural medicine where sources of pro-health
components are taken from plants. NADESs as mixtures obtained from compounds of
natural origin, in respect to the studied examples, are nontoxic; thus, their extracts could
be used as components of functional foods as well as food additives without the need of
NADES removal.
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Abstract: Some fruits and vegetables, rich in bioactive compounds such as polyphenols, flavonoids,
and anthocyanins, may inhibit platelet activation pathways and therefore reduce the risk of suffering
from CVD when consumed regularly. Aristotelia chilensis Stuntz (Maqui) is a shrub or tree native
to Chile with outstanding antioxidant activity, associated with its high content in anthocyanins,
polyphenols, and flavonoids. Previous studies reveal different pharmacological properties for this
berry, but its cardioprotective potential has been little studied. Despite having an abundant compo-
sition, and being rich in bioactive products with an antiplatelet role, there are few studies linking
this berry with antiplatelet activity. This review summarizes and discusses relevant information on
the cardioprotective potential of Maqui, based on its composition of bioactive compounds, mainly
as a nutraceutical antiplatelet agent. Articles published between 2000 and 2022 in the following
bibliographic databases were selected: PubMed, ScienceDirect, and Google Scholar. Our search
revealed that Maqui is a promising cardiovascular target since extracts from this berry have direct
effects on the reduction in cardiovascular risk factors (glucose index, obesity, diabetes, among others).
Although studies on antiplatelet activity in this fruit are recent, its rich chemical composition clearly
shows that the presence of chemical compounds (anthocyanins, flavonoids, phenolic acids, among
others) with high antiplatelet potential can provide this berry with antiplatelet properties. These
bioactive compounds have antiplatelet effects with multiple targets in the platelet, particularly, they
have been related to the inhibition of thromboxane, thrombin, ADP, and GPVI receptors, or through
the pathways by which these receptors stimulate platelet aggregation. Detailed studies are needed to
clarify this gap in the literature, as well as to specifically evaluate the mechanism of action of Maqui
extracts, due to the presence of phenolic compounds.

Keywords: Maqui; platelets; phenolic compounds and cardiovascular

1. Introduction

Cardiovascular diseases (CVDs: acute myocardial infarction, cerebrovascular disease,
and peripheral arterial thrombosis) are responsible for approximately 30% of deaths world-
wide [1,2]. Platelets play a relevant role in the atherosclerotic process in physiopathologic
and thrombotic events. It has been observed that some bioactive compounds present in
fruits and vegetables, when consumed regularly, can inhibit platelet aggregation and thus
reduce the risk of CVD [3].

Epidemiological studies have shown that modifiable cardiovascular risk factors (CVRFs)
increase the probability of suffering from CVD [4]. There are non-modifiable factors such as
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age and genetic predisposition in addition to modifiable CVRFs such as smoking, dyslipi-
demias, hypertension, diabetes, metabolic syndrome, and overweight/obesity [5–7]. It has
been previously described how inflammation and thrombosis are involved in the onset and
progression of non-communicable diseases [8].

Modifications in the population’s lifestyle have effects on CVD. Consuming a healthy
diet, rich in fruit and vegetables, with high concentrations of proven bioactive protective
and antioxidant compounds, has shown to be a promising action in the prevention of
CVD [9,10]. Diet and lifestyle are modifiable risk factors that can have a significant impact
on an individual’s likelihood of developing non-communicable diseases. It has become
clear that a person’s nutritional status is an important factor in preparing the immune
system to deal with any disease [8].

The ethnomedicinal use of natural products and their natural bioactive compounds
has increased for the treatment and prevention of CVD [11]. The traditional Mediterranean
diet, as well as medicinal plants, have also been reported to exert cardioprotective and
antiplatelet effects in the primary and secondary prevention of CVD [12]. According to
estimates by the World Health Organization (WHO), approximately 80% of the world’s
population uses traditional medicinal herbs for their primary health care. Additionally,
the consumption of berries, for example, chokeberries (Aronia melanocarpa), blueberries
(Vaccinium sect. Oxycoccus), sea buckthorn berries (Hippophae rhamnoides), and grapes (Vitis),
as well as their various derivative commercial drugs, has been linked to the prevention of
CVD, such as atherosclerosis in elderly men [13].

Foods, fruits, vegetables, grains, and fermented beverages such as wine and beer, with
antithrombotic and anti-inflammatory properties, contain a large number of phytochemi-
cals such as phenolic compounds, carotenes, alkaloids, terpenes, peptides, and bioactive
lipid molecules. Many of these compounds exhibit potent inhibition or modulation of
several key proinflammatory and prothrombotic mediator signaling pathways, such as
platelet-activating factor (PAF), thrombin, collagen, ADP, arachidonic acid, and related
eicosanoids [8]. It has been described that the modulation of the intracellular oxidative
state through the consumption of antioxidants in the diet could be a promising approach to
reducing the risk of CVD [14].

Polyphenols are distinct in the Mediterranean diet because they can modulate platelet
function through different mechanisms of action, e.g., modulating thromboxane formation.
It is well known that phenolic compounds are the main components of many plants, and
have gained increasing public and scientific interest due to their beneficial effects on health
as antioxidants [14]. Therefore, plants with high polyphenol content and antioxidant
activity are worth studying. In this group of plants of great interest, we have Aristotelia
chilensis (Stuntz) also known as Maqui, which is a plant native to Chile, a member of the
family Eleocarpaceae, which is distributed across the world in tropical and temperate areas
of Asia, Oceania, and South America. Maqui has stood out for the presence of phenolic
compounds and its anticancer, antimutagenic, anti-inflammatory, and antioxidant activities.
Although some authors have discussed Maqui’s cardioprotective activity, there exist few
studies linking this berry with an antiplatelet effect.

Maqui: Relevance and Traditional Uses

Maqui is a sacred medicinal plant to the indigenous Mapuche people, native to Chile
and the Argentinian border [15]. Its light to dark purple berries ripen between December
and February [16–18]. Besides its medicinal use, Maqui is consumed and prepared as
food (juice, pulp, jam) or liquor [19]. Maqui has a high phenol content and, depending
on the solvent used for its extraction, the phenolic content of the fruit can reach up to
51 g GAE/kg [16,19]. Aqueous and ethanolic extracts of Maqui fruit have been used
since ancient times for medicinal purposes to treat digestive disorders, inflammation, and
migraines, while leaf extracts exert antiseptic, anti-inflammatory, and indigestion protective
properties [20]. Most of the actions described for this berry are related to the high content
of anthocyanins and polyphenols in the ripe fruit [21,22].
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Many collectors and businessmen have opted for plantations of this native fruit, which
is mainly exported to Europe and Asia. Around 170,000 hectares are planted throughout
Chile (estimate of the area of wild Maqui indicated by collectors in the agricultural cen-
sus), but the growing demand for Maqui is not satisfied by wild production. In recent
years, the demand from the food and pharmaceutical industry for Maqui berries has in-
creased, which prompted the domestication of the species to achieve greater availability
and avoid the destruction of wild populations [23]. Studies of the genetic structure of
natural populations were carried out, looking for genotypes to guide the selection of clones
in addition to establishing the best agronomic parameters for their selection and cultiva-
tion [24,25]. For this, studies of the genetic diversity of different Maqui populations using
molecular marker techniques such as chloroplast microsatellites and amplified fragment
length polymorphisms (AFLPs) guided the domestication of this species [23,24]. More than
60 clones of Maqui trees were planted at the Experimental Station of the University of
Talca (Panguilemo) and genetic variability was evaluated using molecular markers [24].
The most outstanding clones were planted in other experimental stations (Los Niches,
Chillan, and Río Negro), which allowed a more detailed evaluation of them [23,26]. From
these works, the clones Luna Nueva, Morena, and Perla Negra present relevant agronomic
characteristics (harvest yield, fruit size, and early maturation) [24,27], making them suitable
for further nutraceutical evaluations.

In wild plantations, about 50% of the fruit is immature at harvest, while in the do-
mesticated tree this is only 20% [27]. Currently, only the ripe fruit is used in the food
and pharmaceutical industry [19,28], while the immature fruit has no application and
is discarded. Likewise, Maqui leaves constitute agroindustrial waste and contain large
amounts of total phenols [29].

The genetic differences in Maqui clones significantly influence their biological poten-
tial [24]. Although the biological properties of Maqui have been extensively studied, few
reports analyze its antiplatelet activity. However, when evaluating Maqui’s composition,
some compounds present in this berry have been shown to exert inhibition of platelet
activation, secretion, and aggregation, thus reducing the risk of CVD [30,31].

In the current review, we will discuss and summarize the studies that relate Maqui
with cardiovascular protection, specifically in the prevention of CVRFs. On the other hand,
we will discuss how Maqui’s bioactive compounds mainly present in its fruit modulate
platelet function as a mechanism of CVD protection.

2. Platelets and Atherothrombosis

Platelets are anucleated cells (1.5–3.0 μm in diameter) that originate from the fragmen-
tation of the cytoplasm of the megakaryocyte through endomitosis. This process leads to
the formation of platelets that enter the bloodstream [32,33].

Platelets circulate as discoid-shaped elements. In response to vascular damage, they
emit pseudopodia, secreting the content of their granules and remodeling their mem-
brane [32]. They are formed by a plasma membrane expressing important glycoproteic
receptors: collagen receptors (glycoprotein (GP) IIb/IIa, GPIb/IX, GPVI, GPIa/IIa, GPIV),
and non-glycoproteic receptors: adenosine diphosphate (ADP) receptors (P2Y1, P2Y12),
thrombin receptors (PAR1, PAR4), thromboxane A2 receptor (TxA2), serotonin receptor, and
prostacyclin I2 receptor. The receptor–agonist interaction participates in the outside/inside
or inside/outside platelet signaling leading to platelet activation and/or inhibition [32,34].

Platelets, in their functional aspects, involve the processes of adhesion, activation, secre-
tion, and platelet aggregation (Figure 1). Adhesion occurs in response to vascular damage;
platelet membrane receptors interact with their respective ligands and bind to the injured
wall resulting in platelets’ morphological changes and secretion of their alpha and dense
granule content [35]. Then, platelets begin the aggregation process which is characterized
by platelet–platelet binding to form a platelet aggregate. Their functionality can be modified
by CVRFs, e.g., developing a platelet hyperactivation state [36]. This condition has been
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described as an increase in the capacity of activation, secretion, and aggregation against low
concentrations of agonists, due to alterations in different signaling pathways [37,38].

Figure 1. Platelet function in the process of primary hemostasis. ADP, adenosine diphosphate;
VWF, von Willebrand factor; GP, glycoprotein; 5HT: serotonin.

Figure 2. Participation of platelets in the atherothrombotic process. VWF, von Willebrand factor;
GP, glycoprotein; IL, interleukin, PF4, platelet factor 4; PSGL-1, glycoprotein ligand-1 P-selectin;
RANTES, beta-regulatory chemokine; VCAM-1, vascular cell-1 adhesion molecule.

Participation of Platelets in Atherothrombosis

Platelets represent the bridge between an inflammatory process and thrombosis, a fun-
damental process for the development of atherothrombosis and complication of atheroscle-
rotic plaque [39]. Plaque rupture leads to the formation of a thrombus rich in platelets,
a process characteristic of arterial thrombosis (Figure 2). During the atherothrombotic
process, platelets participate in both the initial and final stages [40]. In the initial phase,
platelets adhere to the CVRF-damaged endothelium, secreting and exposing molecules that
amplify the inflammatory process [35,40]. In the final stage, after the plaque ruptures, the
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platelets adhere at endothelium formatting to aggregates and thus contribute significantly
to thrombus formation [41].

It has been observed that some bioactive compounds in fruits and vegetables, polyphe-
nols and flavonoids, when consumed regularly may inhibit platelet activation and therefore
reduce the risk of CVD. The importance of natural antioxidants to provide cardiovas-
cular protection has been highlighted before [3,42,43], as well as the reports about the
antithrombotic activity of fruits and vegetables [44,45]. In the case of Maqui, these studies
are scarce [20,30].

3. Chemical Characterization of Maqui

The development of chromatographic and spectrophotometric techniques such as high-
performance liquid chromatography (HPLC), coupled with diode detectors (DADs) and a
mass spectrometer (MS) have favored advances in the identification and quantification of
anthocyanins and other polyphenolic compounds [46,47].

The main bioactive compounds already reported in Maqui include phenolic acids
(caffeic and gallic), flavonols (quercetin, rutin, and myricetin), flavonoids (catechin and
epicatechin), and anthocyanins (delphinidin and its derivatives, malvidin, petunidin,
cyanidin, and peonidin) [18] (Figure 3).

Figure 3. The chemical structure of the main chemical compounds present in the fruits of Maqui.
Chemical structures corresponding to a, Delphinidin-3-glucoside; b, Cyanidin-3-glucoside; c, Ellagic
acid; d, Quercetin; e, Kaempferol-3-glucoside; f, Myricetin; g, Isorhamnetin-3 -rutinoside; h, Gra-
natin B; i, Eriodic-tyol-7-rutinoside; j, Hesperetin-7-rutinoside; k, 5-O-caffeoylquinic acid; l, Rutin;
m, Ferulic acid and n, Sinapic acid.

Aqueous extracts of the fruits of Maqui contain a high content of phenolic acids (ferulic
acid, gallic acid, caffeic acid), flavonoids (quercetin, myricetin, kaempferol, delphinidin,
and cyanidin) and tannins (ellagitannins) [48]. On the other hand, the hydroalcoholic
extract of the Maqui fruit presents high values of phenols and the presence of hydrophilic
compounds, coumaric, gentisic, ferulic, and gallic acids, delphinidin-3,5-O-diglucoside,
cyanidin-3-O-glucoside, and proanthocyanidin B, as well as hydrophobic compounds, cate-
chins, quercetin, rutin, and anthocyanidins [49–51]. Cespedes et al. evaluated an ethanolic
extract by extracting first with EtOH/H2O (6:4) followed by a subsequent extraction with
H2O. This extract presented a composition based on gentisic acid, ferulic acid, gallic acid,
p-coumaric acid, sinapic acid, 4-hydroxybenzoic acid, delphinidin, cyanidin, vanillic acid,
delphinidin gallate, gallocatechin gallate, quercetin, rutin, myricetin, catechin and epi-
catechin, and anthocyanin glycosides [52]. Another study indicates the phytochemical
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characterization of several Maqui berries by HPLC-DAD-ESI/MSn. Eight glycosylated
anthocyanins, derived from cyanine and delphinine, have been reported: delphinidin-3-O-
sambubioside-5-O-glucoside, delphinidin-3,5-O-diglucoside, cyanidin-3,5-O-diglucoside,
cyanidin-3-O-sambubioside-5-O-glucoside [53]. Sonication has been reported as an ideal al-
ternative to obtain extracts from Maqui berries with high bioactivity, increasing the content
of anthocyanins in Maqui berries, 3-glucosides, 3,5-O-diglucosides, 3-O-sambubiosides,
and 3-O-sambubioside-5-O-glucosides of delphinidin and cyanidin as determined by HPLC
with photodiode array and MS detection [46]. Maqui fruit extracts’ main components are
summarized in Table 1.

Only a few studies refer to the phytochemical analysis of leaf extracts of Maqui. The
presence of indole and quinoline alkaloids has been reported in the leaves [19], being
identified as aristoteline, serratoline, aristone, horbatinol, and horbatina [54,55]. Studies
performed on ethanolic extracts of Maqui leaves reported the presence of some polyphenols
such as gallic acid, coumaric acid, quercetin, myricetin, rutin, pelargonidin, and catechin.
Interestingly, these compounds have been associated with the prevention of some CVD [56].

Table 1. Anthocyanins and phenolic compounds identified and quantified in Maqui fruit extracts.

Anthocyanins (TA) % Average (Range) References

Delphinidin-3-O-sambubioside-5-O-glucoside 32.4 (15–49) [21,46,52,53,61]
Delphinidin-3-O-glucoside (a) 18.6 (11–28) [21,46,52,53,61]
Delphinidin-3,5-O-diglucoside 18.3 (14–24) [46,52,53,61]
Delphinidin-3-O-sambubioside 10 (6–16) [21,46,52,53,61]

Cyanidin-3-O-glucoside (b) 11 (6–16) [46,52,61]
Cyanidin3,5-diglucoside 10.8 (7–14) [21,46,52,53]

Cyanidin-3-O-sambubioside-5-O-glucoside 9 (7–11) [52,61]
Cyanidin-3-O-sambubioside 6.5 (6–7) [21,46,52,53]

Cyanidin-O-glucoside-5-O-rhamnoside 1.5 (1–2) [21,53]

Phenolic Compounds (TP)

Ellagic acid (c) 30 [22]
Ellagic acid rhamnoside 8 [62]

Ellagic acid hexoside 2.8 (2–3.5) [22,53,62]
Quercetin-O-galloyl-O-hexoside 24 [22]

Quercetin-3-O-rutinoside 10 (7–13) [53,62]
Quercetin-3-O-arabinoside 6 (5–7) [22,53,62]
Quercetin-3-O-galactoside 6 (5–7) [22,53,62]
Quercetin-3-O-rhamnoside 5.5 (4.1–6) [53,62]

Quercetin-3-O-xyloside 3.5 (2–5) [22,53,62]
Quercetin-3-O-glucoside 3 (2–4) [22,53,62]

Quercetin (d) 2 [22]
Kaempferol-3-O-glucoside (e) 18 [53]
Kaempferol-3-O-galactoside 12 [53]
Kaempferol-3-O-rutinoside 2 [53]

Myricetin-3-O-glucoside 13 (6–20) [22,53]
Myricetin (f) 8 [22]

Myricetin-3-O-galactoside 6.3 (4–10) [22,53,62]
Myricetin-3-O-galoyl-O-glucoside 4 (2–6) [22,53,62]
Myricetin-3-O-galoyl-O-glucoside 4 (2–6) [22,53,62]
Isorhamnetin-3-O-rutinoside (g) 2 [53]

Granatin B (h) 20 [62]
Eriodictyol-7-O-rutinoside (i) 11 [62]
Hesperetin-7-O-rutinoside (j) 11 [62]

5-O-caffeoylquinic acid (k) 8.5 (5–12) [22,53,62]
Rutin (l) 6 [22]

Ferulic acid (m) 4 [62]
Sinapic acid (n) 3 [62]

Average % (range): percentage in which the compound is present in the Maqui fruit.

A study carried out in different regions of Chile showed that the total anthocyanin
concentrations (TA) vary between 660 and 1500 mg cyanidin-3-O-glucoside/100 g of dried
fruit, while the TP ranges between 1070 and 2050 mg GAE/100 g of dried fruit [17]. The
total content of anthocyanins and polyphenols in Maqui is highly variable, depending
on growing conditions, harvest times, plant genotype [17], and the different extraction

252



Molecules 2022, 27, 6147

procedures [57]. Maqui fruits have higher total polyphenol (TP) levels and antioxidant
activity than other species recognized for their high phenolic content such as blueberries,
pomegranates, blackberries, and red raspberries [58,59]. If we compare the Maqui with
other berries, for example, Euterpe oleracea, better known as açai, which has also stood out
for being one of the most nutritious fruits in South America, the phenolic content does not
exceed the values referenced for Maqui [60].

4. Cardioprotective Role of Maqui

Food and/or pharmaceutical supplements have become attractive alternatives to
reducing CVRFs [63]. Some non-communicable diseases, including CVD, could be pre-
vented by improving the lifestyle of the population, including the consumption of a healthy
diet [64]. Studies have highlighted the importance of natural antioxidants present in
vegetables, to provide cardiovascular protection [42]. An investigation showed the cardio-
protective effect of proanthocyanidins present in a grape seed extract evaluated in mice [65].
Some works refer to the antioxidant activity of the methanolic extract of the fruit of Maqui
and the cardioprotective effects on acute ischemia/reperfusion induced in the hearts of
rats [20]. It has been described that a diet rich in fruits and vegetables favors adequate
platelet function, with positive effects on cardiovascular health [30]. Undoubtedly, the
Maqui compared to other fruits presents a wide biological potential, being a promising
target for study mainly in the cardiovascular area (Figure 4).

Figure 4. Cardioprotective effect of chemical compounds identified in Maqui.

4.1. Antioxidant Effect

Investigations highlight the antioxidant potential of Maqui, which is more potent com-
pared to other berries; the antioxidant capacity expressed as Trolox equivalents is higher in
Maqui berries compared to Vaccinium floribundum [61]. Other authors also point out that this
berry has a better potential for radical scavenging and antioxidant reactivity using in vitro
antioxidant capacity tests [66]. Some works refer to the antioxidant activity of the methanolic
extract of the Maqui fruit, and the cardioprotective effects on acute ischemia/reperfusion
induced in an in vivo rat model. In this study, the methanolic extract protected the animals
from cardiac damage due to the incidence of reperfusion dysrhythmias and non-recovery of
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sinus rhythm. The antioxidant effect of this extract was also evaluated with ORAC, FRAP,
and DPPH assays presenting an IC50 of 1.62 ppm against DPPH [20].

It has been shown that the antioxidant activity of the Maqui berry is directly related to
cognitive protection and a decrease in oxidative stress markers. Methanol/water extracts
and their partitions (acetone and ethyl acetate) of three Maqui varieties were studied for an-
titumor effects in HT-29, Caco-2, and NF-κ colon cancer cells. The inhibition of cell growth
and nitric oxide (NO) production by the most active extracts was dose-dependent and
significant effects were observed at concentrations of 25.0 and 10.0 ppm, respectively [67].

Maqui berries have shown better results against different in vitro tests of antioxidant
activity [68]. A new drink based on lemon juice and Maqui has been compared against other
mixtures with açai and blackthorn. The Maqui mixture was the most interesting in terms
of antioxidant capacity. An ABTS assay showed that Maqui-containing mixtures presented
better results (8.35 ± 0.55 mM Trolox), supporting the strong antioxidant activity of this berry.
Açai blends showed lower capacity compared to Maqui blends (3.88 ± 0.58 mM Trolox). This
study also showed the most potent reducing capacity of Maqui compared to açai against the
DPPH radical (3.07 mM ± 0.09 mM Trolox and 0.12 ± 0.19 mM Trolox, respectively) [69].

4.2. Effect on Inflammation and Endothelial Dysfunction

Maqui has received attention due to its broad biological potential, including reduc-
ing inflammation. In vitro studies have mainly shown that Maqui limits adipogenesis
and inflammatory pathways [61] in addition to affecting the production of NO [70]. A
hydroalcoholic extract of this species, as well as rutin, improved endothelium-dependent
relaxation and reduced plasma levels of cholesterol, LDL, and triglycerides. Addition-
ally, Maqui and rutin improve the bioavailability of NO [71]. Another study evidenced
the protective effect of a hydroethanolic extract of Maqui and its flavonoids (rutin and
quercetin) on endothelial dysfunction induced by high glucose and pyrogallol, through
a greater generation and bioavailability of NO [72]. An aqueous extract of Maqui berries
modulated NO production in a hyperglycemic and/or hyperinsulinemic microenviron-
ment, in addition to improving endothelial function, through the possible vasorelaxant
properties of NO [70]. Maqui methanolic extracts under inflammatory conditions suppress
NO production, through the regulation of inducible nitric oxide synthases (iNOSs). These
results correlate with the inhibition of the expressions of NF-κB and COX-2 proteins [67].
On the other hand, the methanolic extract of the Maqui fruit decreases lipid oxidation
and reduces the concentration of thiobarbituric acid reactive species (lipid peroxidation
index) [20]. In human endothelial cell cultures, Maqui juice dose-dependently protects
intracellular oxidative stress induced by hydrogen peroxide, suggesting that it might have
antiatherogenic properties [66].

4.3. Effect on Diabetes and Obesity

Maqui dietary supplementation has been shown to have positive effects on fasting
glucose and insulin levels in human and mouse models of type 2 diabetes and obesity.
Maqui standardized extract showed a significant reduction in glycemia in 10 volunteers
with moderate glucose intolerance [73]. It was shown that obese mice induced by a high-fat
diet and supplemented with lyophilized Maqui had better insulin response capacity, less
weight gain, and greater thermogenic activity [74].

The effect of Maqui anthocyanins on a murine model of type 2 diabetes was stud-
ied. Oral administration of these anthocyanins improved fasting blood glucose levels
and glucose tolerance in hyperglycemic obese C57BL/6J mice, fed a high-fat diet. On
the other hand, it also improved the negative regulation of the gluconeogenic enzyme
glucose-6-phosphatase stimulated by insulin and decreased glucose production. Addition-
ally, delphinidin-3-O-sambubioside-5-O-glucoside was shown to dose-dependently lower
fasting blood glucose levels in obese C57BL/6J mice [75].

Maqui berries are commercially extracted to produce a standardized polyphenolic
extract, which contains 25% delphinidin, the most abundant anthocyanin in this fruit.
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The extract has other constituents, phenolic acids, flavonols (quercetin, rutin, myricetin,
and flavanols (catechins and epicatechins). Maqui berry extract is marketed worldwide
as Delphinol® and is distributed by the company Maqui New Life (MNL, trademark
owner), based in Santiago, Chile, and Cham, Switzerland [76]. Delphinol® is a nutritional
supplement with the ability to naturally control postprandial glycemia through the inhi-
bition of the sodium and glucose cotransporter in the small intestine. An investigation
carried out on ten volunteers with moderate glucose intolerance, using a double-blind,
placebo-controlled, crossover study model, showed the effect of Delphinol® on glucose.
This supplement significantly inhibited non-desired changes in postprandial blood glucose
levels, 60 and 90 min after ingestion of boiled rice [73]. Alvarado et al. showed that the
effects of Delphinol® on basal glycemia and insulinemia could be related to the inhibition
of intestinal glucose transporters, as well as an incretin-mediated effect or by improving
sensitivity to insulin [77].

Additionally, the role of Maqui extracts has been highlighted not only in preventing
diabetes but also in preventing and treating obesity. A high-fat diet supplemented with
a regular dose of Maqui berries shows better insulin response and less weight gain. In
addition, a differential expression of genes involved in de novo lipogenesis, fatty acid
oxidation, the formation of multilocular lipid droplets, and thermogenesis in subcutaneous
white adipose tissue (scWAT) is evidenced. These findings highlighted the role of this
berry in preventing or treating type 2 diabetes and obesity-related diseases, as well as their
metabolic complications [74].

Alpha-glucosidase inhibition is considered one of the measures to regulate type 2
diabetes [69]. Gironés-Vilaplana et al. (2014) reported that EC50 values of glucosidase
inhibition for açai and Maqui berries were in the range of 0.33–2.14 mg/mL, while for
strawberry pomace the values were not so influential, which shows once again the potential
of Maqui over other berries [69,78]. Maqui has shown potent postprandial glycemic
lowering effects at a single dose of approximately 1000 μmol GAE of polyphenols derived
from Maqui berry extract and lemon juice, following carbohydrate (glucose and rice)
ingestion [79]. A similar dose was also effective in lowering postprandial blood glucose
(induced by ingestion of 25 g glucose) by ingestion of coffee containing 2.5 mmol/L
chlorogenic acid (a total amount of 1000 μmol chlorogenic acid) [79,80]. Table 2 summarizes
the clinical studies that link Maqui with cardiovascular protection. These results show
the effect of different extracts of this berry on cardiovascular risk factors (glucose index,
obesity, diabetes, among others). Some studies showed the biological activity of the Maqui
extract, while others relate the biological potential with the presence of some compounds
of a mainly phenolic nature.

Table 2. Cardioprotective role of Maqui: clinical studies.

Plant
Part(s)

Type of
Extract

Dose or
Concentration

Mechanism of Action or Effect
of Extract and/or Pure

Compound Characterization of
the Extract

Characterization Identified Compound Reference

Fruit
Methanolic

extract of ripe
fruits of Maqui.

100, 10, and
1 ppm/kg of rat

body weight

Cardioprotection
Methanolic extract of ripe fruits

of Maqui has antioxidant
activity and cardioprotective

effect on acute
ischemia/reperfusion

performed in rat hearts. The
extract protected from heart

damage due to the incidence of
reperfusion dysrhythmias and
non-recovery of sinus rhythm.
It also prevents harmful events

in the heart of the animal by
reducing lipid oxidation and
reducing the concentration of

substances reactive to
thiobarbituric acid, and lipid

peroxidation index.

No [20]
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Table 2. Cont.

Plant
Part(s)

Type of
Extract

Dose or
Concentration

Mechanism of Action or Effect of
Extract and/or Pure Compound
Characterization of the Extract

Characterization Identified Compound Reference

Fruit Maqui berry
extract

150 mg
standardized

Oxidative stress biomarkers
Delphinol reduces levels of

Ox-LDL and urinary
F2-isoprostanes

(8-iso-prostaglandin F2α).

No [81]

Fruit

Maqui berry
powder (ground

whole fruit rich in
anthocyanins)

50 and 100 mg/kg

Oxidative stress markers
The administration of the aqueous

extract of Maqui berry prevents
the cognitive deficit caused by

chronic exposure
to ozone.

Decreases levels of oxidative
stress markers and superoxide
enzymatic activity in animals

exposed to ozone through four
oxidative stress markers: 4HNE,
MDA, Nt3, and AGEs in brain
areas involved in learning and

memory processes.

Yes
Ellagic acid derivatives,

flavonols, and
chlorogenic acid.

[82]

Fruit

Hydroethanolic
extract of a

Chilean berry
Maqui.

Pure compounds:
rutin and
quercetin

500 μg/mL (extract)
50 μM (quercetin)
and 10 μM (rutin)

Endothelial dysfunction and
oxidative stress

Maqui berry extracts, quercetin,
and rutin protect against

endothelial dysfunction induced
by high glucose and pyrogallol

through increased generation and
bioavailability of NO.

Yes

p-Coumaric acid, rutin,
gentisic acid, sinapic
acid, procyanidin B;

gallic acid, quercetin,
myricetin, delphinidin-3-

O-glucoside,
cyanidin-3-O-glucoside,

delphinidin-3,5-O-
diglucoside,

delphinidin-3-O-
sambubioside,
cyanidin-3-O-
sambubioside,

proanthocyanidin B,
proanthocyanidin blend,

catechin epicatechin
blend, p-coumaric acid
and p-hydroxybenzoic

acid blend, cyanidin
catechin blend and free

sugar blend.

[72]

Fruit

Hydroalcoholic
extract of Maqui.
Pure compound:

rutin

50 mg (extract)
30 mg/kg (rutin)

Vascular reactivity,
hyperglycemia,

and dyslipidemia
Maqui reduces plasma levels of

cholesterol, LDL
and triglycerides.

Rutin lowers blood
sugar and enhances

endothelium-dependent
relaxation.

Maqui and rutin improved the
bioavailability of

nitric oxide.

Yes

Gentisic acid, ferulic
acid, gallic acid,

p-coumaric acid, sinapic
acid, 4-hydroxybenzoic

acid, delphinidin,
cyanidin, vanillic acid,
quercetin, myricetin,
mixed catechin and

epicatechin, delphinidin,
delphinidin-3-O-

sambubioside-5-O-
glucoside, delphinidin-

3,5-O-diglucoside,
cyanidin-3-O-

sambubioside-5-O-
glucoside,

cyanidin-3,5-O-
diglucoside,

delphinidin-3-O-
sambubioside,

delphinidin-3-O-
glucoside,

cyanidin-3-O-
sambubioside, and

proanthocyanidin B.

[71]

Fruit

Maqui extract
enriched with
anthocyanins.

Pure compound:
delphinidin-3-O-
sambubioside-5-

O-glucoside

125–500 mg/kg
(extract)

2–10 μg/mL and
5–100 μg/mL

(delphinidin-3-O-
sambubioside-5-O-

glucoside)

Type 2 diabetes
Oral administration of

anthocyanins reduces fasting
blood glucose levels and glucose
tolerance in hyperglycemic obese
C57BL/6J mice fed a high-fat diet.

Oral administration of
delphinidin-3-O-sambubioside-5-

O-glucoside dose-dependently
lowered fasting blood glucose
levels in obese C57BL/6J mice

(2–10 μg/mL). It also decreases
glucose production in rat liver

cells (50–100 μg/mL).

Yes

Delphinidin-3-O-
sambubioside-5-O-

glucoside,
delphinidin-3,5-O-

diglucoside,
delphinidin3-O-
sambubioside,

delphinidin-3-O-
glucoside,

cyanidin-3-O-
sambubioside,

cyanidin-3-O-glucoside,
cyanidin-3-O-

sambubioside-5-O-
glucoside +

cyanidin-3,5-O-
diglucoside.

[75]
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Table 2. Cont.

Plant
Part(s)

Type of
Extract

Dose or
Concentration

Mechanism of Action or Effect of
Extract and/or Pure Compound
Characterization of the Extract

Characterization Identified Compound Reference

Fruit

Standardized
extract of berries

of Maqui.
Pure compound:

delphinidin

20 mg/kg (extract)
50 μM

(delphinidin)

Postprandial blood glucose
Delphinol® lowers

blood glucose
and postprandial insulin.
Daily oral application of

Delphinol® for four months
reduces fasting blood glucose

levels and lowers postprandial
glycemia due to sodium–glucose

cotransporter inhibition in the
small intestine.

No [73]

Fruit Maqui

250 mL containing
approx. 1000 μmol

GAE of
polyphenols)

Postprandial blood glucose
Reduction in the glycemic

peak mediated by the
glucose + Maqui + lemon mixture.
Mixing glucose + Maqui + lemon

reduces the glycemic peak of
glucose (20.5 ± 8.4%) compared to
glucose. This amount represents a
reduction of 36.7 ± 15.0 mg/dL in

postprandial blood glucose.

No [75]

Fruit Maqui extract

20 mg of
freeze-dried

Maqui/mL of
filtered tap water

Obesity
Maqui extract prevents

diet-induced obesity and its
associated comorbidities.
Reduced fasting glucose.

Improves insulin response and
reduces weight gain, and also a
differential expression of genes

involved in de novo lipogenesis.

Yes

Delphinidin-3-O-
sambubioside-5-O-

glucoside,
delphinidin-3-O-

sambubioside,
cyanidin-3-O-

sambubioside-5-O-
glucoside,

cyanidin-3-O-glucoside,
cyanidin-3-O-
sambubioside.

[74]

5. Antiplatelet Activity of the Compounds in Maqui

Several fruits such as red grapes, strawberries, kiwis, and pineapples have been shown
to exert antiplatelet effects [63]. The most commonly investigated berries with antiplatelet
potential have been grapes, aronia berries, and sea buckthorn berries, which contain
phenolic compounds such as hippuric acid, pyrogallol, catechol, and resorcinol which
inhibit collagen-stimulated platelets at a concentration of 100 μM [83,84]. A combination
of extracts from different berries (blueberries, strawberry puree, cranberries, blackcurrant
puree, and raspberry juice) showed an antiplatelet effect when using ADP and collagen as
agonists, in platelets from healthy adults who consumed moderate amounts of berries for
8 weeks [84,85]. Another in vivo study, in whole blood, showed that the combination of
grape seed and skin extracts reduced collagen-induced platelet aggregation to a greater
extent than either extract alone, showing the importance of synergistic inhibitory actions
at physiological levels [84,86]. Cranberry juice also inhibited ADP- and collagen-induced
platelet aggregation after four days of consumption four times a day [87]. In addition,
strawberry extract (0.1–1 mg/mL) in an in vivo model inhibits platelet aggregation induced
by arachidonic acid (AA) and ADP in a dose-dependent manner [44]. Results of in vitro
and ex vivo studies have reported that polyphenols present in red grape and purple grape
juices inhibit platelet aggregation induced by ADP, thrombin, collagen, epinephrine, and
AA [85,88–91]. Chlorogenic acid, a polyphenol present in cherries, apples, kiwis, eggplants,
plums, and coffee, also exhibits antiplatelet activity [92].

The few studies about antiplatelet activity in Maqui are recent [93]. The aggregation
and platelet secretion induced by ADP and collagen were significantly inhibited by leaf and
immature fruit extracts of the varieties “Luna Nueva” and “Morena”. These extracts also
reduced oxidative stress, an effect that might be related to the high content of antioxidant
compounds [20]. The chemical characterization allowed us to identify several compounds
with known antiplatelet potential, such as caffeic acid, quercetin, isorhamnetin, kaempferol,
and rutin, among others. The varieties differ in the composition and concentration of
phenolic compounds, supporting the fact that extracts from different genotypes and parts
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of the tree, e.g., immature compared to mature fruit, vary in their antiplatelet activities.
The participation of each bioactive compound with antiplatelet activity was also investi-
gated using Pearson’s statistical analysis. The results showed that the levels of phenolic
compounds are responsible for the antiplatelet effects of Maqui [93].

Although this berry has been attributed with a wide biological potential, a gap can
be seen in the literature regarding its antiplatelet properties. However, its rich chemical
composition clearly shows that the presence of chemical compounds with high antiplatelet
potential can give Maqui a prominent potential in the development of new antiplatelet
agents. Table 3 summarizes some in vitro and in vivo studies of the antiplatelet activity
of bioactive compounds identified in Maqui, i.e., anthocyanins, flavonoids, and phenolic
acids that have important antiaggregant activity against several agonists, e.g., TRAP-6,
ADP, collagen, and arachidonic acid (AA).

5.1. Anthocyanins

The anthocyanins delphinidin-3-O-rutinoside, cyanidin-3-O-glucoside, cyanidin-3-O-
rutinoside, and malvidin-3-O-glucoside inhibit platelet aggregation [30,31,96,98,111,118]
using TRAP-6, epinephrine, collagen, and ADP as agonists [30,96,98,101,109–111,116,118].
The effects were even greater in mixtures of these compounds, possibly due to the synergism
of polyphenols and anthocyanins.

The use of pure chemical compounds in studies on platelet function is vital to elucidate
the mechanism of antiplatelet action. Yan et al. determined the effects of delphinidin-3-O-
glucoside on platelet activation in both in vitro and in vivo models of thrombosis, conclud-
ing a dose-dependent antiplatelet effect in human platelet-rich plasma (PRP) and washed
platelets, activated with collagen, ADP, and TRAP-6 [31]. Delphinidin-3-O-glucoside also
inhibited the growth of the thrombus in mice and the exposure of P-selectin in the platelet
membrane. Furthermore, the authors reported that this compound inhibited the phos-
phorylation of the adenosine-activated protein kinase (AMPK) [31]. The concentrations of
anthocyanins used in the cited experiments were within the physiological levels and the
pharmacological dose (0.5–50 μM) [30].

In the presence of anthocyanins, thrombus formation in mice and human in vivo per-
fusion chambers was reduced at low and high shear rates [31]. In a model of intravital
microscopy thrombosis, anthocyanins prolonged the time for thrombus formation at a dose
of 0.5 μM and delayed vessel occlusion significantly at 5 μM and 50 μM. The release of α
and dense granules, the expression of P-selectin, the cluster of differentiation (CD) 63 (CD63),
CD40L, and the secretion of the cytosolic proteins were observed. In addition, delphinidin-3-
O-glucoside decreased the expression of the α2bβ3 integrin. Overall, the cited study suggests
that the daily consumption of anthocyanins may play a fundamental role in the protection
against CVD, which could be related to the inhibition of platelet activity [31].

5.2. Flavonols

Quercetin is one of the main flavonoids identified in several natural sources, including
Maqui [119]. Both antiplatelet potential and other biological properties have been attributed
to this flavonol. Quercetin inhibits platelet aggregation induced by collagen, with an
IC50 = 6 μg/mL at a concentration of 5 μg/mL of collagen [120]. The antiplatelet mecha-
nism of this flavonoid has been related to the inhibition of collagen-stimulated tyrosine
phosphorylation, a key component of the collagen signaling pathway through glycopro-
tein VI, Syk [121]. This compound has not only shown potent activity against collagen;
previous studies report that it inhibits platelet aggregation induced by AA (substrate of
cyclooxygenase-1 (COX-1)) and by U46619 (synthetic mimetic of TxA2) [122].
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Table 3. Antiplatelet activity of anthocyanins and phenolic compounds in Maqui.

Compounds In Vitro In Vivo Reference

Anthocyanins

Delphinidin-3-O-glucoside
(5–50 μg/mL)

Inhibition of platelet aggregation with collagen (10 μg/mL) and
TRAP-6 (100 μM) at 0.5 μM and 50 μM in washed platelets.
Inhibition of platelet aggregation with ADP (5 μM), collagen
(10 μg/mL) and TRAP-6 (100 μM) at 0.5 μM and 50 μM in

platelet-rich plasma
Dose-dependent reduction in activated GPIIb/IIIa expression.

Inhibition of platelet adhesion and aggregation in perfusion chamber
assays at low and high shear rates.

Decreased platelet deposition, thrombus formation, and
vessel occlusion.

[94]

Inhibition of platelet aggregation with ADP (5 μM), collagen
(2 μg/mL), and TRAP (100 μM).

Inhibition of the activation and secretion of P-selectin, CD63, CD40L,
αllbβ3, and fibrinogen with ADP (200 μM), collagen (10 μg mL),

thrombin (1 U/mL), and TRAP (250 μM).
Mechanism: inhibition of

the phosphorylation of MAPK induced by collagen (25 μg/mL).

Inhibition of collagen-induced
thrombus formation (100 μg/mL),

using controlled flow.
Inhibition of thrombus formation

induced by FeCl3 at 50 μg/mL, using
intravital microscopy.

[31,95]

Cyanidin-3-O-glucoside
(5–50 μg/mL)

Inhibition of the activation and secretion of P-selectin, CD63, CD40L,
αllbβ3, fibrinogen with collagen (10 μg/mL), thrombin (2 U/mL),

and TRAP (250 μM).
Inhibition of platelet aggregation with collagen (2.5 μg/mL),

thrombin (0.1 U/mL), and TRAP (100 μM).
Mechanism: via receiver GPVI collagen (2.5 μg/mL). Inhibition of

the phosphorylation of tyrosine protein induced by collagen
(2.5 μg/mL) at 5–50 μM.

Inhibition of the formation of the
thrombus induced by collagen

(0.5–50 μM) and FeCl3 at 5–50 μM.
[95,96]

Inhibition of platelet aggregation with collagen (10 μg/mL) and
TRAP-6 (100 μM) at 0.5 μM-and 50 μM in washed platelets.
Inhibition of platelet aggregation with ADP (5 μM), collagen
(10 μg/mL) and TRAP-6 (100 μM) at 0.5 μM and 50 μM in

platelet-rich plasma
Dose-dependent reduction in activated GPIIb/IIIa expression.

Inhibition of platelet adhesion and aggregation in perfusion chamber
assays at low and high shear rates.

Decreased platelet deposition, thrombus formation, and
vessel occlusion.

[94]

Inhibition of platelet granules (P-selectin, CD40L, 5-HT, RANTES,
and TGF-β1) with thrombin (0.5 U/mL).

Attenuated serum levels of PF4 and
β-TG in mice fed high-fat diets at a

dose of 1000 mg/kg.
[97]

Flavonols

Quercetin- 4”-O-β-D-glucoside

Inhibition of platelet aggregation with
collagen (50 μL) at 150 mg.

Mechanism: inhibition of the
phosphorylation of protein tyrosine
kinase Syk and PLCγ2 induced by

collagen (25 μg/mL) at 150 mg.

[98]

Quercetin

Inhibition of platelet aggregation with AA (100 μM), ADP (20 μM),
collagen (10 μg/mL) at 13 μM. It inhibits ATP release with ADP

(7 μM) and epinephrine
(7 μM) at 2.5 μM.

Mechanism: inhibits the formation of TxA2 and PG induced by AA
(100 μM) at 5 μM.

[99]

Inhibition of platelet aggregation with 100 μg/mL of AA (100 μM)
and collagen (10 μg/mL) at 100 μg/mL.

Relaxation in the thoracic aorta of the
rat is induced by norepinephrine

(3 μM) at 100 μM.
[100]

Inhibition of platelet aggregation with collagen (0.5–5 μL/mL) at
IC50: 2.37–8.69.

Inhibition of the mobilization of Ca2+ induced by collagen
(5 μL/mL) at 15 μM.

Mechanism: inhibits the GPVI signaling pathways, phosphorylation
of tyrosine protein, and PI3 kinase induced by collagen (25 μL/mL)

at 25 μM.

[101]

Inhibition of platelet aggregation with collagen (0.5–5 μL/mL) at
IC50: 2.37–8.69.

Inhibition of the mobilization of Ca2+ induced by collagen
(5 μL/mL) at 15 μM.

Mechanism: inhibits the GPVI signaling pathways, phosphorylation
of tyrosine protein, and PI3 kinase induced by collagen (25 μL/mL)

at 25 μM.

[102]

Inhibition of platelet aggregation with AA (150 μM) IC50: 18 μM.
The increase in cAMP stimulated by PGI2 (0.5 nM) decreased at

50 μM.
Mechanism: inhibition of the activity of COX-1 and lipoxygenase at

10 μM and 50 μM.

[103]
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Table 3. Cont.

Compounds In Vitro In Vivo Reference

Anthocyanins

Kaempferol

Inhibition of thrombin (40 mU) and FXa (20 mU) (68 ± 1.6% and
52 ± 2.4%, respectively). Attenuated fibrin polymer formation in

turbidity and phosphorylation of ERK 1/2, p38, JNK 1/2, and
phosphoinositide PI3K/PKB (AKT) in cells stimulated with

thrombin (0.5 U/mL).
Inhibition of platelet aggregation stimulated by

collagen/epinephrine (34.6%).
Mechanism: inhibition of phosphorylation of ERK 1/2, p38, JNK 1/2,

and PI3K/PKB.

Decreased thrombus formation in
3 animal models

(collagen/epinephrine and
thrombin-induced acute

thromboembolism, FeCl3-induced
model, and carotid arterial

thrombus model).

[104]

Decreased collagen adhesion in resting platelets and activated
platelets with thrombin at a dose of 5 μg/mL. Inhibition of platelets

activated by thrombin and fibrinogen (40%).
Inhibition of platelet aggregation with collagen (5 μg/mL) and AA

(0.5 μmol/L) at 50 μg/kg.
Thrombin-stimulated reduction of enzymatic lipid peroxidation

in platelets.

[105]

Myricetin

Inhibition of platelet aggregation with collagen (5 μg/mL) and AA
(0.5 μmol/L) at 50 μg/kg.

Thrombin-stimulated reduction in enzymatic lipid peroxidation
in platelets.

[106]

Inhibition of platelet aggregation and secretion of alpha granules.
with TRAP-6 (10 μM) and collagen (1 μg/mL) at 15 and 30 μM.
Decreased fibrinogen binding induced by CRP (1 μg/mL) and

TRAP-6 (10 μM) at 15 μM.
Reduction in adhesion on collagen and thrombus formation without

affecting hemostasis in vivo.
Mechanism: inhibition of ERp5 and PDI.

[107]

Dose-dependent (20–30 μM) inhibition of platelet aggregation,
granule secretion and activation (activation of αIIbβ3 integrin and
P-selectin exposure), generation of ROS, and induced intracellular
Ca2+ mobilization by CRP (0.1 μg/mL) and collagen (1 μg/mL).

Mechanism: inhibition of GPVI during cell activation.

Reduction in
ischemia/reperfusion-induced acute
infarction in a mouse model of stroke.

Blocked FeCl3-induced arterial
thrombus formation in vivo and

thrombus formation on
collagen-coated surfaces under low

shear rate.

[108]

Rutin

Inhibition of platelet aggregation with collagen at 250 μM
(1 μg/mL).

The mobilization of Ca2+ induced by collagen (1 μg/mL) decreases
to 250 μM.

Mechanism: inhibition of the PLC phosphorylation and formation of
TxA2, inhibits collagen-induced phosphorylation of P47 at 250 μM.

[109]

Flavanones

Eriodictyol Inhibition of platelet aggregation with collagen (2 μg/mL) and AA
(0.5 mmol/L) at 50 μM. [110]

Hesperetin

Concentration-dependent inhibition of platelet aggregation induced
by collagen (5 μg/mL) and AA (0.5 μmol/L) (IC50: 20.5 and at IC50:
69.2, respectively). Inhibition mobilization of cytosolic Ca2+ induced

by collagen (10 μg/mL) at 20–50 μM.
Inhibition of the secretion of serotonin with collagen (5 μg/mL) and

AA (0.5 μmol/L) at IC50: 10.5 and at IC50: 25.2, respectively.
Mechanism: inhibitionPLC-γ2 phosphorylation. Inhibition of

COX-1 activity.

[111]

Atherosclerosis inhibition [112]

Phenolic acids

Ferulic acid

Inhibition of platelet aggregation induced by ADP, thrombin
(0.5 U/mL), AA (2 mM), collagen (2 μg/mL), and U46619 (2 μM) at

50–200 μM. Inhibition of mobilization of cytosolic Ca2+ and
TXB2 production.

Increased the levels of cAMP and cGMP and phosphorylated VASP.
Decreased phospho-MAPK and PDE.

Mechanism: activation of cAMP and cGMP signaling.

Decreased pulmonary thrombosis and
prolonged tail bleeding and

coagulation time in mice without
altering coagulation parameters.

[113]

Inhibition of platelet activation (serotonin secretion) stimulated by
thrombin, collagen/epinephrine, and decreased clot retraction

activity at 10 μg.
Mechanism: decreased granule secretion, prolongation of the

intrinsic coagulation cascade, and upregulation of αIIbβ3/FIB/AKT
signaling expressions.

Decreased thrombosis in acute
thromboembolism model and

decreased αIIbβ3/ FIB expression
and AKT phosphorylation in

thrombin-stimulated
platelet activation.

[114]

260



Molecules 2022, 27, 6147

Table 3. Cont.

Compounds In Vitro In Vivo Reference

Anthocyanins

Caffeic acid

Inhibition of platelet aggregation with ADP (8 μmol/L) and collagen
(1.5 μg/mL) at 0.5 mmol/L. [115]

Inhibition of the activation and secretion of P-selectin with TRAP
(25 μmol/L) at 100 μmol/L. [83]

Inhibition of platelet aggregation with collagen (2 μg/mL) at
15–25 μM.

Mechanism: inhibition of the phosphorylation of cGMP/VAS Ser
/VASP Ser157 at 15–25 μM. Decreases PKC and phosphorylation of

P47 at 15–25 μM.

[116]

Ellagic acid

Inhibition of platelet aggregation with collagen (1 μg/mL) at IC50:
50 μM.

The mobilization of Ca2+ induced by collagen (1 μg/mL) decreases
at 50 μM.

Mechanism: inhibition of the PLCγ2-PKC cascade, OH* formation,
MAPKs, and Akt induced by collagen (1 μg/mL) at 50 μM.

[117]

Previous works show the cardioprotective potential of quercetin and kaempferol, as
well as their derivatives. Quercetin 3-O-[(6-O-E-feruloyl)-β-D-glucopyranosyl-(1→2)]-β-D-
galactopyranoside-7-O-β-D-glucuropyranoside) and kaempferol 3-O-[(6-O-E-caffeoyl)-β-D-
glucopyranosyl-(1→2)]-β-D-galactopyranoside-7-O-(2-O-E-caffeoyl′)-β-D–glucuropyranoside
isolated from Lens culinaris Medik. showed potent antiplatelet action. Results revealed de-
creased collagen adhesion of resting platelets and thrombin-activated platelets after incubation
with quercetin and kaempferol derivatives [105]. On the other hand, kaempferol has shown its
potential to reduce and prevent thrombosis. The background shows that this flavonoid inhibits
fibrin polymer formation, attenuates phosphorylation of extracellular signal-regulated kinase
(ERK)1/2, p38, c-Jun N-terminal kinase (JNK)1/2, and phosphoinositide 3-kinase (PI3K)/PKB
(AKT) in thrombin-stimulated cells and decreases collagen/epinephrine-stimulated platelet
aggregation by 34.6%. Additionally, kaempferol protected mice from thrombosis in models of
acute thromboembolism induced by collagen/epinephrine and thrombin, as well as carotid
artery thrombus induced by FeCl3 [104]. Another flavonol that has been identified in Maqui
and that stands out for its antiplatelet action is myricetin. This compound reduces the ability
of platelets to spread over collagen and form thrombi in vitro. This effect has been attributed
mainly to the inhibition of PDI and ERp5 by binding to myricetin, forming non-covalent
bonds [107]. Additionally, myricetin has been shown at physiologically relevant concentra-
tions to inhibit platelet aggregation induced by TRAP-6 and AA. It also inhibits fibrinogen
binding and collagen-related peptide-induced alpha granule secretion [123]. The inhibitory ef-
fect against several platelet agonists suggests that this flavonoid can act on molecules common
to different pathways [107,123].

Isorhamnetin was one of the compounds that presented a positive correlation between
its concentration and the antiplatelet activity of Maqui extracts [93]. The effect of isorham-
netin on mitochondrial function, platelet adhesion, and thrombus formation was evaluated
under conditions of controlled blood flow in the Badimon perfusion chamber. This flavonol
showed antiplatelet activity induced by collagen, and thrombin receptor activator peptide-6
(TRAP-6), with IC50 values of 8.1 ± 2.6 μM and 16.1 ± 11.1 μM, respectively [124]. It also
decreased the mitochondrial membrane potential and reduced platelet deposition on the
thrombus, confirming its antithrombotic effect [124].

Isorhamnetin and tamarixetine, quercetin methylated metabolites, stand out for their
antiplatelet potential, even showing better results than aspirin in an aggregometry test.
These compounds inhibit human platelet aggregation and suppress activating processes,
including granule secretion, αIIbβ3 integrin function, calcium mobilization, and spleen
tyrosine kinase (Syk). They also attenuated thrombus formation in an in vitro microfluidic
model, while isorhamnetin inhibited thrombosis in a mouse model of laser injury [125].
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5.3. Flavones

Eriodictyol, a flavone present in Maqui, inhibits platelet aggregation stimulated by collagen
and AA, in platelet-rich plasma (IC50 = 912.9 ± 37 μM and IC50 = 1027.3 ± 551 μM, respec-
tively) [110]. On the other hand, hesperetin can selectively inhibit collagen- and AA-mediated
signal transduction, with IC50 of 20.5 ± 3.5 and 69.2 ± 5.1 μM, respectively. The proposed
mechanism suggests the inhibition of PLC-γ2 phosphorylation and the activity of COX-1 [111].

5.4. Phenolic Acids

Caffeic acid, identified in Maqui, has also been noted for its antiplatelet properties.
Studies have shown that this compound possesses antithrombotic activity on mouse brain
arterioles in vivo, and inhibits platelet aggregation in vitro stimulated by various agonists
(ADP and thrombin) [126,127]. It has been described that this polyphenol is a potent
compound that increases the level of cAMP-dependent protein phosphorylation in collagen–
platelet interactions [128]. Studies report its antithrombotic action at doses of 1.25–5 mg/kg,
an effect related to its capacity to suppress phosphorylation of ERK, p38, and JNK, which
leads to cAMP elevation, and it negatively regulates P-selectin expression and activation
of αIIbβ3 [126–128]. Meanwhile, Nam et al. showed that this polyphenol decreases the
production and release of thrombogenic molecules in human platelets. This effect was
not only mediated by TxA2 but also by the decrease in serotonin released by collagen
by inhibiting the phosphorylation of JNK1 [129]. This phenolic compound at 25–100 μM
further inhibited ADP-induced platelet aggregation, P-selectin expression, ATP release,
Ca2+ mobilization, and αIIbβ3 integrin activation [127].

The potential of ferulic acid has been related to the activation of cAMP and cGMP
signaling [113,114]. This compound inhibits dose-dependent (50–200 μM) platelet aggrega-
tion induced by platelet agonists (ADP, thrombin, collagen, AA, and U46619). Additionally,
it attenuates intracellular Ca2+ mobilization and TxA2 production. It also increases cAMP,
cGMP, and vasodilator-stimulated phosphoprotein (VASP) levels while decreasing phospho-
MAPK and phosphodiesterase (PDE) in washed rat platelets [113]. Studies report that
ferulic acid has an antithrombotic effect in the in vivo model of acute thromboembolism and
decreases the expression of αIIbβ3/FIB and AKT phosphorylation in thrombin-stimulated
platelet activation [114].

Both ellagic acid and ferulic acid inhibit platelet activation in vitro, induced by ADP
and collagen [130]. Phenolic acid derivatives have also been shown to be novel antiplatelet
targets, even more potent than their phenolic precursors. Dihydrocaffeic acid and dihydro-
ferulic acid at doses of 0.01–100 μg/mL 1 μM decreased ADP-stimulated platelet activation,
measured as P-selectin expression and fibrinogen binding [131].

AA, arachidonic acid; ADP, adenosine diphosphate; ATP, adenosine triphosphate; Akt,
protein kinase B; CD63, a membrane protein associated with lysosome 3; CD40L, a ligand
of the membrane protein; COX-1, cyclooxygenase; CRP, collagen-related peptide; ERK:
extracellular signal-regulated kinase; FIB, plasma fibrinogen; FXa, factor Xa; cGMP, cyclic
guanosine monophosphate; GP, glycoprotein; 5-HT, serotonin; αllbβ3, GPVI, glycopro-
tein VI; GPIIb/IIIa, glycoprotein IIb–IIIa; JNK: c-Jun N-terminal kinase, MAPK, protein
kinase activated by mitogens; MW, molecular weight; OH*, hydroxyl radical; PAF, platelet
activating factor; PDE: phosphodiesterase; PG, glycoprotein; PF4, platelet factor 4; PI3,
phosphoinositol 3 kinase; PKB, protein kinase B; PKC, protein kinase C; PLC γ2, phospholi-
pase C; Rantes, regulatory chemokine beta; ROS, reactive oxygen species; Ser, serotonin;
Syk, tyrosine protein kinase; β-TG, beta thromboglobulin; TGF-β1, transforming growth
factor-beta 1; TRAP-6, thrombin receptor activator for peptide 6; TxA2, thromboxane; VASP,
phosphoprotein stimulated by vasodilator.

The secretion of α and dense granules, the release of adenosine triphosphate (ATP), and
the mobilization of Ca2+ are the main markers of activation reported to date by mechanisms
involving the AA-derived pathway and GPVI receptor, among others. Some receptors
for collagen (GPVI), thrombin (protein activated receptors, PARs), and TxA2 activate
phospholipase C (PLC). The aforementioned receptors generate diacylglycerol (DAG) and
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inositol triphosphate (IP3), activating the protein kinase C (PKC) and intracellular Ca2+

release, leading to granule secretion [98,101,102]. On the other hand, adenylyl cyclase
(AC) favors the conversion of ATP into cyclic adenosine monophosphate (cAMP). The
activation of phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) could mediate the
phosphorylation of endothelial nitric oxide synthase (eNOS), increasing the production of
platelet nitric oxide (NO). This leads to the production of cyclic guanosine monophosphate
(cGMP), and stimulates the activation of mitogen-activated protein kinases (MAPK), thus
promoting granule secretion and activation of platelets [31,118].

Considering the studies about the antiplatelet activity of previous tested chemical
compounds that have also been identified in Maqui, and the reviewed inhibition mecha-
nisms of platelet activation, we propose a scheme of how the bioactive compounds present
in Maqui extracts exert their effects (Figure 5).

Figure 5. Antiplatelet mechanistic proposal for Maqui. AC, adenylate cyclase; AKT, protein kinase
B; cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; PI3, phosphoinositol 3 kinase;
PIP2, phosphatidylinositol bisphosphate; GP, glycoprotein; MAP, mitogen-activated protein kinase;
P2Y12/P2P1, ADP receptor; TxA2R, thromboxane receptor.

6. Limitations and Future Perspective

Inhibition of platelet function has long been used to prevent and treat CVD [63].
Although antiplatelet drugs currently exist, this therapy has been accompanied by side
effects, such as bleeding. Recent efforts focus on the search for and development of new
therapeutic agents, together with the healthy habits that we must promote to contribute to
adequate cardiovascular health.

In general, healthy eating is promoted, which includes minimally processed foods and
foods rich in bioactive products such as fruits, nuts, seeds, beans, vegetables, whole grains,
vegetable oils, yogurt, and fish [132]. Epidemiological studies have provided evidence for
the protective role of healthy diets in the prevention of CVD. For example, eating two or
three kiwis a day for 28 days reduces platelet aggregation induced by collagen and ADP.
On the other hand, raw garlic and some of its preparations are recognized as antiplatelet
agents [63]. As the above, Maqui plays a fundamental role among healthy fruits due to its
wide biological potential, as highlighted in this work.

Maqui is known to be rich in phenolic compounds, and phenolic compounds have
a well-recognized role in reducing the risk of chronic diseases, increasing healthy life
years, and promoting healthy aging [133]. The protective mechanisms of foods rich in
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polyphenols may not only depend on their content of nutrients and bioactive compounds
but also include their food matrix properties that affect glycemic load and energy density,
among others [132].

The extraction procedure affects the chemical composition of the Maqui extracts;
variables such as temperature, sonication, extraction time, and solvent are some of the
parameters that would influence the chemical profile identified for this species [119].
Concerning the solvent used for extractions in Maqui matrices, it has been shown that
hydroalcoholic mixtures are the most used solvents for the extraction of bioactive com-
ponents from berries [134]. The biological potential of aqueous and ethanolic extracts of
Maqui, which have a high content of polyphenols, has been reported [28,46]. Hydroalco-
holic extract presented higher polyphenolic content, with antioxidant and antimicrobial
properties meaning it is the most promising extract for pharmaceutical purposes [51]. As
previously described, Maqui has the highest phenol content compared to other berries, and
this depends substantially on the solvent used for extraction [16,19].

Sonication is an ideal alternative to obtain extracts from Maqui berries with high
bioactivity [49] while the extraction time can also modify the antioxidant capacity of
Chilean Maqui berries [48]. Three operating conditions of the extraction process were
compared by modifying the type of solvent (methanol, ethanol, and acetone), solvent
concentration (20, 60, and 100%), and extraction time (15, 127.5, and 240 min). Results show
that after a certain extraction time there is a final equilibrium between the solutes of the
matrix and the extraction solvent [28].

Metabolites such as polyphenols, flavonoids, and anthocyanins are the main ones that
have been identified in Maqui extracts. Polyphenols may possess antiplatelet properties, but
their coadministration may not be safe [135]. It is important to make the correct and precise
determination of both the composition and the amounts of the phenolic compounds that
we consume to avoid toxicity or unwanted side effects. Of the total number of trials with
polyphenols in the last 20 years, 20% analyzed vascular and endothelial responses, and trials
on platelet function and thrombosis are lacking [135,136]. In vivo and trial studies evaluating
potential polyphenol–drug interactions are needed to address this limitation [123].

On the other hand, studies refer to the protective effects of flavonoids against drug-
induced toxicity. It was concluded that flavonoids, both dietary and derived from plant
medicines, can exert protective effects against drug-induced toxicity [135,137,138]. These
compounds are generally recognized as safe, due to the long history of use and consumption
of foods rich in flavonoids. The total daily intake of flavonoids in Europe is estimated to be
around 428 ± 49 mg, with 136 ± 14 mg being monomeric [135,139], while flavonoid-rich
beverages and vegetables can reach 1000 mg/day of flavonoids [135,140].

Although the benefits of phenols have been demonstrated in different in vitro and
in vivo models, there are few reports evaluating the possible effects of Maqui extracts on
platelet aggregation [93]. Although there are clinical studies that show that Maqui extract or
capsules are safe for human consumption [74,75], studies that evaluate their administration
over longer periods are required.

Although in vitro studies help to understand the possible health contributions of
Maqui berries, these may not be fully applicable to humans, as in the case of anthocyanins,
such as delphinidin and anthocyanin, which have been shown to have limited bioavailabil-
ity. In animal and human studies, anthocyanins are poorly absorbed and thus show low
bioavailability [73]. Furthermore, several groups have suggested that dietary cyanidins
and delphinidins may be subject to extensive biotransformation in humans, most likely
involving the colonic microbiota [73,141].

Despite the above, it appears that anthocyanins are more bioavailable than is perceived,
and their metabolites are present in the circulation for ≤48 h after ingestion. A study carried
out on eight male volunteers showed that cyanidin-3-O-glucoside, a main component of the
Maqui berry, has a non-negligible bioavailability of 12.38 ± 1.38%. Blood concentrations of
cyanidin-3-O-glucoside and cyanidin-3-O-glucoside conjugates were observed to appear
between 1 and 2 h after the intake of 500 mg of cyanidin-3-O-glucoside [142].
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There are few in vivo and in vitro studies comparing Maqui with other fruits and berries
to determine the benefits and weaknesses of Maqui compared to other foods with similar
bioactive compound composition. There is a lack of studies to establish how much Maqui
should be consumed daily to see this effect at physiologically relevant concentrations.

The natural bioactive ingredients of Maqui have antiplatelet effects with multiple tar-
gets on the platelet, while the synergistic effects of the phenolic compounds could enhance
the antiplatelet activity. Due to the above, there exists an interest in the cardiovascular
benefits of Maqui berries, so daily consumption of this berry can prevent the development
of CVD, although detailed studies are needed to reinforce its clinical utility.

7. Conclusions

Due to the prevalence of CVD, new antiplatelet drugs are needed to prevent and treat
arterial thrombosis as well as other CVDs. Some bioactive compounds, such as polyphenols
and anthocyanins in fruits and vegetables, have been reported to inhibit platelet activation
and so reduce the risk of CVD.

The broad chemical profile of Maqui (flavonoids, anthocyanins, and phenolic acids)
is directly related to its high biological potential. The current knowledge about Maqui’s
antioxidant, anti-inflammatory, and hypoglycemic effects suggests that a diet including Maqui
could aid in the prevention of CVD, with more studies being required to prove this hypothesis.
The fundamental mechanisms which this species influences have been mainly related to the
inhibition of lipid peroxidation, decrease in cholesterol and blood glucose levels, as well as
a decrease in oxidative stress. Studies are needed to establish how much Maqui should be
consumed daily to see this effect at physiologically relevant concentrations.

Additionally, this species can be studied in detail for antiplatelet purposes, since to
date, there have been few authors who have highlighted this potential in the fruits of Maqui.
Our findings highlighted that the main mechanism by which the compounds identified
in this species act is related to the metabolic pathways of the AA and GPVI receptors.
Although anthocyanins are the main phenolic compounds in this berry, antiplatelet activity
may be directly related to the presence of a specific compound or enhanced by the synergy
of several phenolic compounds.

This review allowed us to investigate the antiplatelet and cardioprotective activity of
the bioactive compounds present in Maqui and highlight the areas in which much remains
to be investigated. Without a doubt, we have shown that Maqui is an interesting target in
the search for new antiplatelet therapies.
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Abstract: Phenolic acids, found in cereals, legumes, vegetables, and fruits, have various biological
functions. We aimed to compare the antihypertensive potential of different phenolic acids by eval-
uating their ACE inhibitory activity and cytoprotective capacity in EA.hy 926 endothelial cells. In
addition, we explored the mechanism underlying the antihypertensive activity of sinapic acid. Of
all the phenolic acids studied, sinapic acid, caffeic acid, coumaric acid, and ferulic acid significantly
inhibited ACE activity. Moreover, gallic acid, sinapic acid, and ferulic acid significantly enhanced
intracellular NO production. Based on the results of GSH depletion, ROS production, and MDA level
analyses, sinapic acid was selected to study the mechanism underlying the antihypertensive effect.
Sinapic acid decreases endothelial dysfunction by enhancing the expression of antioxidant-related
proteins. Sinapic acid increased phosphorylation of eNOS and Akt in a dose-dependent manner.
These findings indicate the potential of sinapic acid as a treatment for hypertension.

Keywords: phenolic acids; sinapic acid; ACE inhibition; hypertension; endothelial dysfunction

1. Introduction

Cardiovascular diseases (CVDs), including coronary artery disease, atherosclerosis,
and hypertension, are a group of diseases that acutely threaten human health [1]. Endothe-
lial dysfunction, a hallmark of hypertension, can be caused by oxidative stress. Nitric oxide
(NO) is a crucial mediator of endothelium-dependent relaxation in blood pressure regula-
tion [2]. Increased radicals rapidly react with NO, resulting in altered NO bioavailability
and impaired endothelial relaxation [3]. Reactive oxygen species (ROS) affect the structure
and function of vascular media. Vascular remodeling by ROS leads to enhanced medial
thickness [4]. Therefore, preventing oxidation and ROS generation may help improve
hypertension-related diseases [5]. Nuclear factor-E2-related factor 2 (Nrf2), an antioxidant
transcription factor important in CVD resistance [6], is highly sensitive to oxidative damage.
Nrf2 promotes the transcription of antioxidant genes, including heme oxygenase-1 (HO-1),
NADPH quinone oxidoreductase (NQO-1), and glutamate-cysteine ligase catalytic subunit
(GCLC). A previous study demonstrated that accumulation of Nrf2 in the nucleus and
activation of protein kinase B (Akt) accompanied HO-1 and NQO-1 expression [7]. In the
endothelium, many growth factors and hormones act as agonists to induce the activation of
Akt and phosphorylation of endothelial nitric oxide synthase (eNOS), which increases NO
production [8]. As various endothelial signaling pathways converge on Akt, it may be an
ideal target protein for eNOS responses [9]. Therefore, the Akt/eNOS and Nrf2 signaling
pathways are crucial checkpoints for the induction of phase II enzymes and treatment of
endothelial dysfunction.

Phenolic compounds are the most abundant phytochemicals in plant-based foods.
Phenolic acids are a major class of phenolic compounds that can suppress ROS, thus re-
ducing oxidative stress to biomolecules within cells [10]. Phenolic acids exert various
biological activities, including antioxidant, anticancer, antidiabetic, anti-inflammatory, and
antihypertension [11]. The ameliorative effect of phenolic acids on chronic diseases may
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be due to their high antioxidative potential [12]. Gallic acid suppressed hypertension in
L-NAME-treated mice and spontaneously hypertensive rats [13,14]. Ferulic acid reduced
oxidative injury by increasing the bioavailability of NO in arterial vasculature [15]. More-
over, chlorogenic acid and caffeic acid lowered blood pressure and decreased the properties
of enzymes associated with the pathogenesis of hypertension [16]. However, information
on the comparative efficacy of phenolic acids in modulating endothelial dysfunction and
hypertension is limited. This study aimed to compare the inhibitory effect of phenolic acids
on endothelial dysfunction against the oxidative damages in EA.hy 926 endothelial cells.

2. Materials and Methods

2.1. Chemicals

Griess reagent, benzoic acid, hydroxybenzoic acid, caffeic acid, cinnamic acid, coumaric
acid, ferulic acid, gallic acid, protocatechuic acid, sinapic acid, syringic acid, vanillic acid,
quercetin, angiotensin-converting enzyme (ACE), captopril, hydrogen peroxide (H2O2),
and diacetyldichlorofluorescein were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies against p-eNOS, eNOS, p-Akt, Akt, Nrf-2, NQO-1, PCNA, HO-1, GCLC, and
β-actin were obtained from Cell Signaling Technology (Beverly, MA, USA). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and penicillinstreptomycin
were purchased from Hyclone (General Electric Healthcare Life Sciences, Mississauga,
Canada). The structure of phenolic acids is indicated in Table 1.

Table 1. The structure of phenolic acids.

Name Structure Name Structure

Benzoic acid Gallic acid
 

Hydroxybenzoic acid
 

Protocatechuic acid
 

Caffeic acid
 

Sinapic acid
 

Cinnamic acid Syringic acid
 

Coumaric acid Vanillic acid
 

Ferulic acid
 

2.2. ACE Inhibitory Activity Assay

ACE inhibitory activity of phenolic acids was determined according to the method
reported by Cushman and Cheung (1971), using ACE (0.1 U/mL) and hippuryl-His-Leu
(5 mM) [17]. The absorbance was measured at 228 nm using a spectrophotometer (BioTek,
Inc., Winooski, VT, USA). Captopril was used as a positive control. The inhibition rate was
calculated using the following formula.

ACE inhibition rate (%) = (ODcontrol − ODsample)/ODcontrol × 100
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2.3. Cell Culture and Sample Treatment

EA.hy 926 cells were incubated in DMEM supplemented with 10% FBS at 37 ◦C in
humidified air with 5% CO2. Endothelial cells were seeded at a density of 6 × 105 cells/mL
in a 96-well plate. The cells were pre-treated with a serum-free medium containing 50 μM
phenolic acids for 1 h and then exposed to 600 μM H2O2 with phenolic acids for 24 h. Cell
cytotoxicity was determined using a thiazolyl blue tetrazolium bromide reagent.

2.4. Measurement of Intracellular ROS, GSH, Malondialdehyde, and NO Levels

Endothelial cells were treated with 50 μM phenolic acid and 600 μM H2O2. Next, the
cells were washed with PBS and stained with 25 μM diacetyldichlorofluorescein. The fluo-
rescence intensity was analyzed. Glutathione and malondialdehyde levels were measured
using the DTNB-GSSG reductase recycling and TBARS assays, respectively. Nitric oxide
levels were measured using Griess reagent.

2.5. Western Blot Analysis

The EA.hy 926 endothelial cells were cultured in a 6-well plate with or without sinapic
acid at a density of 6 × 105 cells/mL. Total proteins and nuclear proteins were extracted
using the Pro-PrepTM protein extraction solution (iNtRON Biotechnology, Seongnam,
Korea) and NE-PER® nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific,
Inc., Worcester, MA, USA), respectively. Membranes were incubated with primary and
secondary antibodies (1:2000 dilution for β-actin; 1:1000 dilution for p-eNOS, eNOS, p-Akt,
Akt, NQO-1, PCNA, HO-1, GCLC, anti-mouse, and anti-rabbit; 1:500 dilution for Nrf-2).
The bands were visualized using X-ray film.

2.6. Statistical Analysis

Data were analyzed using Duncan’s multiple comparison test and Tukey’s post hoc
test using SAS (version 8.1; SAS Institute, Cary, NC, USA) and GraphPad Prism software
(version 5; GraphPad Software Inc., La Jolla, CA, USA).

3. Results and Discussion

3.1. Effect of Phenolic Acids on ACE Inhibition and NO Production

ACE plays a crucial role in regulating blood pressure [18]. Many synthetic ACE
inhibitors are currently being used for the treatment of hypertension. However, these drugs
may cause adverse effects. Most natural compounds are safe and do not cause adverse
effects. A previous study reported that plant phenolics have the potential to inhibit ACE
in vitro [19]. Zhang et al. (2018) demonstrated the ACE inhibition effect of phenolic extracts
and fractions derived from lentils, black soybean, and black turtle bean [20]. To confirm
the antihypertensive effect of phenolic acids, we measured the ACE inhibitory activity. As
shown in Figure 1, among the selected phenolic acids, sinapic acid showed the highest ACE
inhibition rate (89%), followed by caffeic acid (78%). In this study, we used the EA.hy 926
endothelial cell line to evaluate the effect of phenolic acids on NO production. Treatment
with phenolic acids (50 μM) did not affect the cytotoxicity of endothelial cells (Figure 2A).
Reduced NO levels contribute to hypertension and endothelial dysfunction. NO plays an
essential role in the vasorelaxation of large arteries [21]. We found that treatment with gallic
acid, sinapic acid, and ferulic acid significantly increased NO production by 85.1, 50.5, and
31.9%, respectively, compared with that in the control group cells (Figure 2B). These results
indicate that phenolic acids may improve endothelial dysfunction, consequently regulating
blood pressure.
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Figure 1. Inhibitory effect of selected phenolic acids (10 mM) on angiotensin I converting enzyme.
Captopril (1.15 μM) was used as positive control. Each value was expressed as the mean ± standard
error (n = 3). Different letters above the bars indicate significant differences based on the Duncan’s
test (p < 0.05).

Figure 2. Effect of selected phenolic acids (50 μM) on cell cytotoxicity (A) and NO production (B) in
EA.hy 926 cells. Quercetin (25 μM) was used as positive control. Each value was expressed as the
mean ± standard error (n = 3). Statistical significance was analyzed using the Tukey test. ## p < 0.01
and ### p < 0.001 versus nontreated cells.

3.2. Cytoprotective Effect of Phenolic Acids against Hydrogen Peroxide

Excessive ROS levels lead to endothelial dysfunction and elevated blood pressure [22].
MDA, a marker of oxidative damage, can cause an abnormal physiological state in the
body [23]. GSH, an active peptide with good antioxidant activity, can modulate oxidative
balance and suppress oxidative damage [24]. In this study, we investigated the cytoprotec-
tive effects of phenolic acids on H2O2-induced oxidative stress in EA.hy 926 endothelial
cells. Treatment with H2O2 (600 μM) decreased cell viability by 24.8%. However, treat-
ments by caffeic, ferulic, gallic, and sinapic acid markedly increased the cell viability by
43.4, 43.6, 35.5, and 39.1%, respectively, compared to H2O2-induced cells (Figure 3A). To
examine whether phenolic acids protect endothelial cells against oxidative damage, we
measured ROS, GSH, and MDA levels (Figure 3B–D). Sinapic acid markedly reduced
ROS generation by 44.1% compared to that in H2O2-treated cells. Caffeic acid, cinnamic
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acid, coumaric acid, ferulic acid, gallic acid, sinapic acid, and syringic acid significantly
enhanced the GSH levels. Our findings show that H2O2 treatment increased ROS levels
and decreased intracellular GSH levels, whereas treatment with phenolic acids significantly
reduced oxidative damage-induced ROS production and GSH depletion. In addition, we
investigated the effect of phenolic acids on oxidative stress-induced lipid peroxidation in
EA.hy 926 cells. Among the phenolic acids, sinapic acid showed the strongest inhibitory
effect on lipid peroxidation. Lee and Lee (2021) reported that protocatechuic acid and gallic
acid significantly decreased ROS levels, thereby regulating insulin resistance [25]. Caffeic
acid and chlorogenic acid decreased blood pressure in hypertensive rats by increasing GSH
and reducing MDA levels [16]. Taken together, these results suggest that sinapic acid plays a
crucial role in the protection of endothelial cells by regulating ROS, MDA, and GSH levels.

 

 

 

Figure 3. Effect of selected phenolic acids (50 μM) on cell viability (A), the generation of reactive
oxygen species (B), glutathione (C), and malondialdehyde (D) against hydrogen peroxide (600 μM)
in EA.hy 926 cells. Quercetin (25 μM) was used as positive control. Each value was expressed as the
mean ± standard error (n = 3). Statistical significance was analyzed using the Tukey test. ### p < 0.001
versus nontreated cells. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus hydrogen-peroxide-treated cells.
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3.3. Effects of Sinapic Acid on the Expression of Phase II Enzymes and the Activation of Nrf2

Based on our results, sinapic acid was selected for exploring the mechanism underlying
the antihypertensive effect of phenolic acid. We measured the protein expression levels
of HO-1, NQO-1, GCLC, and Nrf2. As shown in Figure 4, treatment with sinapic acid
enhanced HO-1, NQO-1, and GCLC expression levels in a dose-dependent manner. In
addition, sinapic acid significantly increased the nuclear translocation of Nrf2. The Nrf2
pathway is important for protection against various stressors [26]. Cytotoxicity caused
by t-BHP-induced oxidative damage was recovered by caffeic acid via an increase in the
expression of detoxifying enzymes, including HO-1 and GCLC [27]. Luo et al. (2018)
reported that HO-1 ameliorates oxidative stress-induced endothelial aging by modulating
eNOS activation [28]. Ginsenoside Rg3 upregulates the Nrf2 signaling pathway via Akt
activation and improves endothelial dysfunction [29]. Moreover, sinapic acid reduces renal
apoptosis, inflammation, and oxidative damage [30]. These results suggest that sinapic
acid-mediated endothelial cell protection against oxidative damage may be associated with
the antioxidative properties of sinapic acid.

Figure 4. Effect of sinapic acids on HO-1 (A), NQO-1 (B), and GCLC (C) protein expression and Nrf-2
expression levels in nucleus (D) and cytosol (E) against hydrogen peroxide (600 μM) in EA.hy 926 cells.
Each value was expressed as the mean ± standard error (n = 3). Statistical significance was analyzed
using the Tukey test. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus hydrogen-peroxide-treated cells.
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3.4. Effects of Phenolic Acids on Endothelial Dysfunction

NO is essential for maintaining vascular function in the endothelium. Phosphory-
lation of eNOS can regulate NO production [31] and is essential for the improvement of
CVD [32]. Akt mediates NO production via phosphorylation of eNOS, which promotes
endothelial cell migration and angiogenesis [33]. A previous study reported that eNOS
phosphorylation facilitates vasorelaxation via the PI3K/Akt signaling pathway in HU-
VECs [34]. Therefore, phosphorylation of eNOS and Akt is important for the treatment
of endothelial dysfunction. As shown in Figure 5, treatment with H2O2 (600 μM) signifi-
cantly reduced the phosphorylation of eNOS and Akt. However, sinapic acid treatment
at concentrations of 12.5, 25, and 50 μM enhanced the phosphorylation of eNOS by 14.1,
26.3, and 48%, respectively, compared to that in the H2O2-treated group. Sinapic acid
increased Akt phosphorylation in a dose-dependent manner. Chen et al. (2020) reported
that phenolic acids extracted from ginseng protect against vascular endothelial cell injury
via the activation of the PI3K/Akt/eNOS pathway [35]. Yan et al. (2020) reported that gallic
acid attenuated vascular dysfunction and hypertension in angiotensin II-induced C57BL/6J
mice by suppressing eNOS degradation [36]. Taken together, our results showed that sinapic
acid may be effective in the treatment of endothelial dysfunction via phosphorylation of eNOS
and Akt.

Figure 5. Effect of sinapic acids on p-eNOS (A) and p-Akt (B) protein expression against hydrogen
peroxide (600 μM) in EA.hy 926 cells. Each value was expressed as the mean ± standard error (n = 3).
Statistical significance was analyzed using the Tukey test. # p < 0.05 and ## p < 0.01 versus nontreated
cells. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus hydrogen-peroxide-treated cells.

4. Conclusions

This study showed that phenolic acids significantly protected endothelial cells against
H2O2-induced oxidative damage by modulating NO, GSH, MDA, and ROS levels. Sinapic
acid alleviated endothelial dysfunction by enhancing HO-1, NQO-1, GCLC, p-Akt, and
p-eNOS expression levels, as well as activating Nrf2 nuclear translocation. Overall, these
results illustrate that sinapic acid, which exists abundantly in cereals, spices, vegetables, oil
seed crops, citrus, and berry fruits, has the potential as a treatment option for hypertension.
However, further in vivo studies and clinical trials are needed to determine the underlying
mechanism of action.
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Abstract: Pollen extract represents an innovative approach for the management of the clinical
symptoms related to prostatitis and pelvic inflammatory disease (PID). In this context, the aims of the
present work were to analyze the phenolic composition of a hydroalcoholic extract of PollenAid Plus
soft gel capsules, and to evaluate the extract’s cytotoxic effects, in human prostate cancer PC3 cells
and human ovary cancer OVCAR-3 cells. Additionally, protective effects were investigated in isolated
prostate and ovary specimens exposed to lipopolysaccharide (LPS). The phytochemical investigation
identified catechin, chlorogenic acid, gentisic acid, and 3-hydroxytyrosol as the prominent phenolics.
The extract did not exert a relevant cytotoxic effect on PC3 and OVCAR-3 cells. However, the extract
showed a dose-dependent inhibition of pro-inflammatory IL-6 and TNF-α gene expression in prostate
and ovary specimens, and the extract was effective in preventing the LPS-induced upregulation of
CAT and SOD gene expression, which are deeply involved in tissue antioxidant defense systems.
Finally, a docking approach suggested the capability of catechin and chlorogenic acid to interact with
the TRPV1 receptor, playing a master role in prostate inflammation. Overall, the present findings
demonstrated anti-inflammatory and antioxidant effects of this formulation; thus, suggesting its
capability in the management of the clinical symptoms related to prostatitis and PID.

Keywords: Graminex pollen; hydroalcoholic extract; phenolic compounds; inflammation; oxidative
stress; gene expression; TRPV1

1. Introduction

Prostatitis and pelvic inflammatory disease (PID) are common chronic conditions
in the population, caused by pathogenic infection [1,2]. Herbal extracts endowed with
antioxidant/anti-inflammatory effects have been long considered as a reliable strategy to
blunt the burden of oxidative stress and inflammation in prostate and ovary tissue [3–5].
Pollen extract represents an innovative approach for the management of the clinical symp-
toms related to prostatitis [6], being also able to relieve inflammation and hyperplasia of the
prostate [7], with anticancer potential most likely associated with antioxidant and antimuta-
genic effects [8]. In this case, pollen appears to relieve pain in patients with benign prostatic
hyperplasia, at least in the early stages. Its administration together with chemotherapeutic
agents has been seen to increase the number of people who have experienced a significant
therapeutic effect [9]. Due to its content in phytoestrogens, pollen has also been shown to
improve the symptoms of polycystic ovary syndrome in rats [10], although there is still a
lack of scientific literature about the effects of pollen in PID.
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Pollen represents the set of microgametophytes produced by spermatophytes in the
male cones, in the case of gymnosperms, and in the anthers, the fertile part of the stamens,
in the case of angiosperms. Pollen has different shapes and colors and dimensions between
2.5 and 250 μm. Its composition varies mainly according to the geographical origins and
the botanical species visited by the insect, together with less relevant but still important
factors such as climatic conditions and the type of soil [8]. From the literature, it appears
that pollen grains deriving from various plant species contain about 200 active substances,
including proteins and amino acids, carbohydrates, lipids and fatty acids, enzymes and
coenzymes, nucleic acids, phenolic compounds, vitamins, and minerals [9].

Pollen, as well as other bee products, has been used since ancient times as a food for
its nutritional value and for a wide spectrum of therapeutic activities, of which the best
known are antifungal, antibacterial, antiviral, antioxidant, and anti-inflammatory. Evidence
has been reported on the activity of phenolic compounds in pollen extracts against Gram-
positive and Gram-negative bacteria, fungi, and yeasts [10–12]. The content in phenolic
compounds has been also related to the anti-inflammatory and antioxidant properties of
pollen [13].

In this context, the aims of the present work were to analyze the phenolic composition
of an innovative formulation containing Graminex G60TM Flower Pollen Extract, a mixture
of standardized and dry pollen of rye grass (Secale cereale L.), corn (Zea mays L.), and
timothy (Phleum pratense L.), and NAXTM 7% paste, both suspended in extra virgin olive
oil (EVO) as amber soft gel capsules (PollenAid Plus), and to evaluate cytotoxic activity of
the hydroalcoholic extract from this formulation on immortalized human prostate cancer
PC3 cells and human ovary cancer OVCAR-3 cells. The effect of the extract on cell viability
was also investigated in a myoblast C2C12 cell line, which was chosen as a non-tumor
comparison cell model. The protective effects of this extract were also investigated in
isolated prostate and ovary tissues exposed to Escherichia coli lipopolysaccharide (LPS),
a reliable experimental model of tissue inflammation [14]. In this context, we measured
the gene expression of pro-inflammatory factors, including inteleukin-6 (IL-6) and tumor
necrosis factor α (TNF-α). The gene expression of superoxide dismutase (SOD) and catalase,
which are deeply involved in antioxidant response, was measured in both tissues, as well.
Finally, an in silico study was conducted for unraveling, albeit partially, the mechanisms of
action underlying the observed effects and putative interactions against transient receptor
potential vanilloid 1 (TRPV1), an ion channel present on sensory neurons and localized in
particular on small neurons and type C amielin fibers responsible for nociceptive transmis-
sion. TRPV1 is activated by a number of harmful stimuli and its activity is regulated by
numerous inflammatory mediators including prostaglandins, bradykinins, and serotonin.
In addition to the sensitization of TRPV1 by inflammatory mediators, the activation of
TRPV1 stimulates the release of inflammatory molecules associated with the transmission
of pain such as substance P and bradykinin, which in turn contribute to the peripheral
sensitization of TRPV1 as well as the activation of mast cells and the perpetuation of the
state of neurogenic inflammation. The administration of substances capable of acting on
some of the actors underlying the pathophysiology of pain, such as TRPV1, and at the
same time counteracting neurogenic inflammation is a rational approach in the treatment
of chronic pelvic pain pathologies.

2. Results

In the present study, 17 compounds were identified in the hydroalcoholic extract and
quantified through HPLC-DAD-MS. The quantification was carried out by comparison
with pure standards (Figure 1). Among assayed compounds, 3-hydroxytyrosol, catechin,
gentisic acid, and chlorogenic acid were the main phytochemicals (Table S1). The quantifi-
cation of such compounds in the extract is consistent with their previous identification in
the plants of origin of the pollen [15,16], despite the presence of the vehicle (extra-virgin
olive oil: EVO); thus, indicating the EVO as a reliable vehicle which displays multiple ad-
vantages: biocompatibility, health-promoting effects, and sustainability. The determination

284



Molecules 2022, 27, 6279

of phenolic compounds is consistent with our previous study of Graminex pollen using
different analytical conditions [17]. The presence of phenolic compounds in the extract
makes rational the evaluation of protective effects in prostate and ovary cells and tissues,
as described below.

Figure 1. (A) Chromatogram related to the analysis of the hydroalcoholic extract from Graminex
pollen. (B) Phenolic compounds identified and quantified in the extract. 3-Hydroxytyrosol (peak #2),
catechin (peak #4), gentisic acid (peak #5), and chlorogenic acid (peak #8) were the most abundant
phenolic compounds present in the extract.

Regarding the pharmacological study, the extract (10–2000 μg/mL) was tested on
different cell lines, namely human prostate cancer PC3 cells and human ovary cancer
OVCAR-3 cells, to investigate cytotoxic properties against tumor cells. Additionally, the ex-
tract was also added to the medium of myoblast C2C12 cells, to determine the susceptibility
of a non-tumor cell line to scalar concentrations. Intriguingly, all three cell lines displayed a
similar response after exposure to the extract. Indeed, the cell viability was slightly reduced
at the highest tested concentration (2000 μg/mL). However, the cell viability was >70%
compared to the control (ctrl) group, in all three cell models (Figure 2); thus, ruling out any
significant cytotoxic effect towards both tumor and non-tumor cells.
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Figure 2. Effects of the extract on human prostate cancer PC3 cells, human ovary cancer OVCAR-3
cells, and the non-tumoral C2C12 myoblast cell line. At the highest tested concentration, the extract
induced a mild reduction of cell viability in all tested cell lines (ANOVA, p < 0.05; * p < 0.05 vs. ctrl
group). However, the cell viability was always over 70% compared to the respective ctrl group; thus,
suggesting biocompatibility in the concentration range 10–2000 μg/mL. This range was considered
as biocompatible for the subsequent ex vivo determination in the prostate and ovary tissues.

The extract (10–2000 μg/mL) was also tested in isolated prostate and ovary specimens
challenged with E. coli LPS, chosen as pro-inflammatory stimulus [14,17]. In this context,
it is notable that E. coli infection has been related to both prostatitis and PID [18,19]. The
LPS stimulus induced the upregulation of TNF-α and IL-6 both in prostate and ovary
tissues (Figures 3 and 4). The extract treatment was effective in reverting the increased
gene expression of both cytokines; thus, demonstrating anti-inflammatory effects in both
tissues. In the case of prostate tissues, this study is also consistent with previous clin-
ical observations about the capability of Graminex pollen to contrast the inflammatory
component of prostatitis [20,21]. The anti-inflammatory effects also agree with previous
studies highlighting the inhibition of IL-8 production [22] and cyclooxygenase (COX)-2
and inducible nitric oxide synthase (iNOS) activities, measured as prostaglandin E2 and
nitrites levels, respectively [23–25].

Figure 3. Inhibitory effects of the hydroalcoholic extract (10–2000 μg/mL) on TNF-α gene expression
in isolated prostate (A) and ovary (B) specimens. ANOVA, p < 0.0001; *** p < 0.001 vs. ctrl group.
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Figure 4. Inhibitory effects of the hydroalcoholic extract (10–2000 μg/mL) on IL-6 gene expression in
isolated prostate (A) and ovary (B) specimens. ANOVA, p < 0.0001; *** p < 0.001 vs. ctrl group.

In prostate and ovary specimens, LPS stimulus (50 μg/mL) was also effective in
increasing the gene expression of both CAT and SOD (Figures 5 and 6), which are deeply in-
volved in the antioxidant response. Indeed, the extract was able to prevent the LPS-induced
upregulation of CAT and SOD gene expression. Additionally, after extract administration,
the gene expression of both enzymes was even lower than the one displayed by the control
(ctrl) group. Previously, LPS stimulus has been found to alter CAT and SOD levels, with
both inhibitory and stimulatory effects. We cannot exclude that these discrepancies could
depend, albeit partially, on the employed experimental models [26,27]. Therefore, also
considering the intrinsic scavenging/reducing properties and ability of Graminex to blunt
LPS-induced lipoperoxidation in isolated prostate [17], we hypothesize that the extract
effects on SOD and CAT gene expression could be related to antioxidant effects, which can
be mediated, albeit partially, by polyphenolic compounds.

Figure 5. Inhibitory effects of the hydroalcoholic extract (10–2000 μg/mL) on SOD gene expression
in isolated prostate (A) and ovary (B) specimens. ANOVA, p < 0.0001; *** p < 0.001 vs. ctrl group.
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Figure 6. Inhibitory effects of the hydroalcoholic extract (10–2000 μg/mL) on CAT gene expression in
isolated prostate (A) and ovary (B) specimens. ANOVA, p < 0.0001; *** p < 0.001 vs. ctrl group.

In order to explore the mechanisms of action underlying the observed effects, an in
silico study was conducted on the platform STITCH, considering the main phytochemicals
present in the extract; namely catechin, 3-hydroxytyrosol, chlorogenic acid, and gentisic acid
(2,5-dihydroxybenzoic acid). Catechin was predicted to interact with IL-6, cyclooxygenase-
2 (COX-2, PGTS2), and with iNOS (Figure 7). This is partly consistent with our findings of
anti-inflammatory effects by the extract, in both prostate and ovary tissue, and with the
literature data [5]. Intriguingly, 3-hydroxytyrosol and chlorogenic acid were predicted to
interact with BCL-2 and caspase-3, respectively. Previous studies showed the capability of
3-hydroxytyrosol and chlorogenic acid to reduce BCL-2 and caspase-3 gene and protein
expression, respectively [28,29], while gentisic acid could interact with fibroblast growth
factor 1 (FGF1), whose levels are increased in prostate cancer [30]. This could explain, albeit
partially, the mild reduction (<30%) of cell viability in all considered cell lines at the highest
tested concentration.

Figure 7. Cont.
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Figure 7. Target component analysis conducted on the STITCH bioinformatics platform for unraveling
putative interactions between prominent extracts’ phytochemicals and putative proteins involved in
inflammatory and cytotoxicity effects.

Finally, a docking approach was conducted to explore the putative interactions be-
tween the extract’s phytochemicals and the TRPV1 receptor, whose expression is increased
in prostate inflammation [31]. Among phytochemicals detected in the extract, chlorogenic
acid and catechin showed micromolar affinity (10–12 μM) towards the TRPV1 receptor
(Figure 8); thus, suggesting direct interactions that could be crucial in mediating the ob-
served anti-inflammatory properties. According to these predictions, further in vitro stud-
ies are needed to unravel the effects of catechin and chlorogenic acid on TRPV1 expression
and activity.

Figure 8. (A) Putative interactions between catechin and TRPV1 receptor (PDB ID: 7LR0). Free energy
binding (ΔG) and putative affinity (Ki) are −6.8 kcal/mol and 10.5 μM, respectively. (B) Putative
interactions between chlorogenic acid and TRPV1 receptor (PDB ID: 7LR0). Free energy binding (ΔG)
and putative affinity (Ki) are −6.7 kcal/mol and 12.5 μM, respectively.

Color Analysis

The data obtained by the color analysis of the olive oil used as a vehicle and of the
formulated product used to fill the soft capsules are reported in Table 1. The high luminance
(70.46) of the pale yellow extra-virgin olive oil was changed to a very low value (14.96),
which accounts for the very dark brown color of the formulated product. This drastic
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change, not shown by the only a* parameter, a weak red parameter, was accompanied by a
drastic decrease of b* (positive, yellow parameter) and correlated saturation (C*ab), as well
as the nuance turning from pale yellow to dark orange.

Table 1. CIEL*a*b* parameters of the carrier olive oil and of the filling formulated product.

Olive Oil PollenAid Plus Fill

L* 70.46 14.96

a* 5.55 5.42

b* 111.60 13.87

C*ab 111.74 14.89

hab 87.15 68.67

ΔL*
Respect to olive oil: −55.50 Darker

Respect to Graminex pollen powder: −71.09 Darker

Δa*
Respect to olive oil: −0.14 More green

Respect to Graminex pollen powder +3.71 More red

Δb*
Respect to olive oil: −97.73 More blue

Respect to Graminex pollen powder: +1.91 More yellow

ΔC*ab
Respect to olive oil: −96.84 More opaque

Respect to Graminex pollen powder: +2.80 Less opaque

Δhab
Respect to olive oil: −8.48 More red

Respect to Graminex pollen powder: −13.21 More red

ΔE
Respect to olive oil: +112.39

Respect to Graminex pollen powder: +71.21

The calculated color differences of the Graminex G60TM Flower Pollen Extract used
for the formulation showed a much lower luminance (ΔL*, −71), a little redder color and a
more yellow sample, much darker and browner, but less opaque in respect to the pollen
powder used in the formulation, whose CIEL*a*b* parameters, reported in our previous
work [15], were L* 86.05; a* 1.71; b* 11.96; C*ab 12.09; hab 81.88. On the other hand, if slightly
less important differences were shown between the formulated product and the extra virgin
olive oil in terms of L* (ΔL* −55), and not-relevant changes of a* were registered, more
significant differences were, in contrast, shown by the b* parameter (Δb*, −98) so that, on
the whole, the sample appeared opaque, dark, and completely without color.

It seems of particular concern to compare matrices so different in superficial char-
acteristics (solid powder, oily, sticky paste) and coming from different compositions and
mixtures. Moreover, to our knowledge only one study is available, in which microscopic
analysis, NIR spectroscopy, e-nose and e-tongue methods, as well as color analysis, were
applied to perform a discrimination of bee pollens. As the authors reported, chemical
composition largely depended on the botanical origin and can change due to the oxidation
process. Authors also reported that dominance of positive a* and b* parameters could
account for carotenoid and flavonoid compounds [32].

This statement agrees with the analyses we performed on the carrier oil and on the
formulation after 9 months of storage (Figure 9), which showed slight modification of
oil, towards a greener color, and of the formulation to a less intense brown, which could
both account for a slight discoloration of carotenoids, both coming from the oil and from
the pollen in the case of the formulated mixture. We reported in our previous works the
carotenoid bleaching in powder infant formulas and in powder allium samples evaluated
by color analyses [33,34].
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Figure 9. Color palette of olive oil ((A): t◦; (B) t 9 months) and of the formulated product ((C): t◦;
(D): t 9 months) and relative reflectance curves.

3. Material and Methods

3.1. Samples

PollenAid Plus soft gel capsules were kindly provided by IdiPharma (Catania, Italy).
The formulation contains Graminex G60™ Flower Pollen Extract (45.86%), NAX™ 7%
paste (2.29%), soy lecithin (3.06%), yellow beeswax (2.93%), and extra virgin olive oil (45.86)
as the vehicle. All the ingredients are contained in oval dark amber capsules. Graminex
G60TM Flower Pollen Extract is a water-soluble extract of rye pollen grown in the USA. It
is standardized to 6% amino acids and exhibits both antioxidant and anti-inflammatory
activities. It is also non-allergenic, solvent-free, vegan, and non-GMO. Graminex G60™
Flower Pollen Extract was studied in our previous paper [17]. NAX™ 7% paste is a lipid-
soluble paste of rye pollen grown in the USA. It is standardized to 7% phytosterols including
β-sitosterol plus essential fatty acids such as ω-3 and ω-6. Applications include women’s
health, skin health, and heart health, and it can be directly formulated into soft gels. It is
non-allergenic, solvent-free, vegan, and non-GMO. The extraction of this formulation was
carried out by diluting 100 μL in 1 mL of a hydroalcoholic solution, constituted by 500 μL
of ultrapure water and 500 μL of methanol. Subsequently, ultrasound-assisted extraction
(UAE) was carried out. The operative conditions were 60 ◦C for 20 min at full power.

3.2. HPLC-DAD-MS

The identification and quantification of phenolic compounds were conducted through
HPLC-DAD-MS analysis. The HPLC apparatus consisted of two PU-2080 PLUS chromato-
graphic pumps, a DG-2080-54 line degasser, a mix-2080-32 mixer, UV, diode array (DAD)
detector, a mass spectrometer (MS) detector (expression compact mass spectrometer (CMS),
Advion, Ithaca, NY, USA), an AS-2057 PLUS autosampler, and a CO-2060 PLUS column
thermostat (all from Jasco, Tokyo, Japan). Integration was performed by ChromNAV2 chro-
matography software. The separation was conducted within 60 min of the chromatographic
run, starting from the following separation conditions: 97% water with 0.1% formic acid,
3% methanol with 0.1% formic acid. Details of the gradient are reported in Table 2. The
separation was performed on an Infinity lab Poroshell 120-SB reverse phase column (C18,
150 × 4.6 mm i.d., 2.7 μm) (Agilent, Santa Clara, CA, USA). Column temperature was set at
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30 ◦C. The injection volume was 5 μL. Quantitative determination of phenolic compounds
was performed via DAD detector at 254 nm, through 7-point calibration curves, with
linearity coefficients (R2) > 0.999, in the concentration range 2–140 μg/mL. The area under
the curve from the HPLC chromatogram was used to quantify the analyte concentrations in
the extract. Details of the phytochemical identification are included in Table 3. The extract
was also qualitatively analyzed with an MS detector in positive and negative ion mode.
MS signal identification was realized through comparison with a standard solution and MS
spectra present in the MassBank Europe database. The statistical analysis was performed
using GraphPad Prism version 5.01 software (San Diego, CA, USA).

Table 2. Gradient elution conditions.

TIME
(min)

Composition A%
(Water + Formic Acid

0.1%)

Composition B%
(Methanol + Formic

Acid 0.1%)
Flow (mL/min)

1 97 3 0.6

5 77 23 0.6

12 73 27 0.6

18 57 43 0.6

25 52 48 0.6

32 50 50 0.6

34 50 50 0.6

37 35 65 0.6

40 5 95 0.6

47 10 90 0.6

48 10 90 0.6

Table 3. Mass to charge (m/z) ratios, retention times, and quantities of the investigated phenolic
compounds. DAD detector was set at 254 nm.

Standard m/z Retention Time (min)

1 Gallic acid 170.15 8.967

2 3-Hydroxytyrosol 154.16 11.85

3 Caftaric acid 312.23 13.19

4 Catechin 290.27 15.383

5 Gentisic acid 154.12 16.147

6 4-Hydroxybenzoic acid 138.12 16.633

7 Loganic acid 376.36 17.257

8 Chlorogenic acid 354.31 17.66

9 Vanillic acid 168.15 19.22

10 Caffeic acid 180.16 19.73

11 Epicatechin 290.27 19.973

12 Syringic acid 198.17 20.673

13 Syringaldehyde 182.17 22.32

14 p-Coumaric acid 164.16 23.73

15 t-Ferulic acid 194.18 24.793

16 Benzoic acid 122.12 27.153
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Table 3. Cont.

Standard m/z Retention Time (min)

17 t-Cinnamic acid 148.15 35.817

18 Naringenin 272.25 38.87

19 2.3-Dimethylbenzoic acid 150.17 39.7

20 Hesperetin 302.28 40.773

21 Kaempferol 286.24 42.333

22 Carvacrol 150.22 44.393

23 Thymol 150.22 44.5

24 Flavone 222.24 45.077

25 3-Hydroxyflavone 238.24 45.36

3.3. Cell Cultures

The effects of the extract (100–500 μg/mL) on myocyte C2C12, human prostate PC3
cancer, and human ovary OVCAR-3 cancer cell viability were determined through the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test. The experimental
conditions are fully described in our previous papers [35,36].

3.4. Ex Vivo Studies

Adult C57/BL6 and female mice (3-month-old, weight 20–25 g) were housed in
Plexiglass cages (2–4 animals per cage; 55 cm × 33 cm × 19 cm) and maintained under
standard laboratory conditions (21 ± 2 ◦C; 55 ± 5% humidity) on a 14/10 h light/dark
cycle, with ad libitum access to water and food. Housing conditions and experimentation
procedures were strictly in agreement with the European Community ethical regulations
(EU Directive no. 26/2014) on the care of animals for scientific research. In agreement with
the recognized principles of “replacement, refinement and reduction in animals in research”,
colon specimens were obtained as residual material from vehicle-treated mice randomized
in our previous experiments, approved by the local ethical committee (‘G. d’Annunzio’
University, Chieti, Italy) and Italian Health Ministry (Project no. 885/2018-PR).

Isolated prostate and ovary specimens were maintained in a humidified incubator
with 5% CO2 at 37 ◦C for 4 h (incubation period), in RPMI buffer with added bacterial LPS
(10 μg/mL), as previously described [17]. During the incubation period, the tissues were
challenged with scalar concentrations of the extract (10–2000 μg/mL).

3.5. Gene Expression Analysis

Total RNA was extracted from both prostate and ovary specimens using TRI reagent
(Sigma-Aldrich, St. Louis, MO, USA), according to the manufacturer’s protocol, and re-
verse transcribed using a High Capacity cDNA Reverse Transcription Kit (Thermo Fischer
Scientific, Waltman, MA, USA). Gene expression of TNF-α, IL-6, CAT, and SOD was deter-
mined by quantitative real-time PCR using TaqMan probe-based chemistry, as previously
described [14]. PCR primers and TaqMan probes were purchased from Thermo Fisher
Scientific Inc. The elaboration of data was conducted with the Sequence Detection System
(SDS) software version 2.3 (Thermo Fischer Scientific). Relative quantification of gene
expression was performed by the comparative 2−ΔΔCt method [37].

3.6. In Silico Studies

Human proteins targeted by extract components were predicted using the bioinfor-
matics platform STITCH. Docking calculations were conducted using AutoDock Vina PyRx
0.8 software. Crystal structure of the target protein was derived from the Protein Data
Bank (PDB) with PDB ID as follows: 7LR0 (TRPV1). In order to prepare the protein for
the docking simulation, all the water molecules and the co-crystalized heteromolecules
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were removed, followed by addition of hydrogen atoms and neutralization using Kollman
united-atom charges. The dimensions of the grid box were 60 × 60 × 60 with 0.375 Å
distance between points. Autodock4 and Lamarckian genetic algorithms were used to dock
250 conformations for each test compound (Molinspiration database). The Discovery Studio
2020 visualizer was employed to investigate the protein–ligand non-bonding interactions.

3.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 5.01 software
(San Diego, CA, USA). Means ± S.E.M. were determined for each experimental group
and analyzed by one-way analysis of variance (ANOVA), followed by Newman–Keuls
comparison multiple test. Statistical significance was set at p < 0.05. The number of animals
randomized for each experimental group was calculated on the basis of the “resource
equation” N = (E + T)/T (10 ≤ E ≤ 20) [38].

3.8. Color Analysis

The samples under examination (olive oil as vehicle present at about 46% in the
formulation, and PollenAid Plus Fill as formulated product used to fill the capsules) were
subjected to colorimetric analysis using a spectrometer X-Rite, equipped with full-spectrum
D65 illuminant and an observer angle and an observer angle of 10◦. Cylindrical coordinates
C*ab and hab were calculated from a* and b* as is customary in the literature [15].

4. Conclusions

In the present study, phytochemical and pharmacological investigations were con-
ducted on an innovative formulation of PollenAid Plus Soft Gel capsules, which contain
phenolic compounds with well-established anti-inflammatory and antioxidant activities.
The relative instability shown by the colorimetric analyses performed at nine months of
storage on the mixture used to fill the soft capsules, probably due to a carotenoid bleaching,
indicates the importance of protecting the obtained mixture. For this reason, the formula-
tion is contained in amber soft gel capsules. This formulation also covers the unappealing
dark brown color of the mixture.

For the other analyses and to perform the biological assays, a hydroalcoholic extract
was prepared from this commercial formulation and tested in the experimental paradigm.
In this regard, the extract was rich in phenolic compounds, with 3-hydroxytyrosol, catechin,
gentisic acid, and chlorogenic acid being the prominent phytochemicals. In in vitro models
constituted by prostate and ovary cancer cells, the extract altered cell viability only at
the highest concentration, with a slight reduction that cannot be considered toxic because
it was <30% compared to the control treated group. However, in isolated prostate and
ovary specimens exposed to LPS, the extract displayed significant reduction of IL-6 and
TNF-α gene expression, which demonstrate anti-inflammatory effects. In the same ex vivo
models, the extract was effective in restoring the mRNA levels of both SOD and CAT,
which are deeply involved in the endogenous antioxidant mechanism. Lastly, an in silico
study predicted the putative targets of the main phytochemicals present in the extracts.
Particularly, catechin was predicted to be the main phenolic compound influencing the
anti-inflammatory effects of the extract, whereas 3-hydroxytyrosol, chlorogenic acid, and
gentisic acid could be the main phytochemicals responsible for the slight reduction of cell
viability induced by the extract, at the highest tested concentration. Overall, the present
findings demonstrated anti-inflammatory and antioxidant effects of this formulation in both
prostate and tissue; thus, suggesting its capability in the management of the inflammatory
component of both bacterial prostatitis and PID. Intriguingly, docking runs suggest the
TRPV1 as a putative target, and the predicted micromolar interactions between catechin and
chlorogenic acid towards this receptor support future studies for a better comprehension of
the molecular mechanisms.
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11. Kaškonienė, V.; Venskutonis, R.; Čeksteryte, V. Antibacterial Activity of Honey and Beebread of Different Origin Against S. aureus
and S. epidermidis. Food Technol. Biotechnol. 2007, 45, 201–208.
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Abstract: Pterostilbene (PTS), a compound most abundantly found in blueberries, is a natural analog
of resveratrol. Several plant species, such as peanuts and grapes, produce PTS. While resveratrol has
been extensively studied for its antioxidant properties, recent evidence also points out the diverse
therapeutic potential of PTS. Several studies have identified the robust pharmacodynamic features of
PTS, including better intestinal absorption and elevated hepatic stability than resveratrol. Indeed, due
to its higher bioavailability paired with reduced toxicity compared to other stilbenes, PTS has become
an attractive drug candidate for the treatment of several disease conditions, including diabetes,
cancer, cardiovascular disease, neurodegenerative disorders, and aging. This review article provides
an extensive summary of the nutraceutical potential of PTS in various disease conditions while
discussing the crucial mechanistic pathways implicated. In particular, we share insights from our
studies about the Nrf2-mediated effect of PTS in diabetes and associated complications. Moreover,
we elucidate the important sources of PTS and discuss in detail its pharmacokinetics and the range
of formulations and routes of administration used across experimental studies and human clinical
trials. Furthermore, this review also summarizes the strategies successfully used to improve dietary
availability and the bio-accessibility of PTS.

Keywords: pterostilbene; resveratrol; antioxidant; bioavailability; cancer; diabetes; Nrf2

1. Introduction

Pterostilbene (PTS) (trans-3,5-dimethoxy-4′-hydroxystilbene) is a natural polyphenol
and a dimethyl ether analog of resveratrol [1]. PTS is produced by plants as a secondary
metabolite that serves to respond to environmental challenges, including UV radiation,
drought, fluctuating temperature extremes, grazing pressures, and fungal infections, and
PTS serves as an important mediator of disease resistance [2,3]. Similar to resveratrol, PTS
also behaves as a phytoalexin, conferring crucial anti-pathogenic defense to plants [4,5].
The daily consumption of PTS is determined by its dietary intake. Based on the type of
blueberry ingested, the content of PTS is estimated to range from 99 ng to 520 ng/gram
of fruit [6]. Though berries are the most evident source of PTS, it has been reported to be
present in various other food sources, including peanuts.

As a natural dietary component, PTS has been documented to exhibit an increased
bioavailability compared to other stilbene compounds, which further highlights the need to
study the clinical potential of this compound in medical conditions [7,8]. Various evidence
has demonstrated the effect of PTS in countering oxidative damage and inflammation,
imparting preventive and therapeutic benefits in experimental disease models [4,7,9].
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Indeed, through its antioxidant and anti-inflammatory activity, PTS has been reported
to regulate pathogenic pathways associated with carcinogenesis, hematologic diseases,
neurological disorders, vascular dysfunction, aging disorders, and diabetes [7].

Among the identified polyphenols, resveratrol has been determined to exhibit rela-
tively poor oral bioavailability and undergoes rapid first-pass metabolism. On the contrary,
methylated polyphenols such as PTS have been documented to possess better intestinal
absorption and elevated hepatic stability. Considering the potential drawbacks that are
exhibited due to the unfavorable pharmacodynamics of resveratrol, much focus has shifted
towards understanding and characterizing the pharmacokinetics and therapeutic potential
of PTS. Overall, this review provides evidence that PTS is a promising, novel, potent, and
safe drug candidate for treating various diseases and disorders.

2. Potential Dietary Sources of PTS

Various human diet crops have been documented to produce PTS at varying levels
(Table 1). Red sandalwood, also referred to as Heartwood (Pterocarpus santalinus), was
the first identified source of PTS [3]. Of note, contrary to flavonoids, which are produced
by many plants, stilbenes are synthesized by only a few plant species (Table 1). PTS has
been reported to be abundantly found in Indian Kino (Pterocarpus marsupium), Guibourtia
tessmannii, and Vaccinium spp. berries and at relatively lower levels in the leaves of grape
(Vitis vinifera) and blueberry fruits [9,10]. The concentration ranges from 9.9 to 15.1 mg/kg
of blueberries, 0.2 to 4.7 mg/g of the weight of the skin of fungus-infected grapes, 99 to
151 ng/g dried sample of rabbit-eye blueberry (Vaccinium ashei), and 520 ng/g dried sample
of deerberries (Vaccinium stamineum) [11]. Additionally, peanut (Arachis hypogaea) has also
been identified as a source of PTS [12] (Table 1). However, it should be noted that the
amount of PTS in many of these food sources may be insufficient to provide documented
health benefits. Dietary supplements of the formulated pure compound offer a solution to
provide sufficient nutritional levels. Moreover, considering the growing interest in PTS as a
promising nutraceutical compound, further research that aims to identify the compound in
fresh and processed food products by employing standardized extraction and analytical
methods is warranted.

Table 1. Potential Sources of Pterostilbene.

Source Concentration Range Reference

Blueberries 9.9–15.1 mg/kg of fresh weight [13]

Blueberries 15 μg/100 g of weight [11]

Vaccinium berries 99–520 ng/g of dry sample in Vaccinium ashei
and V. stamineum [11]

Fungal infected grapes 0.2–4.7 mg/g of fresh weight [14]

Rabbit-eye blueberry 99–151 ng/g of dry sample [11]

Deerberries 520 ng/g of dry sample [11]

Peanut NA [12]

Biosynthesis and Nutraceutical Availability

The biosynthesis of PTS is facilitated through the conversion of the amino acids
phenylalanine or tyrosine, which are products of the shikimate pathway. These amino acids
are converted to coumarate and then to p-coumaroyl-CoA, resulting in the production of
precursor stilbenes. While stilbene synthase converts precursor stilbenes to resveratrol,
an O-methyl transferase further methylates two of the resveratrol hydroxyl groups of
resveratrol to form PTS [15].

The availability of PTS in plants was found to vary within species based on various
genetic and environmental factors [16]. Interestingly, fungal infection induced the elevated
production of PTS in certain food crops, such as grapes [17]. Further, exposure to ultraviolet
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light amplified the production of resveratrol, while it reduced the production of PTS in
grapevines [18]. The concentration of PTS was observed to be relatively high in the fruit
skins or epidermal tissues of plants. This could be an evolutionarily conserved effect to
protect the plant from harmful microbes that could cause infection through the penetration
of the plant epidermis [19]. The variability in the nutraceutical availability within a single
plant indicates that different conditions are required to produce resveratrol and PTS. The
transgenic alteration of phenolic metabolism has been proposed as a key strategy to improve
the yield of PTS from dietary sources. Notably, PTS was produced even by species that do
not produce the compound through transgenic alteration. Tobacco (Nicotiana tabacum L.)
and Arabidopsis thaliana (L.) Heynh. were transformed to produce PTS by employing a
stilbene synthase transgene from peanut along with an O-methyltransferase transgene
from Sorghum bicolor (L.) Moench [10]. Of note, the production of PTS in tobacco was
accompanied by reduced flavonoid levels, indicating that stilbenes and flavonoids compete
for p-coumaroyl-CoA in their biosynthesis pathways.

Additionally, PTS production has been reported to be amplified in food crops that
already produce the compound through metabolic engineering. In grapevine cell cul-
tures that were transformed to constitutively express V. vinifera O-methyltransferase, PTS
production was observed to be elevated [20]. An effort was also made to employ stilbene-
synthesizing gut bacteria to provide a constant PTS supply to animals without the dietary
ingestion of the compound [21].

3. Analytical Aspects

Stilbenoids are a class of non-flavonoid polyphenolic compounds with a molecular
weight of approximately ∼200–300 g/mol [22]. Some of the members of the stilbene family
include resveratrol, PTS, and 3′-hydroxy PTS [22]. Stilbenoids are characterized by a
C6-C2-C6 skeleton and the presence of phenyl groups that are linked by ethene double
bonds [22]. With a molecular weight of 256.29 g/mol, PTS is a 3,5-dimethoxy analog of
resveratrol [22]. PTS is a methoxybenzene and a diether due to the presence of trans-
stilbene with methoxy groups at the 3′ and 5′ positions and a hydroxy group at the 4′
position [22]. Even though PTS exists in both cis and trans structures, it is most abundant
in its monomeric, lipid-soluble trans form [9]. Upon the equimolar administration of
resveratrol and PTS in rats, systemic exposure and the plasma concentration (higher Cmax
and AUC0–inf) were greater in PTS when compared to resveratrol, whereas the total body
clearance of resveratrol was greater than that of PTS [4]. The two methoxy groups in PTS
have been identified as responsible for increasing its oral absorption and bioavailability
compared to resveratrol [22].

4. Pharmacokinetics

PTS is often consumed in berries, grapes, nuts, and wine. In the form of a dietary
polyphenol, PTS has exhibited safety at a high dose of 3 g/kg body weight for 28 days,
not leading to any toxicity in mice [23]. Indeed, PTS was found to exhibit dose-dependent
pharmacokinetics. An increased intravenous dose (25 mg/kg) reduced the elimination
of PTS and was associated with almost twice the rate of reduced clearance due to the
saturation of PTS metabolism [24]. When administrating PTS through the oral route,
escalating the dosage from 15 mg/kg to 30 or 60 mg/kg doubled the bioavailability (F) and
prolonged the mean residence time. This trend is attributed to the absorption and limited
elimination of the compound [25]. At a dose of 2.5 mg/kg, rapid absorption and moderate
bioavailability were observed with the sublingual administration of PTS [25].

4.1. Absorption

PTS has high membrane permeability due to its specific features, including lipophilic-
ity, low polar surface area, rotatable bonds, and hydrogen-bond acceptors and donors [3].
PTS has poor solubility in water (around 21 μg/mL), which can be overcome by solubilizing
it with piperazine at a 2:1 stoichiometric molar ratio. Piperazine–PTS cocrystals had six
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times greater solubility than PTS alone [26]. Moreover, administering PTS after a meal
was observed to increase its oral absorption, as food consumption leads to the acceleration
of bile secretion, which enhances the aqueous solubility of drugs co-administered with
food [24]. The bioavailability of PTS has also been reported to be enhanced by using it in
combination with a 2-hydroxypropyl-β-cyclodextrin (15 mg/kg) solution [25]. Notably,
following oral administration, PTS exhibited higher bioavailability than resveratrol, with
greater total plasma levels of its metabolites and parent compound [4].

4.2. Distribution

The apparent volume of distribution (measured by the Vss value) of PTS (Vss = 5.3 L/kg)
following intravenous dosing in rats was greater than that of the total body water
(Vss = 0.7 L/kg), indicating substantial tissue distribution [4]. The distribution of PTS
has been found in the liver, kidney, heart, lungs, and brain [27]. The primary metabolites of
PTS are the sulfate and glucuronide conjugates [4]. After intravenous administration in
male rats, sulfate conjugates seem to be more extensive than glucuronide conjugates [4].
After 1–2 h of oral administration, the entero-hepatic recycling of the metabolite with an
increased concentration of glucuronidated PTS was reported [2,28].

4.3. Metabolism

The cytochrome P450 superfamily comprises phase I enzymes, which are in charge
of the biotransformation of compounds to reduce their toxicity and increase their polarity,
which in turn facilitates the elimination of the drug from the system. Meanwhile, phase-II-
mediated enzymes are involved in the biotransformation of xenobiotic metabolites that are
the products of phase I metabolism. Notably, phase II detoxification enzymes are crucially
involved in promoting drug conjugation and antioxidant reactions [3]. PTS is predomi-
nantly cleared through the phase-II-drug-metabolizing pathway by glucuronidation and
sulfation [3]. The involvement of this metabolizing pathway is supported by increased
concentrations of glucuronide and sulfate PTS conjugates in the systemic circulation when
compared to its parent compound form [4].

4.4. Excretion

Around 99% of PTS is excreted through non-renal pathways, while 0.219% goes
through the hepatic pathway [8]. A very small fraction of it was found to be excreted in
urine [8]. When comparing intravenous doses of resveratrol and PTS in male rats, the
clearance of PTS was much less than that of resveratrol, indicating a longer therapeutic
availability [3]. Interestingly, the analysis of the urine samples in cannulated rats identified
the parent PTS and its glucuronidated metabolite, which had been previously identified
only in the systemic circulation [8]. Increasing the dose of PTS from 2.5 mg/kg to 25 mg/kg
decreased the clearance rate by almost half, which is attributed to the saturation or partial
saturation of PTS metabolism [24].

4.5. Toxicity

The administration of PTS, even in high doses, was observed to be nontoxic in mouse
models. Four groups of mice were fed PTS doses ranging from 0 to 3000 mg/kg body
weight/day for 4 weeks, and there were no significant alterations in the consumption
of food or water or in weight gain [23]. Additionally, the in vivo administration of PTS
attenuated tumorigenesis and metastasis with negligible toxicity [29]. Pharmacologically,
PTS, when intravenously administered, has been noted to be safe, as the compound did
not exhibit toxicity specific to any organ [30]. In humans, PTS has been observed to exhibit
safety at doses up to 250 mg/day [31].
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5. Major Pathways Associated with PTS

5.1. Antioxidative Pathway: Activation of Nrf2 Signaling

The antioxidant activity of PTS has been extensively studied and implicated in anti-
carcinogenesis, the modulation of neurological disorders, the attenuation of vascular dis-
eases, and diabetes management [7]. Extensive evidence has indicated that PTS reduces
oxidative stress by attenuating the production of the superoxide anion and hydrogen
peroxide, which are implicated in the initiation and progression of various pathogenic
processes [7]. Nrf2, a nuclear transcription factor, is one of the major players in regu-
lating cytoprotective and antioxidant genes, which also includes phase II metabolic and
antioxidant enzymes [32]. The stimulation of Nrf2 signaling has been identified to produce
anti-cancer, anti-diabetic, cardioprotective, and neuroprotective effects [33]. Kelch-like
ECH-associated protein 1 (Keap-1) is a negative regulator of Nrf2 and targets the tran-
scription factor for ubiquitylation and degradation. Our lab investigated the protective
properties of PTS in pancreatic β-cell apoptosis through an Nrf2-mediated mechanism [32]
(Figure 1). We found that PTS activates the Nrf2 pathway, thereby triggering the expression
of Nrf2 downstream target genes to facilitate cellular protection in INS-1E cells. In par-
ticular, we demonstrated that PTS binds to the arginine residues of Keap-1 and facilitates
its disassociation from Nrf2 [34]. Interestingly, PTS has also been reported to mediate the
recruitment and interaction of the P62 autophagic cargo with Keap-1, thereby inducing the
autophagic degradation of Keap-1 [35]. The major downstream targets activated following
PTS administration were antioxidative enzymes, including HO 1, SOD, catalase, and GPX.
Moreover, we observed the upregulation of anti-apoptotic gene expression, with the associ-
ated downregulation of the expression of the pro-apoptotic mediators Bax (Bcl-2 associated
X protein) and caspase-3. Our evidence was strongly suggestive of the protective effect
of PTS administration against hyperglycemia-induced oxidative damage in pancreatic
β-cells [32] (Figure 1).

Our lab inferred that PTS protects β-cells in Streptozotocin (STZ)-induced diabetic
mice, an effect accompanied by the induction of Nrf2 and the consequent upregulation of
its target genes. We also investigated the anti-peroxidative role of PTS in the STZ-induced
diabetic model. In addition, PTS normalized the circulatory concentration of VLDL and
LDL while reducing lipid peroxidation in STZ-induced diabetic mice. Notably, the livers
of diabetic mice indicated collapsed hepatic microvesicles on H&E staining due to altered
lipid metabolism [36]. PTS administration reduced structural and functional alterations in
the hepatic tissue, indicating its protective function in diabetic dyslipidemia mediated via
Nrf2 activation [37] (Figure 1).

By countering oxidative damage, PTS treatment inhibited human retinal endothelial
cell proliferation and delayed the progression of diabetic retinopathy [38]. In the livers of
IUGR piglets, PTS attenuated liver injury caused by Nrf2 activation and the consequent
induction of the antioxidant response [39]. Notably, adrenocorticotropic hormone (ACTH)
was observed to interfere with Nrf2 signaling in metastatic cells. PTS reduced ACTH
activity and was effective against various melanoma cell lines, including MelJuso, A2058,
and MeWo [30]. PTS blocked cellular inflammation and oxidative stress in azoxymethane-
induced colon carcinogenesis, thereby reducing tumorigenesis. Through the activation
of Nrf2, PTS countered the induction of NF-κB (nuclear factor-kappaB) and diminished
the levels of oxidative stress mediators, including inducible nitric oxide synthase (iNOS),
Cyclo-oxygenase-2 (COX-2), and aldolase reductase in an AOM-induced colon cancer
rodent model [40]. Furthermore, by maintaining glutathione, catalase, SOD, and GSH
peroxidase activity through the Nrf2–antioxidant response, PTS showed anti-cancer activity
in a UVB-stimulated skin cancer model [41]. In the innate immune system, neutrophils
produce reactive oxygen species (ROS) to destroy pathogens with the help of NADPH
oxidase, which produces a superoxide anion. The overproduction of ROS can cause tissue
damage that is observed in diseases such as rheumatoid arthritis and ischemic injury. PTS
lowered the neutrophil count in arthritic animals and facilitated a mild decrease in ROS
production, with a limited effect on neutrophil activity [42].
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In a dose-dependent manner, PTS has been identified to exhibit a potent antioxi-
dant effect against several free radicals, including 2,2-Diphenyl-1-picryl-hydrazyl (DPPH),
2,2′-Azino-bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS), hydroxyl, superoxide, and
hydrogen peroxide. Furthermore, PTS treatment is associated with increased antioxidant
enzymes, such as SOD and GPX, via Nrf2 activation in neuronal cells [43]. In Alzheimer’s
disease models, PTS increased PPAR-α, a modulator of neural antioxidant activities [43].

Figure 1. Nrf-2-mediated antioxidant pathway of pterostilbene: Activation and phosphorylation
of Nrf-2 signaling is the major mechanism through which the antioxidative response is induced by
PTS. Ubiquitination mediated by Cullin-3 (CUL-3) leads to the proteasomal degradation of Nrf-2.
PTS inhibits the ubiquitin–proteasome system, thereby increasing the accumulation of Nrf-2. PTS also
enables the phosphorylation of Nrf-2, which is critical in the nuclear translocation of the transcription
factor. Moreover, PTS phosphorylates and activates the ERK signaling pathway, which mediates
the dissociation of Keap-1, resulting in Nrf-2 activation. Furthermore, PTS stimulates the binding
of Keap-1 and p62, which enhances the activation of Nrf2. Following its activation and nuclear
translocation, Nrf-2 binds to ARE and induces the expression of antioxidant enzymes, which in turn
critically attenuate oxidative damage in host cells.

5.2. Pro- and Anti-Apoptotic Pathways

PTS inhibited cell proliferation and acted as an active inducer of apoptosis in certain
cancerous cell lines [8]. Moreover, PTS treatment induced caspase release and O2

− produc-
tion, which depolarizes the mitochondrial membrane, triggering the intrinsic mitochondrial-
derived apoptosis of cancerous cells [44,45]. Chakraborty et al. identified that PTS modified
markers associated with mitochondrial apoptosis and improved the expression of the an-
tioxidant enzymes GPx, GR, and GSH in an in vitro prostate cancer model [46]. Moreover,
PTS induced apoptosis in gastric adenocarcinoma cells through the increased upregulation
of cytochrome C, Bad, Bax, and caspases [47]. Genomic analysis revealed that PTS treatment
in pancreatic cancer upregulated pro-apoptotic genes and anti-proliferative markers [48].

Interestingly, PTS was reported to inhibit the effects of apoptosis in vascular en-
dothelial cells [49]. Apoptosis induces plaque instability in atherosclerosis, where oxLDL
(oxidized low-density lipoprotein) triggers the apoptosis of VEC by activating lectin-like
oxLDL receptor-1. PTS inhibits the apoptosis induced by oxLDL and stimulates cytopro-
tective autophagic cell death in VECs, thereby dampening the atherosclerotic effect of
oxLDL [50]. Notably, this effect was achieved by increasing the accumulation of intracellu-
lar calcium, followed by the subsequent activation of the AMPK α1 subunit (AMPKα1) [50].
PTS also suppressed the oxidative damage induced by oxLDL by reducing the mitochon-
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drial membrane potential and lowering the levels of pro-apoptotic proteins such as Bax
and p53 [49]. PTS administration to cochlear cells obtained from STZ-induced diabetic
rats demonstrated the protection of the cochlea from ototoxicity through the inhibition of
apoptosis [51]. Interesting work from our lab deduced that cytoprotection by PTS against
cytokine-induced cellular damage in MIN6 mouse pancreatic cells involves the activation
of Nrf2 signaling, associated with the inhibition of pro-apoptotic signaling through the
attenuation of the BAX/Bcl-2 ratio and the reduced activity of caspase-3 [36]. Our evi-
dence indicates that the PTS-mediated anti-apoptotic effect is also a consequence of Nrf-2
activation (Figure 2).

Figure 2. Anti-apoptotic pathway of pterostilbene: PTS mediates its cytoprotective effect mainly
through the activation of Nrf-2, which in turn protects the mitochondrial functioning, thereby causing
a reduction in the induction of pro-apoptotic factors such as cytochrome C, BAX, and caspase-3. In
vascular endothelial cells, PTS protects against the initiation of apoptotic signaling by countering the
effect of oxLDL in activating its receptor lectin-like oxidized low-density lipoprotein (LOX-1), thereby
preventing the accumulation of P53 as well as the activation of NFκB. Moreover, PTS increases the
intracellular calcium levels and promotes the cytoprotective autophagy of the cell, consequently
preventing the deleterious effect of apoptosis.

5.3. Anti-Inflammatory Pathway

PTS possesses strong anti-inflammatory properties [27], with iNOS, COXs, leukotrienes,
NF-κB, Tumor Necrosis Factor Alpha (TNF-α), and Interleukin-1 beta (IL-1β) reported as
its primary targets [52]. Endoplasmic reticulum (ER) stress plays a vital role in inducing
endothelial cell inflammation. In human umbilical vein endothelial cells (HUVECs) stimu-
lated by TNF-α, PTS attenuated inflammatory cytokine production and inhibited monocyte
adhesion. Importantly, PTS treatment also countered the ER-stress-related molecules stimu-
lated by TNF-α [53]. In HT-29 colon cancer cell lines, PTS mediated the anti-inflammatory
pathway through the inhibition of the protein kinase cascade activated by p38 mitogen and
led to the suppression of pro-inflammatory cytokine production [54]. In canine chondro-
cytes, treatment with PTS decreased Matrix Metalloproteinase (MMP)-3, sGAG, and TNF-α,
thereby exhibiting anti-inflammatory properties [8]. When combined with cyclodextrin,
PTS treatment inhibited biofilm formation by F. nucleatum in periodontitis [55]. Importantly,
PTS was identified to inhibit the NF-κB-induced inflammatory response by preventing its
nuclear translocation. Indeed, PTS treatment in the TPA-induced mouse epidermis led to
decreased IkappaB kinase (IKK) activity and improved the retention of IkappaBa (IKB-α),
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which ultimately blocked the nuclear translocation of NF-κB [56]. Another significant
pathway through which PTS inhibited inflammation was through the marked attenuation
of the transcription factor activator protein-1 (AP-1) by affecting the binding of the c-JUN
subunit to AP-1 response elements [56] (Figure 3).

Figure 3. Anti-inflammatory pathway of pterostilbene: PTS mediates its anti-inflammatory effect
mainly through the inhibition of the transcription factors NFκB and AP-1, which leads to the attenua-
tion of downstream pro-inflammatory mediators, including TNF-α. Further, PTS also inhibits P38
mitogen-activated protein kinase (MAPK) signaling and prevents the induction of iNOS and COX-2.

While studying the anti-inflammatory effects of PTS on ischemia/reperfusion injury in
a middle cerebral artery occlusion (MCAO) rodent model, it was found that treatment with
PTS suppressed the swelling and disintegration of cells, the infiltration of macrophages
and monocytes, and the degranulation of polymorphonuclear leukocytes, thereby exhibit-
ing a neuroprotective effect through an anti-inflammatory mechanism [57]. Moreover,
PTS dampened the astrocyte-mediated inflammatory and oxidative damage caused by
ischemia/reperfusion injury through the inhibition of NF-κB [58]. The effect of PTS on
lipopolysaccharide-induced pulmonary fibrosis was identified to involve the activation of
Keap-1/Nrf2, the inhibition of caspase-dependent A20/NF-κB and NLRP3 signaling path-
ways, and the suppression of inflammation [59]. Furthermore, PTS exhibited a protective
role in arthritis induced by Freund’s adjuvant (CFA) in rats by suppressing inflammatory
mediators and cytokines [60].

6. Therapeutic Properties of PTS

Various therapeutic properties of PTS have been documented since its discovery. The
phytonutrient is reported to have potent anti-cancer, anti-inflammatory, immunomodu-
latory, anti-diabetic, antioxidant, analgesic, anti-obesity, neuroprotective, and anti-aging
properties [9] (Figure 4).
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Figure 4. Therapeutic properties of PTS in various disease conditions.

6.1. Anti-Cancer Activity of PTS

Several experimental studies have demonstrated the inhibitory effects of PTS against
various cancer cells, including stomach, skin, lung, liver, breast, colon, pancreas, oral,
lymph, cervical, endometrial, hematological melanoma, prostate, leukemia, and myeloma
tumor cells [29,30] (Table 2). PTS has been identified to be useful in preventing and
treating cancer by regulating pro-apoptotic or non-apoptotic anti-cancer activities [33].
The development and progression of cancer involve various factors: a group of drug-
metabolizing enzymes, cytochrome P450. These enzymes mediate the metabolic activation
of several pro-carcinogens and play a crucial role in the inactivation and activation of
anti-cancer drugs. CYP1A1 and CYP1B1 are members of the CYP1 superfamily and have
important roles in cancer progression. PTS acts as an efficient inhibitor of CYP1A1, CYP1A2,
and CYP1B2 in a competitive manner. The anti-proliferative mechanisms of PTS are seen in
different concentrations for different cell types [3].

Table 2. Effect of Pterostilbene in Experimental Models of Various Disease Conditions.

Disease
Condition

Experimental Model Effect of Pterostilbene Reference

Cancer

Endometrial cancer xenograft model Reduced weight and volume of tumor [61]

DMBA-induced mammary alveolar
precancerous lesions in mice Reduced lesions [62]

MDA-MB-231 (breast cancer) xenograft model Suppressed tumor growth [63]

UVB-induced skin cancer in mice Nrf2-dependent antioxidant response [41]

Hematological cancer xenograft model (a) Increased caspase activation
(b) Reduced cell proliferation [64,65]
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Table 2. Cont.

Disease
Condition

Experimental Model Effect of Pterostilbene Reference

Azoxymethane-induced colon cancer model Reduced iNOS levels and attenuated
crypt formation [66]

MIA PaCa-2 xenograft model Inhibited tumor growth and prominent
central necrosis [48]

HPV-E6-positive cervical cancer mouse model
(a) Increased apoptosis

(b) Downregulated E6 and VEGF
expression

[67]

Breast cancer xenograft mouse model
When coupled with Vitamin E:

(a) Inhibited Akt
(b) Downregulated cell-cycle proteins

[68]

Melanoma xenograft mouse model ACTH downregulation led to decreased
Nrf2-mediated defenses [69]

Large B-cell lymphoma xenograft
mouse model

(a) Reduced mitochondrial
membrane potential

(b) Increased apoptosis
[64]

Biliary cancer xenograft mouse model (a) Inhibited proliferation
(b) Induced autophagy [70]

Multiple myeloma mouse xenograft

(a) Inhibited cell progression
(b) Increased ROS production for apoptosis

(c) Improved extracellular-signal-
regulated kinases 1/2 and c-Jun N-terminal

kinase signaling

[65]

Xenograft of glioma stem cells in mice Attenuated GRP78, suppressing
tumorogenesis [71]

Diabetes

STZ-induced diabetic rats Protected rats from ototoxicity through the
inhibition of apoptosis [51]

STZ- and Nicotinamide-induced diabetic rats

(a) Increased hepatic glycolytic
enzyme hexokinase

(b) Reduced the levels of glycogenic
enzymes and enhanced peripheral

utilization of glucose

[72]

STZ-induced diabetic rats
(a) Regulated NF-κB signal pathway and

inhibited oxidative stress and inflammation
(b) Improved renal damage

[73]

STZ-induced diabetic mouse
(a) Normalized plasma VLDL, LDL,

and HDL
(b) Reduced lipid peroxidation

[36]

Diabetic rats

(a) Enhanced the peripheral utilization
of glucose

(b) Elevated the levels of hepatic
hexokinase and hepatic
phosphofructokinase

[74]
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Table 2. Cont.

Disease
Condition

Experimental Model Effect of Pterostilbene Reference

Liver injury

Dimethyl nitrosamine-induced rats with
liver fibrosis

(a) Hepatoprotective activities
(b) Inhibited TGF-b1/Smad signaling [75]

Zucker rats with liver steatosis
(a) Reduced insulin and hepatic

triacylglycerol levels
(b) Improved fatty acid profile

[76]

Hamsters with a High-fat diet supplemented
with 8% blueberry by-product

(a) Low plasma LDL
(b) Increased phosphorylation of adenosine
monophosphate-activated protein kinase

[77]

Hypercholesterolemic hamsters Cytoprotective macroautophagy [7]

CCl4-stimulated hepatic fibrosis rat models

(a) Reduced levels of α-smooth muscle cell
actin, desmins, MMP2, and MMP9

(b) Downregulated pro-fibrogenesis
through the suppression of TGF-β1 in

liver tissue

[78]

Acetaminophen-exposed rats Suppressed Acetaminophen-induced
oxidative stress [79]

Diseases of the
Central Nervous

System

Amyloid precursor protein (APP)/Presenilin 1
(PS1) SERCA mouse model with

Alzheimer’s disease

Reduced amyloid-beta content
Improved pathological changes [80]

Common carotid artery occlusion mouse
model to study cerebral

ischemia/reperfusion injury

Upregulated antioxidant activity through
HO-1 [81]

SAMP8-Alzheimer’s disease mouse model Increased peroxisome
proliferator-activated receptor-α expression [82]

Middle cerebral artery occlusion rodent model

(a) Suppressed the swelling and
disintegration of cells and attenuated the

infiltration of macrophages and monocytes
(b) Attenuated the degranulation of
polymorphonuclear leukocytes in

neural tissue

[57]

Cardiovascular
disease

Monocrotaline-treated rats with reduced
cardiac function

(a) Prevented reduction in stroke volume
and cardiac output

(b) Reduced lipid peroxidation and total
phospholamban

(c) Increased SERCA expression in the
right ventricle

[83]

Apo-lipoprotein-E-deficient mice Reduced atherosclerosis by inhibiting lipid
peroxidation and enhanced antioxidants [84]

Fischer-344 rat model of coronary artery
ligation Reduced myocardial infarction size by 22% [85]

Arthritis

Bovine type II collagen-stimulated rat arthritis
model

Reduced pathological process of arthritis
when coupled with physical exercise [86]

Freund’s adjuvant (CFA)-induced arthritis
rat model

(a) Alleviated the swelling of paw and
reduced arthritic score

(b) Improved body weight
[60]

Injection of heat-killed Mycobacterium
butyricum in Lewis rats

Lowered number of neutrophils, thereby
downregulating neutrophil oxidative burst [42]
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Rimando et al. studied the cancer chemopreventive activity of PTS using a mouse
mammary gland culture model and showed that PTS (ED50 = 4.8 μM) markedly reduced
DMBA-induced mammary alveolar precancerous lesions through its peroxy-radical scav-
enging antioxidant activity [62]. In mutant p53-breast cancer cell lines MDA-MB-231 and
T-47D, PTS facilitated the reduction in oncogenic β-catenin, mTOR, and mutant p53, as
well as increased the expression of the pro-apoptotic Bax protein [87]. Moreover, in MDA-
MB-231 xenograft mouse models, PTS suppressed the epithelial-to-mesenchymal transition
(EMT) through the upregulation of miR-205 and the consequent reduction in pro-EMT
src signaling [63]. Notably, PTS exhibited additive anti-cancer effects in combination with
other natural compounds. A combination of α-tocopherol succinate (42 and 99 IU/kg)
and PTS (40 μg/kg) attenuated the invasive capability of MDA-MB-231 cells [68]. The
treatment of ER-positive breast cancer with a combination of tamoxifen (5 μM) and PTS
(10 and 20 μM) also exhibited additive effects. In the studied cell lines (MCF7 and ZR-751),
the suppression of cancer cell proliferation along with an elevation in apoptotic activity
was observed when this combination was employed [45].

In the human colorectal adenocarcinoma cell line HT-29, PTS (≥10 μM) inhibited cell
proliferation while inducing G1 cell arrest. Moreover, PTS treatment stimulated apoptosis
through the attenuation of the STAT3 and AKT kinase signaling pathways [88]. In a rodent
model of azoxymethane (AOM)-induced colon cancer, the intake of PTS (40 ppm) through
the diet for 45 weeks led to a reduction in tumorigenesis and diminished the levels of
proliferating cell nuclear antigen (PCNA), cyclin D1, and β-catenin [89]. PTS was also
observed to mediate the anti-cancer effect through the stimulation of Nrf2 signaling and its
target genes (HO-1 and GR), which counter the effect of NF-κB-mediated pro-inflammatory
signaling. Studies have shown that the overexpression of iNOS and COX-2 is markedly
correlated with the progression of colon cancer. Moreover, in an in vitro study using the
HT-29 colon cancer model, PTS inhibited the transcriptional expression of augmented iNOS
levels and moderated the inhibition of COX-2 in a concentration-dependent manner [40,89].

PTS in combination with quercetin at 20 mg/kg/day inhibited the metastatic activ-
ity in B16-F10 melanoma by reducing the adhesion of B16-F10 cells to the endothelium
and also downregulated the levels of Bcl-2 in cancerous cells [90]. PTS (10 to 50 μM)
suppressed the cancer cell proliferation and initiated apoptotic signaling through the in-
duction of lysosomal membrane permeabilization in A375 melanoma cells [91]. Moreover,
through the attenuation of iNOS and COX-2 expression, PTS prevented DMBA- and TPA-
induced skin tumor formation [92]. Similarly, in rodent models of UVB-induced skin
cancer, the anti-cancer activity of PTS was observed to include the prominent induction
of Nrf2-mediated antioxidant signaling, resulting in glutathione level maintenance and
the improved activities of catalase, SOD, and GPX [41]. Intravenously administered PTS
suppresses human melanoma and pancreatic cancer growth in small animals. Evidence
indicates an indirect mechanism of cancer growth inhibition, where PTS inhibits pituitary
adrenocorticotropic hormone production, mediates the downregulation of glucocorticoid
receptors, and stimulates the Nrf2-dependent cancer antioxidant defense system and the
stress-related neuroendocrine signaling mechanism [30,69].

Multiple myeloma (MM) models, xenograft mouse models for hematological cancers,
and several diffuse large B-cell lymphoma (DLBCL) models have been utilized to study
the anti-cancer effect of PTS [64,65]. In the DLBCL cell line, the viability of the cancer
cells was largely dependent on the concentration of PTS and was associated with reduced
mitochondrial membrane potential, elevated free-radical generation, and caspase-mediated
apoptosis when PTS was intravenously administered [64]. In MM cell lines, a similar
concentration-dependent suppression of the proliferation of cancer cells was observed
through increased caspase activation, further highlighting the anti-cancer properties of
PTS [65]. Additionally, PTS treatment was reported to show benefits against Cholangio-
carcinoma (CCA), also known as biliary tract cancer, as evidenced by its cytotoxic effects,
mediated through autophagy and the inhibition of CCA tumor growth, in two different
CCA cell lines [70].
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In endometrial cancer cells, the combination of PTS and megestrol acetate produced a
synergistic effect through the inhibition of cell-cycle regulators, including cyclin D1, cyclin
B1, and CDK4 [93]. An open-label randomized Phase II clinical trial is underway to study
the effect of PTS with megestrol acetate in endometrial cancer patients or patients with
endometrial complex atypical hyperplasia who are scheduled for hysterectomy (Clini-
calTrials.gov Identifier: NCT03671811) (Table 3). Furthermore, PTS suppresses cell-cycle
progression and apoptosis in ovarian cancer cells (OVCAR-8 and Caov-3 cells) through
the inhibition of the STAT3 pathway. PTS decreased the expression of cell-cycle and anti-
apoptotic proteins involved in the STAT3 pathway, including Mcl-1, Bcl-2, and cyclin
D1 [94].

Table 3. Clinical Trials Involving Pterostilbene.

Clinical Trial Subjects
The Drug
Used/Diet

Status Findings Reference

Studying the Effects of
ElevATP on Body
Composition and

Athletic Performance of
Healthy Individuals

Healthy
18–35-year-old males

ElevATP with and
without caffeine

and Vitamins
Completed

Improved
strength and

power output
in the lower

body

ClinicalTrials.gov
Identifier:

NCT02819219

Study of
Pharmacokinetics and

Safety of Basis™ in
Subjects with Acute

Kidney Injury

Patients with Acute
Kidney Injury Basis Completed

Nicotinamide
riboside with
pterostilbene

increased
whole-blood
NAD + levels

ClinicalTrials.gov
Identifier:

NCT03176628

Effect of PTS on
Cholesterol and
Hypertension

Patients with
hyperlipidemia and

increased
Blood Pressure

1. PTS (low dosage
of 50 mg and high
dosage of 125 mg)

2. Low dose
combination of
PTS and grape
extract (50 mg +

100 mg)

Completed

PTS increased
LDL and

reduced blood
pressure in
adults [95]

ClinicalTrials.gov
Identifier:

NCT01267227

Evaluating Safety and
Benefits of Basis™

Among Elderly Subjects

60–80-year-old healthy
subjects Basis™ Completed Yet to be

published

ClinicalTrials.gov
Identifier:

NCT02678611

A Trial of
Nicotinamide/PTS

Supplement in
Amyotrophic Lateral

Sclerosis

Patients with
Amyotrophic Lateral

Sclerosis

EH301
(nicotinamide
riboside/PTS)

Recruiting Yet to be
published

ClinicalTrials.gov
Identifier:

NCT05095571

Effect of Blueberries in
Postmenopausal Women

with Elevated Blood
Pressure for Improving

Vascular Endothelial
Function

Postmenopausal
women with elevated

blood pressure,
hypertension, and

endothelial
dysfunction

Blueberry powder
Active
Phase 2
Phase 3

Yet to be
published

ClinicalTrials.gov
Identifier:

NCT03370991

Supplementing Wild
Blueberries to Study

Cardiovascular Health
in Middle-

aged/Older Men

45- to 70-year-old men
with hypertension and

endothelial
dysfunction

Blueberry powder
Recruiting

Phase 1
Phase 2

Yet to be
published

ClinicalTrials.gov
Identifier:

NCT04530916
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Table 3. Cont.

Clinical Trial Subjects
The Drug
Used/Diet

Status Findings Reference

Effect of High-intensity
Training and Daily

Consumption of Basis™
on Muscle Metabolism

and Exercise

18- to 25-year-old
healthy men

NRPT
(125 mg

nicotinamide
riboside and 25 mg

PTS)

Phase 1 Yet to be
published

ClinicalTrials.gov
Identifier:

NCT04050358

Study of Treating
Megestrol Acetate with

or without PTS in
Patients with

Endometrial Cancer
Undergoing

Hysterectomy

Women with Atypical
Endometrial

Hyperplasia and
Endometrial
Carcinoma

Megestrol Acetate
with or without

PTS

Recruiting
Phase 2

Yet to be
published

ClinicalTrials.gov
Identifier:

NCT03671811

Protection of Basis™ in
Acute Kidney Injury

Patients with Acute
Kidney Injury

Nicotinamide
riboside + PTS

Recruiting
Phase 2

Yet to be
published

ClinicalTrials.gov
Identifier:

NCT04342975

Studying the Benefit of
Supplementation with
Short-term Curcumin
and Multi-polyphenol

Non-smokers in good
health not taking

medications or dietary
supplements

Polyresveratrol
supplementation

(100 mg of
trans-PTS, 100 mg

of curcumin
phytosome,
100 mg of
quercetin

phytosome,
100 mg of green tea

phytosome, and
100 mg of

trans-resveratrol)

Unknown Not Published
ClinicalTrials.gov

Identifier:
NCT02998918

Studying effects of
Nicotinamide Riboside

and PTS on Muscle
Regeneration in Elderly

Humans

55- to 80-year- old
individuals

Nicotinamide
riboside/PTS-

NRPT
(500 mg/100 mg

twice daily)

Completed Not published
ClinicalTrials.gov

Identifier:
NCT03754842

Evaluating Sirtuin
Supplements to Benefit
Elderly Trauma Patients

to study recovery of
function

Individuals 65 years
and older presenting

to trauma bay

Nicotinamide
riboside and PTS Unknown Not published

ClinicalTrials.gov
Identifier:

NCT03635411

Effects of a Seven-day
BASIS™

Supplementation on
Menopausal Syndrome,

Estradiol levels and
Measurements of the
Urinary Vitamin B3

Women 35 years or
older BASIS™ Completed Not published

ClinicalTrials.gov
Identifier:

NCT04841499

There are scientific reports on the therapeutic potential of PTS in attenuating hepa-
tocellular carcinoma (HCC), which is the second-most prominent cause of cancer-related
mortality. In a recent study, PTS treatment was reported to inhibit tumor growth and cell
proliferation in a dose-dependent manner in an animal model of HCC [96]. A combination
of diethylnitrosamine and carbon tetrachloride was used to induce HCC in mouse livers.
PTS treatment was demonstrated to upregulate caspase-3 activity and thereby induce
apoptosis in HCC tumor tissue. Interestingly, PTS was identified to reduce HCC prolif-
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eration through a reduction in SOD2 and the induction of ROS-mediated mitochondrial
apoptotic pathways [96]. Further, it was observed that PTS conferred protection against
HCC proliferation and inhibited Hepatitis B virus proliferation in several HCC cell lines.
Of note, PTS exhibited antiviral and anti-cancer activity in HCC cells that were resistant
to Sorafenib (anti-cancer drug) and Lamivudine, an antiretroviral drug [97]. Importantly,
the researchers identified that PTS exhibited anti-cancer and anti-retroviral effects through
the potent inhibition of ribonucleotide reductase (RR), which plays a critical role in cellular
DNA synthesis. Additionally, PTS treatment was demonstrated to markedly inhibit the
growth of an HCC xenograft in nude mice with minimal toxicity [97]. PTS was reported to
suppress the invasion and growth of HCC by down-regulating the expression of Metastasis-
Associated Protein 1 (MTA1) and histone deacetylase 1 (HDAC1) while upregulating the
acetylation of the tumor suppressor protein PTEN [98]. The epigenetic-level regulation by
PTS could open new avenues in understanding its anti-cancer activity.

6.2. Anti-Diabetic Activity of PTS

Diabetes is a disease characterized by uncontrolled sugar levels due to insufficient
secretion and the improper action of insulin, usually disturbing the metabolism of fats,
carbohydrates, or proteins [99]. Various rodent models have demonstrated the anti-diabetic
effect of PTS (Table 2). The compound has been reported to strongly influence glucose
homeostasis by decreasing systemic glucose levels while increasing insulin concentra-
tions [3,100]. Indeed, the findings from our lab indicated that PTS treatment markedly
regulated blood glucose by improving insulin secretion in STZ-induced diabetic mice [37].
In particular, we observed that PTS-mediated glucose regulation is achieved by regulating
glucose metabolism enzymes in the liver of STZ-induced diabetic mice [37]. The oral
administration of PTS to diabetic rats elevated the levels of the hepatic glycolytic enzyme
hexokinase, reduced the levels of glycogenic enzymes glucose-6-phosphatase and fructose-
1,6-bisphosphatase, and thereby improved the peripheral utilization of glucose [72]. PTS
also improved the antioxidant capacity in diabetic rats by upregulating GST, SOD, GPX,
and catalase levels and counteracting ROS accumulation [100]. These mechanisms protect
renal and hepatic cells from the deleterious effects of hyperglycemia-induced oxidative
stress. Hence, PTS exhibits anti-diabetic activity by reducing hyperglycemia, but it also
protects liver and kidney cells from hyperglycemia-associated damage [100].

While investigating PTS-mediated protection against β-cell apoptosis in STZ-induced
diabetic rodents, our lab demonstrated that PTS treatment improved glucose homeostasis
while attenuating the pro-inflammatory cytokine response. The cytoprotection of β-cells
by PTS treatment was conferred by an Nrf2-mediated mechanism, as evidenced by the
attenuation of caspase-3 activity and the BAX/Bcl-2 ratio (Figure 2). We also found the
inhibition of iNOS and reduced nitric oxide (NO) synthesis in the diabetic pancreas. PTS
significantly alleviated the function of pancreatic β-cell cells and improved their survival
in the background of cytokine stress, thereby preventing the pathogenic features of STZ-
induced diabetes [36]. Furthermore, our proteomic study demonstrated the molecular
mechanisms involved following PTS administration in diabetic rodents by employing
electrospray ionization tandem mass spectrometry (LC-MS/MS). Our findings indicated
that the administration of PTS normalized the levels of 315 proteins that were modulated
in diabetic mice. Outstandingly, a major proportion of these proteins were involved in
the regulation of redox imbalance, the antioxidative stress response, the unfolded protein
response, and ER degradation pathways, indicating that PTS treatment plays a crucial role
in the rehabilitation of defective metabolic processes and stress sensors in diabetes [101].

Lipid peroxidation is a characteristic of diabetes, and lipid peroxidation products can
damage DNA and contribute to extra-pancreatic tissue damage in diabetes. PTS signifi-
cantly reduced lipid peroxidation levels and was reported to scavenge DPPH free radicals
and peroxyl radicals (ROO*). In a tertiary-butyl hydroperoxide (TBHP)-induced oxida-
tive damage rodent model, free radicals, including hydroxyl, superoxide, and hydrogen
peroxide, were attenuated by PTS in a concentration-dependent manner [102]. Notably,
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in diabetic-nephropathy-induced rats, PTS ameliorated renal damage by dampening the
NF-κB inflammatory signaling pathway and inhibiting oxidative stress [73]. Diabetic
retinopathy is associated with pathogenic alterations in the structure of the retina, mediated
through high glucose levels. PTS was observed to reduce ROS generation while increasing
the SOD levels to scavenge free radicals and thereby suppress diabetic retinopathy [38].

6.3. Therapeutic Effect of PTS in Liver Diseases

Liver fibrosis results from the overt and chronic accumulation of extracellular matrix
proteins, resulting in the scarring of hepatic tissue and the marked disruption of hepatic
vasculature, which can ultimately lead to cirrhosis [103]. Along with an increased risk
of mortality, cirrhosis is also a risk factor for developing hepatocellular carcinoma [103].
Studies employing both acute and chronic liver injury models have identified the allevia-
tion of liver injury post-PTS administration (Table 2). Of note, PTS treatment administered
to a dimethylnitrosamine (DMN)-induced liver fibrosis model in Sprague-Dawley rats
reduced DMN-induced changes and attenuated pro-fibrogenic hepatic stellate cell activa-
tion. PTS also exhibited hepatoprotective activity through the inhibition of TGF-b1/Smad
signaling [75].

NAFLD is a chronic progressive liver disorder in metabolic syndromes such as obe-
sity and insulin resistance caused by excessive fat accumulation (hepatic steatosis). PTS
administration in Zucker rats showed reduced insulin resistance and attenuated hepatic
triacylglycerol levels, thus reducing liver steatosis. Importantly, treatment with PTS re-
duced hepatic steatosis from grade 2 to grade 1. Of note, PTS was observed to reduce
the triacylglycerol synthesis capacity of the liver through a reduction in fatty acid dis-
posal and through the inhibition of triacylglycerol synthesis enzymes such as DGAT2.
The PTS-treated rats had improved fatty acid profiles, attributed to its delipidating ef-
fect [76]. Furthermore, PTS and its derivative 3′-Hydroxy-pterostilbene reduced NAFLD
pathogenesis induced by free fatty acids and a fat-rich diet through the upregulation of
SIRT1/AMPK and insulin signaling pathways and the downregulation of the protein ex-
pression of SREBP-1, which results in the activation of the β-oxidation of fatty acids and the
consequent reduction in fatty acid synthesis. Moreover, PTS was also observed to promote
the growth of vital beneficial microbiota, such as Oscillospira, while down-regulating the
population of potentially pathogenic bacteria, such as Allobaculum, Phascolarctobacterium,
and Staphylococcus [104].

Zhang et al. employed an IUGR-induced liver injury model and demonstrated in-
creased circulating alanine transaminase activity, an elevated hepatocyte apoptosis rate, and
ROS generation and accumulation. PTS administration reduced these pathogenic processes
by preventing the accumulation of hepatic superoxide anions, 8-hydroxy-2 deoxyguanosine,
and 4-hydroxynonenal-modified protein by stimulating the translocation of Nrf2 to the nu-
cleus and inducing the antioxidant enzyme SOD2 [39]. Further, in a study investigating the
efficacy of PTS against obesity, it was found that PTS formed three hydrogen bonds with the
amino acids of PPAR-α, thereby inducing its expression in the livers of BBPX hamsters and
lowering the plasma LDL concentration. Furthermore, PTS was also observed to regulate
fatty acid oxidation by dose-dependently elevating the phosphorylation of 5′-AMPK [77].

6.4. Effects of PTS on Diseases of the Central Nervous System

The antioxidant and anti-inflammatory properties of PTS have been reported to be
therapeutic for the aging brain. Evidence from experimental studies indicates that PTS
confers protective benefits against Alzheimer’s disease (AD) and vascular dementia [105]
(Table 2). PTS treatment potently modulated cognitive impairment and cellular stress. This
effect was closely linked to the presence of methoxy groups, which increases lipophilicity. It
also positively modulates cellular stress markers by upregulating PPAR-α expression [82].

Joseph et al. administered PTS to rats at various doses and measured its concentration
in blood plasma and brain tissue (hippocampus). The amount of PTS in the hippocampus
was directly related to the intake of PTS and alleviated cognitive function through the
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modulation of neural plasticity and motor activity. When administered at high doses, the
compound was detected in the serum and brain tissue; however, low doses were only
found in the serum and not detected in brain tissue [105]. Dose studies are warranted to
further understand the threshold dosage for PTS to cross the BBB.

The induction of the NF-kB signaling pathway is a vital pathogenic component in
neurodegenerative diseases. Through the downregulation of NF-kB, PTS limited the
inflammatory response in the CNS [82]. Cerebral ischemia/reperfusion injury is a period of
impaired blood supply to the brain during an ischemic stroke. Five days of PTS treatment
(10 mg/kg) in a common carotid artery occlusion model markedly elevated the membrane
potential of mitochondria and induced cytochrome c expression, as well as complex I and IV
activity. PTS attenuated the ROS generated by mitochondria and reduced the cytochrome c
levels in the cytosol. Considering that HO-1 signaling exhibits protection in Parkinson’s,
Alzheimer’s, and other neurodegenerative diseases, the upregulation of HO-1 expression
by PTS exhibited cerebral protective effects [81].

PTS confers neuroprotection to neuronal Sh-SY5Y cells by reviving estrogen-receptor-α-
induced signaling [106]. A reduction in high-glucose-induced CNS injury and mitochondrial-
dysfunction-derived oxidative stress was observed upon PTS administration due to the
activation of Nrf2 in hippocampal neuronal cells [107]. However, high doses of PTS or
resveratrol inhibited the physiological immune response to pathogens [108–110]. Further
dose-dependent studies are required to identify the appropriate PTS dose to achieve the
therapeutic effect.

6.5. Effects of PTS on Cardiovascular Diseases

Hypercholesterolemia is associated with an increased risk of cardiovascular diseases.
PTS treatment was demonstrated to reduce atherosclerosis and myocardial infarction in
animal models of cardiovascular diseases (Table 2). PTS treatment lowered plasma lipopro-
teins and cholesterol, protecting vascular endothelial cells from oxidation and promoting
cytoprotective macroautophagy [7]. pTeroPure, a highly purified trans-PTS patented by
Chromadex, Irvine, CA, has been proven to significantly reduce blood pressure in adults [2].
The combination of PTS and hydroxypropyl-β-cyclodextrin improved cardiac function
in an experimental monocrotaline (MCT)-induced/arterial-hypertension-provoked right-
heart-failure model through the induction of the antioxidative response. In particular, PTS
enabled the rehabilitation of glutathione metabolism and restored redox homeostasis in the
right ventricle of MCT-treated rats. At higher doses, PTS attenuated lipoperoxidation and
total phospholamban while increasing the levels of sarcoplasmic reticulum calcium ATPase
(SERCA) in the right ventricles of diseased rodents [83].

An elevation of mechanical stress in the endothelium puts the heart at risk of injury to
its vasculature and thrombogenesis, which is worsened by oxidative stress. The endoge-
nous antioxidative response of the vascular system is responsible for exerting a protective
effect by attenuating oxidative damage; however, the antioxidant capacity may become
exhausted due to increased and chronic exposure to ROS, creating an imbalance between
oxidant and antioxidant activities. In an ischemia/reperfusion-induced myocardial damage
experimental model, PTS showed a cardioprotective effect by reducing myocardial perox-
ynitrite, superoxide production, malondialdehyde content, and NADPH oxidase enzyme
expression and by increasing the antioxidant SOD activity to protect against oxidative
stress [111].

The unchecked proliferation of vascular smooth muscle cells leads to atherosclerosis
and the consequent development of vascular stenosis [112]. In atherosclerosis, PTS has
been reported to exhibit protective effects through the modulation of vascular smooth
muscle cells (VSMCs) and VECs through the blocking of an Akt (a serine/threonine kinase)-
dependent pathway. In a platelet-derived growth factor (PDGF)-BB-induced VSMC prolif-
eration model, PTS treatment downregulated the promoters of DNA synthesis and VSMC
proliferation, including cyclin-dependent kinase (CDK)-2, CDK-4, cyclin E, cyclin D1,
retinoblastoma (Rb), and proliferative cell nuclear antigen (PCNA) [113].
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6.6. Effects of PTS on Aging

Polyphenols have been extensively documented to protect against aging and age-
related diseases such as atherosclerosis, arthritis, cataracts, osteoporosis, diabetes, and neu-
rodegenerative and cardiovascular disorders. Studies indicate that PTS acts as an anti-aging
agent by regulating hallmark features, including oxidative damage, inflammation, telomere
attrition, and cell senescence [43] (Table 2). Owing to its ability to cross the BBB, PTS can
localize within the brain and provide potential therapeutic benefits against age-related
neurodegenerative disorders [108]. Indeed, PTS countered lipopolysaccharide-induced
microglial activation in rodents and ameliorated learning and memory impairments [114].
PTS was also demonstrated to effectively reverse aging-associated behavioral deficits in
rats. Indeed, the concentration of PTS in the rat hippocampus was directly correlated with
dopamine release and working memory [105].

Employing the SAMP8 mouse, which is increasingly being recognized as an effective
model of accelerated aging in the background of sporadic and age-related AD, Chang
et al. demonstrated that dietary doses of PTS exhibited more potency when compared
to resveratrol in modulating cognitive behavior and cellular stress [82]. Notably, the
study attributed the anti-aging effect to the activation of PPAR-α. Moreover, PTS was also
reported to extend the lifespan of SAMP8 mice, an effect attributed to c-Jun N-terminal
protein kinase inhibition [115].

Ocular surface inflammation is a multifactorial disease that is particularly preva-
lent among the elderly. PTS has been reported to restore the imbalance between oxyge-
nases and antioxidative enzymes through the attenuation of COX-2 and the upregula-
tion of SOD1 and peroxiredoxin-4 (PRDX4) activities in the background of hyperosmotic
stress [116]. PTS treatment is associated with a reduction in oxidative damage media-
tors, including malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), aconitase-2, and
8-hydroxydeoxyguanosine (8-OHdG) levels, in a human corneal epithelial cell model in-
duced by hyperosmotic medium stress [116]. Blueberry consumption has been reported to
prolong the lifespan and improve thermo-tolerance in C. elegans [117]. In D. melanogaster,
blueberry extracts upregulated the expression of the antioxidant enzymes SOD and catalase,
which were mainly attributed to lifespan extension [118]. Dietary supplementation with
blueberries, which contain polyphenols such as PTS, alleviated the damaging effect of
aging on motor behavior and neuronal signaling and lowered the amyloid-beta content
in a transgenic AD rodent model [119]. In an open-label, single-arm, monocentric study
investigating the efficacy of Pon skin brightening and PTS anti-aging, a cream formulation
containing 0.4% PTS was highly effective in reducing aging markers and brightening the
skin tone of study participants. Furthermore, employing an in vitro experiment, PTS was
reported to exhibit anti-tyrosinase activity and inhibit melanogenesis, which could have
contributed to the reduction in the markers of skin aging [120].

Arthritis is characterized by the painful swelling of joints, which worsens with age.
In a Freund’s adjuvant (CFA)-induced arthritis model in rats, PTS significantly reduced
paw swelling, the arthritic score, and body weight. Interestingly, it also helped restore
the healthy gut microbiota ecosystem by reducing the relative abundance of Helicobacter,
Desulfovibrio, Lachnospiraceae, and Mucispirillum. Considering the evidence of PTS in
suppressing inflammation through intestinal bacteria alterations, studies investigating its
therapeutic potential against inflammatory bowel disorders could be of clinical value [60].

6.7. Antibacterial Effect of PTS

Stilbene compounds, including PTS, are natural antibacterial agents due to their
low hydrophilicity, enabling them to penetrate hydrophobic biological membranes [121].
PTS with cyclodextrin exerts antimicrobial effects by inducing bacterial cell content leaks,
resulting in a reduction in bacterial cell viability. It also inhibits F. nucleatum biofilm
formation, making it a potential candidate for treating periodontitis [55]. Bacillus cereus,
a foodborne pathogen contaminating uncooked food, was tested with PTS. Following
treatment, apoptosis-like cell death (ALD) was induced and increased intracellular ROS in
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bacterial cells. Additionally, an improvement in the beneficial gut microbiota Bacteroidetes
was also documented [122].

PTS, along with gentamicin, was tested against six Gram-positive and Gram-negative
bacteria, and the combination was found to be synergistic against three susceptible strains,
Staphylococcus aureus ATCC 25923, Escherichia coli O157, and Pseudomonas aeruginosa 15442.
However, no significant difference was observed from gentamicin treatment alone. Bacterial
growth was fully diminished after 2–8 h treatment with PTS and gentamicin, exhibiting the
potential to delay the development of bacterial resistance by utilizing lower concentrations
of antibacterial agents [123]. Methicillin-resistant S. aureus (MRSA) is a multi-drug-resistant
S. aureus strain, whose biofilm thickness was reduced from 18 to 10 μm when treated with
PTS. Topical administration ameliorated the abscess formation induced by MRSA, thereby
lowering the bacterial burden and improving the architecture of the skin [124]. PTS has also
been used to treat infections with Staphylococcus spp. or Enterococcus faecalis in biofilms
due to a reduction in the growth capacity of Gram-positive cocci [121].

6.8. Therapeutic Effects of PTS against COVID-19 Infection

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV2), triggered a major setback to global human health and the economy in
the 21st century [125]. Resveratrol was tested and proved to have effective therapeutic
value against MERS-CoV infection by decreasing cell death [126]. Screening studies have
indicated that stilbenes inhibit complex formation between the spike protein and ACE-2
receptor, thereby blocking viral entry into the host cell [127]. Based on these studies, stilbene
derivatives could be considered important drug candidates for COVID-19 [127]. PTS has
been demonstrated to actively inhibit SARS-CoV-2 virus replication in infected African
green monkey kidney cells. Antiviral activity was seen for up to five rounds of replication,
which indicates a long-lasting therapeutic effect.

Moreover, in human primary bronchial epithelial cells isolated from healthy volun-
teers, PTS showed an antiviral effect for up to 48 h after infection. These data promote
the use of PTS as a potent drug against COVID-19 and warrant further clinical trials to
prove its antiviral efficacy early in COVID-19 [125]. Furthermore, PTS, co-administered
with zinc, has also been identified as a potential COVID-19 adjuvant therapy for managing
moderate–severe disease [128]. However, further clinical trials are required to back the
pharmacotherapeutic potential of PTS. COVID-19 patients with comorbidities related to
metabolic syndromes, such as diabetes, obesity, hypertension, and cardiovascular disease,
have low levels of the HO antioxidant enzyme. Higher HO-1 expression has been associated
with reduced susceptibility to COVID-19 infection [129]. Considering that COVID-19 pa-
tients are susceptible to the induction of overt inflammatory processes and cytokine storms,
PTS treatment could exert anti-inflammatory and cytoprotective effects by increasing HO-1
expression [130].

7. Enhancement of PTS Bioavailability

The phenolic group at the 4′ position of PTS is an attractive target for phase 2 conjuga-
tive enzymes, which negatively impacts its bioavailability. PTS is also insoluble in water,
limiting its concentration in the aqueous environment [77]. Safe, bioavailable formulations
of PTS can help increase its bioavailability in the body and reduce known and unknown
side effects [30,131]. Some of the ongoing trials for PTS include using dietary blueberry
supplements, 250 mg of Nicotinamide Riboside, and 50 mg of PTS, commercially known as
Basis™, developed by Elysium, or ElevATP, a combination of polyphenols developed by
FutureCeuticals (Table 3). Further clinical trials are warranted to improve the therapeutic
bioavailability and optimal administration methods of PTS.

Crystal engineering has been a promising field for bioavailability enhancement due to
the advantageous, unique solubility and dissolution rates of drugs [132]. Formulations of
cocrystals can improve the dissolution profile and bioavailability of PTS with improved
performance. Notably, picolinic acid, an endogenous L-tryptophan metabolite, exhibits
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neuroprotective, immunological, and anti-proliferative properties. The oral administration
of PTS–picolinic acid cocrystals to rats revealed a 10-fold amplification of the bioavailability
of PTS when compared to solid oral forms [131]. PTS–caffeine cocrystal solubility was also
observed to have over 27 times higher solubility [132].

In the form of a prodrug, a bis (hydroxymethyl) propionate-based analog of PTS
exhibited superior tumor inhibitory activity in cisplatin-resistant oral squamous (CAR)
cancer cell lines. An increase in absorption, a reduction in metabolism, and the maintenance
of high concentrations of PTS were some of the observed benefits of prodrug administration.
The concentration of PTS in the blood was significantly higher when the amino acids
isoleucine or β-alanine were utilized. Oral gavage administration of PTS with megestrol
acetate at 10 mg/kg/day reduced the tumor weight and volume in endometrial cancer
rats [61].

Notably, the chronic administration of PTS facilitated burn-wound healing in dia-
betes, facilitated by a significant reduction in diabetes-induced oxidative stress and the
suppression of hypoxia-induced factor1α (HIF1α) activity [130]. Liposome-engulfed PTS
is also efficient for the topical administration of the drug [41]. Poly (3-acrylamidophenyl
boric acid-b-PTS) [p(AAPBA-b-PTE)] is a round nanoparticle of PTS, with a size ranging
from 150 to 250 nm. Notably, they possess an appropriate pH and sensitivity to glu-
cose. In vitro and in vivo studies showed that PTS nanoparticles were nontoxic and safe.
Upon administration, these nanoparticles were observed to reduce glucose levels, reverse
micro-inflammation, and improve the antioxidant profile in mice [133]. Further, antibody-
4arm-polyethylene glycol-PT conjugate, as an antibody–drug conjugate, was used for the
targeting and co-delivery of drugs to tumors [134]. A composition with Zein/fucoidan
composite nanoparticles as carriers of PTS was prepared using an anti-solvent precipitation
method. The findings indicated that this method provided a better-controlled release and
could be utilized as a potential carrier for the protective encapsulation of PTS [135]. Poly(2-
oxazoline)–PTS block-copolymer nanoparticles are also being used for dual anti-cancer
drug deliveries in chemotherapy [136].

Solubilizing PTS in 2-hydroxypropyl-b-cyclodextrin (HP-b-CD) improved its bioavail-
ability by 3.7 times [25]. Furthermore, a lipid-based encapsulation system has been used
to enhance the stability of PTS in the aqueous phase. In particular, encapsulation in nano-
emulsions made of flaxseed oil and olive oil was studied by Sun et al. The bio-accessibility
was high in the flaxseed-oil nano-emulsion. However, greater amounts of intact PTS were
transported across intestinal enterocytes in olive-oil nano-emulsions [137]. The oral admin-
istration of zinc pectinate beads, prepared through the ionic gelation method, successfully
distributed PTS to the colonic tissue [138]. Interestingly, physical exercise promoted the
biosynthesis of the anti-inflammatory mediator MaR1, leading to a preventive effect in
rheumatoid arthritis. The oral administration of PTS, when accompanied by moderate
physical activity, attenuated the pathological process of rheumatoid arthritis in a bovine
type II collagen (BIIC)-stimulated rat model [86].

8. Conclusions and Future Prospects

Numerous studies that have evaluated PTS for its therapeutic potential have demon-
strated its role as a promising candidate drug for health benefits in a broad spectrum of
disease conditions. Various experimental studies have confirmed that PTS has anti-cancer,
anti-diabetic, anti-hypertensive, antimicrobial, anti-aging, anti-atherosclerotic, and neuro-
protective properties. PTS has been documented to exert its beneficial effects mainly by
modulating antioxidant, anti-apoptotic, and anti-inflammatory pathways. Of particular
interest, the activation of the Nrf2 signaling pathway by PTS has been an essential focus
of our lab. Our findings indicate its potential as a promising drug candidate for diabetes
and associated complications. Even at higher doses, PTS did not exhibit toxicity in animal
studies, providing further encouragement to explore the use of the compound in more
human clinical trials. However, considering that some of the studies have employed the
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co-administration of PTS in combination with other compounds to improve its therapeutic
efficiency, the potential effect of drug interactions should be considered.

Although PTS has been identified to exert marked therapeutic benefits, most findings
have been proven only in experimental models. Human clinical trials have been largely
limited due to the less-than-desired bioavailability of the compound. To overcome this
limitation, various strategies have been implemented, which involve modifying the ad-
ministration routes and formulations of PTS, including cocrystals, prodrugs, nanoparticles,
lipid-based encapsulation, and beads. The potential effects of many drug interactions
with PTS remain unclear. Of note, the mode of administration of PTS seems to play an
important role in its bioavailability, as the administration of intravenous doses shows a
higher distribution when compared to oral intake. Further research that carefully considers
the dose, drug interactions, administration route, disease-specific formulations, and short-
and long-term biomedical implications is warranted before the clinical adoption of this
promising natural compound.
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Abstract: Rosmarinus officinalis is a well-studied plant, known for its therapeutic properties. However,
its biological activity against several diseases is not known in detail. The aim of this study is to
present new data regarding the cytotoxic activity of a hydroethanolic extract of Rosmarinus officinalis on
glioblastoma (A172) and rhabdomyosarcoma (TE671) cancer cell lines. The chemical composition of
the extract is evaluated using liquid chromatography combined with time-of-flight mass spectrometry,
alongside its total phenolic content and antioxidant activity. The extract showed a promising time-
and dose-dependent cytotoxic activity against both cell lines. The lowest IC50 values for both cell
lines were calculated at 72 h after treatment and correspond to 0.249 ± 1.09 mg/mL for TE671 cell
line and 0.577 ± 0.98 mg/mL for A172 cell line. The extract presented high phenolic content, equal to
35.65 ± 0.03 mg GAE/g of dry material as well as a strong antioxidant activity. The IC50 values for the
antioxidant assays were estimated at 12.8 ± 2.7 μg/mL (DPPH assay) and 6.98 ± 1.9 μg/mL (ABTS
assay). The compound detected in abundance was carnosol, a phenolic diterpene, followed by the
polyphenol rosmarinic acid, while the presence of phenolic compounds such as rhamnetin glucoside,
hesperidin, cirsimaritin was notable. These preliminary results suggest that R. officinalis is a potential,
alternative source of bioactive compounds to further examine for abilities against glioblastoma and
rhabdomyosarcoma.

Keywords: Rosmarinus officinalis; phenolic compounds; chemical analysis; glioblastoma; rhabdomy-
osarcoma; cancer

1. Introduction

Rosmarinus officinalis L. (Lamiaceae), commonly known as rosemary, is a much-
branched, evergreen small shrub, usually 50–100 cm tall. It is native in the Mediterranean
region and widely cultivated elsewhere for its essential oil, as well as ornamental purposes.
Most Greek populations are probably naturalized and originated from cultivated plants,
but at least some populations are considered native in the country [1].

Rosemary is considered a typical spice of the Mediterranean diet and it has been
characterized as a functional ingredient [2,3]. Traditionally, rosemary leaves have been
used against muscle, joint and rheumatism pain [4], as a stimulant and diaphoretic and for
its flatulence-relieving properties [5,6]. Headaches, epilepsy, dysmennorhea, inflammation
and spasmolytic conditions were also treated with rosemary [7,8]. Nowadays rosemary
is among the most studied medicinal plants and its essential oil and extracts’ therapeutic
activity has been evaluated against various diseases [9,10]. In particular, R. officinalis extracts
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have been studied for their antioxidant, anticancer, anti-inflammatory, and antimicrobial
activity. Ameliorating the status of metabolic and central nervous system (CNS) disorders
has also been evaluated [11–14].

Glioblastoma is an aggressive, malignant cancer of the CNS that originates from
the glial cells, characterized by poor survival rate. One reason may be an intrinsic or
acquired resistance to radiation and chemotherapy, as many brain tumors could intrinsically
manifest a multidrug resistance (MDR) phenotype, thus resulting in relapses or disease
progression [15,16]. Rhabdomyosarcoma forms at the soft tissues and more frequently
affects the skeletal muscle tissue. It is generally considered a disease of childhood, as most
cases are observed between the ages of 0–18 years old. Localized disease is associated
with a good prognosis and an overall 5-year survival rate of over 80% with combined
surgery, radiation therapy, and chemotherapy. However, in metastatic disease, prognosis
is poor with a 5-year event-free survival rate of less than 30% [17,18]. It is the third most
common extracranial tumor of the pediatric population, accounting for 4.5% of all cases of
childhood cancers.

Both are considered rare types of cancers. Rare-type cancers comprise 22% of the
reported cases of cancer [19]. Generally, among the difficulties that accompany a rare
disease is the reluctance of pharmaceutical industries to invest time and, of course, a
considerable amount of money for the development of a specific therapeutic treatment,
since it will be addressed only to a small population. Therefore, one of the ongoing
challenges is the continuous gaining of experimental data that will significantly contribute
and facilitate the design of specific pharmaceutical formulations. However, independent of
the cost required for the research of new pharmacologically active compounds, it should be
taken under consideration that many cancer cells are resistant to current therapy due to
mutations. Although current therapeutic approaches aim to alleviate symptoms, increase
life expectancy and maintain the progression of the disease in remission, they are not few
the cases of synthetic formulations leading to severe side effects that are not associated
to the disease itself. Consequently, because of limitations regarding the many side effects
that impair quality of daily life, cancer drug resistance, rapid increase in the percentage
of cancer mortality and numerous new cases diagnosed, scientists are driven towards
the development of new therapeutic agents, with fewer or no side effects, to be used as
monotherapy or together with current available treatment. To this end, natural products
and, in particular, those found in abundance in nature or are easy to cultivate, consist a
new area of research, since most of the times the cost of the raw material is affordable and
the side effects are usually minimized [20,21].

Given the acquired knowledge from Traditional medicine and the continuous interest
in R. officinalis as a potential therapeutic agent, the present study aims to evaluate the
cytotoxic effect of a hydroethanolic extract of R. officinalis against A172 glioblastoma and
TE671 rhabdomyosarcoma cell lines, since its effect against these two cancer types has
not been previously reported. The biologic activity of a plant is attributed to its chemical
profile. However, the chemical profile is strongly dependent on many parameters [22,23].
Therefore, although the chemical characterization of R. officinalis extracts has already been
given in previous studies [24–26], here, we present again the chemistry of the extract used,
alongside its total phenolic content and its antioxidant activity.

2. Results

2.1. Total Phenolic Content and Antioxidant Activity

The extract contains a considerable number of phenolic compounds that corresponds
to 35.65 ± 0.03 GAE/g. The extract also exhibited a notable antioxidant activity. The IC50
value calculated for the DPPH assay was 12.8 ± 2.7 μg/mL while for the ABTS assay the
IC50 value was estimated at 6.98 ± 1.9 μg/mL.
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2.2. Identification of Secondary Metabolites by LC/Q-TOF/HRMS Analysis

Although the chemistry of Rosmarinus officinalis is known, we report again its chemical
profile, since not only does it depends upon the area, season, and extraction method but it
also is essential for explaining its biological activity on A172 and TE671 cell lines.

Characterization of the compounds presented in R. officinalis extract was performed
with the LC/Q-TOF/HRMS analysis. Most of the compounds identified were flavonoids
and phenolic terpenes. Data obtained from the ESI (+) and the ESI (−) ionization mode are
summarized in Table 1. Information regarding the generated ms/ms fragmentation process
is given as Supplementary Materials. Identification of the compounds detected was based
on data obtained from the MassHunter Workstation Software and literature data [26–30].

Table 1. Tentatively identified compounds of Rosmarinus officinalis leaves at the positive and negative
ionization mode.

Peak
Number

Identification
Molecular
Formula

ESI (+) ESI (−)

Observed
Mass

Mass
Error
(Δm)

[M+H]+

(m/z)
tR

Observed
Mass

Mass
Error
(Δm)

[M-H]−
(m/z)

tR

1 caffeic acid
hexoside C15H18O9 343.1023 0.00

163.0387;
145.0273;
135.0428

2.32 341.0875 −0.91
179,0340;
161,0237;
135.0442

1.97

2 caffeic acid C9H8O4 181.0496 0.39
163.0385;
135.0444;
117.0328

2.68 n.d

3 chlorogenic
acid C16H18O9 355.1023 0.00

163.0385;
145.0264;
135.0424

2.97 353.0873 −1.44

191.0547;
179.0336;
173.0451;
135.0446

2.90

4 tuberonic
acid C12H18O4 227.1278 0.08

209.1138;
191.1068;
163.1114;

3.56 739.1672 0.54
449.0852;
339.0510;
177.0177

4.78

5 rhamnetin
hexoside C22H22O12 479.1181 −0.63

317.0648;
302.0425;
163.0381

7.05 n.d.

6 hesperidin C28H34O15 611.1968 −0.41

303.0857;
285.0757;
195.0284;
153.0180

7.81 609.1453 −1.51

300.0268;
271.0241;
255.0292;
151.0032

5.97

7 apigenin
glucoside C21H20O10 433.1129 −0.05 271.0602;

119.0468 7.88 463.0871 −1.51
300.0267;
271.0240;
151.0029

6.45

8 hispidulin
rutinoside C28H32O15 609.1821 1.15

463.1221;
301.0702;
269.0288

8.19 593.1509 −0.50

327.0473;
285.0388;
255.0288;
227.0343;
151.0054

7.06

9
rosmarinic

acid
hexoside

C24H26O13 n.d 521.1292 −1.67
359.0800;
179.0334;
133.0305

7.32

10 rosmarinic
acid C18H16O8 361.0918 0.28

181.0473;
163.0386;
135.0341

8.25 359.0764 2.34
197.0445;
179.0337;
161.0236

8.30

11 umbelliferone C9H6O3 163.0391 0.80 145.0279;
117.0331 8.52 n.d
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Table 1. Cont.

Peak
Number

Identification
Molecular
Formula

ESI (+) ESI (−)

Observed
Mass

Mass
Error
(Δm)

[M+H]+

(m/z)
tR

Observed
Mass

Mass
Error
(Δm)

[M-H]−
(m/z)

tR

12
luteolin-
acetyl-

glucuronide
C23H20O13 n.d 503.0828 −0.64

399.0726;
285.0390;
199.0381;
151.0016;
133.0285

9.56

13
methyl

rosmarinic
acid

C19H18O8 n.d 393.09220 −1.85

359.0758
373.0922;
179.0341;
135.0442

9.59

14 cirsimaritin
hexoside C23H24O11 477.1395 0.84 300.0861;

282.0507 9.59 n.d

15 cirsimaritin C17H14O6 315.0866 0.92 300.0615;
282.0512 13.09 313.0712 −1.79 298.0467;

283.0241 12.99

16 rosmanol C20H26O5 347.1857 0.29 301.1785;
283.1676 13.83 345.1703 −1.30 301.1791;

283.1691 13.43

17 methyl um-
belliferone C10H8O3 177.0546 −0.11 149.0230;

93.0310 14.45 n.d.

18 salvigenin C18H16O6 329.1020 0.12 296.0680;
268.0727 16.85 285.0392 −4.56

267.0258;
213.0525;
151.9210
133.0281

9.14

19 rosmadial C20H24O5 n.d 343.1544 −2.04 300.0996 17.67

20 epirosmanol
methyl ether C21H28O5 n.d 359.1856 −2.22

329.1742;
283.1695;
285.1781

17.96

21 carnosol C20H26O4 331.1900 −1.15 285.1844;
243.1364 18.51 329.1748 −3.13 285.1852 18.51

22 carnosol
isomer C20H26O4 331.1902 −0.54 285.1848;

243.1385 18.62 n.d

23 rosmaridiphenol C20H28O3 317.2112 0.00
299.1998;
285.1872;
281.1906

19.97 n.d.

n.d: not detected.

2.3. Evaluation of Cytotoxicity

Both cell lines were exposed to increased concentrations of the extract ranging from
6.25–0.04 mg/mL. The extract exhibited its cytotoxic effect in a dose- and time-dependent
manner. Significant differences were observed between the control group and the treated
cells, quite at the same range of concentrations. For TE671 cells, the range of the concentra-
tions that reduces cell growth and proliferation ranged from 6.25 mg/mL to 0.39 mg/mL.
Note that at the concentration of 0.19 mg/mL, no significant differences were observed at
24 and 48 h of treatment, where proliferation seems to begin. On the contrary, this effect
was not observed at 72 h (Figure 1A).

For the A172 cell line, this effect was evident at the concentrations from 6.25 mg/mL
to 0.78 mg/mL while at the concentration of 0.39 mg/mL, no statistically significant
differences were observed in comparison to the control group, while proliferation of cancer
cells had begun.
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Interestingly, regarding dose-dependent results and the concentration of 0.78 mg/mL,
the effect of the extract was maximal at 72 h after treatment (Figure 1B).

In addition, common for both cell lines is the fact that, for TE671 cells and for the
concentrations ranging from 6.25–0.39 mg/mL, the degree of the cytotoxic effect of the
extract was the same. For A172 cells, the same was observed for the concentrations ranging
from 6.25–1.56 mg/mL. Furthermore, when cells were treated with 0.78 mg/mL and at
24 and 48 h, although the extracts’ cytotoxic activity was still evident, at the same time
proliferation of cells had begun slightly. On the contrary, at 72 h of treatment, cancer-cells’
viability had not considerably increased with respect to that of 24 and 48 h.

Figure 1. Dose-dependent and time-dependent effect of R. officinalis extract on TE671 (A) and A172
(B) cells. Data are presented as the mean ± standard error of the mean (SEM) (n = 8). The asterisk (*)
indicates significant differences between untreated and treated cells. The grey color corresponds to
24 h of treatment, the pink to 48 h and the light blue to 72 h.

IC50 value, thus, half of the maximal concentration of the tested extract required to
inhibit growth and proliferation of cancer cells, was estimated. Dose–response curves
regarding all the time points were constructed using a four-parameter logistic model.
Normalized results are presented as log10 concentration in Figure 2A for the TE671 cancer
cell line and in Figure 2B for the A172 cancer cell line. In the case of TE671 cells, the
lowest IC50 value was estimated at 0.249 ± 1.09 mg/mL at 72 h after treatment with
the extract. The IC50 values at 24 and 48 h were calculated at 0.287 ± 1.22 mg/mL and
0.274 ± 1.4 mg/mL, respectively. Regarding A172 cells, the lowest IC50 value was observed
at 0.577 ± 0.98 mg/mL at 72 h after treatment. For the first 24 h, the IC50 value was
calculated at 0.952 ± 1.11 mg/mL and after 48 h of treatment the corresponding value was
found to be 0.871 ± 1.36 mg/mL. IC50 values decreased with increasing exposure time.
The calculated values demonstrated that TE671 cells are more sensitive to the extract, since
the IC50 value is lower than that of A172 cells. In addition, as is presented in Figure 2, the
behavior of TE671 cells at all time points is almost the same, given the fact that IC50s do not
differ considerably. On the contrary, for A172 cells, those values are rather close for the first
24 and 48 h; however, at 72 h, IC50 significantly decreases. This might be attributed to the
population doubling time, which reached 80 h for TE671 cells and 40 h for A172 cells.

Microscopical investigation of TE671 is presented in Figure 3A–C. More precisely,
in Figure 3A, cells are confluent since they have undergone any treatment, while at the
concentration of 0.39 mg/mL cells are significantly reduced (Figure 3B). In Figure 3C, which
corresponds to the concentration of 0.19 mg/mL, cells proliferation has begun. In the case
of A172 cells, the same behavior was observed (Figure 4A–C). Figure 4A represents those
cells that have received no treatment. At the concentration of 0.78 mg/mL, cells are less
confluent (Figure 4B), while at the concentration of 0.39 mg/mL, proliferation of cells is
evident (Figure 4C).
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(A) (B) 

Figure 2. IC50 of R. officinalis extract on TE671 cells (A) and A172 cells at 24, 48 and 72 h (B). The
lowest IC50 value for TE671 cell line was 0.249 ± 1.09 mg/mL, calculated at 72 h and 0.577 ± 0.98
mg/mL for A172 cell line, calculated at 72 h. Cancer -cell viability increases as concentration of the
drug decreases.

 

Figure 3. Microscopic images of the TE671 rhabdomyosarcoma cells, grown for 72 h in DMEM with
no other treatment (A), cells treated with 0.39 mg/mL of the extract (B) and cells treated with 0.19
mg/mL of the extract (C). Images were captured at ×200 magnification.
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Figure 4. Microscopic images of the A172 glioblastoma cells, grown for 72 h in DMEM with no other
treatment (A), cells treated with 0.78 mg/mL of the extract (B) and cells treated with 0.39 mg/mL of
the extract (C). Images were captured at ×200 magnification.

3. Discussion

R. officinalis is a plant known for its potent antioxidant activity as it has been evaluated
in many studies and with different antioxidant assays. Such activity is mainly attributed to
the presence of rosmarinic acid, carnosic acid, carnosol and rosmanol [25,31,32]. It has been
proposed that the catechol group of these compounds is responsible for their antioxidant
activity [25].

R. officinalis belongs to the Lamiaceae family, a well-known family which includes a
variety of plant species that contain a plethora of bioactive compounds [33]. R. officinalis
leaves’ extracts have been studied for their chemical composition and the presence of
multiple compounds that belong to flavonoids (apigenin, genkwanin, scutellarein), pheno-
lic diterpenes (carnosol, rosmanol, epirosmanol, carnosic acid), triterpenes (ursolic acid,
betulinic acid) and caffeic acid esters (rosmarinic acid) has been reported [24,25].

Results reported in previous studies are in accordance with data presented here. In par-
ticular, in our study, chemical analysis of the hydroethanolic extract of R. officinalis showed
the presence of rosmarinic acid, hydroxycinnamic acids, flavonoids and phenolic terpenes.
According to the relative abundance as generated by the MassHunter software, carnosol
was the compound presented in abundance followed by rosmarinic acid. Rosmanol, epiros-
manol and rosmaridiphenol are metabolites derived from carnosic acid. Carnosol is an
oxidized derivate of carnosic acid, produced via a non-enzymatic reaction [34]. References
do report both the presence of carnosic acid and carnosol in R.officinalis plants [29,30,35].
Furthermore, many studies indicate that plants of the genus Rosmarinus grown in the
Mediterranean, area are a very rich source of carnosic acid [25,36,37]. However, under
extreme environmental conditions and in order for the plant to protect itself from various
exogenous invasions, oxidative stress is unavoidable. That means that abiotic-induced
stress was possibly the main reason for the oxidation of carnosic acid to carnosol, as well as
for the presence of other oxidation metabolites, as previously reported [34,36].

Three are the most studied compounds isolated from R. officinalis extracts, carnosic
acid, carnosol and rosmarinic acid. Carnosic acid is a compound commonly found in
Lamiaceae species and was first isolated from Salvia officinalis [38]. Later, it was also found
in abundance in rosemary which is yet considered as the richest source of all the Lamiaceae
family plants. Chemically, carnosic acid is a phenolic diterpene and has been studied
for its health-promoting properties, namely, antioxidant, antitumor, chemo-preventive,
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anti-inflammatory and hypoglycemic [39]. Carnosol belongs to phenolic diterpenes. It is a
strong antioxidant, anticancer, chemo-preventive and anti-inflammatory agent [12,34,40].
The third well-studied compound of the plant is rosmarinic acid. Rosmarinic acid has been
documented as a strong antioxidant and antimicrobial compound and it has also been
tested against different cancer cell lines and against skin-irritating conditions such as atopic
dermatitis [41–44]. Although the above three compounds are usually found in abundance
in R. officinalis extracts, the therapeutic activity of the plant specifically regarding cancer, is
not attributed only to these [45]. It has been observed that extracts from R. officinalis exert
better antitumor activity with respect to its isolated compounds, precisely carnosol, ursolic
and carnosic acid [46,47]. Interestingly, in the study of González-Vallinas et al., (2014) [47],
a combination of carnosic acid and carnosol presented a better antiproliferative activity
probably due to the synergistic effect of the two compounds. Given the cost advantages for
a pharmaceutical company regarding the use of an extract rather than purified compounds
and taking into account the above-mentioned findings, in this study a hydroethanolic
extract derived from the leaves of the plant was used, to evaluate its cytotoxic activity
against A172 and TE671 cancer cell lines. According to our knowledge, this is the first time
that the cytotoxicity of R. officinalis has been evaluated against these two specific cell lines.

In our study, we observed that treatment with R. officinalis manifested a threshold-like
mechanism, as it appeared that up to certain concentrations the extract manifested similar
toxicity as the control sample and, on the other hand, after a certain “step” (0.39 mg/mL)
the extract becomes effective. This phenomenon was not only dose-dependent but also
time-dependent, as it manifested the same behavior at 24 h, 48 h and 72 h. This type of
action is reported for the first time. Studies concerning the effects of R.officinalis on prostate
cancer cells [48,49], melanoma [50] and in hematopoietic, epithelial, and mesenchymal
tumor cell types [51] manifested a gradual dose-dependent type of action. Thus, the most
interesting conclusion from these observations is that R. officinalis acts on tumor cell survival
differently, depending on the cell type. All studies agree that the extract is effective against
tumor cells, yet the fact that it acts in a cell-dependent manner urges towards a more
in-depth investigation into its mechanics.

R. officinalis anticancer effects against glioblastoma cell lines have been previously
described. U87MG has been used and it was shown that an aqueous extract of the plant
(1/75 v/v dilution) managed to inhibit cancer cell proliferation by 42%. On the contrary,
rosemary extract boosted the viability of mouse embryonic fibroblasts cells (MEF) by 9.5%.
Authors compared the efficacy of the extract with that of etoposide, a highly toxic agent
that causes myelosuppression. Etoposide reduced cell viability to a higher degree with
respect to R. officinalis. However, authors also showed that co-treatment with the extract
and etoposide does not influence the chemotherapeutic agent toxicity but increases cells
rate inhibition. Nevertheless, rosemary extract does not seem to inhibit growth in MEF
cells to the same degree as etoposide [52].

Carnosol was examined for its potent cytotoxic activity on the U87MG glioblastoma
cell line. Using a range of concentrations between 100 nM–60 μM, carnosol not only
significantly inhibited in a dose-dependent manner cancer cell viability at 48 and 72 h of
treatment, but also its anti-proliferative effect continued even after washing the substance.
Furthermore, the compound did not promote the metastasis of cancer cells. The same effect
was also observed when cells were treated with a mixture of carnosol and temozolomide,
an alkylating agent, used to treat brain tumors. In addition to this, carnosol potentiated
the cytotoxic effect of temozolomide. Of note, also, is that carnosol did not affect the
proliferation of healthy cells. In addition, since U87MG cell lines express the p53 gene,
the possible involvement of carnosol in the p53-activation pathway was investigated. A
re-activation of p53 and the concomitant activation of BAX protein and deactivation of
Bcl-2 were observed [53]. The results of our study are in accordance with the above-
mentioned studies. The extract of R. officinalis inhibited the growth and proliferation of
A172 glioblastoma cells. In contrast to the study of Giacomelli et al. (2016) [53], in our
study, the extract exhibited its antiproliferative effect after 24 h of treatment and the peak
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of its effect was observed at 72 h. Nonetheless, its cytotoxic potency did not outweigh that
of carnosol expressed as IC50 values.

Chemotherapeutic treatment of rhabdomyosarcoma includes the use of agents such
as doxorubicin, vinblastine, and etoposide. Combination of these drugs with rosemary
extracts allowed to diminish the concentration of the chemical agent, thus reducing its toxic
effects [45,54]. Regarding the cytotoxic activity of R. officinalis on rhabdomyosarcoma cell
lines, there is lack of literature data. According to our results, the extract used is capable of
inhibiting cancer cell proliferation by exerting its best activity at 72 h after treatment.

In general, many studies report the use of secondary metabolites against cancer [55–60].
Regarding the family of phenolic compounds, those belong to the most studied

biomolecules. The anticancer activity of phenolic compounds has been demonstrated
in a variety of malignant cell lines such as HT-1080 fibrosarcoma cell line, HT-44 melanoma
cells, HT-20, HT-29 and DLD-1 colon cancer cells, MCF-7, MDA-MB 468 and 231, T47D
breast cancer cells, PC-3 and LNC prostate cancer cells, HS-22 lung cancer cells, SGC-7901
gastic cancer cells, cervical cancer cells (HeLa), human leukemia (HL-60) and NB-4 promye-
locytic leukemia cells, adenocarcinomic human alveolar basal epithelial cells (A549) and
OAW adenocarcinoma cancer cells [58,61].

In our study, visual observation of microscopic images of the cells demonstrated that
the extract exerts its cytotoxic activity by reduction in cell population. In addition, reduction
in cell size was observable, as well as a nuclei fragmentation, which confirmed the observed
cytotoxicity through the photometric method. This observation gave us a hint for the type
of cell death caused by the extract, yet with more investigations in need to confirm.

A lot of mechanisms have been proposed to explain the cytotoxic effect of phenolic
compounds. For example, phenolics chemoprotective/ anticancer activity is mainly due to
their antioxidant and anti-inflammatory properties and many studies relate a phenolic rich
diet with minor incidence of cancer development [62–65]. Many researchers have pointed
out the potential of these molecules to interfere with crucial signaling pathways of the pro-
liferation, migration, differentiation, apoptosis and angiogenesis of cancer cells [61,66–68].
For example, cinnamic and benzoic acid induce their antiproliferative effect on melanoma
and breast cancer cells by interrupting the S and G2/M phase, respectively. Furthermore,
caffeic acid, 5-caffeoylquinic acid, di-caffeoylquinic acid, ferulin and p-coumaric acid exert
a potent antiproliferative effect against various cancer cell types [61]. In addition, cell death
is another point that has been evaluated using phenolic compounds. Arrest of the cell cycle
at Go/G1 phage, morphological changes in cancer cells; activation of apoptosis regulators
such as caspaces and Bax protein and p53 and p21 genes; downregulation of transcription
factors, such as transcription factor kappa B (NF-kB) and Bcl-2 (B-cell lymphoma 2) gene;
and inhibition of enzymes vital for DNA transcription are some examples that confirm the
potential of phenolic compounds to accelerate cancer cell death [63,69].

4. Materials and Methods

4.1. Plant Material

Plant material of R. officinalis was collected from the Botanical Garden of Philodassiki
Enossi Athinon, at the foothills of Mt Hymettus (Attica, Greece). The living collection
established in the Botanical Garden originated from a native population located in Ritsona
area (eastern Sterea Ellas, Greece). Voucher specimen was deposited at the Herbarium of
the Agricultural University of Athens (ACA), with the following label: Greece, Sterea Ellas,
prefecture of Attiki, Botanical Garden of Philodassiki Enossi Athinon, alt. 360 m, 37◦57′ N,
23◦47′ E, 20.09.2016, Trigas 6327, ACA.

4.2. Sampling Extraction

Four grams of dried R. officinalis leaves were extracted as previously described by
Kakouri et al., (2019) [70], in an ultrasonic water bath using a hydroethanolic solution (70%
v/v). Extraction took place in triplicate.
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4.3. Total Phenolic Content and Antioxidant Activity

Total phenolic content was performed using Folin–Ciocalteu reagent (0.2N) and gallic
acid to construct the calibration curve. The experiment took place as previously described
by Kakouri et al., (2019) [70]. Results were expressed as mg of gallic acid equivalents
(GAE) per gram of dry material, derived from threefold measurements and according to
the following equation:

y = 0.0012x + 0.012 (r = 0.998) (1)

The antioxidant activity was estimated using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH•)
and the 2,2′-azinobis [3-ethylbenzthiazoline-6-acid] (ABTS•+) radical scavenging assays.
The experimental procedure followed that of Kakouri et al., 2019 [70]. For both the assays
trolox was used as standard antioxidant. Results were expressed as IC50 values and
according to the following equation:

% Inhibition = (Acontrol − Asample)/Acontrol × 100 (2)

4.4. LC/Q-TOF/HRMS Conditions

To identify the chemical profile of R. officinalis extract an HPLC system (high perfor-
mance liquid chromatography) consisting of a degasser, autosampler, quaternary pump,
diode array detector, and column oven (Agilent Series 1260, Agilent Technologies, Santa
Clara, CA, USA), coupled to a 6530 Q-TOF mass spectrometer (Agilent Technologies, Santa
Clara, CA, USA) was used. Experimental conditions were adjusted as in the study of
Kakouri et al., (2019) [70]. The extract was analyzed under the positive and negative ioniza-
tion mode. The parameters set for the Q-TOF mass analysis follow those described at our
previous analysis [70]. CID-ms/ms spectra were recorded on the auto MS/MS mode. Mass
range was set to 50–1000 and collision energy was set at 40 V. Results were analyzed using
the Agilent MassHunter Workstation software LC-MS Data Acquisition for 6530 series
Q-TOF (version B07.00, Agilent Technologies, Santa Clara, CA, USA).

4.5. Evaluation of Cytotoxicity
4.5.1. Cells Treatment before and after Exposure to the Extract

The TE671 rhabdomyosarcoma cancer cell line was obtained from the European
Collection of cell cultures (ECACC, London, UK). The A172 glioblastoma cell line was
obtained from a male patient of 53 years old (ECACC, London, UK, Cat. Nr 88062428).
Cells were grown in a cell-culture flask (75 cm2 surface area) in Dulbecco’s modified
Eagle’s Medium (DMEM) (ThermoFisher Scientific Inc. (Gibco), Waltham, MA, USA Cat.
Nr. 10566016) enriched with glucose (4500 mg/mL), and 15% fetal bovine serum (FBS)
(ThermoFisher Scientific Inc. (Gibco), Waltham, MA, USA Cat. Nr. 26140-079), L-glutamine
(2 mM) (ThermoFisher Scientific Inc. (Gibco), Waltham, MA, USA Cat. Nr. A12860-01).
A dual antibiotic solution of penicillin G (100IU) and streptomycin (100 μg/mL) was
added (ThermoFisher Scientific Inc. (Gibco), Waltham, MA, USA Cat. Nr. 15140-122), in
addition to an amphotericin B solution (ThermoFisher Scientific Inc. (Gibco), Waltham,
MA, USA Cat. Nr. 14140-122). A Coulter counter apparatus was used to measure the
number of cells inoculated in the experimental setup. Cells were seeded in 96-well plates
(1.5 × 103 cells/mL) and were allowed to grow for 24 h until reaching ~80% confluence.
After 24 h, cells were exposed to successive diluted concentrations of the extract (t = 0 h),
ranging from 0.04 to 6.25 mg/mL, derived from the dried extract diluted de novo in DMSO
(10% v/v). The final concentration of DMSO when the extract was added to cell culture
was 1% v/v. A control well with the same concentration of DMSO was used to confirm
that no toxic effect was observed. Cells were incubated for 24, 48 and 72 h.

Experiments were performed in 96-well plates (CellStar® Sigma-Aldrich Chemie
GmbH, Taufkirchen, DE Cat. Nr. M3687-60EA, Saint Louis, MO, USA). Plate set up was
as follows: a column contained only cell culture medium, a column of cell culture and the
staining chemical, a column with cultured cells and a column with cultured cells plus the
staining chemical. The remaining wells were used for the testing of the extract in various
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concentrations. As blank were used those wells containing cell culture medium only, cells
and no staining agent or drug, whereas as positive control were used those wells with
cultured cells without staining agent. All experiments were performed in triplicate.

4.5.2. Alamar Blue Assay

Assessment of cell viability after incubation with testing agents was performed with
resazurin reduction experiments, using Alamar Blue viability assay. Cell viability at each
time point (24, 48, 72 h) was quantified by adding Alamar Blue (Gibco, Invitrogen Inc.
Carlsbad, CA, USA) to each well. Treated cells were supplemented with 10% alamar
blue reagent and incubated for 6 h at 37 ◦C. Wells that contained only alamar blue were
considered as blank while positive control were considered those wells that contained the
untreated cells. Percent viability was calculated according to the following formula:

V (%) = (OD1 − OD2 − Blank)/(OD3 − OD2) × 100 (3)

where OD1 stands for the optical density in nm for treated with the chemical cells, OD2
stands for the optical density in nm for those well containing nutrient medium and the
chemical and OD3 stands for the cells that were not exposed to the chemical. Optical
density was read at 570 nm. Results were expressed as IC50 values; thus, the concentration
of the chemical that causes 50% inhibition with respect to the untreated cells.

4.5.3. Giemsa Staining

Cells were colored with the Giemsa stain. Briefly, 100 μL of pure ethanol were added
to a 96-well plate containing the treated cells after removing the nutrient medium. Cells
were left in ethanol for five minutes and then 100 μL of the Giemsa stain were added. Plates
remained for 15 min at room temperature, followed by stain removal and cell washing
with 100 μL of NaCl 0.9% (v/v). Cells were microscopically observed at 24, 48 and 72 h
of incubation.

4.5.4. Data Analysis

The GraphPad Prism (version 8.4.2, GraphPad Software for Windows, San Diego,
CA, USA) was used to calculate the IC50 value according to a four-parameter logistic
model. Dose- and time-dependent effect of the tested extract with respect to the control
group were also calculated with GraphPad Prism (version 8.4.2). All data were presented
as mean ± standard error of the mean (SEM). Statistical differences between untreated
and treated cells were evaluated with the Student t-test. p values < 0.05 were considered
statistically significant and confidence intervals were at ±95% (±95% CI). Normalized
results are presented as log10 concentration.

5. Conclusions

In conclusion, the extract examined in this study highlights, for the first time, the
cytotoxic effect of R. officinalis against TE671 and A172 cancer cell lines. The extract inhibited
cancer cell proliferation in a dose- and time-dependent manner, with TE671 cells being
more susceptible to the treatment with the extract. A further approach of this study
would be to determine the mechanism by which R. officinalis exhibited its cytotoxic activity.
However, our results are a first approach to the use of the plant as a candidate therapeutic
agent. As expected, the extract presented notable antioxidant activity, high total phenolic
content and a rich chemical profile. Given the importance of phenolic compounds as potent
antioxidant molecules and the connection of antioxidant activity with cancer treatment,
this Mediterranean plant is certainly worth further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27196348/s1, File S1: Detailed description of the ms/ms
fragmentation process.
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Abstract: Red onion, a species of great economic importance rich in phytochemicals (bioactive
compounds) known for its medicinal properties, was fertilized with sulphur-bentonite enriched
with orange residue or olive pomace, with the aim of producing onion enriched in health beneficial
compounds. There is a worldwide great demand of minimally processed food or food ingredients
with functional properties because of a new awareness of how important healthy functional nutrition
is in life. Phytochemicals have the capacity to regulate most of the metabolic processes resulting in
health benefits. Red onion bioactive compound quantity and quality can vary according to cultivation
practices. The main aims of the current research were to determine the chemical characteristics
of the crude extracts from red onion bulbs differently fertilized and to evaluate their biological
activity in normal and oxidative stress conditions. The lyophilized onion bulbs have been tested
in vitro on two cellular models, i.e., the H9c2 rat cardiomyoblast cell line and primary human
dermal fibroblasts, in terms of viability and oxygen radical homeostasis. The results evidenced
different phytochemical compositions and antioxidant activities of the extracts obtained from red
onions differently fertilized. Sulphur-bentonite fertilizers containing orange waste and olive pomace
positively affected the red onion quality with respect to the red onion control, evidencing that
sulphur-bentonite-organic fertilization was able to stimulate plant a secondary metabolism inducing
the production of phytochemicals with healthy functions. A positive effect of the extracts from
red onions treated with fertilizers—in particular, with those containing orange waste, such as the
reduction of oxidative stress and induction of cell viability of H9c2 and human fibroblasts—was
observed, showing a concentration- and time-dependent profile. The results evidenced that the
positive effects were related to the phenols and, in particular, to chlorogenic and p-coumaric acids and
to the flavonol kaempferol, which were more present in red onion treated with low orange residue
than in the other treated ones.

Keywords: red onion; phytochemicals; polyphenols; oxidative stress; H9c2 rat cardiomyoblast;
primary human fibroblasts

1. Introduction

Nowadays, there is an increasing attention on the food we eat. There is a worldwide
great demand of minimally processed food or food ingredients with functional properties
because of a new awareness of how a healthy and sustainable living is important. Bioactive
food compounds, also known as phytochemicals, have the capacity to regulate most of the
metabolic processes resulting in health benefits. So far, about 10,000 phytochemicals have
been identified, but a large percentage remains still unknown. The identified phytochemi-
cals include tannins, flavones, triterpenoids, steroids, saponins, and alkaloids. Numerous
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studies have associated the protective and beneficial roles of phytochemicals with their
antioxidant activity, since the overproduction of oxidants (reactive oxygen species and
reactive nitrogen species) in the human body is the cause of cellular aging [1], and of many
chronic diseases [2]. Antioxidant phytochemicals exist widely in fruits, vegetables, cereal
grains, edible macrofungi, microalgae, and medicinal plants. Among the vegetables rich in
bioactive compounds, Allium cepa L. (the common onion) is one of the oldest plants culti-
vated around the world and consumed as a vegetable and spice. It is greatly appreciated as
a medicinal plant in traditional medicine for its high content of phytochemicals, including
polyphenols, flavonoids, and sulphur-based compounds. These secondary metabolites,
widely contained in onions, have a different mode of action and biosynthetic pathways but
are all able to promote beneficial health effects. A regular onion bulb intake is reported
to have profound radical scavenging activity and several beneficial effects on health [3],
such as preventing cardiovascular diseases [4], diabetes [5], cancers [6], and neurodegener-
ation [7]. Therefore, foods in our diet that can aid in the prevention of these diseases are of
major interest to both the scientific and public communities.

Epidemiological data evidenced that a high intake of onions was positively correlated
with a low risk of carcinoma [8,9]. Hertog and Katan [10] showed that a high consumption
of quercetin-rich onion was associated with a 50% cancer risk reduction of the digestive
and respiratory tracts. Organosulphur compounds such as diallyl disulfide (DDS), S-
allylcysteine (SAC), and S-methylcysteine (SMC) have been demonstrated to inhibit colon
and renal carcinogenesis [11,12]. Phytochemicals act through two different mechanisms:
cancer cell apoptosis induction [13] and gene transcription inhibition [14].

The quantity and quality of bioactive compounds contained in the onion bulb can
vary according to the variety and cultivation practices. Among the varieties, it was well-
demonstrated that A. cepa L. var. tropeana (red onion) contains more phytochemicals than
white onion [15]. With respect to the cultivation conditions, numerous researchers have
evidenced that onion is a sulphur-loving crop and that sulphur increased the bulb yield
quality and flavors. Other works indicated an increase in onion quality when organic
fertilizers were used [16]. Muscolo et al. [17] showed that the use of sulphur-organic-based
fertilizers increased, in red onion, the production of bioactive organosulphur compounds
and antioxidants with respect to the type and concentration of sulphur-organic-based
fertilizer used.

Based on the above findings, the main aims of the current research were to: (1) deter-
mine the chemical characteristics, phytochemical amount, and profile of red onion bulbs
differently fertilized and (2) evaluate their biological activity in normal and oxidative stress
conditions. The lyophilized onion bulbs were tested in two cellular models, i.e., the H9c2
rat cardiomyoblast cell line and primary human control, and parkin-mutant fibroblasts
in terms of viability and oxygen radical homeostasis. H9c2 cells are a valid alternative
for primary cardiomyocytes where oxidative stress is an important pathophysiological
pathway, affecting multiple aspects of cardiac functionality, including signal transduction,
cell cycle arrest, apoptosis, and necrosis [18,19]. In Parkinson’s disease (PD), oxidative
stress plays a significant role in the cascade, consequently leading to the degeneration
of dopaminergic neurons. Moreover, other aspects of the degenerative process, such as
mitochondrial malfunction, excitotoxicity, nitric oxide toxicity, and inflammation, are all
linked to oxidative stress [20]. Our goal was to link the protective benefits of red onion
to the phytochemical content and specific class of compounds in order to emphasize the
medicinal worth of these onions, which may be used in a health prevention program.

2. Results and Discussion

2.1. Red Onion Chemical Properties

The treatments with fertilizer pads, SB, SBOR and SBOP, influenced positively, but
to different extents, the properties of red onions compared to the control (CTR). Pads
containing orange positively affected the red onion quality, followed by SBOP and SB.
These were due to the presence of organic components in the pads, as reported in previous
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publications [21,22] that evidenced a great level of flavonoids in organically grown Welsh
onions and red onion. Ren et al. [21] also found high amounts of phenolics, total flavonoids,
and anthocyanins, as well antioxidant activities, in two different onion varieties grown
under organic production. Muscolo et al. [17] evidenced a positive effect of sulphur
bentonite-organic-based fertilizers on secondary metabolite (SMs) production in red onions,
suggesting that sulphur bentonite organic fertilization was able to stimulate the plant’s
secondary metabolism, inducing the production of phytochemicals that can be useful
in preserving human health. Human natural antioxidant systems, if perfectly working,
are able to mitigate damage to important biomolecules, such as DNA, proteins, lipids,
and carbohydrates, avoiding the insurgence of diseases [23]. The additional intake of
antioxidants with the diet represents a very important way to prevent the diseases caused
by oxidative stresses. There is, nowadays, a growing interest to enrich the human diet with
functional foods naturally rich in antioxidant compounds. Polyphenols represent the most
important natural antioxidant compounds with beneficial effects on human health [24].

Our results evidenced in red onion bulb the greatest increase in polyphenols (Table 1)
in the presence of SBOR at both concentrations (low and high); SBOP also increased the
quantity of polyphenols with respect to the control but less than SBOR. In contrast, an
inverse trend was observed for the total flavonoids (Table 1) that increased more in the
presence of SBOP than SBOR LP and HP. Anthocyanins were the highest in all fertilized
red onion bulbs. Phenolic acids (Figure 1) found in the CTR and fertilized onions were
caffeic and chlorogenic. Gallic acid was present only in the fertilized onions (Figure 1),
while p-coumaric acid in the CTR and, in the greatest amount, in SBORLP. Caffeic and
chlorogenic acids did not show significant differences with respect to the CTR, except
for the onion fertilized with SBORHP. p-coumaric and gallic acids are antioxidants with
diverse physiological functions that are beneficial for human health with ascertained
anticancer, anti-inflammatory, and antimicrobial properties [25–27]. The mechanisms of
action of polyphenols are various and complex and depend on their chemical structures.
The antioxidant property of p-coumaric acid is ascribed to its phenyl hydroxyl group
(-OH) that enables it to donate hydrogen or electrons. In vivo studies on the p-coumaric
mechanism of action evidenced, on a rat model, that it was able to reduce basal oxidative
DNA damage, inducing glutathione (GSH) and glutathione S-transferase Mu 2 (GST-M2)
in colonic mucosa. Additionally, it was demonstrated that p-coumaric acid was capable
of decreasing the expression of the inflammatory mediators, such as TNF-α and IL-6,
regulating the production of cytokines [28]. Nasr Bouzaiene et al. [29] showed how the
proliferation of human lung (A549) and colon (HT29-D4) cancer cells was significantly
inhibited by ferulic, caffeic, and p-coumaric acids. These inhibitory effects were likely to be
mediated by the suppression of DNA synthesis induced by the phenolic acids in MCF-7.
Caffeic acid, among the phenolic acids, was found more able to block the many modulators
involved in tumor progression, including NF-kB, COX-2, TNF-a, IL-6, Nrf2, iNOS, NFAT
and HIF-1α, repressing cancer angiogenesis and therefore recognized as an inducer of
tumor cell death and performer of cancer growth blockage [30].
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Table 1. Total phenols (mg·GAE·g−1 DW), flavonoids (mg·rutin·g−1 DW), and anthocyanins
(mg·cyanidin-3-glucosideg−1 DW) found in red onion bulbs differently fertilized: control (CTR), sul-
phur bentonite (SB), sulphur bentonite-low percentage orange residue (SBOR LP), sulphur bentonite-
high percentage orange residue (SBOR HP), and sulphur bentonite-olive pomace (SBOP). Data are
the mean of three replicates ± the standard error.

Total Phenols Flavonoids Anthocyanins

CTR 28 ± 1 c 2.1 ± 0.1 c 23 ± 1 b

SB 37 ± 2 b 3.7 ± 0.2 b 37 ± 2 a

SBORLP 48 ± 2 a 3.9 ± 0.3 b 37 ± 2 a

SBORHP 43 ± 3 a 3.8 ± 0.2 b 37 ± 2 a

SBOP 37 ± 2 b 5.0 ± 0.5 a 37 ± 2 a

Means followed by different letters in the same column are significantly different (Tukey’s test at p < 0.05).

 

Figure 1. Phenolic acids and flavonols (mg·100·g−1 FW) found in red onion bulbs differently fertilized:
control (CTR), sulphur bentonite (SB), sulphur bentonite-low percentage orange residue (SBOR LP),
sulphur bentonite-high percentage orange residue (SBOR HP), and sulphur bentonite—olive pomace
(SBOP). Data are the mean of three replicates ± the standard error. Different letters indicate significant
differences at p < 0.05.
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Anthocyanidins (Figure 2), increased in treated onions compared to the CTR. Equally,
S methyl-cysteine sulfoxide and the majority of organosulphides (Table 2) increased with
respect to the CTR, mostly in red onions treated with SBOR pads and particularly with
SBORLP. Anthocyanidins have health-promoting effects linked with antioxidant, anti-
inflammatory, and anticarcinogenic properties. Their antioxidant nature was observed in
all neurological diseases through MMP2, MMP3 and MMP9 metalloproteinase inhibition;
reactive oxygen species generation inhibition; endogenous antioxidants modulation as su-
peroxide dismutase and glutathione; the formation and aggregation of beta-amyloid (β-A)
protein inhibition; and brain protective action through the modulation of brain-derived neu-
rotrophic factor (BDNF), important for neural plasticity [31]. Additionally, organosulphur
compounds have a well-recognized antiproliferative activity in several tumor cell lines that
is mediated by the induction of apoptosis and alterations of the cell cycle. Organosulphur
compounds generally act by modulating the activity of several metabolizing enzymes that
activate (cytochrome P450s) or detoxify (glutathione S-transferases) carcinogens and inhibit
the formation of DNA adducts in several target tissues [32]. Their low amounts found in
SBORHP and SBOP treated onions can be related to the contemporary increase in other SMs
with antioxidant properties. This suggests that the fertilizers used were able to influence the
biosynthesis and accumulation of other SMs, evidencing that these fertilizers are capable of
redirecting the metabolism to consequently regulate the production of specific bioactive
constituents, as already reported by [33].

 

Figure 2. Anthocyanidins (mg·100·g−1 FW) found in red onion bulbs differently fertilized: control
(CTR), sulphur bentonite (SB), sulphur bentonite-low percentage orange residue (SBOR LP), sulphur
bentonite-high percentage orange residue (SBOR HP), and sulphur bentonite-olive pomace (SBOP).
Data are the mean of three replicates ± the standard error. Different letters indicate significant
differences at p < 0.05.
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Table 2. S-Methyl-L-cysteine sulfoxide (μg·g−1 FW) and the relative concentration μg·g−1 FW of
volatile organic compounds in the onion bulbs differently fertilized: control (CTR), sulphur bentonite
(SB), sulphur bentonite-low percentage orange residue (SBOR LP), sulphur bentonite-high percentage
orange residue (SBOR HP), and sulphur bentonite-olive pomace (SBOP). Data are the mean of three
replicates ± the standard error.

ID
S-methyl Cysteine

Sulfoxide
Trisulfide
Dipropyl

Diallyl
Disulfide

Disulfide
Di-Isopropyl

Disulfide
Methyl-L-Propenyl

Isopropyl
Mercaptan

Heptane-6-Methyl 4-5
Dithia-1-Heptene

CTR 110 ± 9 e 3.32 ± 0.5 b nd 36.7 ± 2 b 0.38 ± 0.04 c 53 ± 3 b 1.0 ± 0.2 c

SB 590 ± 12 a 1.95 ± 0.2 c nd 34.3 ± 3 b nd 61 ± 4 a 1.0 ± 0.1 c

SBORLP 390 ±13 b 10.3 ± 1 a 0.32 ± 9 a 53.6 ± 2 a 1.44 ± 0.05 a 53 ± 2 b 8.4 ± 1 a

SBORHP 140 ± 12 c 3.32 ± 0.6 b nd 35.3 ± 1 b 0.73 ± 0.02 b 51 ± 3 b 1.5 ± 0.2 b

SBOP 180 ± 12 d 1.63 ± 0.5 e nd 36.7 ± 3 b 0.07 ± 0.001 d 54 ± 2 b 0.6 ± 0.02 d

Means followed by different letters in the same column are significantly different (Tukey’s test at p < 0.05).

The in vitro antioxidant capacity, determined with DPPH, ABTS and ORAC (Figure 3),
increased in red onion grown mainly with SBOR and SBOP than the CTR (Figure 3).
Specifically, ORAC was the highest in bulbs of red onion grown with SBOR LP, while
DPPH and ABTS were the highest in bulbs of red onion grown with SBOR, both LP and HP.
Cavalheiro et al. [34] demonstrated an increase in the antioxidant activities in bulbs treated
with organic fertilizers. The antioxidant activities are generally related to the chemical
composition of the plants in terms of the typology of antioxidant compounds. Each single
compound has its own biological activity with different effects on human health [35].
Flavonoids can scavenge free radicals and can form complexes with catalytic metal ions
rendering them inactive. There is also evidence of an additional mechanism by which total
phenols protect against oxidative stress by producing hydrogen peroxide (H2O2), which
can then help to regulate immune response actions, such as cellular growth [36].

 

CTR
16%

SB
15%

SBORLP
34%

SBORHP
14%

SBOP
21%

ORAC
CTR
17%

SB
18%

SBORLP
24%

SBORHP
23%
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18%

DPPH
CTR
14%

SB
20%

SBORLP
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22%
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Figure 3. Antioxidant activities (ORAC, DPPH and ABTS) detected in red onion bulbs differently
fertilized: control (CTR), sulphur bentonite (SB), sulphur bentonite-low percentage orange residue
(SBOR LP), sulphur bentonite-high percentage orange residue (SBOR HP), and sulphur bentonite-
olive pomace (SBOP). Data are the mean of three replicates.

Pearson’s correlation (Figure 4) evidenced that the total phenols were positively and
significantly correlated with ABTS (r = 0.96), DPPH (r = 0.57), and ORAC (r = 0.62); the
flavonoids correlated only with ABTS (r = 0.63), while the anthocyanins correlated with
DPPH (r = 0.57) and ORAC (r = 0.87). Among the single phenolic acids, caffeic acid
correlated with all the antioxidant activities, gallic acid correlated with DPPH and ABTS
and chlorogenic acid with DPPH and ORAC, while p-coumaric acid correlated only with
ORAC (r = 0.85). Among the flavonoids, the flavanol quercetin correlated with DPPH and
ABTS. S-methyl cysteine sulfoxide was not involved in the antioxidative system; conversely
the organic volatile compounds correlated with the antioxidant activities, mostly with
DPPH and ORAC and less with ABTS.
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Figure 4. Pearson’s correlations (r) between phytochemicals and antioxidant activities. The boxed
dots show the significant correlations between values; the color shows the level of correlation (yellow
boxed dots p < 0.05 and green boxed dots p < 0.01). The red dots indicate a negative correlation.

2.2. Effects Red Onion Phytochemicals in Terms of Cell Proliferation or Cytotoxicity

To evaluate the possible effects of the phytochemical contents of onion samples in
terms of cell proliferation or cytotoxicity, in this work, the H9c2 cells, found to be closer to
normal primary cardiomyocytes for their energy metabolism features, were successfully
used as an in vitro cellular model [18]. The H9c2 cells were incubated with red onion
samples, fertilized, and not with the different pads in a range of concentrations between
0.5 and 10 mg/mL, and the cell viability was determined 24, 48 and 72 h after treatment
following the chemical reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-razolium
bromide (MTT) by mitochondrial reductases in live cells [37]. As reported in Figure 5, the
fertilization of red onion with recycled sulphur bentonite pads modified the red onion
samples’ ability to affect the proliferation rate and/or the oxidative metabolism of H9c2
cells with respect to the ‘CTR’ one. No significant toxic effects on cell viability were detected
in the different conditions for all the onion samples up to a concentration of 10 mg/mL,
except for the ‘CTR’ and ‘SBORLP’ at the highest concentration. In the latter, the toxic effect
was very strong, and it was already observed at 24 h of treatment. Furthermore, at 72 h of
incubation time, a toxic effect was also observed with ‘SBOP’ at a low concentration.

Noteworthy is the significant increase in cell viability of H9c2 cells treated with
‘SB’, ‘SBOR LP’, and ‘SBOR HP’ samples as compared with the ‘CTR’ one, even at low
concentrations and already after 24 h of treatment, which could be caused by an increase in
the cells’ number and/or by an improvement in the oxidative metabolism. The effect was
noticeable as early as after 24 h of treatment at very low concentrations (0.5 and 1 mg/mL)
and up to 72 h for the ‘SB’ sample. ‘SBOP’ pads reduced these effects, as indicated by
the overall similar results obtained with the ‘CTR’ and ‘SBOP’ treatments. Red onion
samples’ capabilities to alter the proliferation rate and/or the oxidative metabolism were
more evident after 24 h of treatment with ‘SBOR HP’ and after longer exposure times,
48 and 72 h, in the presence of ‘SBOR LP’. Overall, these data show a positive effect on the
cell viability of H9c2, possibly related to an increase in energy metabolism, in the presence
of ‘SB’ alone or with the addition of orange residue both at low and high percentages as
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compared to the ‘CRT’, likely due to the greatest level in bioactive compounds. To evaluate
if the different red onion samples were able to protect H9c2 in oxidative stress conditions,
the cells were pretreated with them for 24, 48 and 72 h before the exposure for 45 min
to tert-butyl hydroperoxide (TBHP), an exogenous oxidative stress inducer. According
to the treatment conditions of the previous screening, the cells were treated with two
concentrations of onion samples, 0.5 and 5 mg/mL, except for ‘SBOR LP’, for which the
concentrations of 1 and 5 mg/mL were used.

Figure 5. MTT assay performed on the H9c2 cell line. Cells have been treated for 24 h, 48 h and 72 h
with different samples of red onions at different concentrations ranging from 0.5 mg/mL to 10 mg/mL.
Data were the means ± SEM from at least 3 independent experiments under each condition and
were expressed as the percentage of vehicle-treated cells. Statistical analyses were performed using
Brown-Forsythe and Welch one-way analysis of variance, and mean comparisons were made using
the unpaired t-test with Welch’s correction. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Firstly, the basal ROS levels after treatment with the onion samples for 24, 48 and
72 h were measured (Figure 6). No changes were observed in the ROS levels for all onion
samples, except for an increase observed in the presence of 5 mg/mL ‘SBOP’ at 24 h of
incubation, which returned to the basal level already at 48 h of incubation. A significant
decrease of the basal ROS levels was, however, observed at the longest incubation time, with
all the onion samples, albeit at different concentrations and, in particular, in the presence of
‘SBOR HP’ and ‘SBOP’ samples, at 0.5 mg/mL. Intriguingly, these same samples showed
no effects at the highest concentration. On the contrary, the ‘SB’ and ‘SBOR LP’ samples
showed the same effects elicited by the ‘CTR’ red onions, inducing a decrease of the basal
ROS level at a higher concentration (5 mg/mL).
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****

Figure 6. ROS detection performed on the H9c2 cell line. Cells were treated for 24 h, 48 h and
72 h with different samples of red onions at two different concentrations, and the ROS levels were
measured by the DCF assay under the basal conditions and after exposure to the exogenous inducer
of oxidative stress, T-BHP. Data were the, means ± SEM from at least 3 independent experiments
under each condition and were expressed as the percentage of vehicle-treated cells (dotted line) or
tert-Butyl hydroperoxide-treated-cells (T-BHP) (red line). Statistical analyses were performed using
Brown–Forsythe and Welch one-way analysis of variance, and mean comparisons were made using
the unpaired t-test with Welch’s correction. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Next, the effects of red onion samples were measured on the ROS levels under TBHP-
induced oxidative stress conditions (Figure 6). Even in this stress condition, only the longest
pretreatment with the red onion samples showed an evident effect restoring the ROS basal
levels or, in the case of the highest concentration of the ‘SB’ sample, further reducing them.
Notably, ‘SBORLP’ showed the same capability of reducing the ROS levels to the basal
ones at both concentrations used in the pretreatment. An early significant effect, at 24 h,
was observed after incubation with the lower concentration of the ‘CTR’ extract and in the
presence of 5 mg/mL of ‘SB’ at 48 h. The results that the different onion samples were able
to decrease TBHP-induced oxidative stress could be ascribed either to a direct scavenger
activity or to an enhancement of the activity of the antioxidant defenses that neutralize the
ROS levels [38].

Finally, the ‘SB’, ‘SBOR’ and ‘SBOP’ treatments influenced, even if to different extents,
the H9c2 viability and oxygen radical homeostasis with respect to the ‘CTR’ sample. In
particular, the ‘SBOR’ treatments showed an interesting influence on the viability of H9c2
cells, dependent on the concentration of orange residue and time of exposure, requiring
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longer exposure times, in some cases, when the percentage was lower. Notably, ‘SBORLP’-
fertilized onions reduced the ROS levels in the basal and in oxidative stress conditions,
confirming the results related to the in vitro antioxidant capacity determined by the ORAC,
DPPH and ABTS assays. In particular, the results related to the oxygen radical homeostasis
for the ‘SBOR’ treatments were not due only to the greatest content of the phenolic compo-
nent present in these samples but also to the higher level of the organosulphides that have
been shown to scavenge ROS and prevent damage caused by oxidative stress [39].

To assess the potential benefits of the differentially fertilized red onion samples in a
pathological scenario, highly characterized primary human skin fibroblasts isolated from a
healthy subject (control fibroblasts) and from a patient affected by early-onset Parkinson’s
disease (parkin-mutant) fibroblasts [40–48] were treated as previously described for H9c2
treatment. Indeed, parkin-mutant fibroblasts are representative of oxidative stress-correlated
chronic diseases, as they display mitochondrial defects associated with deregulated reac-
tive oxygen species (ROS) production, along with impaired energy metabolism and lipid
oxidation [42]. As described in Figure 7, the incubation of control fibroblasts at low concen-
trations of the ‘CTR’ sample (0.5 and 1 mg/mL) showed an increase in the cell viability after
24, 48 and 72 h and a gradual decrease at the highest concentrations (5 and 10 mg/mL),
resulting in a significant inhibition of cell proliferation. Furthermore, an increase in cell
proliferation was also observed after 24 h of treatment in the presence of low concentrations
of ‘SBOR HP’ and after 48 h and 72 h in the presence of ‘SBOP’. Noteworthy, treatments
with all the different onion samples at high concentrations and at long incubation times
induced an inhibition of cell vitality of control fibroblasts, except for ‘SBOP’, which showed
a protective action. In parkin-mutant fibroblasts, whereas the treatment with the ‘CTR’
sample induced a reduction in cellular viability, even at low concentrations and short
incubation times, in the presence of all the other onion treatments, except for ‘SBOR LP’
at the highest concentrations, no change in the cellular vitality was observed. The lack of
increase in the cellular vitality in the parkin-mutant fibroblasts, which was instead observed
in control fibroblasts, could be due to the specific impairment of these cells. Parkin-mutant
fibroblasts adapted to live in an environment characterized by a condition of oxidative
stress showed a deficit in the mitochondrial biogenesis process, which could not lead to
an increase in the cellular proliferation induced by the red onion samples. Finally, in the
control fibroblasts, ‘CTR’, ‘SBOR HP’ and ‘SBOP’ onion extracts were able to increase the
cellular vitality not observed in parkin-mutant fibroblasts. In these latter fibroblasts, the
treatments with fertilized red onion samples could avoid the decrease in cellular vitality
that was instead observed in the presence of the ‘CTR’ sample.

As described previously for the H9c2 cell line, it was evaluated if the different red
onion samples were able to protect human fibroblasts in TBHP-induced oxidative stress
conditions. According to the findings of the viability screening, cells were treated with
0.5 and 5 mg/mL for 24, 48 and 72 h (Figure 8A). In control fibroblasts, a decrease in
the basal ROS levels was observed already at 24 h of incubation in the presence of high
concentrations of ‘CTR’ but low concentrations of ‘SB’ samples. Furthermore, a decrease
in the ROS basal levels was induced by ‘SB’ at 48 h of incubation, as well as by ‘SBOR
HP’, ‘SBOR LP’, and at a higher extent, by ‘SBOP’. It is possible to assume that the increase
in the ROS basal level observed at 24 h of incubation in the presence of 0.5 mg/mL and
5 mg/mL of ‘SBOR HP’ and ‘SBOP’, respectively, might have induced an antioxidant
enzymatic response, which, in turn, resulted in a ROS scavenger effect at 48 h of incubation.
In parkin-mutant fibroblasts at 24 h of incubation, the ‘CTR’ induced a decrease at the basal
ROS levels at low and high concentrations, and this effect persisted also at the highest
concentrations and longest incubation times, similar to what was observed in the control
cells. In addition, the decrease in the basal ROS levels was observed at 24 and 48 h of
incubation in the presence of 5 mg/mL of ‘SB’ and at low and high concentrations of
‘SBORHP’ after 48 h of treatment. The scavenger effect of the ‘CTR’ sample, observed
in parkin-mutant fibroblasts, especially in oxidative stress conditions, demonstrated the
effectiveness of red onion already rich in bioactive compounds.
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Figure 7. The MTT assay performed on the control and parkin-mutant fibroblasts. Cells were treated
for 24 h, 48 h and 72 h with different samples of red onions at different concentrations ranging from
0.5 mg/mL to 10 mg/mL. Data were the means ± SEM from at least 3 independent experiments under
each condition and were expressed as the percentage of vehicle-treated cells. Statistical analyses were
performed using Brown-Forsythe and Welch one-way analysis of variance, and mean comparisons
were made using the unpaired t-test with Welch’s correction. * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001.
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Figure 8. ROS detection performed on the control and parkin-mutant fibroblasts. Cells were treated for
24 h, 48 h, and 72 h with different samples of red onions at two different concentrations, and the ROS
levels were measured by the DCF assay in the basal condition (A) and after exposure to the exogenous
inducer of oxidative stress, T-BHP (B). Data were the means ± SEM from at least 3 independent
experiments under each condition and were expressed as a percentage of vehicle-treated cells (dotted
line) (A) or tert-Butyl hydroperoxide-treated cells (T-BHP) (red line) (B). Statistical analyses were
performed using one-way analysis of variance, and mean comparisons were made using Fisher’s
LSD test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Next, the effects of red onion samples on the ROS levels under TBHP-induced oxidative
stress conditions were assessed (Figure 8B). In this condition, the behavior observed in the
control and parkin-mutant fibroblasts was substantially different, mainly the long incubation
time. A significant decrease was observed in the control cells at 24 h of incubation with
all the treated onion samples, albeit at different concentrations, as compared with the
‘CTR’. In parkin-mutant fibroblasts in the same conditions, a reduction of TBHP-induced
oxidative stress was observed at higher concentrations of the ‘CTR’ and in the presence
of ‘SB’, ‘SBOR HP’ and ‘SBOR LP’ samples. At 48 and 72 h of incubation, no effect of red
onion treatment on TBHP-induced oxidative stress was observed in the control cells, except
for the reduction of the ROS level in the presence of a high concentration of ‘CTR’ over
long time of incubation, whereas a reduction at 48 h of incubation was observed in parkin-
mutant fibroblasts in the presence of a different concentration of ‘CTR’, ‘SB’ and ‘SBOR HP’
samples, as well as at 72 h with low and high concentrations of ‘SBOR LP’. Furthermore, in
the control cells, an increase in the ROS level with respect to TBHP-induced oxidative stress
was observed with 0.5 mg/mL of ‘SB’ and with low and high concentrations of ‘SBOR HP’,
highlighting a possible toxic effect, as already shown by the decrease in cellular viability
in this condition. The scavenger effect observed in parkin-mutant fibroblasts and in basal
and TBHP-induced oxidative stress conditions pointed out an effective protective role of
red onion samples fertilized with sulphur bentonite containing orange, particularly at low
concentrations with respect to the ‘CTR’ sample.

3. Materials and Methods

3.1. Chemicals

Metaphosphoric acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH),NaOH, nitroblue tetrazolium,
dichlorophenol-indophenol (DCPID),2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) di-
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ammoniumsalt (ABTS•+), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxyl acid
(Trolox), phenazine methosulphate, ethanol, gallic acid, ethylenediaminetetraaceticacid (EDTA),
ferrozine, 2,4,6-tris(2-piridil)-s-triazina(TPTZ) and iron sulphate heptahydrate were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Acetonitrile and acetic acid were HPLC-grade
and were purchased from Merck (Darmstadt, Germany). All the phenolic standards were
obtained from Extra Syntheses (Genay, France). Solvents and reagents for carotenoid detection
were purchasedfrom Panreac (Barcelona, Spain). Other chemicals were of analyticalgrade
purchased from Carlo Erba Reagents s.r.l. (Cornaredo, MI, Italy).

3.2. Red Onion Experimental Conditions

The experiment was conducted in triplicate for 3 months in the field (until the bulb is
fully ripe) in alkaline sandy-loam soil with a pH of 8.5. The soils contained 3.09% organic
matter, 0.17% nitrogen, 110 g·kg−1 CaCO3 and 0.334 g·kg−1 SO4. In each parcel, 30 uniform
seedlings of red onion/m squared were transplanted. The soil was divided into parcels
of 10 m squared. In each parcel, 30 uniform seedlings of red onion/m2 were transplanted.
Pads of sulphur bentonite (SB, 90%/10%) or SB with two percentages of orange residue
(SBOR) conventionally called high (with a greater amount of orange residue, SBORHP)
and low (with a lower amount of orange residue, SBORLP) or SBOP with olive pomace
(OP) were used at a concentration of 16 gm−2 (corresponding to 476 kg S ha−1), the dose
generally used to lower the pH and to replenish the S. Sulphur was the major component
of the fertilizers. The industrial process and the formulation of the pads are covered by
an industrial secret drawn up in the agreement signed with Steel Belt System in 2015.
Nonamended soils were used as the control CTR (Table 3). OP was used only at a low
concentration, because previous experiments (data not shown) demonstrated a toxicity
of OP on crops increasing its concentration (preliminary experiments carried out in a
greenhouse, data not shown). SB and SB with OP or OR produced onions with greater bulb
sizes with respect to the control (data not shown).

Table 3. Experimental design.

ID Sample Description

CTR Control unfertilized soil

SB Onion grown with sulphur bentonite

SBOR HP Onion grown with sulphur bentonite-high percentage of orange residue

SBOR LP Onion grown with sulphur bentonite-low percentage of orange residue

SBOP Onion grown with sulphur bentonite and olive pomace

During the experiment, all onion plants were regularly irrigated to maintain 70% of
their field capacity. At harvest time (3 months), onions were collected and stored at −20 ◦C
for chemical and biological determinations.

3.3. Extraction and Determination of Total Anthocyanins

The assessment of the total anthocyanin content was carried out by the pH differential
method according to the Official Methods of Analysis of AOAC International, as previ-
ously described by Muscolo et al. [17]. Absorbance was measured using a 1800 UV-Vis
Spectrophotometer (Shimadzu, Kyoto, Japan) at 510 and 700 nm in buffers at pH 1.0 and
4.5. Values were expressed as mg cyanidin-3-glucoside equivalent g−1 dry weight (DW)
using 26,900 as the molar extinction coefficient.

3.4. Ethanolic Extracts

Five hundred milligrams of frozen onion samples were weighed and extracted at
room temperature under continuous stirring for 1.5 h with ethanol (15 mL), as described
in Muscolo et al. [17]. The samples were centrifuged at 2365× g for 15 min, and the
supernatants were filtered dried and resuspended in 3 mL of ethanol.
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3.5. Determination of Total Phenolic Compounds and Total Flavonoids

The Folin–Ciocalteu assay was used for evaluating the total phenol content as reported
in Muscolo et al. [17]. The absorbance of the samples was recorded at 760 nm. A calibration
curve was constructed with gallic acid, and the results were expressed as the gallic acid
equivalent (GAE) in mg·g−1 DW.

The total flavonoid was detected according to the spectrophotometric method, as re-
ported in Muscolo et al. [17]. One milliliter of extract was mixed with 1 mL of 20 g L−1 AlCl3
methanolic solution. After incubation at room temperature for 15 min, the absorbance was
measured at 430 nm. The flavonoid content was calculated from a calibration curve of rutin
and expressed as mg rutin g−1 DW.

3.6. Determination of Antioxidant Activities

The antioxidant activity against the DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate)
radical was determined according to [49]. The DPPH concentration in the cuvette was
chosen to give absorbance values of ≈1.0. The reaction mixtures were composed of 10 μL
of each extract, 700 μL of DPPH, and ethanol up to a final volume of 1 mL. A blank without
ethanol extract was prepared for each sample. The change in absorbance of the violet
solution was recorded at 517 nm after 30 min of incubation at 37 ◦C. The inhibition I (%)
of radical scavenging activity was calculated as I (%) = [(A0 − AS)/A0] × 100, where A0
is the absorbance of the control, and AS is the absorbance of the sample after 30 min of
incubation. The results were expressed as Trolox equivalents (TE).

The ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assay was performed
according to [50]. Solutions of 7 mmol L−1 ABTS+ (final concentration) and 2.45 mmol L−1

ammonium persulfate (final concentration) in phosphate-buffered saline (PBS) were mixed
and kept in the dark at room temperature for 12–16 h. Before use, the absorbance of the
ABTS+ solution was fixed at 0.70 ± 0.02 at 734 nm. Aliquots of ethanol extract (25, 50 and
100 μL) were added to 0.5 mL of ABTS+ solution and brought to a final volume of 600 μL
with PBS. After 6 min of incubation in the dark at room temperature, the absorbance of the
samples was recorded at 734 nm using a UV-Visible spectrophotometer. The inhibition I
(%) of radical scavenging activity was calculated as I (%) = [(A0 − AS)/A0] × 100, where
A0 is the absorbance of the control, and AS is the absorbance of the sample after 4 min of
incubation. The results were expressed as μmol·L−1 TE using a Trolox (1–50 μmol·L−1)
calibration curve.

The oxygen radical absorbance capacity (ORAC) assay was performed according
to [50]. A 20-μL aliquot of extract was added to 120 μL of fresh fluorescein solution
(117 nmol L−1). After a preincubation time of 15 min at 37 ◦C, 60 μL of freshly prepared
AAPH solution (40 mmol L−1) was added. Fluorescence was recorded every 30 s for
90 min (λex 485 nm, λem 520 nm). A blank using 20 μL of methanol instead of the sample
was also analyzed. ORAC values were expressed as μmol TE mg−1 FW using a Trolox
(10–100 μmol L−1) calibration curve.

3.7. HPLC and Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of Volatile Organic
Compounds

Frozen onion samples (1 g) were incubated overnight in absolute methanol at 4 ◦C.
Then, the methanol was separated from the pieces of onion and collected in a balloon.
The onion pieces were homogenized with absolute methanol (10 mL) in a mortar and
stirred 30 min at room temperature (25 ◦C). Samples were then centrifuged, and each
supernatant was mixed with the other methanol. The precipitates were resuspended
in methanol (10 mL), and the above operations were repeated twice. The methanolic
phases were combined, reduced to a volume of 10 mL in a rotary evaporator, and stored
at −18 ◦C until use. Methanolic extracts (1 mL) were diluted with dimethylformamide
(1 mL) and filtered through an Iso-Disk P-34, 3 mm in diameter poly(tetrafluoroethylene)
(PTFE) membrane, and 0.45 μm pore size supplied by Supelco. Diode array detection
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(DAD)-HPLC (Shimadzu, Kyoto, Japan) separation of onion flavonoids was performed
according to the method described by [49].

Reverse phase-diode array detector-high-performance liquid chromatography (RP-
DAD-HPLC) analyses of the samples were carried out with a Shimadzu system (Kyoto,
Japan) consisting of a LC-10AD pump system, a vacuum degasser, a quaternary solvent
mixing, a SPD-M10 diode array detector, and a Rheodyne 7725i injector (Merck KGaA,
Darmstadt, Germany). Separation of each compound was done on a 250 × 4.6 mm i.d.,
5-μm Discovery C18 column, supplied by Supelco Park (Bellefonte, PA, USA) equipped
with a 4.0 × 20-mm guard column. The column was placed in a column oven set at
25 ◦C. The injection loop was 20 μL, and the flow rate was 1.0 mL/min. The mobile
phase consisted of a linear gradient of solvent A (acetonitrile) in 2% acidified water (acetic
acid:H2O, 2:98) as follows: 0–80% (0–55 min), 90% (55–70 min), 95% (70–80 min), 100%
(80–90 min), and 0% (90–110 min). UV-Vis spectra were measured between 200 and 600 nm
and simultaneous detection using a diode array at 278 and 325 nm. Compounds were
identified using their retention time and UV spectra through comparisons with purified
standards (Sigma Chemical Co., St. Louis, MO, USA). Anthocyanins were extracted from
frozen onion tissues (0.5 g) homogenized in a mortar with 10 mL of methanol containing
1 mL L−1 HCl at room temperature for 2 h. The extracts were filtered through an Iso-Disk
P-34, 3 mm in diameter PTFE membrane of 0.45-μm pore size (Supelco), and utilized for
HPLC analysis. HPLC separation was carried out using a Spherisorb S5 ODS2, Merck
KGaA, Darmstadt, Germany (250 mm × 4.6 mm i.d., 5 μm), as described by [51]. To detect
S-methyl-L-cysteine sulfoxide (SMCSO), small pieces of frozen red onion (250 mg) were
homogenized with 5 mL of distilled water and filtered through filter paper. SMCSO was
quantified by HPLC after derivatization with o-phthalaldehyde, as reported in [52].

A red onion volatile organic compound (VOC) analysis was performed using a Thermo
Fisher gas chromatograph (TRACE 1310, Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a single-quadrupole mass spectrometer (ISQ LT, Thermo Fisher Scientific,
Waltham, MA, USA), as reported in [17].

3.8. Red Onion Sample Preparation for Cell Culture Treatments

The lyophilized onion samples were dissolved in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v)
L-glutamine, and 1% (v/v) penicillin/streptomycin and incubated for 1 h at 37 ◦C. After
this time, samples were centrifuged at 2600× g for 15 min, and the supernatant was filtered
and sterilized through a 0.22-μm membrane filter. The final concentration of the stock
solution was 10 mg/mL in DMEM. The onion extract (OE) concentrations tested for the
cell culture treatments were: 0.5, 1, 2, 5 and 10 mg/mL.

3.9. Cells and Culture Conditions

The H9c2 cell line, derived from embryonic rat hearts (ATCC; Manassas, VA, USA),
and primary fibroblasts from a patient affected by early-onset Parkinson’s disease (PD) and
from one healthy subject, obtained by explants from a skin punch biopsy after informed
consent [40,41], were grown in high-glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) L-glutamine, and 1% (v/v)
penicillin/streptomycin at 37 ◦C in a humidified atmosphere of 5% CO2. For the treatment
conditions, cells were seeded in 96-well plates and grown for 24 h. After that, the media
was removed, and the cells were cultured at 37 ◦C in culture plates for 24, 48, and 72 h in
fresh media containing different concentrations of red onion samples.

3.10. Cell Viability

Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium
(MTT) assay after 24, 48 and 72 h of exposure of the cells and seeded in 96-well plates to
the different concentrations of red onion samples. After the incubation, 150 μL DMEM
and 15 μL of MTT (5 mg/mL) were added to each well. The plates were incubated for
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3 h at 37 ◦C. The media was removed, and formazan crystals were dissolved in 150 μL of
isopropanol with gentle shaking. The absorbance was measured at 570 nm by the Victor
2030 multilabel reader (PerkinElmer, Waltham, MA, USA).

3.11. Determination of Reactive Oxygen Species (ROS)

The H2O2 levels were determined by the cell permeant probe 2′-7′-dichlorodihydroflu-
orescin diacetate (H2DCFDA). Briefly, after 24, 48 and 72 h of exposure to specific red
onion sample concentrations (0, 0.5, 1 and 5 mg/mL), based on the results of the cell
viability assay, the media were changed and oxidative stress was induced by 50 μM tert-
butyl hydroperoxide (T-BHP) treatment (Sigma-Aldrich, B2633, St. Louis, MO, USA), as
described in [53,54]. After 45 min of treatment, the cells were incubated in the dark, at 37 ◦C
for 20 min with 10 μM H2DCFDA. After that, the cells were washed and resuspended in
150 μL of PBS, and the H2O2-dependent oxidation of the fluorescent probe was measured by
the Victor 2030 multilabel reader (PerkinElmer, Waltham, MA, USA) (at 507-nm excitation
and 530-nm emission wavelength).

3.12. Statistical Analysis

Analysis of variance was carried out for all the data sets. One-way ANOVA with
Tukey’s honestly significant difference test was carried out to analyze the effects of fertilizers
on each of the various parameters measured. The ANOVA and t-test were carried out using
SPSS software (IBM Corp. 2012). The effects were significant at p ≤ 0.05.

Raw data from MTT assays and ROS determinations were first analyzed in Microsoft
Excel Spreadsheet software to calculate the relative proliferation and ROS levels ratios,
respectively. Then, log-transformed data were imported to GraphPad Prism to apply
statistical tests. The Welch and Brown–Forsythe versions of one-way ANOVA were used
to compare samples treated with different red onions at different concentrations, while
each comparison was evaluated by applying an unpaired t-test with Welch’s correction.
Statistical significance was set at p < 0.05.

4. Conclusions

These intriguing results may be explained by the different bioactive compounds identified
in each fertilized red onion. SBOR onion, which showed the best positive effects on the cell
culture treatment, contained the highest amount of total phenols, single phenolic acids,
kaempferol, anthocyanidins, S-methyl cysteine sulfoxide, and volatile compounds correlated
to a better in vitro antioxidant capacity as determined by the DPPH, ABTS and ORAC assays.
The correlation data evidenced a diversity of action, at the metabolic level, of the different
classes of secondary metabolites and mostly of the single compounds belonging to the different
classes, evidencing that the chemical structure of a biocompound can determines its reactivity
versus free radicals and other ROS, influencing the antioxidant activity.

Considering the data of the relative cellular vitality, the positive effects could be due
to the total phenols and, in particular, to the great presence of specific phenolic acids such
as chlorogenic and p-coumaric and, also, to the flavanol kaempferol, which were more
correlated with ORAC and more present in red onions treated with SBOR(LP) than in the
other fertilized red onions. In addition to their great ability as scavengers, free phenolic
acids, unlike flavonoids, have a high bioavailability and good water solubility [55] and can
be absorbed in the stomach, contrary to flavonoids that cannot be absorbed, and only their
small quantity can be transported passively through the intestinal wall into the blood [56].

Our study describes, for the first time, the antioxidant effect of the bioactive phenolic
fraction from red onion bulbs fertilized with sulphur-bentonite enriched with orange
residue or olive pomace on rat cardiomyocytes and primary human fibroblasts. This work is
a pilot study that highlighted significant and useful data of how sustainable fertilization can
lead to the improvement of the quality of red onions that can be used to develop functional
foods or nutraceuticals for the prevention and management of numerous diseases.
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From this manuscript emerges how the use of sulphur-bentonite-based fertilizers can
represent a tool to increase, also in other species, phytochemicals with beneficial effects on
human health and how the antioxidant activity/capacity of functional foods is important
in preventing and treating numerous diseases. The phytochemicals enhance the medical
and economic values of crops with important consequences on the bio and green economy,
creating new opportunities for business.

Further investigations are in progress to test the effects on the H9c2 rat cardiomyoblast
cell line and primary human dermal fibroblasts, in terms of viability and oxygen radical
homeostasis mammalian cells, of each single compound identified in the extracts, with the
aim to verify if the positive effects are due to a single specific compound or to a synergic or
additive effect of more compounds.
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and Biological Activity of Allium Cepa L. and Allium × Cornutum (Clementi Ex Visiani 1842) Methanolic Extracts. Molecules 2017,
22, 448. [CrossRef]

24. Aguiar, J.; Gonçalves, J.L.; Alves, V.L.; Câmara, J.S. Chemical Fingerprint of Free Polyphenols and Antioxidant Activity in Dietary
Fruits and Vegetables Using a Non-Targeted Approach Based on QuEChERS Ultrasound-Assisted Extraction Combined with
UHPLC-PDA. Antioxidants 2020, 9, 305. [CrossRef]
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Abstract: Ginger (Zingiber officinale) is rich in natural polyphenols and may potentially complement
oral iron therapy in treating and preventing iron deficiency anaemia (IDA). This narrative review ex-
plores the benefits of ginger for IDA and other clinical entities associated with altered iron metabolism.
Through in vivo, in vitro, and limited human studies, ginger supplementation was shown to enhance
iron absorption and thus increase oral iron therapy’s efficacy. It also reduces oxidative stress and
inflammation and thus protects against excess free iron. Ginger’s bioactive polyphenols are prebiotics
to the gut microbiota, promoting gut health and reducing the unwanted side effects of iron tablets.
Moreover, ginger polyphenols can enhance the effectiveness of erythropoiesis. In the case of iron
overload due to comorbidities from chronic inflammatory disorders, ginger can potentially reverse
the adverse impacts and restore iron balance. Ginger can also be used to synthesise nanoparticles
sustainably to develop newer and more effective oral iron products and functional ingredients for
IDA treatment and prevention. Further research is still needed to explore the applications of gin-
ger polyphenols in iron balance and anaemic conditions. Specifically, long-term, well-designed,
controlled trials are required to validate the effectiveness of ginger as an adjuvant treatment for IDA.

Keywords: blood disorder; haemoglobin; natural product; nutraceutical; nutritional disease; phenolic
compounds

1. Introduction

Anaemia develops when the body’s circulating erythrocytes or red blood cells (RBCs)
fall below normal. According to the guidelines of the World Health Organization (WHO),
anaemia is diagnosed with haemoglobin (Hb) concentration lower than the current cut-off
level, defined as Hb <130 g/L for adult males, <120 g/L for non-pregnant women, and
<110 g/L for children (6–59 months) [1]. The reduction in RBCs may lead to insufficient
oxygen-carrying capacity of the blood to meet physiological needs, resulting in symptoms
such as fatigue, weakness, shortness of breath, chest pain, reduced physical tolerance
and restless leg syndrome [2]. In adults, anaemia may lead to increased morbidity and
decreased work productivity and poor birth outcomes during pregnancy. In children,
anaemia can cause impaired cognitive and behavioural development, and even increase
mortality [1].

In 2019, the worldwide prevalence of anaemia for all ages was 22.8% (95% confidence
interval (CI): 22.6–23.1) [3]. The global burden of disease measured in years living in
disability for anaemia is 672.4 (95% CI: 447.2–981.5) per 100,000 population [4]. Women
and children in low-income countries are the most vulnerable groups. This condition
affected 29.9% (95% CI: 27.0–32.8) of women of reproductive age, of which 36.5% (95% CI:
34–39.1) of pregnant women suffered from anaemia compared to 29.6% (95% CI: 26.6–32.5)
of non-pregnant women [5]. About 269 million children under five also had anaemia,
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with a global prevalence of 39.8% (95% CI: 36.0–43.8). The highest was in the African region,
affecting 60.2% (95% CI: 56.6–63.7) of children [5].

Even in a wealthy society like Australia, anaemia remains a health risk. According
to the Australian Health Survey last conducted in 2011–2012, 4.5% of the population aged
18 years and over had anaemia, with women having a relative risk of 2.56 times more
than men [6]. The burden of anaemia is even higher among the Australian indigenous
population, with a female-specific prevalence of 15.3% [7], signifying health inequality due
to socioeconomic consequences.

Anaemia is not a disease per se but a manifestation of other underlying causes. Iron
deficiency, which results from increased iron demands, deminished iron supply, blood loss
or malabsorption of iron, is the most common cause of anaemia worldwide, accounting
for nearly two-thirds of global anaemia cases [4,8]. Hence, iron deficiency anaemia (IDA)
is a global health concern affecting millions worldwide, especially women and children
in less developed regions. IDA is routinely treated with oral iron supplements such as
ferrous sulphate but compliance issues due to gastrointestinal side effects often hamper its
effectiveness [9,10].

In the broader context, ginger plants refer to all perennial flowering plants in the
Zingiberaceae family, which include many aromatic herbs and spices such as turmeric,
cardamom, and galangal. Currently, there are 1888 unique species in the Zingiberaceae
family classified into 62 genera, of which 204 species belong to the Zingiber genera [11]. The
ginger root commonly consumed worldwide is the rhizome of Zingiber officinale species.
Accordingly, in this review, ginger only refers to the Z. officinale species.

Z. officinale has a long history of culinary and medicinal use, possibly even before
formally recorded history. Wu [12] suggested that ginger cultivation originated around the
Yangtze River and Yellow River basins in ancient China. However, this claim has yet to be
widely accepted. The spice trade spread ginger to major civilisations from East Asia and
India to the Greek, the Roman Empire, and beyond. Today, ginger is primarily used as a
food, spice, herb, and flavouring agent, with a global trade volume of USD 1.06 billion in
2019, with China being the top exporter supplying over 57.8% of the world demand [13].
Three varieties of ginger are consumed as food and herbs: white (var. Roscoe), small white
(var. Amarum) and red (var. Rubra), with Z. officinale Roscoe being the most common
variety [14].

Ginger possesses several health-promoting properties and has been traditionally used
in East Asia to ease fatigue and weaknesses. Contemporarily, ginger is considered a
functional food that can confer health benefits beyond its nutritional values for preventing,
managing, or treating disease [15–18]. As a rich source of natural polyphenols, ginger
may potentially complement oral iron therapy in treating IDA and be a supportive dietary
strategy for preventing IDA. Hence, there has been heightened commercial interest in using
ginger, especially in China, as an ingredient for functional foods or ethnomedicine for IDA,
as evidenced by the growing number of patents filled with the World Intellectual Property
Organization in recent years (see Table A1 in Appendix A). However, there is a lack of
research literature critically reviewing such potentials.

The objective of this narrative review is to inform translational research on the benefits
of ginger and its bioactive polyphenols in the context of IDA and other clinical entities
associated with altered iron metabolism based on available research. The ensuing sections
first examine ginger’s application as a functional food, followed by the pathophysiology
of IDA and its treatment. These overviews provide context to support the subsequent
review of the various beneficial properties of ginger and its polyphenols applicable to IDA
based on pre-clinical and clinical evidence. To the authors’ knowledge, this is the first
attempt to comprehensively investigate the scope and depth of current literature on this
underexplored topic.
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2. Ginger as a Functional Food

2.1. Nutritional Composition and Traditional Use

Nutritional analysis has shown that ginger consists mainly of moisture, carbohydrate,
protein, fibre, fat, and ash. It is rich in polyphenols and contains micronutrients including
ascorbic acid, β-carotene, calcium, iron, and copper. However, it is worth noting that
the nutritional composition of ginger can vary greatly depending on the varieties, origin,
time of harvest, drying method, and storage condition. Table 1 shows the approximate
nutritional composition of dried ginger powder reported in the literature [19,20]. Ginger is,
however, valued beyond its nutritional benefits. It is believed that the Indian and Chinese
populations have used ginger as a tonic for over 5000 years [21]. In Shen Nong Ben Cao
Jing, the oldest surviving Chinese materia medica circa 100BC, ginger was classified as
a middle category of herb with little or no toxicity and was mainly used in combination
prescription to treat deficiency to prevent illness or resist worsening disease [22]. Inciden-
tally, ginger is also used in traditional Ayurvedic medicine to treat many diseases such as
diabetes, flatulence, intestinal colic, indigestion, infertility, inflammation, insomnia, nausea,
rheumatism, stomach ache, and urinary tract infections [23].

Table 1. Nutritional composition of dried ginger powder as reported by Ajayi et al. [19] and
Sangwan et al. [20].

Nutrient Amount Unit

Carbohydrate 39.70–58.21 %
Protein 11.65–12.05 %

Crude fibre 8.30–21.90 %
Fat 9.89–17.11 %

Moisture 3.95–4.63 %
Ash 4.95–7.45 %

β-carotene 0.68–0.81 mg/100g
Ascorbic acid 2.2–3.8 mg/100g
Polyphenols 11.8–12.5 mg/100g

Calcium 64.4–69.2 mg/100g
Iron 1.5–1.8 mg/100g

Copper 0.46–0.75 mg/100g

2.2. Phytochemistry and Health Benefits

With increasing interest in the therapeutic applications of natural products, ginger
has received much attention in recent years, with numerous studies and reviews exploring
its phytochemistry, pharmacological, and health-benefiting properties [14,21–26]. Overall,
ginger is rich in phytochemicals, with over 300 identified constituents divided into three
main categories: gingerols, volatile oils, and diarylheptanoids, as reported by Liu et al. [27].
The most notable are the phenolic compounds in gingerols, shogaols, and paradols, includ-
ing 6-gingerol, 6-shogaol, 8-gingerol, 8-paradol, 10-gingerol, and many more [28]. These
compounds are responsible for the unique pungent smell and taste of ginger. Other gingerol-
related compounds include zingerone, gingerenone A, and 1-dehydro-10-gingerdione [29].
In addition, the volatile oils of ginger also contain terpene compounds such as β-bisabolene,
α-curcumene, zingiberene, α-farnesene, and β-sesquiphellandrene [30]. The ginger’s di-
arylheptanoid contents can be divided into linear diphenyl heptane and cyclic diphenyl
heptane compounds with antioxidant activity [27].

Ginger is also known to contain many secondary metabolites of flavonoids and other
phenolic components such as quercetin, rutin, catechin, epicatechin, kaempferol, naringenin,
fisetin, morin, hesperidin, salicylic acid, and chlorogenic acid [31–33]. The concentrations
of these secondary metabolites in ginger may vary significantly across samples as their con-
tents are influenced by the environmental conditions (including light intensity, temperature,
insects, etc.) where ginger is grown and methods of drying and storage. Higher pheno-
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lic and flavonoid content in ginger is known to increase its antioxidant activities [34,35].
Figure 1 provides an overview of ginger and its constituents.

Figure 1. An overview of ginger and its main groups of active constituents of gingerols, volatile oils,
diarylheptanoids, and flavanoids with some sample structural formulas. In the formulas of gingerols,

n denotes the number of repeating units of CH2. R1, R2, and R3 in the selected diarylheptanoid
structures are sites for functional groups or substituents (e.g., H, CH3, OCH3, or COCH3).

Among these constituents, 6-gingerol is the most pharmacologically active com-
pound [26], whereas 6-shogaol has a higher potency than 6-gingerol in terms of bioactivities
but exists in a lesser quantity naturally [36]. By studying ginger’s typical metabolic path-
ways in a mouse model, the in vivo effects were found to derive mainly from 6-gingerol
and 6-shogaol, with hydrogenation, demethylation, glucuronidation, sulfation, and thiola-
tion being their major metabolic reactions [16]. Shogaols are metabolised through more
complicated pathways than gingerols, and these two compounds have different molecular
targets even though both are reported to have potent antioxidant and anti-inflammatory
actions [37].

The pharmacological effects of ginger and its active compounds have been recently
reviewed by many authors, including Unuofin et al. [23], Mao et al. [28], and Choi et al. [38].
Notable effects include anti-diabetic [39–41], anti-emetic [42–44], anti-nauseant [45,46], anti-
obesity [47–51], anti-inflammatory [52–55], antioxidant [56–60], nephroprotective [61–63],
neuroprotective [64–66], gastroprotective [67,68], and anti-melanogenesis [69,70] effects.
Moreover, ginger may also be protective against male infertility [71]. The anti-inflammatory
and antioxidant activities of ginger extract, and 6-gingerol in particular, have also been
shown to have antiproliferative and anticancer properties in another review by
de Lima et al. [26]. For clinical application, a systematic review of 109 randomised con-
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trolled trials (RCTs) by Anh et al. [25] found evidence to support the use of ginger for
improvement in nausea and vomiting in pregnancy, inflammation, metabolic syndromes,
digestive function, and colorectal cancer markers.

2.3. The Growing Popularity of Ginger

Ginger is widely used for food processing in many forms, including as fresh ginger and
dried ginger, as an oleoresin, as an essential oil, as an extract, or as a powder. The addition
of ginger to food gives a spicy taste and serves as a natural antioxidant for shelf-life
extension [72,73]. Furthermore, with many health-promoting properties supported by
research evidence, it is not surprising that ginger is also a choice ingredient in various kinds
of functional foods, such as candy, biscuits, herbal tea, and beverages, etc. Most notably,
ginger candy is used to reduce the vomiting frequency among pregnant women in the
first trimester [74]. Ginger tea, a spicy caffeine-free alternative to black tea or coffee, has
also emerged as one of the most popular beverages in the world [75]. Ginger supplements
also ranked 6th in the American top-selling herbal chart of the mainstream retail channels
in 2020, with over USD 64 million in sales, a 39.3% growth compared to sales volume in
2019 [76]. Undeniably, the popularity of ginger as a functional food will continue to spread
with the growing consumer awareness of its health benefits.

2.4. Safety

Safety data from an animal study showed that consuming up to 1 g/kg body weight
per day of a standardised ethanol extract of ginger had no significant effects on blood
glucose, blood coagulation, blood pressure, and heart rate in rats compared to controls [77].
Long-term (35 days) force-feeding of rats with ginger powder up to 2 g/kg body weight was
also not associated with any mortality or abnormalities in general conditions, behaviour,
growth, and food and water consumption, as shown by Rong et al. [78]. Acute and subacute
toxicity studies in rats with an enriched ginger extract (8% gingerols) reported no mortality
or clinical signs of toxicity at a dose level of 2000 mg/kg (LD50 > 2000 mg/kg). The repeated
administration of ginger extract for 28 days in rats at 1000 mg/kg also did not induce any
observable toxic effects, with the no observed adverse effect level (NOAEL) calculated as
1000 mg/kg daily [79].

An oral toxicity study of ginger essential oil (31% zingiberene) in Wistar rats found
no adverse effect after 13 weeks of subchronic oral administration. The NOAEL for gin-
ger essential oil was determined to be over 500 mg/kg per day [80]. In another study,
Idang et al. [81] performed toxicological assessments of both ginger essential oil and gin-
ger fixed oil in Wistar rats for 60 days and found signs of increased oxidative stress and
some forms of pathologies in the livers and spleens of the experimental animals fed up
to 0.2 mL/kg of ginger fixed oil. Hence, the authors cautioned against the long-term use
of fixed oils derived from ginger. Additional study to validate and confirm the toxicity of
ginger fixed oil is required.

In pregnant rats, Weidner and Sigwart [82] also showed that feeding with 1 g/kg
body weight of a standardised ginger extract did not cause any maternal or developmental
toxicity. In contrast, Wilkinson [83] reported that pregnant Sprague-Dawley rats’ exposure
to ginger tea increased early embryo loss but enhanced growth in surviving foetuses.
Notwithstanding, a systematic review of 14 RCTs and 3 prospective clinical studies over
more than 25 years found that ginger use during pregnancy does not pose a risk for
the mother and the foetus [84]. Therefore, ginger consumption has no safety concern
during pregnancy.

2.5. Adverse Events

In humans, a daily intake of ginger up to four grams is generally considered safe [85].
However, consumption at doses higher than six grams may increase the risk of gastroin-
testinal disturbances such as gastrointestinal reflux, heartburn, and diarrhoea [86]. In a
systematic review of RCTs by Anh [25], 17 of 43 high-quality included trials provided
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adverse event information. Heartburn was the most common adverse event reported
in 16 studies. Other gastrointestinal disturbances reported with ginger treatment were
abdominal pain, bloating, gas, and epigastric distress. None of the events were considered
severe [25].

Rare cases of allergic rhinoconjunctivitis were described in the literature concerning
occupational exposure to ginger. For instance, Schmidt et al. [87] reported that a 60-year-old
woman developed allergic rhinoconjunctivitis with red eyes, sneezing, nasal congestion and
a runny nose due to exposure to dust particles containing ginger in her workplace. Similar
incidences were reported in other occupational settings as well, with positive skin-prick
tests against ginger confirming the reactions to be an immunoglobulin E antibody-mediated
allergy [88,89]. The cysteine proteinase GP-I in ginger is thought to be the relevant allergen
in these cases [90]. Moreover, occupational allergic contact dermatitis caused by ginger
and other spices has also been reported [91]. Hence, ginger could contribute to allergic
reactions, especially in patients with known hypersensitivity to spices.

Other potential side effects of ginger, when taken in large doses, may include prolonged
pre-existing bleeding, central nervous system depression, and arrhythmia [86]. Therefore,
properly dosing concentrated forms of ginger extract and derivatives are essential.

2.6. Drug Interactions

Ginger may also potentially interfere with the bioavailability of many oral pharma-
ceutical substances, either by increasing their absorption from the gastrointestinal tract or
preventing their metabolism in the liver after absorption [92,93].

The most notable is the potential interaction between ginger and anticoagulant therapy
as ginger is known to possess anti-platelet aggregation properties. Some case reports have
suggested that ginger may interact with warfarin and increase the risk of prolonged
bleeding [94–97]. Additionally, a prospective longitudinal study reported that ginger was
associated with an increased risk of self-reported bleeding among patients taking warfarin,
even though no significant risk of increasing blood clotting time was found [98]. However,
a study investigating the effect of ginger on the pharmacokinetics and pharmacodynamics
of warfarin in healthy volunteers co-administered with 0.4 g of ginger extract did not find
evidence of interactions [99]. Furthermore, the effect of ginger on platelet aggregation
and coagulation remains equivocal, according to a systematic review by Marx et al. [100]
that included eight clinical trials and two observational studies. Hence, the European
medicines agency did not find the case reports on the potential interactions between ginger
and warfarin to be convincing [101].

Studies have shown that ginger may potentially interact with drugs such as crizo-
tinib (an anti-cancer drug) [102], cyclosporine (an immunosuppressant) [103], metronida-
zole (an antibiotic) [104], and ketoconazole (an antifungal) [105]. With the increased use
of ginger and its derivatives as nutraceuticals, more research is needed to identify and
confirm potential ginger-drug interactions to reduce and avoid side effects induced by
unfavourable interactions.

3. Pathophysiology of IDA and Its Treatment

3.1. Iron Homeostasis

The pathophysiology of IDA is closely related to the iron balance in the body. Iron is
a vital trace mineral that plays a crucial role in many body functions, including oxygen
transport, immune regulation, and enzyme catalyse reactions [106]. An overview of the
iron cycle is depicted in Figure 2.

The total iron content in the body for a 70 kg adult male is about 3500 mg to 4000 mg,
corresponding to a per kg bodyweight content of approximately 50 mg to 60 mg [106].
Around 65% of iron is contained within the Hb of RBCs to carry oxygen around the
body [107]. RBCs have a typical life span of about 120 days. Old and worn RBCs are
phagocytosed by the reticuloendothelial system, particularly the macrophages, in the spleen,
liver, and bone marrow to release iron. In ferrous ion (Fe2+) form, about 3 mg of free iron is
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carried in the bloodstream by transferrin to the bone marrow to be recycled into making new
RBCs. Approximately 300 mg of iron is kept in bone marrow for erythropoiesis [108,109].
Excess iron of up to 1000 mg is stored in the liver hepatocytes in complex hemosiderin.
As ferritin, about 300 mg of iron is also contained in cells and tissues of organs and muscles.
Together, transferrin, ferritin, and hemosiderin store approximately 20 to 30% of the iron in
the body as spare [108,109].

The body loses about 1 to 2 mg of iron each day through blood loss or peeling of
epithelial cells. Such loss is unregulated as humans and mammals have no iron excretion
mechanism and must be replenished via controlled uptake from diet to maintain iron
balance [109]. Diet is the only source of iron supply for the body after birth, excluding
exogenous therapeutic means. There are two types of dietary iron, animal-derived haem
iron and non-haem iron, the dominant form of iron in plants and abundant in both animal-
based and plant-based foods [110]. The organic haem iron, which accounts for about 10%
of the dietary iron, is more readily absorbable by the body [108], but its uptake mecha-
nisms remain unclear, with receptor-mediated endocytosis and direct haem transporters of
intestinal enterocytes being the two most prevailing hypotheses [108,110–112].

Figure 2. An overview of the iron cycle in humans depicting iron absorption, transportation, func-
tioning, recycling, storage, and regulation.

The inorganic non-haem iron, which makes up 90% of the total iron in food, is absorbed
in the duodenum and upper jejunum section of the small intestines through a complex
process [108]. Non-haem iron can be in Fe2+or ferric (Fe3+) forms. First, Fe3+ must be
reduced to Fe2+ ion by duodenal cytochrome B (DcytB), a trans-plasma membrane ferric
reductase enzyme. Fe2+ can then traverse into the cytoplasm of the duodenal enterocytes by
the divalent metal transporter 1 (DMT-1), the hydrogen-driven metal transporter residing
at the apical membrane. An acidic micro-environment and the presence of ascorbate can
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facilitate the reduction of Fe3+ to Fe2+ and iron uptake across the apical membrane [106].
Iron in the enterocytes can be sequestered within the iron-buffering protein ferritin for
later use. When iron is required by the body, it can be exported across the enterocyte
basolateral membrane via ferroportin (FPN), an iron-regulated transporter protein. Iron
stored as ferritin will be lost if not released by FPN as the enterocyte is sloughed after
several days [110].

The body maintains its iron content in a tight balance; even though iron is physiologi-
cally essential, too much iron is toxic and detrimental to health. Systemic iron homeostasis
is controlled through hepcidin, a liver peptide serving as the principal regulator [112].
Hepcidin induces FPN degradation to prevent export from iron-absorptive enterocytes and
iron-recycling macrophages. High iron loading and inflammation will transactivate the
hepcidin antimicrobial peptide (HAMP) gene in hepatocytes to encode hepcidin to reduce
iron entry into circulation. In contrast, low iron status and increased erythropoietic demand
will inhibit hepcidin transcription and promote iron export via FPN [109,112].

3.2. IDA and Its Aetiology

Iron deficiency anaemia can result from insufficient intake from the diet, decreased
absorption, or blood loss [113]. Age, sex, lifestyle, and socioeconomic status may influence
the adequacy of dietary iron intake. For example, growth spurts in children and adolescents
or pregnancy may increase iron demand and cause iron deficiency without increased
consumption of iron-rich foods. Poverty and poor diet can lead to malnutrition with low
iron intake [114]. Decreased absorption can be due to dietary factors (e.g., high phytate diet
or improper vegetarian or vegan diet), surgery, or gastrointestinal conditions (e.g., coeliac
disease, inflammatory bowel disease, or gastritis) [113]. Blood loss due to heavy menstrual
bleeding commonly leads to IDA in premenopausal women. Other sources of blood loss,
such as injury, surgery, or occult gastrointestinal tract bleeding, also deplete the available
RBCs and cause IDA [115].

There is also a reciprocal relationship between iron deficiency and inflammation,
as shown in a 3-year prospective longitudinal study of 2141 relatively healthy older adults
aged 70+ [116]. Posthoc analysis of the high sensitivity C-reactive proteins (CRP) and
interleukin (IL)-6 levels, measured at 12, 24, and 36 months of follow-up, found baseline iron
deficiency was associated with a more significant increase in IL-6 levels (mean difference in
change: 0.52 ng/L, 95% CI: 0.03–1.00, p = 0.04) over 3 years. Additionally, iron deficiency
at any yearly time point was associated with higher increases in CRP (mean difference in
change: 1.62 mg/L, 95% CI: 0.98–2.26, p < 0.001) and IL-6 levels (mean difference in change:
1.33 ng/L, 95% CI: 0.87–1.79, p < 0.001) over 3 years. The results were independent of
anaemia status as there was no interaction between iron deficiency and anaemia. As such,
the findings suggest that iron deficiency may be involved in low-grade inflammation even
in relatively healthy older adults [116].

Consequently, chronic inflammatory conditions such as cancer, chronic infections,
immune-mediated diseases, and obesity can also reduce RBCs. An estimated 40% of all
anaemia cases worldwide are due to chronic disease or inflammation as a contributing
cause [117]. Anaemia of inflammation (AI) or anaemia of chronic disease is the second
most common type of anaemia after iron deficiency. Unlike absolute IDA, whereby the
body’s iron store is depleted, the iron store of a patient with AI can remain normal. Hence,
AI is also sometimes referred to as functional iron deficiency, which is characterised by
the body’s inability to mobilise the available iron for erythropoiesis [118]. However, IDA
and AI may co-exist in some patients, with anaemia due to inflammatory bowel disease
being one example. As such, the diagnosis and management of IDA require a systematic
evaluation of the case history and haematological profile, plus an investigation of the
potential underlying causes of blood loss [115,119].
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3.3. Treatment of IDA

Repleting iron stores is the primary strategy in IDA treatment, with prompt treatment
needed to alleviate fatigue, improve quality of life, and reduce cognitive impairment [114].
Research evidence has shown that iron supplements are more effective than dietary iron for
restoring iron status and Hb recovery [120,121]. A meta-regression analysis with data from
41 RCTs by Casgrain et al. [120] showed that iron supplementation affected serum ferritin
(SF) concentration linearly related to duration (+0.51 μg/L per week, 95% CI: 0.02–1.00,
p = 0.04) and dose (+0.10 μg/L per g Fe, 95% CI: 0.01–0.20, p = 0.036). Hb concentration is
also expected to increase significantly by 0.8 g/L for every 10 μg/L increase in baseline
SF level with iron supplementation (p = 0.02). It should be noted that these effects were
observed in the healthy adult population as per the inclusion criteria of Casgrain et al. [120].
Another systematic review and meta-analysis by Houston et al. [122] further demonstrated
that iron supplementation is more effective than placebo in reducing self-reported fatigue
(standardised mean difference: −0.38, 95% CI: −0.52 to −0.23) among iron-deficient adults
with no anaemia. Hence, for patients with iron deficiency or straightforward and uncompli-
cated IDA, oral iron supplement (ferrous sulphate, ferrous gluconate, or ferrous fumarate)
is considered the standard care [123]. However, for IDA with complications such as in-
tolerance, intestinal malabsorption, and ongoing blood losses that exceed iron absorption
capacity, intravenous iron therapy may be needed to rapidly restore iron supply [124].

3.4. Adverse Effects of Oral Iron Therapy

While oral iron therapy as the first-line treatment for IDA is indisputable, consid-
erable side effects are reported. A systematic review and meta-analysis of 43 RCTs
by Tolkien et al. [9] confirmed that ferrous sulphate was 2.32 times (95% CI: 1.74–3.08,
p < 0.0001) and 3.05 times (95% CI: 2.07–4.48, p < 0.0001) more likely to cause gas-
trointestinal side effects than placebo and intravenous iron therapy, respectively. Notably,
meta-regression from this study did not find a significant relationship between the odds
ratios of gastrointestinal side effects and dose. The common gastrointestinal side effects
reported in the RCTs are constipation, nausea, diarrhoea, abdominal pain, vomiting, heart-
burn, dark stools, and flatulence [9].

There are also other negative impacts of oral iron therapy on the gastrointestinal tract
besides symptoms of discomfort. Free iron, Fe2, is a divalent metal cation that can react
with hydrogen peroxide in cells to produce hydroxyl radicals, which induce oxidative
stress responses in cells. These radicals are cytotoxic to endothelial and smooth muscle
cells and have deleterious impacts on health [110,125,126]. Hence, excess iron from oral
iron supplements can lead to lipid peroxidation, which causes ferroptosis, mitochondrial
damage, and endoplasmic reticulum dysfunction, leading to the destruction of the intestinal
epithelial cells, affecting the intestinal mechanical barrier’s integrity [126]. Such are the
possible underlying mechanisms of frequent gastrointestinal side effects of oral iron therapy.
Moreover, anaemic patients taking oral iron supplements also demonstrated increased
systemic oxidative stress as measured by lipid peroxide, protein carbonyl, conjugated
dienes, lipid hydroperoxide and oxidised glutathione levels accompanied by a reduced
total antioxidant level [127]. Hence, it is advisable to increase dietary antioxidant intake
while taking oral iron supplements.

Excessive unabsorbed iron may cause gut dysbiosis, as it can modify gut microbiota
composition, promoting the growth of pathogenic bacteria at the expense of the healthy
ones [128–130]. Specifically, increased luminal iron concentration appeared to favour the
growth of Escherichia coli, Salmonella, and Bacteroides species of pathogenic bacteria while
lowering the abundance of probiotics such as Lactobacillus and Bifidobacterium species [128].
The disruption of gut microbiota equilibrium can also lead to inflammation and chronic
conditions such as inflammatory bowel disease and metabolic dysfunction [128,131],
which, in turn, can also hamper iron absorption and reduce the effectiveness of iron
supplementation [132,133].
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Overuse of iron supplements also carries considerable risks. Intake of iron above
60 mg/kg body weight can result in severe toxicity leading to gastrointestinal tract injury
and impaired cellular metabolism in the heart, liver, and central nervous system, which
can be fatal without immediate medical attention [134,135]. Moreover, prolonged ingestion
of iron supplements for years has been reported to cause iron overload, where the body
stores too much iron, a condition that can cause severe organ damage [136].

4. Ginger and IDA

The following sections will explore available evidence from in vivo, ex vivo, in vitro,
and human clinical studies to elucidate the potential benefits of ginger for IDA and its
associated clinical manifestations of altered iron metabolism. A summary of the research
findings is presented in Table 2.

Table 2. A summary of the research findings on ginger’s beneficial properties in its applications for
iron deficiency anaemia and associated clinical manifestations of altered iron metabolism.

Beneficial Property Study Type Research Findings Reference

Iron absorption
enhancement

Ex vivo Ginger was the most potent spice for enhancing iron absorption
by increasing uptake by 28.5 ± 2.09% in the jejunum of rats
compared to control.

[137]

In vitro Adding ginger to food enhanced the bioaccessibility of dietary
iron by 2- to 3-fold depending on the formulations.

[138]

Human study Ginger plus oral iron therapy improved haematological and
iron parameters of anaemic patients better than oral iron
therapy alone.

[139,140]

Antioxidant
activity

In vivo Adding ginger to the diet significantly increased the activities
of antioxidant enzymes (p < 0.05) at the intestinal and gastric
mucosa of rats, demonstrating enhanced protective effects
against oxidative stress.

[141]

In vitro The polyphenols and diarylheptanoid derivatives of ginger
contributed to both radical scavenging and inhibitory effects
of autoxidation.

[142]

In vitro Both red and white ginger variants possessed antioxidant
capacities against free iron radicals in rat brains, but red ginger
was superior at inhibiting Fe2-induced lipid peroxidation and
chelating Fe2.

[143]

In vitro Water-based extract of ginger showed relatively low
antioxidant activities compared to other spices due to reduced
phenolic contents produced from hydro-distillation extraction.

[144]

Anti-inflammatory action Review The bioactive compounds in ginger possessed broad
anti-inflammatory properties that can block the activation of
NF-κβ by suppressing pro-inflammatory cytokines of IL-1,
TNF-α and IL-6, thus preventing hepcidin production.

[145]

Human study Ginger plus oral iron therapy significantly reduced the
inflammatory marker TNF-α (p < 0.05) in anaemic patients
better than oral iron therapy alone.

[139,140]

Gut microbiota
modulation

In vitro Undigested ginger polyphenols significantly increased the
abundances of Bifidobacterium (p < 0.05) and Enterococcus
(p < 0.01) after faecal inoculated fermentation, accompanied by
elevated levels of SCFA and decreased pH value.

[146]

In vivo Ginger supplementation could mitigate the detrimental impact
of a high-fat diet in mice by promoting the abundance of
Bifidobacterium genus and SCFA-producing bacteria
(Alloprevotella and Allobaculum).

[147]
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Table 2. Cont.

Beneficial Property Study Type Research Findings Reference

In vivo Ginger treatment significantly reduced antibiotic-associated
diarrhoea symptoms (p < 0.05) in rats with an associated
increase in microbiota diversity and improved intestinal
barrier integrity.

[148]

Human study Ginger juice consumption in healthy adults decreased the
Prevotella-to-Bacteroides ratio and pro-inflammatory
Ruminococcus_1 and Ruminococcus_2 genus while increasing the
Firmicutes-to-Bacteroidetes ratio, Proteobacteria and
anti-inflammatory Faecalibacterium.

[149]

Erythropoiesis stimulation In vivo Ginger, with its bioactive compounds of 8-gingerol, 10-gingerol,
8-shogaol, and 10-shogaol, promoted the expression of Gata1 in
erythroid cells of zebrafish embryos through the Bmp
signalling pathway.

[150]

In vivo Ginger induced scl/runx1 expression through Bmp and Notch
signalling pathways which up-regulated nitric oxide
production for regeneration of haematopoietic
stem/progenitor cells.

[151]

Iron overload prevention In vivo The bioactive lipids in ginger repressed some iron-related
parameters, including reductions in 20% of 59Fe absorption,
65% of pancreatic non-haem iron, and 40% to 50% of serum
ferritin levels, compared to controls.

[152]

In vivo Ginger extract demonstrated strong protective effects against
iron toxicity through its free radical scavenging activities in
iron-overloaded rats.

[153]

Case series Ginger extract rich in 6-shogaol prevented iron overload in
three patients with myelodysplastic syndrome. These patients
had elevated serum ferritin (>300 g/μL) at baseline but
achieved >40% reductions after three months through
upregulation of hepcidin.

[154]

Ginger-synthesised iron
nanoparticles

In vitro Ginger was used to bio-reduce the metallic ions to nanoparticles
(Fe3+ ions to FeNPs). Transmission electron microscopy showed
that the FeNPs in ginger were in the range of 14.08–21.57 nm
with almost spherical forms and demonstrated considerable
radical scavenging properties and antimicrobial activities
against Gram-positive and Gram-negative bacteria and fungi.

[155]

In vitro Ginger can be a suitable green material for synthesising iron
nanoparticles with high antioxidant and
antibacterial properties.

[156,157]

Abbreviations: bone morphogenetic protein (Bmp); GATA-binding factor 1 (Gata1); interleukin (IL); short-chain
fatty acids (SCFA); tumour necrosis factor alpha (TNF-α).

4.1. Iron Absorption Enhancement

Prakash and Srinivasan [137] demonstrated in an animal study that various spices (ginger,
capsaicin, and piperine) can improve the bioavailability of dietary iron. Groups of Wistar rats
were fed diets containing different spices for eight weeks before being sacrificed. Everted
segments of duodenum, jejunum, and ileum of small intestines isolated from these rats were
examined for ex vivo iron uptake through incubation with a medium containing finger millet
powder fortified with iron. Compared to the control group that was not fed with any spices,
all spice-fed groups showed significantly higher iron uptake percentages (p < 0.05) in all
sections of the small intestine. Ginger was the most potent among the three spices to increase
iron uptake across all sections. The highest was 28.5 ± 2.09% uptake at the jejunum for ginger
compared to 26.3 ± 1.30% for piperine, 22.6 ± 1.40% for capsaicin, and only 18.3 ± 0.39%
for the control group. The suggested mechanism could be that the pungent spices altered
mucosal permeation characteristics by increasing the absorptive surface [137].

Ginger can also be used as a food additive to enhance the bioavailability of non-haem
iron. A study by Jaiswal et al. [138] compared the effects of iron bioaccessibility by adding

371



Molecules 2022, 27, 6417

various spices (ajwain, cumin, cinnamon, fennel, black pepper, and ginger) at 1 or 2%
weight to wheat flour and different Indian bread formulations. The bioaccessibility of
iron was measured through an in vitro dialysis method. Adding spices at 2% significantly
enhanced iron bioaccessibility (p < 0.0001). Ginger, in particular, was shown to increase iron
bioaccessibility in all food formulations by 2- to 3-folds. The authors attributed effects to
the ascorbic acid and amino acids within ginger that favour iron absorption [138]. However,
with its low vitamin C content (Table 1), iron bioaccessibility is likely to be assisted by other
bioactive compounds in ginger.

The effects of ginger in enhancing iron availability have been confirmed in a human
intervention study. Kulkarni et al. [139,140] conducted a human clinical study to demon-
strate the potential use of ginger supplements in the treatment of IDA along with oral iron
therapy. The study recruited 62 patients with anaemia following the WHO Hb cut-off levels,
consisting of 12 males and 50 females, from a hospital in India. Their conditions were likely
due to nutritional deficiency since those with chronic conditions, pregnancy, and blood
donors were excluded. Participants were divided into two groups. The intervention group
(n = 30) took 1.5 g of ginger powder with oral iron therapy, whereas the control group
(n = 32) received only oral iron therapy as routine care. Fasting blood samples were col-
lected at baseline and after 30 days. Pre- and post-treatment comparisons of haematological
and iron parameters found significant increases (p < 0.05) in all parameters in both groups.
However, the intervention group achieved a more remarkable improvement in percent-
age difference than the control group in Hb (+8.23% vs. +2.3%), iron status (+19.63% vs.
+5.54%), total iron-binding capacity (−7.23% vs. −4.47%), and SF (+45.11% vs. +34.11%).
However, the authors did not report whether there were significant differences in the mean
differences between groups. Notwithstanding, based on the published sample size, means,
and standard deviations, the p-values could be easily estimated. The mean difference
between groups for serum iron levels was significantly different post-treatment (p < 0.007).
Hence, the study demonstrated that ginger could assist in iron absorption and improve the
efficacy of oral iron therapy for IDA.

The study by Kulkarni et al. [139,140] had several drawbacks. The first is its short
duration of trial with only 30 days. Although patients with uncomplicated anaemia are
expected to show improvement after 4 weeks of oral iron treatment, replenishment of iron
store will take longer to achieve [123,124]. Secondly, the study did not track the adverse
events experienced by the participants. Thus, there was no data on ginger’s effects on any
side effects of oral iron therapy. Thirdly, there could be selection bias in the study design as
it is unclear how the group assignment was carried out. Hence, the results from this study
need further validation with more well-designed clinical trials.

4.2. Antioxidant Activity

Another study by Prakash and Srinivasan [141] showed that ginger can significantly
enhance the activities of antioxidant enzymes (p < 0.05), including superoxide dismutase
(SOD), catalase (CAT), glutathione reductase (GR), and glutathione-S-transferase (GST),
in both gastric and intestinal mucosa in vivo. For eight weeks, eight male Wistar rats
were fed ad libitum with a basal diet enriched with 0.05% ginger powder. Compared
to the control group provided with the basal diet only, the ginger group showed 48%,
11%, 67%, and 50% stimulation in the activities of CAT, SOD, GST, and GR, respectively,
in the intestinal mucosa. In rats subjected to ethanol-induced oxidative stress, ginger
treatment demonstrated higher SOD, GST, and GR activities in the gastric mucosa by
35%, 39%, and 30%, respectively, compared to controls. Moreover, the ginger-fed group
also had 56% higher mucin content of gastric mucosa than the ethanol-treated controls.
In short, this study illustrated the gastrointestinal protective effects of dietary ginger against
oxidative stress.

The gingerol-related polyphenols and diarylheptanoids derived from the rhizomes of
ginger possess remarkable free radical scavenging activities [142]. However, the antioxidant
potency may vary across ginger varieties. In an in vitro experiment, Oboh et al. [143] studied
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the antioxidant effects of two types of gingers (red and white) against free iron radicals in
rat brains. Although both variants possessed antioxidant capacities against Fe2, the study
found red ginger (Z. officinale var. Rubra) superior to white ginger (Z. officinale Roscoe) at
inhibiting Fe2-induced lipid peroxidation and chelating Fe2, likely due to its higher ascorbic
acid, phenol, and flavonoid contents.

Hinneburg et al. [144] demonstrated in another study that the contents of total phenols
in various spices had significant positive correlations with their antioxidant properties
in terms of iron reduction (r2 = 0.8871, p < 0.001) and inhibition of lipid peroxidation
(r2 = 0.7327, p < 0.01). Specifically, the hydro-distilled ginger extract showed relatively
low Fe3 to Fe2 reducing activity and Fe2 chelating capacity compared to basil, parsley,
juniper, cumin, and fennel extracts. The reduced antioxidant activities were attributed to
the low total phenols/extractable compounds ratio of only 7.8% for ginger versus 59.7% for
basil. The water-based extraction method used in Hinneburg et al. [144] could not preserve
the antioxidant activity of essential oils from ginger. Hence, the variety, extraction and
processing methods can greatly affect the antioxidant properties of ginger.

4.3. Anti-Inflammatory Action

The anti-inflammatory action of ginger and its potential application in AI were aptly
reviewed by Kumar et al. [145]. Inflammation stimulates hepcidin production in response to
pro-inflammatory cytokines such as IL-1, tumour necrotic factor (TNF)-α and, in particular,
IL-6. As an acute phase protein, hepcidin’s role is to inhibit iron absorption and thus
minimise the free iron supply to invading pathogens. Hence, sustained elevation of
hepcidin will cause hypoferremia leading to anaemia. Additionally, an increase in IL-6
activates the nuclear factor kappa B (NF-κβ) pathway, resulting in the synthesis of CRP
from the hepatocytes. The rising CRP levels indicate systemic inflammation and can blunt
the erythropoiesis stimulation response in AI, especially in chronic kidney disease [145].
The bioactive compounds in ginger, such as 6-gingerol, 6-shogaol and 6-paradol, are known
to possess broad anti-inflammatory properties that can block the activation of NF-κβ by
suppressing pro-inflammatory cytokines [145,158].

The human intervention study on ginger and iron absorption reported by
Kulkarni et al. [139,140] mentioned earlier also measured malondialdehyde (MDA) as the
serum biomarker for oxidative stress and TNF-α as the inflammatory marker of the 62 par-
ticipants receiving either ginger and iron treatment or oral iron therapy only. Both groups
had an insignificant difference in mean MDA and TNF-α levels at baseline. After 30 days,
both oxidative stress (MDA: −18.62%, p < 0.001) and inflammatory markers (TNF-α:
−20.11%, p < 0.05) were significantly reduced in the oral iron plus ginger group. Con-
versely, in the control group taking only oral iron therapy, there was a significant decrease in
post-trial MDA levels (−9.67%, p < 0.05) and a non-significant increase in TNF-α (+3.86%,
p > 0.05) [140]. The estimated mean difference between groups was not significant in
changes in MDA but was significant in TNF-α (p < 0.05). It can be inferred from these
results that, compared to oral iron therapy alone, combining ginger with oral iron therapy
can better alleviate oxidative stress and reduce inflammation in patients with IDA while
correcting their anaemic condition.

4.4. Gut Microbiota Modulation

Both iron deficiency and excess iron can lead to dysbiosis, characterised by an im-
balance in the gut microbial community, and are associated with diseases [128]. Recent
research has found ginger to exact prebiotic effects that improve gut microbiota composi-
tion. In a study that stimulated digestion and fermentation in vitro, 85% of the polyphenols
in a dry ginger powder were still detectable in the digestive fluids after simulated di-
gestion [146]. These polyphenol constituents include 6-, 8-, 10-gingerols and 6-shogaol.
The undigested ginger extract significantly modulated faecal microbiota structure following
mixed-culture fermentation with faecal inoculation compared with the control group. Af-
ter 12 h of fermentation, the abundances of the beneficial bacterial groups of Bifidobacterium
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(p < 0.05) and Enterococcus (p < 0.01) were significantly higher in the ginger group than in
the control group. The study also found elevated levels of short-chain fatty acids (SCFA)
accompanied by decreased pH value after fermentation with ginger extract compared
to control. The results demonstrated that ginger and its polyphenol compounds could
improve human health through gut microbiota modulation [146].

Ginger’s effects on gut microbiota modulation were also confirmed in a mice model
in an in vivo study [147]. Five-week-old C57BL/6J male mice were fed a high-fat diet
with or without ginger supplementation for 16 weeks. With ginger treatment, mice on
a high-fat diet showed lower body weight and amelioration of liver steatosis, low-grade
inflammation, and insulin resistance compared to controls. Analysis of the gut microbiome
showed an increase in Bifidobacterium genus and SCFA-producing bacteria (Alloprevotella
and Allobaculum) and increases in faecal SCFA concentrations. As a high-fat diet promotes
oxidative stress and chronic low-grade inflammation associated with metabolic dysfunction,
this study demonstrated that ginger supplementation could mitigate the detrimental impact
of a high-fat diet on gut microbiota composition to promote health.

Another in vivo study also found ginger to have therapeutic effects in relieving diar-
rhoea after antibiotic use through gut microbiota recovery [148]. The study used 5-week-old
Sprague-Dawley rats treated with antibiotics by gavage for seven days before administer-
ing ginger extract for another seven days. The study found ginger treatment significantly
reduced diarrhoea symptoms (p < 0.05) compared to the control group that did not re-
ceive ginger treatment. Furthermore, the ginger treatment also considerably increased
microbiota diversity in the gut, showing accelerated recovery. Specifically, the abundance
of Proteobacteria phyla was increased by antibiotics treatment but restored significantly
after ginger administration (p < 0.0001). In contrast, antibiotic treatment depressed the
abundance of Bacteroidetes phyla and saw significant improvement with ginger treatment
(p < 0.001). The study found Escherichia Shigella decreased at the genus levels, whereas
Bacteroides increased the most in relative abundance. Histopathological observation of
the colon also revealed evidence of intestinal barrier integrity improvement with ginger
treatment associated with restoring tight junction protein Zonula occludens-1.

Changes in gut microbiota compositions in humans were also observed after con-
sumption of ginger in a recent RCT [149]. The study recruited 138 healthy adults. All
participants were advised to consume their usual diet but avoid ginger-rich products,
probiotics, and prebiotics for one week before starting the study. During the intervention
period, the participants were randomly assigned to take either fresh ginger juice (ginger
group, n = 68) or sterile 0.9% sodium chloride (control group, n = 66) daily for seven days.
Blood serum and faecal samples were collected at baseline and after seven days. A total
of 4 participants in the control group and 7 in the ginger group were lost to follow-up,
with only 123 participants completing the study. The study found increased counts of
intestinal bacterial species when comparing the taxonomic composition between the gin-
ger and control groups. The ginger juice intervention decreased the relative abundance
of the Prevotella-to-Bacteroides ratio and the pro-inflammatory Ruminococcus_1 and Ru-
minococcus_2 genus and increased the Firmicutes-to-Bacteroidetes ratio, Proteobacteria and
anti-inflammatory Faecalibacterium. Hence, the study concluded that consuming ginger
juice for a short period had substantial effects on the composition and function of gut
microbiota in healthy people.

There is currently no known pre-clinical and clinical study on the effect of ginger on
the gut microbiota in the case of anaemia or iron deficiency. Nevertheless, prebiotics, such
as inulin, are known to affect gut microbiota to improve iron absorption in IDA [130]. Thus,
it is logical to assume a similar positive impact of ginger on IDA through inferences. This is
an area of further research.

4.5. Erythropoiesis Stimulation

Erythropoiesis, the process of producing RBCs, is impeded in IDA due to insufficient
dietary iron intake, impairment in iron absorption as affected by inflammation, or an
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imbalance between surging iron requirements and iron available resulting from rapid
growth or heavy blood loss [159]. In fact, the use of ginger for haematopoiesis has an
ethnomedicinal origin. Dry ginger is used in traditional Chinese medicine as a warm herb
to promote blood flow, remove blood stasis, and alleviate weakness and fatigue. As such,
ginger is used in many blood tonic herbal formulas for treating blood circulation, anaemia,
and haemorheological conditions [160,161]. Ginger is also a tonic food recommended for
postpartum women during the one month confinement period immediately after delivery
for recovery from blood loss. Specifically, in Southern China, traditional postpartum dietary
practices include the ‘ginger vinegar soup’ made from sweet vinegar, ginger, egg, and pig’s
trotters [162]. This is an example of iron-rich food leveraging ginger as a functional
ingredient to improve iron bioavailability and promote erythropoiesis. Thus, the ability of
ginger to stimulate erythropoiesis can be an added benefit to the effectiveness of oral iron
therapy for IDA treatment.

In a study that utilised zebrafish embryos to investigate the effect of ginger extract
on haematopoiesis in vivo, Ferri-Lagneau et al. [150] found ginger, with its bioactive com-
pounds of 8-gingerol, 10-gingerol, 8-shogaol, and 10-shogaol, promoted the expression of
GATA-binding factor 1 (Gata1) in erythroid cells. Gata1 is an early marker and key regula-
tor of erythropoiesis. Moreover, increases in the expression of haematopoietic progenitor
markers cmyb and scl were also observed. The study also identified 10-gingerol as the most
potent stimulator in promoting the primitive wave of erythropoiesis in early developing
zebrafish embryos. The study further confirmed that the haematopoiesis effect of ginger
was mediated through the bone morphogenetic protein (Bmp) signalling pathway.

In a subsequent study, the same group of researchers further demonstrated that
ginger/10-gingerol can rescue the expression of haematopoietic stem/progenitor cells
(HSPC) in zebrafish embryos with genetic defects [151]. Ginger was found to induce
scl/runx1 expression through Bmp and Notch signalling pathways that led to arterio-
genesis and HSPC formation. Bmp and Notch are known to regulate nitric oxide (NO)
production, which plays an active role in the modulation of haematopoietic cell growth
and differentiation. The study also showed that ginger produced a robust up-regulation of
NO in the rescued mutant zebrafish embryos. Therefore, the combined effect of ginger on
Bmp, Notch and NO production can be beneficial for the regulation of erythropoiesis for
regeneration/recovery.

4.6. Iron Overload Prevention

Ginger’s ability in modulating iron absorption in the case of overload was an unex-
pected finding in a study that used ginger nanoparticle-derived lipid vectors (GDLV) to
deliver DMT-1 short-interference RNAs (siRNA) that suppressed DMT-1 mRNA expression
to reduce iron absorption in an iron-loading mice model [152]. The study found that GDLV
containing negative control appeared to repress some iron-related parameters similar to the
DMT-1 siRNA treatment. The observed effects were reductions of 20% in 59Fe absorption,
approximately 65% of pancreatic non-haem iron, and 40 to 50% lower SF compared to
controls. Hence, the authors suggested that the bioactive lipids in ginger could influence
iron absorption and homeostasis.

In another animal model, Gholampour et al. [153] showcased the protective properties
of ginger against the deleterious effects of iron overloading. To induce iron overload, male
Wistar rats were given ferrous sulphate at 30 mg/kg/day, dissolved in 1 mL distilled water,
intraperitoneally for 14 days. These rats showed significantly higher serum hepatic markers
and bilirubin levels, elevated MDA levels, lower serum albumin levels, total protein,
triglyceride, cholesterol, and glucose, decreased creatinine clearance and higher fractional
excretion of sodium compared to controls (p < 0.001). The histopathological examination
further confirmed their liver and kidney damage. A separate group of iron overloaded rats
was fed with a hydroalcoholic ginger extract at 400 mg/kg/day dissolved in 1 mL distilled
water and given by gavage for 11 days from the fourth day of ferrous sulphate injection.
The feeding of ginger markedly reversed the adverse impacts of iron overload, as evidenced
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in the significantly higher levels of hepatic serum markers, renal functional markers and
lipid peroxidation markers in this group compared to the iron only group (p < 0.01).
Moreover, depleted serum total protein, albumin, glucose, triglycerides, and cholesterol
were restored with bilirubin concentration decreased in the blood. Hence, ginger extract
demonstrated strong protective effects against iron toxicity potentially through its free
radical scavenging activities. The preservation of the liver and kidney was also corroborated
through histological examinations.

The potential of ginger, especially its 6-shogaol derivative, in preventing iron overload
is further demonstrated in a case series reported by Golombick et al. [154]. In this study,
6 early-stage, transfusion-independent patients with myelodysplastic syndrome (MDS)
were given a daily supplement of 20 mg of a ginger extract standardised for 20% 6-shogaol.
Blood and urine samples were collected monthly. At three months, the study found that
6-shogaol was able to reduce the SF levels (>40% reductions) of three of the patients who
had elevated SF (>300 g/μL) at baseline. Two of the patients who had SF reduction repeated
the study for another 3 months after a washout period. Again, a greater than 40% reduction
in SF was observed in the repeat tests for both patients. The two patients were tested for
their serum hepcidin levels at the repeat tests. Both patients demonstrated elevation of
serum hepcidin that accompanied the SF reduction. Furthermore, one patient who had high
liver function enzymes due to alcohol consumption also saw normalisation of liver function
with a greater than 40% reduction in these enzymes at the end of the study. The restoration
of liver function was achieved without changing alcohol consumption habits. The research
concluded that ginger extract rich in 6-shogaol prevented iron overload in MDS patients
through upregulation of hepcidin, potentially with liver function restoration.

4.7. Ginger-Synthesised Iron Nanoparticles

Nanotechnology, the understanding and control of matter generally in the 1–100 nm
dimension, is gaining much medical research as it holds the potential for breakthroughs in
preventing, diagnosing, and treating various diseases due to the unique physicochemical
properties of nanomaterials [163,164]. Unsurprisingly, iron nanoparticle (FeNP) prepara-
tions have also been developed to overcome the inherent limitations of conventional ferrous
and ferric iron formulations in the treatment of IDA. Pre-clinical studies showed that iron
nanoparticles have high bioavailability, are non-toxic, and induce lesser side effects than
conventional iron preparations for IDA, even though the delivery and safety issues in
humans for therapeutic use required further research [165]. The high bioavailability of
iron nanoparticles is also ideal for food fortifications as the nanoparticles do not cause
unacceptable taste or colour in food vehicles. Hence, it is suggested that nanosized iron
salts can have potential applications in food fortification to reduce IDA worldwide [166].

Ginger has been used in the green approach for metallic nanoparticles, including iron.
The green synthesis approach is preferred to avoid the production of unwanted or harm-
ful chemical by-products and achieve a cost-effective and sustainable supply of nanoparti-
cles [167]. El-Refai et al. [155] used ginger and garlic extracts to synthesise silver, copper,
iron, and zinc nanoparticles, and their antioxidant and antimicrobial activities were evaluated.
The high flavonoid and phenolic contents in garlic and ginger water extracts revealed in the
phytochemical analysis strongly support the potential of garlic and ginger to bio-reduce the
metallic ions to their respective nanoparticles (e.g., Fe3+ ions to FeNPs). Transmission electron
microscopy showed that the FeNPs in ginger were in the range of 14.08–21.57 nm with almost
spherical forms. In comparison, the particle size of FeNPs in garlic ranged from 60.30 to 82.63
nm with tetragonal structures. All nanoparticles extracted in this study, including FeNPs from
ginger, demonstrated considerable radical scavenging properties and antimicrobial activities
against Gram-positive and Gram-negative bacteria and fungi [155]. Other researchers have
similarly shown ginger to be a suitable green material for synthesising FeNPs with high
antioxidant and antibacterial properties [156,157].
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5. Conclusions

In summary, ginger with its rich polyphenols can support IDA treatment and prevention
in many ways. It can improve iron bioavailability by enhancing iron absorption and thus
increasing the efficacy of oral iron therapy. Its antioxidant and anti-inflammatory properties
help in reducing oxidative stress and pro-inflammatory cytokine cascade and thus protect
the gastrointestinal tract from the delirious effects of excess free iron. Ginger and its bioactive
polyphenols can also serve as prebiotics to the gut microbiota to promote gut health and
potentially reduce the unwanted side effects of oral iron therapy. Ginger can also stimulate
erythropoiesis to generate the much-needed healthy RBCs for proper functioning. In the case
of iron overload due to comorbidities from inflammatory disorders or chronic conditions,
ginger can potentially reverse the adverse impacts and restore iron balance. Ginger can also be
used to synthesise FeNPs sustainably to develop newer and more effective oral iron products
and functional ingredients for IDA treatment and prevention.

There are, however, still many unknowns regarding the physiological effects of ginger
and its active compounds in IDA. Much research is still needed to understand how the
phenolic compounds of ginger can influence the mechanistic pathways of iron absorption
and metabolism. More pre-clinical studies are required to further explore how ginger’s
antioxidant, anti-inflammatory, gut microbiota modulation, and erythropoiesis stimulation
properties can affect IDA in areas such as side effects induced by oral iron therapy, gastroin-
testinal micro-environment and microbiota changes, inflammatory cytokine signalling and
erythropoiesis effectiveness. Most importantly, there is a lack of clinical study on the effect
of co-administration of ginger and oral iron therapy for IDA treatment other than one short
human trial. There is a need for a longer-term, randomised, double-blind placebo-controlled
trial to validate the effectiveness of ginger as an adjuvant treatment for IDA.

To conclude, polyphenol-rich ginger can play a much bigger role in addressing the
global public health problem of IDA, but more research and development are needed to
realise its full potential.
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Abbreviations

The following abbreviations are used in this manuscript:

AI Anaemia of inflammation
CAT Catalase
CI Confidence interval
CRP C-reactive protein
DcytB Duodenal cytochrome B
DMT-1 Divalent metal transporter 1
FeNP Iron nanoparticle
FPN Ferroportin
Gata1 GATA-binding factor 1
GR Glutathione reductase
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GST Glutathione-S-transferase
HAMP Hepcidin antimicrobial peptide
Hb Haemoglobin
HSPC Haematopoietic stem/progenitor cells
IDA Iron deficiency anaemia
MDA Malondialdehyde
NFκβ Nuclear factor kappa B
NO Nitric oxide
NOAEL No observed adverse effect level
RBC Red blood cell
RCT Randomised controlled trial
SF Serum ferritin
siRNA Short interference RNA
SOD Superoxide dismutase
TNF Tumour necrotic factor
WHO World Health Organization

Appendix A. International Patents

The following table summarises all patent publications (total = 16) found using the
World Intellectual Property Organization online PATENTSCOPE database with the search
term (Ginger AND “Iron deficiency”).

Table A1. A summary list of patent publications related to functional foods or ethnomedicine
indicated for iron deficiency with ginger as an ingredient.

Publication No Date Classification Code Title Country

101243891 20 August 2008 A23L 1/337 Sea tangle vegetarian stuffing boiled dumplings
and its processing method China

103947928 11 March 2014 A23L 1/10 Fleece-flower root nutrition eight-treasure
porridge and its preparation method China

104026495 10 September 2014 A23L 1/212 Haw flake containing pig blood and coarse
cereals, and preparation method thereof China

105495158 25 September 2014 A23L 1/315 Black-bone chicken sausage and preparation
method thereof China

104095016 15 October 2014 A61K 36/9068 Infantile iron-deficiency anemia treating cookie
and preparing method thereof China

104323303 4 November 2015 A23L 1/314 Method for making tomato beef stewed product China

104643216 27 May 2015 A23L 2/02
Blood-replenishing and beautifying calcium
blended lotus root juice and preparation method
thereof

China

105664116 15 June 2016 A61K 36/9068
Traditional Chinese medicine for treating infant
iron deficiency anemia as well as preparation
method and application thereof

China

106362108 1 February 2017 A61K 36/9068 Traditional Chinese medicinal pill used
for hematogenesis China

106616937 10 May 2017 A23L 31/00 Stropharia rugosoannulata and black chicken can
and preparation method thereof China

106889422 27 June 2017 A61K 36/9068 Edible flour for tonifying blood and warming the
uterus and production method thereof China

107772293 9 March 2018 A23L 13/50 Body-nourishing black bone chicken China
107772373 9 March 2018 A61K 36/9068 Decoction preventing and curing osteoporosis China

108887607 27 November 2018 A23L 13/70 Spicy shredded pork with garlic sauce and
making method thereof China

108433084 24 August 2018 A23L 27/50 Soy sauce China

113278488 20 August 2021 A61K 36/9068

Spartina alterniflora spleen-tonifying
stomach-nourishing pericarpium citri reticulatae
wine decocting pot and preparation
process thereof

China
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Abstract: Oxidative stress is involved in the pathophysiology of many neurodegenerative diseases.
Lichens have antioxidant properties attributed to their own secondary metabolites with phenol groups.
Very few studies delve into the protective capacity of lichens based on their antioxidant properties
and their action mechanism. The present study evaluates the neuroprotective role of Dactylina
arctica, Nephromopsis stracheyi, Tuckermannopsis americana and Vulpicida pinastri methanol extracts in
a hydrogen peroxide (H2O2) oxidative stress model in neuroblastoma cell line “SH-SY5Y cells”. Cells
were pretreated with different concentrations of lichen extracts (24 h) before H2O2 (250 μM, 1 h).
Our results showed that D. arctica (10 μg/mL), N. stracheyi (25 μg/mL), T. americana (50 μg/mL)
and V. pinastri (5 μg/mL) prevented cell death and morphological changes. Moreover, these lichens
significantly inhibited reactive oxygen species (ROS) production and lipid peroxidation and increased
superoxide dismutase (SOD) and catalase (CAT) activities and glutathione (GSH) levels. Furthermore,
they attenuated mitochondrial membrane potential decline and calcium homeostasis disruption.
Finally, high-performance liquid chromatography (HPLC) analysis revealed that the secondary
metabolites were gyrophoric acid and lecanoric acid in D. artica, usnic acid, pinastric acid and vulpinic
acid in V. pinastri, and alectoronic acid in T. americana. In conclusion, D. arctica and V. pinastri are the
most promising lichens to prevent and to treat oxidative stress-related neurodegenerative diseases.

Keywords: lichens; neuroprotection; cetrarioid clade; oxidative stress

1. Introduction

Oxidative stress is an imbalance in cellular redox homeostasis caused by ROS over-
production and/or antioxidant system dysfunction. The brain is particularly susceptible
to oxidative stress and this process is increased with aging. The brain consumes almost
20% of the total basal oxygen, it is rich in polyunsaturated n-3 fatty acids and redox-active
transition metals, it has a low endogenous antioxidant defense (i.e., catalase), and neuro-
transmitters such as dopamine can auto-oxidize leading to free radicals [1,2]. Moreover, the
mitochondrial electron transport chain consumes around 98% of oxygen and the residual
oxygen is converted into radical superoxide (O2

•−) and the non-radical oxidant H2O2;
excessive mitochondrial-derived ROS accumulation can lead to mitochondrial dysfunc-
tion [3]. Furthermore, hydrogen peroxide, the major redox metabolite, diffuses across
membranes by water channels, oxidizes and damages biomolecules [4,5]. The main mech-
anism underlying the neurotoxic effects of hydrogen peroxide occurs through Fenton’s
reaction. In this reaction, ferrous iron and hydrogen peroxide react to yield hydroxyl radical.
Hydroxyl radical is the most deleterious free radical, reacting with macromolecules by
hydroxyl addition and hydrogen abstraction [6]. The altered cellular redox homeostasis
causes oxidative injury to lipids, proteins, and DNA and modifications in cellular function
that finally contribute to cell death mainly by apoptosis [3]. Oxidative stress is involved as
a major pathophysiologic mechanism of age-related neurodegenerative diseases such as
Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral sclerosis [7].
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Antioxidants modulate the redox state of cells through single electron transfer (SET),
hydrogen atom transfer (HAT), transition metals chelation and the up-regulation of en-
zymatic and non-enzymatic antioxidants. Antioxidants are potentially beneficial in the
prevention and treatment of central nervous system pathologies associated with oxidative
stress and constitute one of the most promising therapeutical strategies [8].

Lichens have aroused great pharmacological interest in recent years because they
produce compounds unique to these species. These bioactive compounds are primarily
phenol derivatives such as dibenzofurans, depsidones and depsides. Lichen extracts and
their secondary metabolites have shown an interesting antioxidant activity [8,9]. However,
studies focusing on therapeutic and protective strategy based on the antioxidant ability of
lichens are very limited [9].

Recently, in previous studies of this group, the antioxidant activity of lichen extracts
from the cetrarioid clade was evaluated using different in vitro methods (1,1-Diphenyl-2-
picrylhydrazyl (DPPH), oxygen radical absorbance capacity (ORAC) and ferric-reducing
antioxidant power (FRAP) assays) and multivariate statistical techniques. This study
revealed that the lichen species Dactylina arctica (Hook) Nyl., Nephromopsis stracheyi (C.
Bab.) Müll. Arg., Tuckermannopsis americana (Sprengel) Hale, and Vulpicida pinastri (Scop.)
J.-E. Mattsson & M. J. Lai. were the ones with the highest antioxidant capacities [10].

The aim of the present work is to evaluate for the first time the neuroprotective
activity, based on antioxidant properties, of the methanol lichen extracts Dactylina arctica,
Nephromopsis stracheyi, Tuckermannopsis americana and Vulpicida pinastri in a hydrogen
peroxide-induced oxidative stress model in a neuroblastoma cell line.

2. Results

2.1. Lichen Extracts from Cetrarioid Clade Promoted Neuronal Survival after H2O2-Induced
Oxidative Stress

Initially, we evaluated the effect of the methanol extracts of the lichens Dactylina arc-
tica, Nephromopsis stracheyi, Tuckermannopsis americana and Vulpicida pinastri on the human
neuroblastoma SH-SY5Y cell viability using 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide (MTT) assay. As shown in Figure 1, T. americana did not cause cytotoxicity
at any assayed concentrations. On the other hand, N. stracheyi significantly reduced cell
viability at 50 μg/mL (38% of cell viability) whereas D. arctica and V. pinastri affected cell
viability at 25 μg/mL (62.7% and 65.9% of cell viability, respectively) and at 50 μg/mL
(43.9% and 52.8% of cell viability, respectively).

Next, we investigated the potential protective effect of non-toxic concentrations of
lichen extracts against hydrogen peroxide-induced oxidative stress. Figure 2A demonstrates
that cell viability of the 250 μM for 1 h H2O2-treated SH-SY5Y cells significantly decreased
by 57.5% compared to control cells (100%). However, pretreatments with methanol lichen
extracts of cetrarioid clade promoted neuronal survival compared to hydrogen peroxide-
treated cells. With 24 h pretreatment, the percentage of cell viability was increased over
68.9% and 76.8% for D. arctica at 5 and 10 μg/mL, respectively, over 65.4% and 63.2% for
N. stracheyi at 10 and 25 μg/mL, respectively, 58.2% for T. americana at 50 μg/mL, and 78.9%
for V. pinastri at 5 μg/mL. Therefore, we chose the most protective concentrations of each
lichen extract to delve into the protective mechanism of these extracts and identify which
of them is the most active. Hence, the maximum cell viability protection was 5 μg/mL for
V. pinastri, 10 μg/mL for D. arctica and N. stracheyi and 50 μg/mL for T. americana.

Figure 2B showed the effect of the most protective lichen extracts on cell morphology.
Hydrogen peroxide (250 μM for 1 h) caused morphological changes toward a cellular
SH-SY5Y rounding. By contrast, lichen extracts improved morphological changes of
neuroblastoma cells as shown in the presence of cellular projections.
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Figure 1. Effect of methanol lichen extracts of cetrarioid clade on cell viability. SH-SY5Y cells were
treated with different concentrations of extracts from 5 to 50 μg/mL for 24 h. Cell viability was
determined using MTT assay. Results are expressed as mean ± standard deviation (SD) (triplicate
experiments). * p < 0.05 versus control.

2.2. Lichen Extracts from Cetrarioid Clade Reduced ROS Production after H2O2-Induced
Oxidative Stress

Figure 3 revealed a significant increase in intracellular ROS production when SH-SY5Y
cells were treated with hydrogen peroxide. 1 h treatment with H2O2 at 250 μM enhanced ROS
generation by 155.5% compared to control cells (100%). On the other hand, 24 h pretreatments
with methanol lichen extracts significantly reduced ROS production. In particular, the high-
est reduction was shown by D. arctica (42.4% of reduction compared to hydrogen peroxide
treatment), followed by T. americana (41.1% of reduction versus H2O2), N. stracheyi (38.7% of
reduction versus H2O2) and V. pinastri (35.3% of reduction versus H2O2).
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Figure 2. (A) Effect of methanol lichen extracts of cetrarioid clade on cytoprotection in stress oxidative
models. SH-SY5Y cells were pretreated with non-cytotoxic concentrations of lichens for 24 h before
H2O2 (250 μM, 1 h). Cell viability was determined using MTT assay. Results were expressed as
mean ± SD (triplicate experiments). * p < 0.01 versus control; # p < 0.01 versus H2O2. (B) SH-SY5Y
cells morphology after treatments.
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Figure 3. Effect of methanol lichen extracts of cetrarioid clade on intracellular ROS production.
SH-SY5Y cells were pretreated with D. arctica (D.a), N. stracheyi (N.s.), T. americana (T.a) and V. pinastri
(V.p) for 24 h before H2O2 (250 μM, 1 h). The levels of intracellular ROS production were measured
using dichlorodihydrofluorescein diacetate (DCFH-DA) method. Results are expressed as mean ± SD
(triplicate experiments). * p < 0.01 versus control; # p < 0.01 versus H2O2.
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2.3. Lichen Extracts from Cetrarioid Clade Improved Oxidative Stress Markers and Antioxidant
Enzyme Activity

Exposure to hydrogen peroxide significantly increased thiobarbituric acid reactive sub-
stances (TBARS) levels (174%), impaired GSH content (51%) and reduced SOD (68%) and
CAT activity (58.5%) in SH-SY5Y cells compared to control cells (100%) (Figure 4). However,
pretreatments with methanol lichen extracts of cetrarioid clade exhibited noteworthy pro-
tection against hydrogen peroxide-induced oxidative injury by improving the antioxidant
status. Hence, D. arctica and V. pinastri significantly reduced lipid peroxidation levels (109%
and 122%, respectively), restored GSH content (93% and 83.5%, respectively) and increased
SOD activity (96% and 87%, respectively). Moreover, T. americana also augmented SOD
enzyme activity by 92%. All the extracts significantly increased CAT activity, reverting
H2O2 effects. D. arctica, V. pinastri and T. americana showed the highest values (100.9%, 97%
and 95%, respectively), followed by N. stracheyi, with moderate CAT activity (81.6%).
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Figure 4. Lichen extracts from cetrarioid clade improved oxidative stress markers and antioxidant
enzyme activity. SH-SY5Y cells were pretreated with Dactylina arctica (D.a), Nephromopsis stracheyi (N.s),
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Tuckermannopsis americana (T.a) and Vulpicida pinastri (V.p) for 24 h before H2O2 (250 μM, 1 h). (A) Lipid
peroxidation, (B) GSH levels and (C) SOD activity, (D) CAT activity. Results are expressed as
mean ± SD (triplicate experiments). * p < 0.05 versus control; # p < 0.05 versus H2O2.

2.4. Lichen Extracts from Cetrarioid Clade Protected against H2O2-Induced
Mitochondrial Dysfunction

Figure 5 shows the effect of lichen extracts on different mitochondrial parameters
(mitochondrial membrane potential and calcium levels). Treatment with hydrogen
peroxide (250 μM, 1 h) caused a significant decrease in the mitochondrial membrane po-
tential (35% compared to 100% control cells) and a significant increase in mitochondrial
calcium levels (1.14 relative to control) and cytosolic calcium levels (1007 nM com-
pared to 516 nM control cells). However, pretreatments with lichen extracts prevented
H2O2-induced mitochondrial changes. In particular, extracts of D. arctica (10 μg/mL)
and V. pinastri (5 μg/mL) significantly increased mitochondrial membrane potential by
67% and 69%, respectively, and significantly reduced cytosolic calcium levels by 557 nM
and 721 nM, respectively. Mitochondrial calcium levels were reduced in pretreated cells
with selected concentrations of D. arctica, V. pinastri and T. americana extracts (1.08, 1.07,
1.05 relative to control, respectively).
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Figure 5. Effect of lichen extracts against H2O2 -induced mitochondrial dysfunction in SH-SY5Y. (A) on
cytosolic calcium levels. (B) on mitochondrial calcium levels. (C) on mitochondrial membrane potential.
Data are expressed as means ± SD (% of control) * p < 0.001 vs. control; # p < 0.001 vs. H2O2).

2.5. HPLC Profile of Lichen Extracts from Cetrarioid Clade

The most promising lichen extracts were analyzed using the HPLC-UV method, whose
representative chromatograms are shown in Figure 6. Secondary metabolites were identi-
fied based on their retention times and ultraviolet spectra as compared to standards and
previously reported lichen extracts. Table 1 reported retention times and the absorbance
maxima (nm) UV spectrum. Results showed that the main compounds in D. artica were gy-
rophoric acid (GYR) and lecanoric acid (LEC). The lichen T. americana contained alectoronic
acid (ALE). The compounds usnic acid (USN), pinastric acid (PIN) and vulpinic acid (VUL)
were the majority in V. pinastri.

Table 1. Retention times and UV absorbance maxima (nm) of main secondary metabolites of stud-
ied lichens.

Compounds Retention Time (tR, min) UV Detection (λ max, nm)

Alectoronic acid (ALE) 29.1 ± 0.001 214, 254, 316
Gyrophoric acid (GYR) 25.9 ± 0.003 212, 270, 304
Lecanoric acid (LEC) 19.4 ± 0.0312 212, 270, 304

Methyl orsellinate (Me-ORS) 13.9 ± 0.002 210, 262, 298
Orsellinic acid (ORS) 9.8 ± 0.011 210, 262, 298
Pinastric acid (PIN) 26.9 ± 0.047 <210, 246, 392
Usnic acid (USN) 32.3 ± 0.046 226/234, 282

Vulpinic acid (VUL) 25.1 ± 0.034 <210, 234, 282, 354
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(C) 

Figure 6. Representative HPLC chromatograms (λ = 254 nm) (A) Dactylina artica (B) Tuckermannopsis
americana (C) Vulpicida pinastri.

3. Discussion

The present work demonstrated that pretreatments with methanol lichen extracts from
cetrarioid clade provide neuroprotection against hydrogen peroxide in SH-SY5Y cells as
evidenced in ROS reduction, improvement in oxidative stress biomarkers and antioxidant
enzyme activity and mitochondrial protection.
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The brain is a metabolically active organ that yields high ROS levels compared to
other organs. Moreover, neurons are the most sensitive cell types to free radicals [11]. Over-
production of ROS can lead to oxidative macromolecules injury and consequently, to cell
death. Activation of necrotic and apoptotic pathways by ROS induces cell death. Among
the mechanisms responsible for ROS-causing apoptosis are receptor activation, caspase ac-
tivation and mitochondrial dysfunction [12]. Oxidative stress (ROS/antioxidant imbalance)
has been implicated in the initiation and progression of age-related neurodegenerative
diseases [13]. Therefore, the prevention of oxidative stress is one of the most promising
strategies for all those diseases that involve an alteration of redox homeostasis. H2O2 acts
as an inducer of oxidative stress damage, increasing ROS levels and leading to cell death.
The current study found that methanol lichen extracts from cetrarioid clade significantly
attenuated hydrogen peroxide-induced ROS production in the human neuroblastoma SH-
SY5Y cell line and consequently prevented cell death. Hydrogen peroxide can cross cell
membranes and cause oxygen-derived free radicals. Hence, hydrogen peroxide can be con-
verted into hydroxyl radicals in the presence of ferrous ions (Fenton reaction) [14]. Lichens
contain phenolic compounds in their composition which can act as antioxidants through
mechanisms such as radical scavenging activity and metal chelating activity [15–17].

Furthermore, these methanol lichen extracts mitigated changes in biomarkers of ox-
idative stress (lipid peroxidation reduction and GSH increase). The brain presents the
highest rate of lipid metabolism in the body. In Alzheimer’s disease and in Parkinson’s
diseases, there is an overproduction of ROS that induces the oxidation of lipid membrane
constituents, leading to lipid hydroperoxides. This process, named lipid peroxidation,
constitutes a hallmark for most neurodegenerative disorders. In fact, polyunsaturated fatty
acids (PUFAs) are the main target of ROS attack, due to the high number of double bonds in
their structure [18,19]. This early event in the brain causes cytotoxic and genotoxic effects.
TBARS is a common biomarker of polyunsaturated fatty acids peroxidation. High amounts
of lipid peroxidation products have been identified in post-mortem brains of people affected
with neurodegenerative diseases. These lipid peroxidation products cause tissue injury and
failures of antioxidant systems [20]. The lichen extracts of V. pinastri and D. arctica markedly
reduced lipid peroxidation in neuroblastoma cells. Glutathione (GSH) is the major endoge-
nous antioxidant defense. This primary antioxidant scavenges free radicals through its thiol
group of its cysteine residue, and it functions as a co-substrate of the antioxidant enzymes
selenium-glutathione peroxidase (GPx) and glutathione S-transferase (GST) [21]. GPx
reduces lipid peroxides to alcohols and aldehydes. It has been reported that a reduction
of GSH to its oxidized form provokes a decrease in intracellular GSH [22]. Restoring the
levels of GSH is strongly related to the ROS and lipid peroxidation reduction [18]. Previous
studies reported that fumarprotocetraric acid (depsidone), evernic acid (depside) and usnic
acid (dibenzofuran-like) inhibited ROS generation, lipid peroxidation and glutathione
depletion in neurons and the astrocytes cell model using hydrogen peroxide as an oxidative
stress inductor [23,24]. In addition, the Parmeliaceae lichens Cetraria islandica and Vulpicida
canadensis also showed protective effects against H2O2-induced injury in the human astro-
cytoma cell line U373-MG, as evidenced by reduced ROS production, increased GSH levels
and the inhibition of lipid peroxidation [9].

Moreover, lichen extracts increase SOD and CAT activity. The enzyme SOD catalyzes
the dismutation of superoxide anion to hydrogen peroxide which is then converted into
oxygen and water by the action of the antioxidant enzymes catalase and glutathione
peroxidase. The enzymatic activity of SOD and CAT showed to be significantly reduced in
postmortem brain tissue at an advanced age [22]. Therefore, the results of this study showed
that of the four methanol lichen extracts tested, N. stracheyi exerted its neuroprotective
activity via ROS inhibition and increased CAT activity while V. pinastri, D. arctica, and
T. americana prevented ROS overproduction and maintained enzymes activity. Upregulation
of enzymes activity could be associated with an increase in its expression. Previously, it has
been demonstrated that the depside fumarprotocetraric acid, isolated from Cetraria islandica,
upregulated the antioxidant enzymes catalase, superoxide dismutase-1, and hemoxigenase-
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1 expression which was related to Nrf2 signaling pathway activation [23]. Other lichens
such as Parmotrema perlatum and Hypotrachyna formosana have also evidenced to reduce
intracellular ROS generation, inhibit the peroxidation of lipids, and increase GSH levels
and SOD activity [25].

Mitochondria are a major cellular organelle that play a key role in aging and de-
generative diseases and are a target for oxidative damage. Mitochondria are the main
source of ROS, particularly of superoxide radicals, through the complexes I and III of the
respiratory chain [26,27]. An overproduction of mitochondria ROS may alter membrane
permeability and calcium homeostasis as well as induce DNA mutations and injure the
mitochondrial respiratory chain [28]. In our study, methanol lichen extracts of V. pinastri
and D. arctica prevented mitochondrial changes by regulating calcium homeostasis and
increasing mitochondrial membrane potential, suggesting a protective activity against
H2O2. These extracts which target mitochondria are of great interest because they can
pass across the mitochondrial phospholipid bilayer and reduce ROS damage at the heart
of the source [29]. Other studies demonstrated that the depsidone fumarprotocetraric
isolated from Cetraria islandica prevented mitochondrial membrane potential dissipation
and mitochondrial calcium increase [9].

The analytical study by HPLC-UV revealed that the major compounds presented
in V. pinastri were usnic acid, pinastric acid and vulpinic acid, and in D. arctica were
gyrophoric acid, lecanoric acid and usnic acid, while in T. americana it was alectoronic acid.
Lichen compounds are biosynthesized through three pathways: via the acetylpolymanolate
pathway which produces depsides, depsidones and dibenzofurans, the shikimic pathway
which produces pulvinic acids and the mevalonic acid pathway which is involved in
terpenes formation. Therefore, gyrophoric acid and lecanoric acid are depsides, usnic acid
is a dibenzofuran, alectoronic acid is a depsidone and vulpinic acid and pinastric acid are
pulvinic acids [30,31]. All these lichen compounds have shown a great diversity of activities
including anti-cancer (i.e., gyrophoric acid, vulpinic acid), antimicrobial (i.e., gyrophoric
acid, usnic acid, vulpinic acid) photoprotective (i.e., gyrophoric acid) and neuroprotective
(i.e., usnic acid) activities [32–37].

Based on the chemical structure of lichen compounds and its potential antioxidant
activity, the depsides gyrophoric acid and lecanoric acid have carboxyl and hydroxyl groups
that interact with several enzymatic active sites. Moreover, the aromatic rings of gyrophoric
acid and lecanoric acid are responsible for their free radical scavenging properties [38,39].
Among the lichens investigated in this study, D. artica was the most active specie. Previous
works have shown that D. artica has potent antioxidant properties (ORAC value 8.2 μmol
TE/mg dry extract, DPPH value IC50 346.3 μg/mL and FRAP value 29.6 μmol of Fe2+ eq/g
sample) which are attributed to the anti-free radical properties of gyrophoric acid and
lecanoric acid [10].

On the other hand, the antioxidant properties of V. pinastri are mainly due to the
presence of vulpinic acid and pinastric acid. These pulvinic acids have a butanolide ring
with an -OH group at the 4-position and a carboxylic acid function at the double bond. This
double bond is involved in radical stabilization, and is a good descriptor of antioxidant
properties [17].The antioxidant activity of pulvinic acids has been demonstrated using quan-
titative structure–activity relationship (QSAR) techniques combined with a multivariate
analysis [40,41].

Regarding lichen compounds with a depsidone structure, previous studies revealed
that they are potent hydroxyl and superoxide anion radical scavengers in polar environ-
ments but not good peroxyl radical scavengers [15]. Moreover, a better hydrogen-donating
potency in those depsidones with no butyrolactone ring has been reported; this is the case
of alectoronic acid, which has been identified in T. americana [42]. Finally, the compound
usnic acid, presented in D. arctica and V. pinastri, has shown reducing potential in DPPH,
ABTS and DMPD radical cation assays, and superoxide radical and peroxyl scavenging
abilities [16,37]. In addition to this, the presence of a phenolic ring with functional groups
of −CO, −COH and −COOH showed metal chelating ability, including Fe2+ ion [16].
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4. Materials and Methods

4.1. Reagents

All reagents were acquired from Sigma-Aldrich (St. Louis, MO, USA) except for
HPLC grade methanol and dimethyl sulfoxide (DMSO), that were purchased from Pan-
reac (Barcelona, Spain). Molecular probes were obtained from Invitrogen-Thermo Fisher
Scientific (Carlsbad, CA, USA).

4.2. Lichen Collection and Preparation of Methanol Extracts

The lichens Dactylina arctica (Central Siberia, Russia, July 1995; MAF-Lich 96262),
Nephromopsis stracheyi (North Sikkim, India, August 2004; MAF-Lich 22748), Tuckermannop-
sis americana (Maine, USA, June 2010; MAF-Lich 19828) and Vulpicida pinastri (Alto del
Peñón, Zamora, Spain, September 2017; MAF-Lich 22753) were identified and authenticated
by Dr. P.K. Divakar and Professor A. Crespo and preserved in the Herbarium of the Faculty
of Pharmacy (MAF), University Complutense of Madrid (Spain).

For the preparation of extracts, 2 mL of pure methanol was mixed with dry thalli
samples (50 mg) and after being shaken for 20 s, every 15 min for 2 h, was left overnight.
Methanol extracts were filtered (0.45 μm pore) and evaporated at room temperature. Dry
residues were stored until their use.

4.3. Human Neuroblastoma Cell Line (SH-SY5Y Cells)

SH-SY5Y cells were grown in DMEM supplemented with 10% fetal bovine serum and
0.5% gentamicin at 37 ◦C and 5% CO2/95% air. Confluence was between 80 and 90%.

4.4. Cell Treatments

Lichen extracts were dissolved in DMSO and PBS (1 mg/mL) as stock. Serial dilutions
were then made with PBS. SH-SY5Y cells were pretreated with different concentrations of
methanol lichen extracts for 24 h, before H2O2 (250 μM, 1 h). Final DMSO concentration
was lower than 0.1% at the highest concentration.

4.5. Metabolic Activity Measurement

Survival rate and cytoprotection were determined using an MTT assay according
to the method described by Mosmann [43] with some modifications. After treatments,
a solution of MTT (2 mg/mL, 100 μL) was added to wells, and plates were incubated for
1 h. Then, the medium was removed, and formazan crystals were dissolved with DMSO
(100 μL). Absorbance was measured at 550 nm with a Spectrostar BMG microplate reader.

4.6. Intracellular ROS Production

Intracellular ROS production was determined using a DCFH-DA assay as described by
LeBel et al. (1992) [44]. Briefly, DCFH-DA dissolved in DMEM medium (1%) without phenol
red was added to 96-well plates for 30 min. This solution was then removed, and cells
were treated with non-cytotoxic lichen concentrations for 24 h before hydrogen peroxide
(250 μM). Fluorescence was measured with a microplate reader (FLUOstar OPTIMA, BMG
Labtech, Ortenberg, Germany) at excitation/emission wavelength 485/528 nm.

4.7. BCA Assay

The protein concentration was calculated using a bicinchoninic acid (BCA) assay. The
colorimetric reaction was measured at 550 nm in a Spectrostar microplate reader (BMG
Labtech, Ortenberg, Germany). Samples of total cellular extracts were mixed with a reaction
solution [bicinchoninic acid and copper (II) sulfate]. The purple color proportionally
increased with the amount of protein. A bovine serum albumin (BSA) curve was used to
normalize protein [45].
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4.8. Glutathione Levels

GSH content was determined following the Hissin and Hilf (1976) method with some
modifications [46]. In 96-well plates, phosphate-EDTA buffer (pH 8.0, 150 μL) was mixed
with total extract samples (50 μL). Then, O-phthalaldehyde (OPT) was added (20 μL)
and samples were incubated for 15 min in the dark. Fluorescence was measured at an
excitation/emission wavelength 360/460 nm. A standard curve of reduced GSH was used.

4.9. Antioxidant Enzymatic Activity
4.9.1. SOD Enzymatic Activity

Superoxide dismutase catalyzes the conversion of superoxide anions into oxygen and
hydrogen peroxide. In 96-well plates, it was added to the reaction mixture consisting of total
cellular extracts, EDTA, buffer phosphate (pH 7.8, with 0.2% Triton X-100), hydroxylamine
chlorohydrate, and nitroblue tetrazolium (NBT). NBT reduction was measured at 530 nm
each minute, during 15 min, using a SPECTROstar Omega microplate reader (BMG Labtech,
Ortenberg, Germany) [47].

4.9.2. CAT Activity

In 96-well plates, total cell extracts were mixed with hydrogen peroxide (14 mM).
Absorbance was measured at 240 nm wavelength for 1 min using a SPECTROstar Omega
microplate reader (BMG Labtech, Ortenberg, Germany) following Aebi et al.’s method with
some modifications [48].

4.10. TBARS Assay

Lipid peroxidation was determined by performing a TBARS assay [49]. After treat-
ments, cell pellets were stored at 80 ◦C. On the day of the experiment, pellets were defrosted
at room temperature and were mixed with TBA-TCA-HCl. This mixture was boiled at
100 ◦C for 10 min. Samples were placed on ice to stop the reaction. Then, samples were
centrifuged at 4 ◦C (3000 rpm, 10 min) and supernatants were added into 96-well plates
to measure absorbance at 530 nm using a SPECTROstar Omega microplate reader (BMG
Labtech, Ortenberg, Germany). Results were expressed as a percentage of TBARS (100%
of control).

4.11. Calcium Cytosolic Quantification

Calcium cytosolic was quantified using Indo-1/AM as a cell-permeant dye [50]. After
treatments, a Krebs medium containing Indo-1/AM dye (3 mM) and calcium (1mM CaCl2)
was added to cells for 45 min at 37 ◦C. Then, the medium was removed, and cells were
incubated with a dye-free Krebs medium for 15 min at 37 ◦C in the dark. Fluorescence was
recorded in a microplate reader (FLUOstar OPTIMA, BMG Labtech, Ortenberg, Germany)
at 350 nm excitation wavelength and at 410 nm emission wavelength. The formula for
cytosolic calcium concentration was [Ca2+]i = Kd × [F − Fmin]/[Fmax − F], where Kd
is the dissociation constant for Indo-1; F is the fluorescence signal for samples; Fmax is
the maximum fluorescence signal after ionomycin addition and Fmin is calculated using
this formula: Fmin = AF + 1/12 × (Fmax-AF), AF being the minimum fluorescence after
adding MnCl2.

4.12. Mitochondrial Calcium Quantification

Mitochondrial calcium was quantified using Rhod-2/AM as a fluorescent cationic
probe [51]. After treatments, cells were incubated in a Krebs medium containing 0.1% BSA,
1 mM calcium and 10 mM Rhod-2/AM during 40 min at 37 ◦C. Then, cells were maintained
in dye-free Krebs medium cells in this medium for 30 min at 37 ◦C in the dark. Basal
fluorescence intensity was recorded using a microplate reader (FLUOstar OPTIMA, BMG
Labtech, Ortenberg, Germany) at λ 552 nm excitation wavelength and λ 581 nm emission
wavelength for 5 min at 37 ◦C. Then, maximum fluorescence was measured for 15 min
after adding calcium ionophore A23187 (5 μM) in the same conditions as described above.
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Mitochondrial calcium levels were the ratio between fluorescence measures before and
after ionophore addition. Results were expressed relative to control.

4.13. Mitochondrial Membrane Potential (MMP)

Mitochondrial membrane potential was quantified using the fluorescent cationic
dye tetramethylrhodaminemethylester (TMRM) following Correia et al.’s (2012) protocol
with some modifications [52]. After cell treatments, the Krebs medium with calcium
(1 mM CaCl2) and TMRM (250 nM) was added. A FLUOstar OPTIMA (BMG Labtech,
Ortenberg, Germany) microplate reader was used to measure basal fluorescence activity
at λ 549 nm excitation and λ 573 nm emission at 37 ◦C for 45 min. Then, the maximum
fluorescence value was estimated after adding FCCP (6 mM) and oligomycin (0.25 mg/mL).
Mitochondrial membrane potential (Δψm) is the result by subtracting fluorescence basal
values from maximum fluorescence values. Results were expressed as % of the control.

4.14. Secondary Metabolites Detection Using High Performance Liquid Chromatography

HPLC analysis was used for secondary metabolites detection using the method de-
scribed by de Paz et al. (2010) [53]. The HPLC instrumentation was an Agilent 1260
instrument (Agilent Technologies, CA, USA) equipped with a photodiode array detector
(190–800 nm) and a reversed-phase Mediterranean Sea 18 column (150 mm × 4.6 mm,
3 μm particle size; Teknokroma, Barcelona, Spain). Running conditions included: a mobile
gradient phase [1% orthophosphoric acid in milli-Q water (A)/methanol (B)]; a flow rate of
0.6 mL/min; a column temperature of 40 ◦C and a UV spectrum between 190 and 400 nm.
Secondary metabolites of lichens were identified by comparing the retention time and UV
absorption spectra with standard compounds (commercialized and isolated previously by
our research team) and other lichen species [9,54].

4.15. Statistical Analysis

All assays were measured in triplicate and data were expressed as mean ± SD. Statis-
tical analysis was performed by SigmaPlot 11.0 using analysis of variance (ANOVA) and
Tukey’s post hoc test (5% significance level).

5. Conclusions

In conclusion, our findings provide evidence of the protective activity of methanol
extracts obtained from cetrarioid clade against the neurotoxic effects of hydrogen peroxide
in neuroblastoma cells. D. arctica and V. pinastri afford the highest protective effect. Future
research should be aimed at studying the protective activity of isolated compounds from
D. arctica and V. pinastri, delving into their mechanism of action.
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Abstract: Today, inactivity and high-calorie diets contribute to the development of obesity and
premature aging. In addition, the population of elderly people is growing due to improvements
in healthcare management. Obesity and aging are together key risk factors for non-communicable
diseases associated with several co-morbidities and increased mortality, with a major impact on
skeletal muscle defect and/or poor muscle mass quality. Skeletal muscles contribute to multiple
body functions and play a vital role throughout the day, in all our activities. In our society, limiting
skeletal muscle deterioration, frailty and dependence is not only a major public health challenge but
also a major socio-economic issue. Specific diet supplementation with natural chemical compounds
such as grape polyphenols had shown to play a relevant and direct role in regulating metabolic and
molecular pathways involved in the prevention and treatment of obesity and aging and their related
muscle comorbidities in cell culture and animal studies. However, clinical studies aiming to restore
skeletal muscle mass and function with nutritional grape polyphenols supplementation are still very
scarce. There is an urgent need for clinical studies to validate the very encouraging results observed
in animal models.

Keywords: grape polyphenols; resveratrol; sarcopenia; skeletal muscle; clinical trial

1. Obesity and Aging: Two Major Healthcare Challenges to Solve

The population of elderly people is expanding worldwide with the older adults
aged between 65–80 years being the fastest-growing portion, thanks to improvements in
healthcare management which allows for increasing life expectancy [1]. Associated with
this increase in lifespan, a global obesity epidemic is spreading due to life changes such
as inactivity and high-calorie diets, favoring the growth of non-communicable diseases.
Obesity and aging are together key risk factors for the development and progression
of several chronic/non-communicable diseases (metabolic syndrome, Insulin Resistance
(IR), Type 2 Diabetes (T2D) [2–7], sarcopenia [8,9], and frailty [10]. The World Health
Organization (WHO) defines metabolic syndrome as a pathologic condition characterized
by obesity (Body Mass Index (BMI) ≥30 kg/m2), IR, hypertension, and hyperlipidemia [11]).
T2D is IR associated with decreased insulin secretion by the pancreas. [12]. Frailty is a
clinical syndrome in elderly people comprising an increased risk for poor health outcomes,
falls, incident disability, hospitalization, and mortality [13].

1.1. Skeletal Muscle Alterations Are Central

Although non-communicable diseases associated with aging and obesity have different
etiologies, development, and progression, they are all associated with skeletal muscle defect
and/or poor muscle mass quality. Sarcopenia, defined as a loss of skeletal muscle mass
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and function [8], is frequently associated with aging and with a loss of independence,
disability, frailty, and compromised quality of life, and, therefore, represents a high risk
for morbidity and mortality [9]. Obese patients could also develop sarcopenia [7] and
with the progression of obesity with aging [14], a growing number of obese sarcopenic
patients is expected. Then, the management of skeletal muscle alteration during obesity
and aging is mandatory.

Skeletal muscles are among the major tissues of the body, accounting for 40% of our
total body weight and containing 50–75% of all body proteins. Moreover, skeletal muscles
are responsible for more than 80% of glucose uptake after insulin stimulation, highlighting
their central role in metabolism regulation. They ensure three main functions: posture and
locomotion, thermoregulation, storage, and utilization of nutrients. Thus, they play a vital
role in all our activities [15]. Growing evidence points to the central role of skeletal muscle
in the systemic regulation of age-related diseases [16]. Indeed, functional and metabolic
muscle alterations, as well as skeletal muscle mass decreasing, are all associated with the
human mortality rate [17,18]. Then, impairment of skeletal muscle mass and/or function
could lead to major pathologies, such as IR, T2D, and to weakness and disability which
considerably decrease quality of life and are associated with a higher risk for morbidity
and mortality [5,7,19,20].

1.2. Muscle Alterations
1.2.1. Muscle Alterations in Obesity

Obesity exerts multiple effects on skeletal muscle metabolism. In obese grade I insulin-
resistant women, only skeletal muscle insulin-signaling alteration was found with no varia-
tion in subcutaneous adipose tissue [21]. Moreover, the correlation of muscle alteration with
glucose infusion rate during the hyperinsulinemic-euglycemic clamp underlines the major
role of skeletal muscle in IR development [21]. Obesity is accompanied by increased ectopi-
cally lipid deposition in non-adipose tissues including skeletal muscle [22,23]. This lipid
overload affects several cell signaling pathways and is associated with metabolic effects on
mitochondrial function, insulin response, and energetic metabolism [24,25] (Figure 1). After
their cell translocation by fatty acid translocase (FAT/CD36), a receptor and transporter
for free fatty acid (FFA), lipids are stored as intramuscular triacylglycerols (TAG) in lipid
droplets (IMTG). Myotubes from obese people present increased FFA uptake and esterifi-
cation into complex lipids with overexpression of FAT/CD36 [23,26,27]. TAG turnover is
also highly altered due to decreased lipolysis as lower hormone-sensitive lipase (HSL) and
higher adipose triglyceride lipase (ATGL) protein levels are detected in the skeletal muscle
of obese subjects [28]. Increased IMTG is also associated with higher levels of lipotoxic
intermediates such as diacylglycerols (DAG) and ceramides. DAG might inhibit insulin
signaling via the activation of the protein kinase C (PKC), which, in turn, decreases the ac-
tivities of the phosphoinositide 3-kinase (PI3K) and of the insulin receptor substrate-1 (IRS1)
in the insulin signaling pathway [29]. Ceramides have several functions in the alteration of
skeletal muscle metabolism. They have been described as inhibitors of Akt phosphorylation
via the activation of protein phosphatase 2A (PP2A) or, on the opposite, as inductors of
Akt phosphorylation on an inhibitory residue via the activation of the protein kinase Cζ

(PKCζ). Ceramides act also at the mitochondrial level by decreasing mitochondrial respira-
tion, inhibiting oxidative phosphorylation, and promoting mitochondrial fragmentation.
These activities lead to an induction of reactive oxidative species (ROSP) [30]. Decreased
mitochondrial content in muscle of obese patients has also been attributed to impairment
of mitochondrial biogenesis, decreasing the ability to oxidize lipids [31]. More recently, it
was shown that mitochondrial lipid oxidation was impaired due to a decreased activity of
the mitochondrial protein carnitine palmitoyltransferase 1 (CPT1). CPT1 is involved in the
transport of long-chain fatty acids into the mitochondria. Then decreased CPT1 activity
results in decreased β oxidation [32]. Circulating FFA could also induce a chronic low-grade
inflammation through activation of toll-like receptor 4 (TLR4) and nuclear factor-kappa B
(NFκB), resulting in the release of several pro-inflammatory cytokines as interleukines (IL)
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6, 8, and 15 and tumor necrosis factor (TNF) α. These cytokines, as secreted by muscle, are
also known as myokines. They could exert an autocrine or paracrine effect. However, it
must be kept in mind that there is not a consensus on their secretion and their role in skeletal
muscle inflammation and skeletal muscle metabolism dysregulation during obesity [21,33]
Importantly, lipids overload also affects muscle maintenance and regeneration [34]. FFA
accumulation decreases AMPKα activity. AMPKα promoted myogenesis by regulating the
expression of miR-206 and miR-206’s target cyclin D1, which allows the regulation of the
cell cycle and cell proliferation of muscular stem cells (satellite cells) during the skeletal
muscle regeneration process [35]. By affecting general skeletal muscle function, mass, and
quality, obesity reduces mobility [36] modifies lipid and carbohydrate metabolism and
increases the risk of several comorbidities [37]. In fact, obesity accelerates the aging process
and decreases life expectancy. Forty-year-old obese non-smoker females lost 7.1 years and
forty-year-old obese non-smoker males lost 5.8 years of life expectancy [38].

Figure 1. Main pathways involved in muscle dysfunction during obesity and aging and their
modifications by grape polyphenols (GPP) (Created with BioRender.com).

1.2.2. Muscle Alterations in Aging

The gradual decline of all physiological functions of all organs including skeletal
muscle characterizes normal aging. During aging, due to an alteration of muscle quality,
the loss of muscle strength precedes the loss of muscle mass [39,40]. However, muscle mass
is lost as early as the fifth decade with acceleration from the age of 70 and sarcopenia is a
hallmark of the aging process. Like in obesity, the reduction of muscle quality and mass
with aging is the consequence of the interplay of a multitude of mechanisms [41] includ-
ing damage caused by ROSP [42] inflammation [43], lipid infiltration [44], proteostasis
imbalance [45] and mitochondrial impairment [46]. In aging like in obesity, alteration in
mitochondria content, fusion, fission, and function are associated with muscle loss and
muscle lipid accumulation [46] (Figure 1). Progressive mitochondrial dysfunction and
ROSP accumulation are central to the aging process [47]. Aged skeletal muscle accumu-
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lates dysfunctional mitochondria due to a defect in mitophagy, mitochondrial biogenesis,
and dynamics. Reduced expression levels of genes such as nuclear respiratory factor 1/2
(Nrf1/2), AMP-activated protein kinase (AMPK), peroxisome proliferative activated recep-
tor gamma, coactivator 1 alpha (PGC-1α), mitofusin 1 and 2 (Mfn1/2) causes a reduction
of mitochondrial number, mitochondrial content, mtDNA copy number, and impairment
in mitochondria morphology in the skeletal muscle. Throughout life, the accumulation
of dysfunctional mitochondria producing high ROSP levels contributes to the establish-
ment of oxidative stress and increased risk of IR and T2D. Moreover, these defective
mitochondria are unable to sustain enough energy in the cells, which results in progressive
functional decline and cell death. [48–50]. Enhancement of ectopic fat deposit during aging
is also accompanied by a resulting heightened production of pro-inflammatory cytokines
(IL-6, TNFα) associated with lipotoxicity and leading to an increased risk of IR and T2D [51].
Protein quality control pathways, autophagy, and proteasome activity decrease participate
also in the skeletal muscle dysfunctions and the decreased muscle mass observed during
aging [45,52]. Maintaining muscle mass is a balance between protein synthesis and protein
degradation systems. Aged skeletal muscle shows a marked defect in the contraction-
induced activation of the protein synthesis pathway phosphatidylinositol 3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR). Concerning the proteasome
pathway and the muscle-specific ubiquitin ligase muscle RING-finger protein-1 (MuRF1)
and atrogin-1 mRNA, levels in aged muscle are increased or unchanged [53,54].

The aging process presents several common mechanisms for obesity. On the other
side, obesity in elderly people accelerates the aging process. Obesity and aging both
deregulate cell metabolism and create a vicious circle that precipitates the aging process
and the development of associated comorbidities [41,55]. Several mechanisms operating
at different levels of muscle physiology are implicated in the muscle defects observed in
obesity and aging. However, oxidative stress and inflammation are central components at
the onset of muscle defect regardless of its etiology [6,19,56–58].

2. Oxidative Stress and Inflammation: Two Essential Harms

Oxidative stress occurs when there is an imbalance between the production of ROSP in
the cells and tissues and the antioxidant systems, which are responsible for their neutraliza-
tion and removal [59]. Reactive oxidative species include derivatives of oxygen (Reactive
Oxygen Species, ROS), nitrogen (Reactive Nitrogen Species, RNS), and sulfur (Reactive
Sulfur Species, RSS), capable of oxidizing different substrates. The antioxidant defense
system involves non-enzymatic scavengers provided by food as vitamins (trans retinol 2,
vitamin A; ascorbic acid, vitamin C; α-tocopherol, vitamin E), carotenoids, polyphenols,
and endogenous antioxidant enzymes superoxide dismutase (SOD), catalase, glutathione
peroxidase (GPx), glutathione transferase (GST) (see [60,61] for complete reviews).

If an excess of ROSP can be extremely deleterious, their regular generation is necessary
for the physiological maintenance of all the tissues of our body and among them, the
skeletal muscle [62]. In fact, via oxidation of redox-sensitive protein-cysteine, ROSP act as
second messengers. They are important signaling molecules regulating metabolism, cell
growth and differentiation, cell repair, immunity, and so on [59,63]. ROSP production is
thus beneficial and essential to cell and tissue function. As oxidative stress, inflammation is
also essential for normal organ function. Inflammation is a protective biological response
aimed at identifying and eliminating a threat. Inflammation could be triggered by infection
or not and participates in the activation of the immune system. It is the first line of defense
against pathogens, but it also allows for repairing cell damage and tissue injury [64,65].
ROSP production and inflammation have dual roles. They are activated during several
physiological responses, and they play an essential role in cellular signaling and regulatory
pathways. However, they must be tightly regulated to avoid the development of oxidative
stress, tissue injury, and chronic inflammation, which are detrimental to normal cells and
tissues. In fact, when ROSP are produced in excess or inadequately they can cause irre-
versible damage to cells by oxidizing plasma membranes, DNA, proteins, and lipids [66].
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In the same way, uncontrolled inflammation could lead to chronic inflammation and in-
flammatory diseases that could affect absolutely all the organs as skeletal muscle [64,67].
Interestingly, ROSP and inflammation could regulate each other in a two-way reciprocal
direction [51]. Both ROSP production and inflammation participate together in skeletal
muscle tissue repair [52]. However, during obesity and aging, ROSP production and
inflammation are increased while antioxidant systems and anti-inflammatory pathways
decreased in skeletal muscle [21,52,53]. In obesity and aging, high plasma levels of free fatty
acids (FFA) and increased concentrations of lipopolysaccharide (LPS) from gut microbiota
(due to increased permeability of gut), bind to Toll-like Receptor 4 (TLR4) [68,69]. TLR4
is an innate immunity receptor present in the skeletal muscle that can activate NFκB and
inflammation via the MyD88 pathway. Moreover, the E3 ubiquitin ligase RNF41 has been
found to participate in the TLR4 inflammation pathway in the muscle of insulin-resistant
grade I obese women [56]. An excess of FFA is also responsible for deleterious effects on
mitochondria such as uncoupling of oxidative phosphorylation, energy failure, decreased
clearance, decreased fission, and release of ROSP [70]. Mitochondrial dysfunction and
inflammation/oxidative stress together are responsible for a decrease in myogenesis and
muscle function [71]. In skeletal muscle, elevated ROSP levels concurrently inhibit anabolic
pathways as PI3K/Akt/mTOR [72], contributing to muscle mass loss and atrophy [73,74],
and activating several mechanisms of the catabolic pathways (Figure 1). Under physi-
ological conditions, Akt phosphorylates and inhibits the Forkhead box O transcription
factors (FOXOs), thus inhibiting the muscle-specific ubiquitin ligase MuRF1 and atrogin-1,
of the ubiquitin-proteasome system. With the inhibition of Akt, atrogin-1, MuRF-1 and
proteasome are activated resulting in protein degradation [75]. Activation of the cysteine
proteases, calpain, and caspase 3, which play a key role in the initial breakdown of sarcom-
eres during atrophic conditions, also participates in protein breakdown and muscle atrophy.
The expression of inflammatory myokines such as tumor necrosis factor-alpha (TNFα) and
interleukin 6 (IL6) is induced due to an increase in the activity of the transcription factor
nuclear factor kappa B (NFκB) (Figure 1). NFκB activity can be increased by ROSP but also
by several other stimuli such as free fatty acids (FFA), advanced glycation products, and
inflammatory cytokines induced by oxidative stress [19]. On the other way, high levels of
ROSP activate the nuclear factor, erythroid 2-like 2 (Nrf2) pathway leading to increased
transcription of genes coding for antioxidant proteins, and consequently inducing the
antioxidant ROSP-fighting effects [76].

3. Grape Polyphenols: An Effective Tool

Adapted diet and physical activity are known for several years as central counter-
measures to avoid the deleterious physiological effects of obesity and aging on tissue
homeostasis and to promote a healthy life. Treatment of obesity is difficult, and initially
based on lifestyle change, diet recommendations, and increased physical activity [77] but,
whereas it is actually effective, it is associated with very low compliance. Aging is inevitable
but it is desirable to age in a healthy way, therefore the purpose of our society is now to
increase the rate of healthy aging to avoid harmful consequences on skeletal muscle mass
and function and to limit frailty and dependence. As stated above, oxidative stress and
chronic inflammation are core mechanisms associated with obesity and aging. Among the
numerous natural chemical compounds tested for their antioxidant and anti-inflammatory
properties, grape polyphenols present great interest.

Attention to the importance of dietary intake of polyphenols was ignited by the phe-
nomenon called the ‘French Paradox’, first described by Serge Renaud from the University
of Bordeaux in 1992. According to his observations, the French population when com-
pared to other Western populations whose diet is rich in saturated fatty acids (e.g., the
American population), shows a much lower incidence of coronary heart disease and asso-
ciated mortality [78]. In fact, adherence to the Mediterranean diet which includes mainly
plant-derived foods and red wine consumption has been associated with a lower risk of
chronic diseases and mortality [79] and a lower frailty index in older adults [80]. The first
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explanation put forward to explain these associations was the moderate consumption of
red wine. Undeniably, among fruits, grapes (but also red wine, grape seeds, and grape
pomace) contain high amounts of polyphenols [81] (Table 1), although not being the richest
source. This does not affect its great biological interest due to the exceptional variety of
polyphenol families and molecules of known beneficial activity on human health that can
all be found in it (Table 2).

Table 1. Polyphenols characterization, total polyphenol content (TPC) of major well-known vegetal
sources of dietary polyphenols. TPC is expressed in mg/100 g of fresh weight (FW). Data in the table
were extracted from the PhenolExplorer database [82–84].

Source
Family of

Polyphenol
Amount

Mean TPC (Folin
Assay)

Apple

Anthocyanins 0.93 mg/100 g FW

200.96 mg/100 g FW

Dihydrochalcones 5.38 mg/100 g FW

Flavanols 24.12 mg/100 g FW

Flavonols 6.86 mg/100 g FW

Phenolic acids 19 mg/100 g FW

Artichoke, heads, raw
Flavones 57.8 mg/100 g FW

1142.40 mg/100 g FW
Phenolic acids 202.23 mg/100 g FW

Blueberries

Flavonols 12.23 mg/100 g FW

151.33 mg/100 g FW
Phenolic acids 162.47 mg/100 g FW

Phenolic acids 37.06 mg/100 g FW

Other polyphenols 0.45527 mg/100 g FW

Cocoa, powder

Flavanols 511.62 mg/100 g FW

5624.23 mg/100 g FWPhenolic acids 37.06 mg/100 g FW

Other polyphenols 0.45527 mg/100 g FW

Grape

Anthocyanins 72.1 mg/100 g FW

184.97 mg/100 g FW

Flavanols 17.11 mg/100 g FW

Flavonols 3.08 mg/100 g FW

Phenolic acids 1.69 mg/100 g FW

Stilbenes 0.3362 mg/100 g FW

Green tea

Flavanols 71.18 mg/100 g FW

61.86 mg/100 mlFlavonols 5.29 mg/100 g FW

Phenolic acids 12.53 mg/100 g FW

Olives, green

Flavones 0.56 mg/100 g FW

161.24 mg/100 g FWPhenolic acids 134.94 mg/100 g FW

Other polyphenols 211.05 mg/100 g FW

Persil, fresh Other polyphenols 13.95 mg/100 g FW 89.27 mg/100 g FW

Strawberries

Anthocyanins 73.01 mg/100 g FW

289.20 mg/100 g FW

Flavanols 9.1375 mg/100 g FW

Flavonols 2.32 mg/100 g FW

Phenolic acids 10.74 mg/100 g FW

Stilbenes 0.35 mg/100 g FW
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Table 2. Main effects of polyphenols present in grapes on mechanisms involved in obesity and aging.

Family and Subfamily Compound Effect and Mechanism References

Flavonoids/Flavan-3-ols

EGCG

• Antioxidant
Radical scavenging
Metal ion chelation

↑ CAT, ↑ SOD1 e SOD2, ↑ GPx

• Anti-inflammatory
↓ NFkB via ↓ Ikβ

↓ COX-2
↓ IRF3 via ↓ TBK1

• Anti-diabetic
↓ insulin resistance

↑ lipid oxidation in muscle
↑ NFkB, ↑ AMPK, ↑ MAPK

• Anti-aging/pro-apoptotic
↑ Beclin-1 and ↑ caspases

• Fraga et al. [85]
Bernatoniene et al. [86]

Meng et al. [57]

• Youn et al. [87]

• Casanova et al. [88]
Li et al. [89]

• Pallauf and Rimbach [90]

Grape seed
proanthocyanidins

• Anti-diabetic
↑ Nrf1, ↑SIRT1, and ↑PGC-1α,
↑ slow myosin heavy chain,

↑ succinic dehydrogenase and malate
dehydrogenase activities,
↑ resistance to fatigue

• Xu et al. [91]

Flavonoids/Flavanols

Quercetin

• Anti-inflammatory
↑ Nrf2/ARE pathways
↑ Antioxidant enzymes

↓ TNF-α, ↓ IL-6, ↓ IL-1β, ↓ COX-2, ↓ iNOS,
↓ NFkB in adipocytes and macrophages

• Costa et al. [92]

• Sato et al. [93]

Myricetin

• Anti-diabetic
↑ glucose uptake,
↓ insulin resistance,

↑Akt and ↑AMPK signaling pathways

• Pandey et al. [94]

Kaempferol

• Anti-inflammatory
↓ IL-6, IL-1β, 18 and TNF-α
↑ Nrf2 and synthesis targets

Inhibition TLR4

• Alam et al. [95]

Flavonoids/Anthocyanes

Anthocyanins
• Anti-inflammatory
↓ COX-1 and COX-2
↓ C-reactive protein

• Mozos et al. [96]
• Sivamaruthi et al. [97]

Cyanidin-3-O-glucoside

• Antidyslipidemic
↑ PPARs

• Anti-diabetic
↑ Insulin sensitivity → ↑ PPARs

↑ Insulin secretion → ↓ IL-1β and IL-6
↑ TLR4/IkBα pathway

• Jia et al. [98]

• Geng et al. [99]

Flavonoids/Flavones

Luteolin/Apigenin • Anti-inflammatory
↓ NO and ↓ PGE2

• Tian et al. [100]

Apigenin

• Anti-obesity
Radical scavenger

↑ Increase muscle fibers size
↑ number and volume mitochondria

↑ SOD and GPx

• Wang et al. [101]

Flavonoids/Isoflavones

Daidzein

• Anti-diabetic
Inhibition α-amylase and α-glycosidase
↑ AMPK, ↑ GK, ↓ G6Pase, ↓ PEPCK, ↑

GLUT4, ↑ IRS1, ↑ IRS2, ↑ PPARγ
• Anti-inflammatory

↑ PPARγ, ↓ TNFα, ↓ NFkB, ↓ IL-6, ↓ Ccl2, ↓
Cxcl2

• Park et al. [102]

• Das et al. [103]

Genistein

• Anti-diabetic
↑ AMPK in skeletal muscle

↑ insulin sensitivity
↑ lipid oxidation

• Guevara-Cruz et al. [104]
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Table 2. Cont.

Family and Subfamily Compound Effect and Mechanism References

Flavonoids/Flavanones

Naringenin

• Anti-diabetic
↑ Insulin secretion

• Anti-inflammatory
↓ TNF-α and IL-6

↑ SOD

• Rehman et al. [105]

Hesperidin • Anti-diabetic
↑ IRS, ↑ Akt, and ↑ GLUT4 in muscle cells • Dhanya et al. [106]

Stilbenes Resveratrol

• Anti-diabetic
↑ SIRT1 and ↑ PGC-1α ↑ mitochondrial

activity (exercise mimetic effect)
↑ Akt and AMPK pathways → ↑ insulin

sensitivity

• Anti-obesity
↓ fat accumulation

↑ lipolysis

• Anti-aging
↓ caspase 3

• Lagouge et al. [107]

• Lagouge et al. [107]
Kang et al. [108]

• Huang et al. [109]

• Bai et al. [110]

Phenolic acids

Phenolic acids

• Anti-diabetic
↑ GLUT2 in pancreatic β-cells

↑ PI3K/Akt and ↑ GLUT4 in adipose and
muscle tissues

↓ α-glucosidase activity

• Kumar et al. [111]

• Duboit et al. [96]

Gallic acid/p-coumaric
acid

• Anti-diabetic and anti-obesity
↓ TNF-α and ↓ PPAR γ in adipose tissue • Abdel-Moneim et al. [112]

Caffeic acid phenetyl ester
• Anti-inflammatory

↓ COX and ↓ LOX
Inhibition detachment arachidonic acid.

• Silva et al. [113]

Vanillic acid
• Anti-obesity

↓ PPAR and C/EBPα
↑ Lipid oxidation through ↑ AMPKα

• Jung et al. [114]

Syringic acid

• Anti-diabetic
↑ PGC-1α and Nrf2

↑ increased mitochondrial biogenesis.
↓ TNF-α, IL-1β, and IL-6

• Rashedinina et al. [115]

4. Structure and Function of Grape Polyphenol

Recently, the polyphenols intake has been estimated to be 1607 mg/d in a French well-
balanced diet [81] which is above than previously found in epidemiological studies [116].
Grape is one of the major fruit crops produced worldwide and wine is the most widespread
alcoholic beverage consumed. Moreover, the by-products of wine production are also a rich
resource of biologically active molecules, which need to be emphasized since they possess
the same phytochemicals of wine without the deleterious effect of alcohol [117].

Accumulating evidence shows that grape polyphenols regulate several mechanisms
to prevent oxidative stress and inflammatory-mediated diseases [118] (Figure 1). Thanks
to the phenolic groups, polyphenols can neutralize ROSP due to a transfer of electrons
and/or hydrogen atoms to form phenoxyl radicals which are relatively more stable, thanks
to resonance stabilization [42]. Polyphenols can also activate the endogenous antioxidant
system via the ancestor Nrf2- Kelch-like ECH-associated protein 1 (KEAP1) signaling
pathway [119,120]. Then, in aged muscle, grape polyphenols can increase the antioxidant
enzymes such as catalase, SOD, glutathione reductase, and GPx leading to a reduction of
muscle lipid damage associated with improvement in muscle function [121]. Resveratrol,
and grape polyphenols, can increase the endurance capacity of muscle, which is related
to increase reliance on mitochondrial lipid oxidation [107,122]. Polyphenols can increase
mitochondria biogenesis and function due to their ability to activate sirtuin 1 (SIRT1) a class
III histone deacetylase, NAD+-dependent (Figure 1). SIRT1 regulates several important
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processes such as gene expression, metabolism, and oxidative stress response via deacety-
lation of lysine groups [123]. More specifically, SIRT1 activates PGC-1α, mitochondrial
transcription factor A (TFAM), nuclear receptor peroxisome proliferator-activated receptor
(PPAR), and nuclear respiratory factor (NRF), all involved in mitochondria biogenesis and
function. Moreover, SIRT1 not only modulates mitochondrial function but also regulates
FOXO protein acetylation which in turn modulates manganese SOD and catalase expres-
sion increasing the defense against oxidative stress [124]. The energy sensor, AMPK, could
also activate SIRT1 since it regulates the cellular levels of NAD+. Grape polyphenols can
phosphorylate and activate AMPK [122]. Then, polyphenols can increase lipid oxidation
since it is well known that AMPK controls malonylCoA level a major inhibitor of the CPT
and lipid entry into mitochondria [125] but also AMPK controls mitochondrial biogenesis
via the deacetylation and activation of PGC-1α by SIRT1 [107]. Indeed, grape polyphenols
supplementation increases muscle PGC-1α alpha mRNA and maintains CPT1 mRNA after
fructose ingestion in first-degree relatives of T2D patients, suggesting a conserved lipid
oxidation capacity which could explain the body weight gain decrease in this group com-
pared to placebo [126]. The inflammation pathway is also negatively regulated by SIRT1
through NFkB acetylation explaining in part the anti-inflammatory activity of polyphe-
nols. On the other part, resveratrol has been found to alleviate obesity-induced skeletal
muscle inflammation due to a shift in macrophage toward an anti-inflammatory profile
and a decrease in TLR4 expression [127]. In the context of muscle atrophy, resveratrol
has demonstrated an ability to decrease atrogin-1 and MuRF-1 expression depending on
SIRT1 activity [128]. Then, polyphenols but mostly resveratrol have been described as
exercise mimetic compounds according to their positive regulation of muscle mass [129].
Polyphenols are secondary metabolites of vegetables and fruits (largely in berries) with
important physiological and defense functions as pigments and antioxidant molecules.
They are accumulated in the berries, especially in the solid parts (mainly skin and seeds),
in response to various internal and external stimuli (growth, free radicals excess, ultraviolet
(UV) radiations, fungi, insects, and bacteria attack) [130]. Then, polyphenols content in
grapes is highly variable depending on the cultivar, maturity, and fermentation processes
during wine production [131]. They play an important role in maintaining the organoleptic
characteristics of wines (color, taste, and astringency), and thanks to their antimicrobial
activity they are used as preservatives in the food and cosmetic industries [132,133]. By
highlighting their antioxidant properties [134,135], the French paradox stimulated the
exploration of the effects that polyphenols from different sources could have on various
diseases [136]. As we stated at the outset, the study of grape polyphenols on muscle is still
in its infancy, and therefore studies specifically demonstrating the effects of polyphenols
extracts obtained from grapes are still scarce. That is why in this section, we will report
studies on main polyphenols (individual molecules or groups of molecules) found in grape,
that can be also isolated from other sources [137]. In fact, even if isolated from other sources,
these polyphenols show the same chemical structure, and we reasonably assume that they
could exert the same mechanism of action. For each subfamily, we will cite studies focusing
on their effects on obesity, aging, T2D, inflammation, and oxidative stress, with a particular
look at pathways affecting muscle. The chemical structure of polyphenols is characterized
by the presence of one or more hydroxyl groups and one or more aromatic rings with six
carbon atoms.

Polyphenols are a wide class of compounds with more than 8000 molecules isolated
and described [138]. Thus, for easier understanding, polyphenols are divided into two big
families according to the number of aromatic rings, the way they are linked to each other,
and the position and oxidation state of the hydroxyl groups: flavonoids and non-flavonoids,
each of which contains other classes (Figure 2).
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Figure 2. Polyphenols classification.

4.1. The Flavonoids

Flavonoids are known as plant pigments but also for their antioxidant, antimicrobial,
and light-screening functions [139]. Moreover, thanks to their properties they are success-
fully used in the pharmaceutical and food sectors as preservatives and pigments [140].
Depending on the chemical structure, oxidation degree, or unsaturation of the hetero-
cyclic ring C, flavonoids can be further classified into six mean groups, notably: flavanols,
flavonols, anthocyanes, flavones, isoflavones, flavanones [141]. These molecules are gener-
ally water-soluble, and they can be found in glycosylated or aglycone form. Their basic
structure is the flavone ring.

4.1.1. Flavan-3-ols

Flavanols are relevant molecules in grapes and wine for their contribution to color
stabilization and their astringent and bitter properties [142]. They are generally referred to
as catechins and in their structure, the double bond on the C ring is absent and, accordingly,
two chiral carbons are found (C2 and C3, see Figure 2) [143]. The monomeric catechins can
exist in the form of four stereoisomers, depending on the hydroxylation on the C4 of the C
ring. The trans isomer is called catechin, the cis one is called epicatechin. When catechins
and epicatechins polymerize, they form condensed tannins also known as proanthocyani-
dins [144]. The organoleptic and pharmacological properties of tannins are strictly related
to their structure and polymerization degree. Molecules with a higher polymerization
degree have stronger radical scavenger activity and moreover, they are more bioavailable
thanks to increased resistance to acid hydrolysis in the stomach [145]. Indeed, grape seed
proanthocyanidins have been found to promote health-benefit via inhibition of protein
damage linked to their antioxidant capacities and enzyme inhibition [146]. Grape seed
proanthocyanidins extract is able to activate AMPK in C2C12 myotubes, consequently
switching on Nrf1, SIRT1, and PGC-1α. This mechanism is behind the increase in slow
myosin heavy chain, decrease in fast myosin chains, increased activity of succinic dehydro-
genase and malate dehydrogenase, and decreased activity of lactate dehydrogenase all of
these leading to increased resistance to fatigue [91]. (-)-Epigallocatechin-3-gallate (EGCG)
wields an antioxidant activity through a combination of mechanisms. On one side it acts as
a radical scavenger or by chelating metal ions that favor the formation of radicals [85], on
the other, it enhances the activity of endogenous antioxidant enzymes as well as inhibits the
activity of pro-oxidant enzymes and pro- inflammatory TLR4 pathways [57,86,87]. EGCG
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has a role in mitigating the oxidative stress-based inflammation in T2D and obesity by
regulating the NFkB, Adenosine Monophosphate Activated Protein Kinase (AMPK), and
Mitogen-Activated Protein Kinases (MAPK) signaling pathways, thus decreasing IR and
increasing muscle lipid oxidation [88,89]. EGCG has a beneficial effect on the aging process
by promoting autophagy through activation of Beclin 1 and apoptosis by induction of
caspase proteins [90], see Table 2.

4.1.2. Flavonols

The flavonols exhibit a double bond between the carbons C2 and C3 and the C3 is
hydroxylated. In this position, the aglycones can be linked to different sugars (often glucose
and rhamnose) [147]. They are found in big amounts in the grape skin because their biosyn-
thesis is stimulated by the sun light, from which they protect the plant. Quercetin, one
of the major flavonoids in grapes, reduces inflammatory signaling pathway by inhibiting
inflammatory receptors in mice with obesity-induced skeletal muscle atrophy [148] and
attenuates adipogenesis and fibrosis in a human muscle-derived mesenchymal progenitors
cells model [149]. In human myotubes from a healthy donor, at a physiological dose,
quercetin modestly increases the insulin signaling pathway and glycogen storage which
could participate in improving insulin sensitivity [150]. Their signaling pathway expresses
an anti-inflammatory activity through the activation of Nrf2/Antioxidant Responsive Ele-
ment (ARE) pathways with a subsequent upregulated synthesis of antioxidant endogenous
enzymes [92]. Furthermore, it was described that quercetin reduces inflammation in the
adipocytes and macrophages by reducing the expressions of genes encoding for TNF-α,
IL-6, IL-1β, Cyclooxygenase-2 (COX-2), Inducible Nitric Oxide Synthase (iNOS) and also
by keeping away from the activation of NFkB [93]. Myricetin, another of the flavonoids
most present in red grapes, has been shown to have anti-diabetic effects in numerous stud-
ies [94]. On C2C12 myotubes, it was demonstrated that myricetin increases glucose uptake
thanks to the activation of AMPK and Akt signaling pathways, thus decreasing insulin
resistance [151]. Kaempferol, as well, is known to be an anti-inflammatory compound. The
different mechanisms were summarized by Alam et al. in 2020 and they include: decreased
release of IL-6, IL-1β, 18, and TNF-α, activation of the Nrf2 pathway and synthesis of target
enzymes, and inhibition of TLR4 [95].

4.1.3. Anthocyanes

The anthocyanes (or anthocyanins) are, with the chlorophyll and the carotenoids,
the most important vegetal pigments [152]. In grapes, anthocyanins are located in the
skin and exhibit a strong antioxidant power, to protect the plant from the damage caused
by UV radiation [153]. The base structure is the 3,5,7,4’-tetrahydroxyflavylium cation or
flavylium cation. The OH group in position 3 is always glycosylated and the one in position
5 is very frequently. There are many studies that show the beneficial antioxidant and
anti-inflammatory effects of anthocyanin supplementation on obesity state meticulously
reported by Sivamaruthi et al. [97]. To cite one, high fat diet obese mice supplemented
with 250 mg/kg/d grape pomace extract, rich in anthocyanin, decreased the levels of
plasma C-reactive protein after 12 weeks, thus exerting an anti-inflammatory activity [154].
Many studies have already described their disparate biological activities. Among them,
anthocyanins have been shown to exhibit an inhibitory effect on the enzymes COX-1 and
COX-2, thus reducing systematic and cardiovascular inflammation [96]. Moreover, glucose
and lipid metabolism are also improved following anthocyanin supplementation. For
example, cyanidin-3-O-glucoside supplementation increases the expression of Peroxisome
Proliferator-Activated Receptors (PPARs), thus reducing dyslipidemia and increasing
sensitivity to insulin in mice after eight weeks of supplementation by increasing lipid
oxidation [98] and plays a role to retrieve IR in diabetes by re-establishing insulin secretion
and decreasing IL-1β and IL-6 concentrations [99].
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4.1.4. Flavones

These molecules, vegetal yellow pigments, have the fundamental skeleton of the
flavone (also known as 2-phenylchromone), with the presence of a double bond between
C2 and C3 and no hydroxyl group in C3. It is therefore an oxidized form of flavanones.
Like other flavonoids, they mostly appear in the form of water-soluble glycosides. Lute-
olin and apigenin showed in lipopolysaccharide (LPS)-activated macrophages a strong
anti-inflammatory effect thanks to the decreased production of NO and prostaglandin
E2 [100]. It was also described as a beneficial effect of apigenin in mitigating obesity-
induced atrophy in mice. After the treatment, the size of muscle fibers was enhanced, and
mitochondria were increased in number and volume. The effect has been scribed to the
counteracting of oxidative species and improving the activity of antioxidant enzymes such
as SOD and GPx [101].

4.1.5. Isoflavones

Isoflavones, commonly known as phytoestrogens, are isomers of flavones in which the
phenyl group (ring B) is linked to the C3 and not to the C2 of ring C. They are synthetized
following a microbial attack or in stress conditions, thus acting as phytoalexins [155].
It described their anti-inflammatory activity and their effects on the mitigation of T2D.
Daidzein acts as an inhibitor of the enzymes α-glucosidase and α-amylase, thus decreasing
post-prandial glycemia [102]. Additionally, daidzein acts on different targets involved
in the insulin response (AMPK, Glycerol Kinase (GK), Glucose 6-Phosphatase (G6Pase),
Phosphoenolpyruvate Carboxykinase (PEPCK), PPARγ, Glucose Transporter 4 (GLUT4),
Insulin Receptor Substrate 1 (IRS1), IRS2, etc.) and in the anti-inflammatory response
(PPARγ, TNFα, NFkβ, IL-6, Chemokine ligand 2 (Ccl2), Chemokine (C-X-C motif) ligand 2
(Cxcl2), etc.) [103]. In obese patients, genistein (50 mg/day for 2 months) ameliorates IR
associated with an increase in skeletal muscle AMPK activation, thus increasing fatty acid
oxidation and insulin sensitivity [104].

4.1.6. Flavanones

All the molecules of this class have a structure based on the progenitor flavone, with a
double bond between C2 and C3. We can find flavanones in grapes and some representative
molecules such as naringenin and hesperetin which exhibit important anti-inflammatory,
antioxidant, and antidiabetic action. In fact, naringenin is able to ameliorate hyperglycemia
and to improve the secretion of insulin. Moreover, it has an action on the inflammatory
status by decreasing cytokines like TNFα and IL-6 and increasing the activity of SOD [105].
Naringenin and hesperetin are aglycones, but they are often found in their glycosylated
form called naringin (naringenin + neohexperidose) and hesperidin (hesperetin + rutinose).
It was demonstrated that hesperidin has an antidiabetic action, exerted by upregulating
IRS, Akt, and GLUT4 in muscle cells, which is higher than the aglycone hesperetin [106].

4.2. Non-Flavonoids
4.2.1. Stilbenes

Stilbenes are known as phytoalexins, protective compounds secreted by the plant
following contact with a pathogen or an abiotic stress [156]. Stilbenes are diaryl ethers,
ethenes substituted with a phenyl group on both carbon atoms of the double bond. Thus,
there are two possible geometric isomers of stilbene, trans and cis [157]. Grape berries
are an excellent source of trans-resveratrol, the most notable compound among stilbenes,
with a concentration of 10–100 higher than in other berries [158]. Trans-resveratrol is
the molecule belonging to this class that has been most investigated for its biological
properties [159] due to the activation of Sirtuin 1 (SIRT1). Lagouge et al., in a ground-
breaking paper, showed that resveratrol activates the deacetylase SIRT1 and the coactivator
Peroxisome Proliferator-Activated Receptor-Gamma Coactivator-1α (PGC-1α), thus in-
creasing mitochondrial activity, its decrease is a cause of aging and metabolic diseases, and
miming caloric restriction and exercise [107]. Then, resveratrol can be used successfully

414



Molecules 2022, 27, 6594

against different pathologies [160]. Another beneficial effect on metabolism is given by the
fact that resveratrol improves insulin sensitivity by activating Akt, and AMPK pathways
and inhibiting NFkB favoring insulin signaling, lipid oxidation, and decreasing inflam-
mation in rodents [107,108]. Besides its beneficial metabolic effect, resveratrol has been
efficient in animal models or cell cultures for preventing muscle atrophy due to dexam-
ethasone [128], mechanical unloading [129], cancer cachexia [161], and sarcopenia in obese
rodents [109,110]. Interestingly, resveratrol has been shown to decrease oxidative stress
and inflammation associated with aging without a reversal of muscle atrophy [162,163].

4.2.2. Phenolic Acids

Phenolic acids are one of the classes of phenolic compounds found in higher concen-
trations in the plant world [164]. This class of compounds is divided into hydroxybenzoic
acids and hydroxycinnamic acids, in the function of the position of the carboxylic group
on the aromatic ring (C1-C6 or C3-C6 structure) [143]. They are often found in conjugated
form with tartaric acid or glucose, forming soluble compounds [165]. Phenolic acids are
known to have a beneficial impact on human health, acting as oxidative species scavengers
but also regulating some key signaling pathways. As an example, phenolic acids exert
an adjuvant effect on diabetes by activating the Phosphatidylinositol 3-kinase (PI3K)/Akt
pathway, increasing the translocation of GLUT4 in adipose and muscle tissues and thus
insulin sensitivity [111]. Gallic acid and p-coumaric acid showed to have a potent hy-
poglycemic and lipid-lowering effect on diabetic rats, exerted by decreasing TNF-α and
modulating PPAR-γ in adipose tissue [112] and by modulating muscle AMPK [166]. Caf-
feic acid phenetyl ester, a derivative of caffeic acid found in grapes, inhibits the enzymes
COX and lipoxygenase (LOX), the main enzymes involved in inflammation [113]. To
bring some examples of biological activities among the hydroxybenzoic acids, vanillic
acid can be successfully employed in obesity because it decreases the adipogenic PPAR
and CCAAT-enhancer-binding proteins α (C/EBPα) and increases lipid oxidation through
AMPKα [114]. Syringic acid is an antidiabetic agent, which combines an antihyperglycemic
effect with the mitigation of diabetic neuropathy. The effect is given by the activation of
PGC-1α and Nrf1, with consequent increases in mitochondrial biogenesis, and decreased
secretion of pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) [115].

It is evident nowadays that introducing dietary grape polyphenols through alimenta-
tion is essential for maintaining a good state of health. Several in vitro and in vivo studies
and clinical trials demonstrated that their action on the body is exerted by regulating
metabolism, weight, and muscle function, mitigating oxidative stress, inflammation, and
chronic diseases [122,126,167].

Although their antioxidant action is considered their main mechanism of action,
this action alone is not able to explain all the biological effects of grape polyphenols.
In fact, it has been proven that they also act through the modulation of receptors [168],
transcription factors during myogenesis [169,170], enzymes activities [171,172], and also
through epigenetic modulation [173], and non-coding (nc) RNA regulation [174].

5. Metabolism of Polyphenols

Structures and activities of polyphenols could be altered by their interaction with
other molecules contained within the food matrix and of course by hepatic and intestinal
metabolism. Consequently, human plasma concentrations of polyphenols are not compara-
ble to those concentrations described as necessary to achieve a great biological activity as
demonstrated by in vitro studies. Their metabolism and bioavailability vary considerably
from molecule to molecule and there is a strong hypothesis that polyphenols’ metabolites
produced in vivo are also responsible for the biological action of polyphenols [175].

The series of processes involved in the metabolization, and absorption of polyphenols
begins in the oral cavity with saliva and then continues in the gastrointestinal tract involving
the gut microbiome. After these processes, a part of the polyphenols will be absorbed
in their original form, a part will be excreted in the feces and a part will be transformed
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into new molecules with biological effects. The destiny of polyphenols in the digestive
system depends on their original chemical structure: different polyphenols will undergo
different transformations.

Saliva is composed mainly of water, salts, enzymes, and proteins (albumin, α-amylase,
sulphomucins, sialomucins, glycoproteins, sulfated cystatins, agglutinins, histatins, lysozymes,
mucins, immunoglobulins, proline-rich proteins) among which amylase is the most abun-
dant [176]. In the mouth, through mastication polyphenols are mixed with saliva and
solubilized. Molecules such as tannins can form a complex and precipitate with the tannin-
binding salivary proteins (TBSPs). These complexes remain stable during the transit in the
stomach, while they are solubilized in the intestine in presence of bile salts [177]. Lipophilic
polyphenols such as resveratrol, curcumin, and quercetin are poorly bioavailable because
of their lack of solubility, thus limiting their antioxidant action in the body. Saliva has been
described as able to solubilize lipophilic polyphenols, thus increasing their bioavailability
and their antioxidant activity [178].

After the mechanical and chemical transformations in the mouth, polyphenols are
transported to the gastrointestinal tract. Absorption can occur by passive transport or, much
more frequently because of lipophilia, by carrier-mediated active transport. In rats, phenolic
acids [179] and not glycosylated flavonoids [180] can be absorbed at the stomach level. Chen
et al. described that among the total polyphenolic compounds only 5–10% can be directly
absorbed in the small intestine while the rest must undergo transformations by enzymes
in subsequent sections of the gastrointestinal tract before they can be absorbed [179].
For instance, glycosylated flavonoids, such as quercetin, are poorly absorbed due to their
hydrophilic character. They must be deglycosylated by β-glucosidases of the small intestine
and then absorbed as aglycones [181]. The human digestive tube is populated by a copious
microbial population, counting more than 100 trillion different microorganisms, whose
name is gut microbiota. Gut microbiota has a big impact on the polyphenols’ absorption
and bioavailability, because of their own enzymatic capacities. First, the O-glycosides
are hydrolyzed to aglycones, which will further undergo reactions of glucuronidation
or sulfonation [182]. For example, trans-piceid, which is chemically an O-glycoside of
resveratrol, is hydrolyzed to free resveratrol by the gut microbiota [183]. Subsequently,
both molecules are largely sulfonated or glucuronidated but also hydroxylated, to produce
different derivatives such as dihydroresveratrol, dihydropiceid, and many others [184].
Moreover, the gut microbiota is able to perform catabolic reactions, like degradation of
aromatic rings via carbon-carbon cleavage, decarboxylation, hydrogenation, ihydroxylation,
demethylation, thus forming derivatives with simpler structures [182]. Cyanidin, taken as
a model of anthocyanidin, is metabolized by the gut microbiota starting by the opening of
the pyranic ring followed by a second carbon-carbon cleavage, giving protocatechuic acid
and 2-(2,4,6-trihydroxyphenyl) acetic acid as final products [185]. Hydrolysable tannins
are complex phenolic compounds, metabolized by the gut microbiota. The first enzymes
involved are hydrolases (tannin acyl hydrolase) which release gallic acid (gallotannins)
or ellagic acid (ellagitannins). Gallic acid is further transformed by decarboxylation and
hydroxylation, while ellagic acid only transforms by dihydroxylation [186].

Ferulic acid is mostly found in its esterified form. Its methyl ester, for example, is
readily demethylated to ferulic acid then its double bond is saturated by hydrogenation,
the methoxy group on the carbon 3 is demethylated and the carbon 4 is dehydroxylated
to obtain 3-phenylpropionic acid [187]. The polyphenols’ metabolites thus formed will be
partly absorbed into the systemic circulation and partly excreted as waste to terminate their
biological activity. Apart from the metabolization carried out by the gut microbiota, they
can enter the enterohepatic cycle and undergo phase I and phase II metabolism, eventually
going back from the liver to the intestine through the bile [188]. Phase I metabolism is
carried out in the liver by the cytochrome P450 (CYP450) superfamily of enzymes, and it
involves reactions of oxidation, hydrolysis, and reduction. Phase II metabolism has the
aim to conjugate polyphenols to augment their hydrophilicity and help their rapid elimina-
tion from the body. Phase II enzymes include UDP-glucuronosyltransferase, responsible
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for glucuronidation, N-acetyltransferase, which catalyzes the transfer of acetyl groups
from acetyl-CoA to polyphenols, glutathione-S-transferase which leads the polyphenol
to conjugation with a reduced glutathione molecule [189]. It was reported for instance,
that naringin and naringenin are susceptible to phase I and phase II metabolism. In fact,
they are firstly oxidized or demethylated by CYP450 and subsequently glucuronidated,
sulfated and methylated. From the metabolism of the only naringin 32 metabolites are
derived, some keeping the flavonoid structure and some only a phenolic one [190]. As
another example, it is possible to find in the human intestine quercetin-3′-O-glucuronide
and quercetin-4′-O-glucuronide as a result of phase II metabolism on quercetin [191].
Another well-studied molecule is resveratrol, which when it reaches the human gastroin-
testinal tract goes through reactions of sulfation and glucuronidation, phase II reactions,
generating a variety of reported metabolites, such as trans-resveratrol-3-O-sulfate, trans-
resveratrol-4′-O-sulfate, trans-resveratrol-3,4′-disulfate, trans-resveratrol-3-O-glucuronide
and trans-resveratrol-4′-O-glucuronide [192].

6. Clinical Studies

The number of clinical studies evaluating skeletal muscle mass and function for
patients with chronic/non-communicable diseases and following grape polyphenols ad-
ministration is strongly limited compared to in vitro and animal studies. This relative
absence of clinical trials is particularly difficult to understand considering the encourag-
ing results obtained in vitro, in animal models, and during the scarce clinical studies yet
realized some years ago [126,193–195]. In 2011, Brasnyo et al. studied the effect of sup-
plementation of resveratrol (10 mg/d) in a group of 10 T2D subjects for four weeks [193].
This low dose of resveratrol improved insulin sensitivity, decreased blood glucose levels,
decreased blood oxidative stress, and increased Akt phosphorylation in platelets without
any data on muscles. The same year, Timmers et al. demonstrated the beneficial effect of nu-
tritional supplementation of 150 mg/d of resveratrol for 30 d in 11 healthy obese men [194].
This supplementation clearly induced metabolic changes in obese humans, mimicking the
effects of calorie restriction or endurance exercise. In fact, Timmers observed activation of
AMPK in muscle biopsies of the resveratrol-treated subjects, increased PGC-1α and citrate
synthase activity, attesting to an increased muscle mitochondrial activity. Interestingly,
resveratrol decreased hepatic lipid content but increased intra-myocellular lipid content.
Hokayem et al. showed that eight weeks of supplementation with a natural mixture of
grape polyphenols at nutritional doses (2 g/d), efficiently prevents fructose-induced oxida-
tive stress and IR in healthy overweight/obese first-degree relatives of T2D patients [126].
At the skeletal muscle level, grape polyphenols supplementation protected mitochondrial
function, prevented oxidative stress, and tended to increase insulin sensitivity after fructose
challenge Goh et al. showed that supplementation with 3 g resveratrol daily for 12 weeks
regulates energy expenditure through increased skeletal muscle SIRT1 and AMPK protein
expression in patients with T2D [195]. These interesting results indicate that resveratrol
may have beneficial exercise-mimetic effects in patients with T2D [195]. However, no
significant modification in systemic insulin sensitivity was observed during this study
whereas a decrease in glycated hemoglobin was observed, suggesting an improvement in
glucose tolerance. The number of volunteers included in this trial, 10 subjects, could be not
enough to have a clear demonstration of grape polyphenols’ effects on systemic insulin
sensitivity. In seventeen well-controlled T2D subjects, supplementation of 150 mg/d of
resveratrol for 30 d was also not able to change insulin sensitivity whereas it increased lipid-
derivate mitochondrial respiration in muscle [196]. An 8-week supplementation of obese
subjects with red wine polyphenols (600 mg/day) does not also improve obesity-associated
IR [197]. The main limitation of this study was that total polyphenols intake was similar
between the treated and placebo groups limiting the conclusions on the supplementation.
Overall, the improvement of insulin sensitivity with grape polyphenols (resveratrol or
polyphenols mixture) was mainly found in metabolically stressed patients at a systemic
level but not in a normal state of health [198], whereas the improvement in mitochondrial
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function and oxidative stress were evident whatever the tissues and the metabolic status of
patients. These data underline that in obese/T2D humans, grape polyphenols seem to act
mainly as antioxidants.

Clinical trials for investigating polyphenols supplementation on aged muscle are
even more limited. In an attempt to decrease functional limitations, most studies on
elderly subjects have combined exercise training and polyphenols supplementation in
order to amplify the benefits of exercise alone. One study found the beneficial effect of
500 mg/d of resveratrol supplementation associated with exercise on muscle force with
higher mitochondrial density and muscle fatigue resistance in elderly subjects allowing
to potentially reverse sarcopenia [199]. However, most of the studies report no effect
of the combination [200] or even detrimental effect on muscle [201,202]. Recently, in a
pilot study on elderly community-dwelling adults, Harper et al. found that 1000 mg/d of
resveratrol permits a 33.1 m improvement in the 6-min walk distance associated with higher
mitochondrial function and decreased inflammation [203]. This data could be related to the
epidemiologic studies where an association between the Mediterranean diet with gait speed
is found [204]. However, the beneficial effect of grape polyphenols supplementation on
sarcopenia needs to be investigated. To date, no prospective study with data on sarcopenic
or frailty subjects is available but some clinical trials are ongoing [124].

7. Conclusions

Restoration of skeletal muscle mass and function is vital to cure the comorbidities
associated with obesity and aging. Grape polyphenols have therapeutic potential for such
diseases mediated by oxidative stress and inflammation. Nevertheless, large-scale clinical
trials are still necessary to better investigate the activity of these natural compounds at
the skeletal muscle level. Moreover, the majority of clinical trials have studied the effect
of one purified polyphenol, resveratrol, and not the activity of a crude extract or of a
mixture of several molecules of polyphenols. Yet in vitro studies or animal models, even
not concerning skeletal muscle, showed an interest in using a mixture of polyphenols. In
fact, such a mixture of polyphenols is more active than each individual molecule alone as a
synergy effect occurs between the molecules [205,206].

Another important point in using a mixture of polyphenols is that an extract in
which many polyphenolic molecules are blended together in low concentrations has the
advantage of reducing the toxicity that could be derived from the use of a single molecule
in higher concentrations [207].

Additionally, the advantage of grapes over other sources of polyphenols is that grapes,
after strawberries and lychees, are among the fruits with the highest polyphenols content
(anthocyanins/anthocyanidins, flavonols) [208]. As shown in Table 1, moreover grape
boasts a wide variety of phenolic molecules. Although stilbenes, such as resveratrol, have a
lower relative abundance than the previously mentioned molecules in grapes, it is at least
10–100 times higher than in other berries [209], making grapes one of its primary sources.
Grapes are consumed worldwide. They are the fourth most abundant fruit crop cultivated
all over the world [210], so their supply as a source of extraction is easy and affordable
for many countries. Moreover, there is an environmental and eco-friendly aspect to using
grape polyphenols. Indeed, grape skins and grape seeds are waste by-products of wine or
grape juice production. They are rich sources of polyphenols and could be used in the form
of food supplements.

Translational data confirming the benefit of grape polyphenols in human health at
the muscle level would allow the development of grape polyphenols supplementation in
therapy and in the management of obese and aging people on a routine basis. This would
improve the quality of life and decrease the economic cost of medical care for obese and
elderly patients.
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Abstract: In this study, we propose ultra-performance liquid chromatography coupled with quadrupole/
time-of-flight mass spectrometry (UPLC-QToF-MS/MS)-guided metabolite isolation as a choice
analytical approach to the ongoing structure–activity investigations of chemical isolates from the
edible lichen, Ramalina conduplicans Vain. This strategy led to the isolation and identification of a new
depside (5) along with 13 known compounds (1–4, 6–14), most of which being newly described in
this lichen species. The structures of the isolates were established by detailed analysis of their spectral
data (IR, NMR, and Mass). The acetone extract was further analyzed by UPLC-Q-ToF-MS/MS in
a negative ionization mode, which facilitated the identification and confirmation of 18 compounds
based on their fragmentation patterns. The antioxidant capacities of the lichen acetone extract (AE)
and isolates were measured by tracking DPPH and ABTS free radical scavenging activities. Most
isolates displayed marked radical scavenging activities against ABTS while moderate activities were
observed against DPPH radical scavenging. Except for atranol (14), oxidative DNA damage was
limited by all the tested compounds, with a marked protection for the novel isolated compound
(5), as previously noted for the acetone extract (p < 0.001). Furthermore, compound (4) and acetone
extract (AE) have inhibited intestinal α-glucosidase enzyme significantly (p < 0.01). Although some
phytochemical studies were already performed on this lichen, this study provided new insights
into the isolation and identification of bioactive compounds, illustrating interest in future novel
analytical techniques.

Keywords: R. conduplicans; lichen; secondary metabolites; antioxidant; DNA damage; α-glucosidase
inhibition

1. Introduction

Lichens are structurally complex and self-sustaining unique consortia comprised of
a fungus host (mycobiont) living with algae or cyanobacteria (photobiont partner) in the
framework of a unique symbiotic type of relationship. In recent years, much attention has
been paid to the biological roles of lichen metabolites because of their potential applica-
tions in perfumery, cosmetics, creative crafts, the dye industry, and the pharmaceutical
sector [1,2]. Moreover, many lichens and their extracts and metabolites have been utilized
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as ingredients in ethnic food preparations and specialties, along with ethnomedicinal ap-
plications [3]. For example, a mixture of lichens called Yangben in the Rai and Limbu
communities of East Nepal is mainly composed of Ramalina species [4]. Among these
fruticose epiphytic species, Ramalina conduplicans Vain is common and one of the most
widely-used edible lichen of the Ramalinaceae family, this is distributed in Central and
Southeastern Asian countries [5].

In Southwestern China, people used to prepare their traditional cold dishes with this
lichen at their marriage banquets [6], and it also has a long history of consumption as a
spice in many places in India and as a traditional food by selected communities in East
Nepal [7,8]. In addition to its useful edible properties, crude extracts from this lichen
are used as ethnomedicine to counteract inflammation, anthelminthic [9], and act as an
anti-diabetic [10], along with antibiotic activities [3,11,12]. Many studies on this lichen
have focused on their nutritional value along with the important trace elements [13] and
antioxidant properties of R. conduplicans [9,14] concerning sekikaic acid and homosekikaic
acid [15]. However, systematic investigations of its constituents for their bioactive potentials
have not been carried out to date.

Therefore, the antioxidant and alpha-glucosidase inhibiting properties of metabolites
from Ramalina conduplicans were investigated here as part of our ongoing exploration of
natural flora for the isolation of bioactive secondary metabolites [16,17]. Accordingly, we
have designed a strategy and workflow based on the Total Ion Current Chromatography
(TIC) of the acetone extract (AE) to recognize and to isolate compounds from R. conduplicans
by UPLC-Q-ToF-MS/MS. AE and all the isolates were assayed for their antioxidant free-
radical scavenging properties, including DNA damage protection and anti-hyperglycemic
potential, through α-glucosidase inhibition.

2. Results and Discussion

The R. conduplicans sample was identified by morphological characteristics and thallus
reactions: K+ pale yellow, KC−, P−, and also negative reaction of the medulla to calcium
hypochlorite solution (C−) (Figure S2, Supplementary Materials). These usual spot tests
are based on the presence of lichen metabolites, but have to be supplemented by accurate
analytical studies to reveal the metabolite content.

2.1. Chemical Profiling, Isolation, and Structure Elucidation

A HPTLC (Figure S3, Supplementary Materials) co-migration with standards and the
UPLC-PDA profile (Figure S4, Supplementary Materials) of the acetone extract of R. condu-
plicans suggested the presence of a dozen of visible compounds, among which salazinic
acid, usnic acid, sekikaic acid, homosekikaic acid, and divaricatic acid were identified
against standards and appeared to represent the most abundant compounds. Initial LC-
QToF-MSE analyses of the acetone extract of R. conduplicans indicated the presence of dep-
sides, depsidones, and monophenolic acids based on High-Resolution Mass Spectroscopy
(HRMS). Molecular formulae for C10–35H10–50O2–15 were generated from mass ranges m/z
150–750 coupled with the fragment ions and their MS spectral data (accurate mass and
fragmentation pattern) and compared to online databases (DNP, Reaxys, SciFinder).

Mass spectrometry (MS) and, particularly, quadruple time-of-flight coupled to Liquid
Chromatography (UPLC-Q-ToF-MS) has been widely utilized for profiling metabolites due
to its superiority in high-resolution mass, precision, and sensitivity [18], and was helpful to
clearly discriminate between the depsides, depsidones, simple phenol acids, dibenzofurans,
and hydroxyl fatty acids based on the fragmentation of lichen molecules [16]. Therefore,
the acquired TIC of the R. conduplicans extracts, obtained within 16 min, were analyzed
from spectra obtained in negative mode and, thus, are effective for characterizing trace com-
ponents (Figure 1). Metabolite assignments were made based on their polarity related to
their retention time (Rt) and molecular formulae from accurate molecular weight measure-
ment, along with adducts [M − H]−/ fragment ions and Ring Double Bond Equivalence
(RDBE). In the present study, a total of 18 compounds were clearly characterized from
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the crude extract of R. conduplicans by molecular formulae generated by ToF-MS/MS and
MS/MS including their fragmentation profiles, as reported in the literature and presented
in Table S1 (Supplementary Materials).

Figure 1. TIC of (A) R. conduplicans acetone extract and (B) enriched fraction-4.

Based on the fragmentation of isolates, we have identified compounds (1–5) and (7–9)
along with atranorin belonging to depsides. The literature clearly indicates that sekikaic
acid is an abundant molecule in Ramalina species [19]. Sekikaic acid (1) is a m-depside
corresponding to the esterification of two divaricatinic acid units and is found with Rt
at 11.98 min and m/z 417.1547 (C22H25O8) with fragments m/z 209 and m/z 225 corre-
sponding to the A ring and B ring, respectively [20]. Compounds 1, 3, 5, 7, 8, and 9, having
a common fragment m/z 209 (Figures S47 and S48, Supplementary Materials), clearly
indicate the difference in locating the other Bring. These depsides can be considered as
ester derivatives of divaricatinic acid (11) while compound 2 is a divaric acid derivative
(recognized at Rt 7.50 min, m/z 195.0657). The other identified monoaromatic compounds
correspond to 2,4-di-O-methyldivaric acid (6), 4-O-methyldivaricatic acid (10), divaricatinic
acid (11), olivetolic acid (12), divarinolmonomethylether (13), and atranol (14). In this run,
three additional compounds were ionized and fragmented (Rt = 8.53 min, Rt = 11.88 min,
and Rt = 13.17 min) and not determined. The fragmentation feature of Compound 5 (m/z
401.1954 [M − H]− (calcd. for [C23H28O6]− 401,1964)) suggested the coupling of a divar-
icatinic acid moiety to an olivetol monomethylether moiety (Figure S17, Supplementary
Materials). Based on these fragmentation studies, we assigned compounds as shown in the
Supporting Information section and in Table S1, including the monoaromatic divaric acid,
along with the common and already-described atranorin (depside), usnic acid (related to
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dibenzofurans), and salazinic acid (a depsidone). The structures were concluded through
MS/MS fragmentation patterns and compared with in-house standards.

Subsequently, the acetone extract was subjected to column chromatography to give
eight fractions (I to VIII). An LC–MSE analysis of all fractions revealed the presence of
depsides in III–VI fractions (Figures S4–S6, Supplementary Materials). Thus, the targeted
isolation and purification of III–VI fractions yielded the isolation of one new depside (5),
along with other known depsides (1–4 and7–9) and monoaromatic compounds (6 and
10–14). The spectra and fragmentation patterns of these molecules were shown in the
Supporting Information section (Figures S7–S46, Supplementary Materials).

The structures of the isolated compounds (Figure 2) were determined by a combination
of spectroscopic data (HRESIMS, 1H and 13C NMR) and in comparison with the reported lit-
erature data. They were identified as sekikaic acid (1) [21], 4′-O-methylnorhomosekikaic acid
(2) [22], homosekikaic acid (3) [22], hyperhomosekikaic acid (4) [23], 2,4-dimethyldivaric acid
(6) [24], divaricatic acid (7) [25], decarboxydivaricatic acid (8) [26], decarboxystenosporic
acid (9) [26], methyldivaricatinate (10) [24], divaricatinic acid (11) [21], olivetolic acid
(12) [27], divarinolmonomethylether (13) [21], and atranol (14) [28].

 

Figure 2. Isolated compounds (1–14) from Ramalina conduplicans Vain.
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Compound 5 was isolated as white amorphous powder and identified as a new
compound. Its molecular formula was established as C23H29O6 based on a HRESIMS ion at
m/z 401.1954 [M − H]− (calcd. for [C23H28O6]−, 401.1964). The 1H and 13C NMR data of 5

(Table 1) showed the presence of four aromatic protons, (δH 6.53 (d, J = 1.8 Hz, 1H), 6.51
(d, J = 1.8 Hz, 1H), 6.46 (d, J = 2.6 Hz), and 6.40 (d, J = 2.6 Hz); δC 120.0, 110.7, 105.4, and
100.8) and one ester carbonyl (δC 170.3). In addition, two methoxyl groups (δH 3.86 (3H, s),
3.81 (3H, s)) and two n-alkane side chains of two methylene groups that were adjacent to a
benzene ring (δH 3.02–2.93 (m, 2H), 2.62–2.51 (m, 2H)) were also distinguished from the
NMR spectra, respectively (Table S2, Supplementary Materials). These spectral features,
together with the characteristic ester carbonyl group at C-7 (δC 170.3) in the 13C NMR
spectrum, strongly imply that 5 is a depside-type derivative [16,29].

Table 1. NMR data of compound 5 (400 & 100 MHz, acetone-d6) *.

S no 1H NMR of 5 13C NMR of 5

1 – 107.35

2 – 166.10

3 6.46 (d, J = 2.6 Hz, 1H) 112.07

4 – 166.10

5 6.40 (d, J = 2.6 Hz, 1H) 100.65

6 – 149.91

7 – 170.47

1′ 6.53 (d, J = 1.8 Hz, 1H) 110.80

2′ – 151.36

3′ – 154.12

4′ – 143.54

5′ 6.51 (d, J = 1.8 Hz, 1H) 105.49

6′ – 150.38

1′′ 3.0–2.93 (m, 2H) 40.06

2′′ 1.82–1.68 (m, 2H) 26.58

3′′ 0.93 (t, J = 7.6, 3H) 15.60

1′′ 2.62–2.51 (m, 2H) 37.69

2′′′ 1.67–1.59 (m, 2H) 32.89

3′′′ 1.41–1.30 (m, 2H) 33.25

4′′′ 1.41–1.30 (m, 2H) 24.18

5′′′ 0.93 (t, J = 7.6 Hz, 3H) 15.30

OMe-7′ 3.81 (s, 3H) 57.31

OMe-8 3.86 (s, 3H) 56.83
* = values are assigned with the comparison of sekikaic acid data and COSY/NOESY correlations.

A comparison of 1H NMR and 13C NMR data from5 with those of 4′-O-methylnorhomo-
sekikaic acid, which were isolated from the same species, indicated an overall similarity,
except for the absence of a COOH group and the presence of two additional methylenes.
This reasoning was further supported by its 13C NMR spectrum, which showed the ab-
sence of a carbonyl COOH group, and its 1H NMR spectrum indicated the presence of
an additional aromatic proton at 6.53 (d, J = 1.8 Hz, 1H). A comprehensive analysis of 2D
NMR (COSY, and HSQC) data, especially the 1H–1H COSY spectrum, revealed two discrete
spin systems, including -CH-CH2-CH3- (from H-1′′, H-2′′ and H-3′′) and -CH-CH2-CH2-
CH2-CH3 (from H-1′′′ to 5′′′), as drawn with bold lines in Figure 3. The position of the
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n-pentyl group at C-6′ and n-propyl chain at C-6 was confirmed on the basis of the NOESY
correlations (H-1′′′/H-5′, H-1′′′/H-1′ and H-1′′/H-5) (Figure 3) and in comparison with
the sekikaic acid data. In addition, the MS/MS spectrum of 5 showed (Figure 4) product
ions m/z 209, thereby indicating the breakage of the C–O bond between two aromatic rings
supported by the fragments at m/z 165 and 137. Based on these spectral characteristics, the
structure of 5 was established and trivially named as decarboxyhomosekikaic acid.

Figure 3. Key COSY and NOESY correlations of compound 5.

m/z

Figure 4. MS/MS spectrum and proposed fragmentation of compound 5.

3. Biological Activity

3.1. Assessment of Compounds and Extract for Free Radicals Scavenging and Antioxidant Activity

The amphiphilic nature of the ABTS•+ cation was used to identify both hydrophilic and
hydrophobic antioxidants in dietary materials, whereas the DPPH- radical was used to mea-
sure an antioxidant’s reducing power [30]. These fundamental chemical experiments reveal
the radical scavenging and reduction characteristics of the potential antioxidant candidates.

Acetone extract (AE) and all isolated compounds (1–14) scavenged ABTS•+ and DPPH-

radicals and the results are presented in Table 2. The results have demonstrated that AE
and all the other compounds potently neutralized ABTS•+ radicals (more than 70%) and
have shown activity equal to the ascorbic acid standard, except for compound 13, which
only scavenged radicals by 50%.The pattern and potentials in decreasing order of ABTS•+

scavenging potentials were observed as follows:olivetolic acid (12) > compound 5 > divari-
nolmonomethylether (13) > decarboxydivaricatic acid (8) > 4-O-methylnorhomo sekikaic
acid (2) > atranol (14) > divaricatic acid (7) > decarboxystenosporic acid (9) > sekikaic acid
(1) > 2,4-dimethyldivaric acid (6) > homo sekikaic acid (3) > methyldivaricatinate (10). In
the case of the DPPH-radical scavenging assay, acetone extract (AE) and compound 14

scavenged DPPH-radicals potently by more than 50%, whereas 1, 2, 3, 4, 5, 6, 12, and 13

countervailed DPPH-radicals (20–40%) moderately. It is important to mention that potent
ABTS•+ scavenging activities were observed in all compounds, but DPPH scavenging
activity was detected to be moderate in all compounds except compound 14 (Table 2). As
ABTS•+ is a planar radical, it can be used to identify antioxidants even with low redox
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potentials. However, due to the steric barrier of the N• radical, they may react slowly or
not at all when tested on DPPH radicals [31]. This might be the reason why extracts and
compounds scavenge ABTS•+ more potently than DPPH-radicals. To check whether this
radical scavenging activity is related to antioxidant properties, we challenged genomic
DNA with hydrogen peroxide (H2O2)-induced oxidative damage.

Table 2. Free radical scavenging activities of AE and compounds (1–14) of Ramalina conduplicans.

Compound Name (Code)
DPPH Assay

% Scavenging
(SC50, μg/mL)

ABTS Assay
% Scavenging,
(SC50, μg/mL)

Sekikaic acid (1) 37.75 ± 0.65 99.05 ± 0.00 (2.45)

4-O-methylnorhomosekikaic
acid (2) 36.78 ± 1.57 98.57 ± 0.00 (1.40)

Homosekikaic acid (3) 38.28 ± 1.22 98.10 ± 0.00 (2.81)

Hyperhomosekikaic acid (4) 27.32 ± 0.34 79.52 ± 1.02 (17.44)

Compound 5 46.29 ± 3.70 100.48 ± 0.68 (0.44)

2,4-dimethyldivaric acid (6) 29.67 ± 0.89 100.20 ± 0.34 (2.46)

Divaricatic acid (7) 8.57 ± 1.65 99.28 ± 1.02 (2.09)

Decarboxydivaricatic acid (8) 17.17 ± 1.74 100.28 ± 0.00 (0.75)

Decarboxystenosporic acid (9) 13.04 ± 0.73 96.7 ± 0.5 (2.41)

Methyl divaricatinate (10) 6.50 ± 0.76 100.0 ± 1.0 (2.90)

Divaricatinic acid (11) ND 100.0 ± 0.5 (2.63)

Olivetolic acid (12) 41.94 ± 1.11 92.7 ± 0.0 (0.13)

Divarinolmonomethylether (13) 21.12 ± 1.21 51.7 ± 2.5 (0.57)

Atranol (14) 74.66 ± 2.59 (18.65) 88.9 ± 7.3 (2.05)

Acetone Extract (AE) 50.64 97.3

Ascorbic Acid 93.25 ± 1.23 (3.96) 99.02 ± 0.03 (0.47)
ND = Not determined. The activity is expressed as % scavenging with regard to ascorbic acid scavenging activity.
The SC50 is indicated for the most active compounds.

3.2. Protective Effect of R. conduplicans AE and Isolated Compounds on Oxidative DNA Damage

The Fenton’s reaction produces the hydroxyl radical, which is a ROS that is detrimental
to the human body. Hydroxyl radicals react with different nucleobases, thereby induc-
ing the formation of mutated bases that eventually lead to DNA damage [32]. Figure 5
demonstrated that FR damaged DNA significantly (p < 0.001) compared to the control
(DMSO + DNA). Though all compounds showed significant protection against hydroxyl
radical-induced DNA damage (p < 0.001, cpd 10: p < 0.05), compound 14 could not prevent
the oxidative damage to DNA (Figures 5 and S49). The genoprotective activity of these com-
pounds and the AE may be attributed to the presence of free radical scavenging potential.

3.3. Assessment of In Vitro Antihyperglycemic Activity of Compounds and Extract as Intestinal
α-Glucosidase Enzyme Inhibition

The α-glucosidase enzyme is a key enzyme that catalyses disaccharide digestion. The
inhibition of α-glucosidase in the intestine slows digestion and the overall rate of glucose
absorption into the blood. This has proven to be one of the most effective ways for lowering
post-prandial blood glucose levels and, as a result, preventing the onset of late diabetes
complications [33]. Sekikaic acid (1) was already recognized to inhibit α-glucosidase along
with usnic acid and salazinic acid from other Ramalina species, but it is not the most effective
compound [34]. As per Figure 6, it was stated that acetone extract (AE) and compound 4

have displayed better α-glucosidase inhibition (p < 0.01) than Acarbose.
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Figure 5. In vitro DNA damage assay. Compounds (1–14) and R. conduplicans. AE were incubated
with DNA and Fenton’s Reagent and DNA damage was recorded with Agarose Gel electrophoresis.
Respective graphical representation. ### p < 0.001; vs. control (DMSO + DNA). *** p < 0.001,
* p < 0.05; vs.DMSO + DNA + FR, One-way ANOVA followed by Tukey’s multiple comparison test
was used to calculate values. Values are represented as mean ± SD, n = 3. AE = Acetone Extract,
FR = Fenton’s Reagent.

Figure 6. Intestinal α-glucosidase inhibitory assay. Compounds (1–8), (11–14), and acetone extract
(AE) were incubated with α-glucosidase enzyme and the release of p-nitrophenol was determined.
*** p < 0.001, ** p < 0.01; vs. Acarbose. One-way ANOVA followed by Tukey’s multiple comparison
test was applied to compare differences. Values are represented as mean ± SD, n = 3. AE = Acetone
Extract. Activity was not detected for compounds 9 and 10.

On the other hand, compounds 8, 11, 12, and 14 demonstrated inhibitory effects
comparable to those of the standard Acarbose (Figure 6). As contrasted activities can
be observed between structurally-related compounds, structure–activity relationships
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can be considered. This is the case between depsides 3 and 4, suggesting a positive
influence of the C1-pentyl chain with regard to substitution by a C1-propyl chain. When
this length modification of the alkyl chain occurs on the B ring of decarboxylated derivatives
(active compound 8 versus inactive compound 9) the opposite influence can be observed.
The presence of a C6′-carboxylic group lowers the α-glucosidase inhibitory activity as
compound 7 is less active than compound 8. Methylation of the carboxylic function of the
monoaromatic divaricatinic acid 11 resulted in a complete loss of activity. Nevertheless,
most of the tested compounds were found with some activity, such as compounds 1, 2, 3, 5,
6, 7, and 13, which displayed mild to moderate enzyme inhibition (p < 0.001). These results
are to be pooled with the growing number of reports on the antidiabetic potential of lichen
extracts or molecules [34–36]. The combination of activities with different mechanisms
of action is of particular interest to develop potent antihyperglycemic effects. Lowering
glucose absorption and limiting oxidative damages due to hyperglycemia, as expected
from the lichen extract, could be promising. The challenge is to use standardized extracts
that were previously checked to be safe for acute and chronic intake.

4. Materials and Methods

4.1. General

The NMR spectra were recorded on a Bruker FT-400 MHz NMR spectrometer and
samples were dissolved in deuterated acetone-d6. Mass data were acquired on aXevoTM

G2 XS-ESI-QTof mass spectrometer (Waters Corp., Manchester, UK). For thin layer chro-
matography (TLC) analysis, precoated Merck plates (silica gel 60 F254) were utilized. Silica
gel (100–200 mesh) (Qing-dao Marine Chemical, Inc., Qingdao, China) was chosen for
column chromatographic separation. Semi-preparative chromatography was performed
on a Gilson HPLC (Middleton, WI, USA) instrument equipped with a 321 binary pump,
GX-281 liquid handler, and UV-155 detector with X Select HSS T3 (250 mm × 100 mm,
5 μm) (Waters Corp., Drinagh, Ireland) as a stationary phase using a Trilution LC v2.1 plat-
form. Formic acid (OptimaTM Mass spec grade) (Thermo Fisher Scientific, Geel, Belgium),
HPLC-grade acetonitrile, LiChrosolv (Merck, Darmstadt, Germany), and ultra-pure water
(Millipore System, Randolph, MA, USA) were used.

4.2. Instrumental UPLC Conditions

The instrumental conditions were set-up as per our recent report (Reddy et al., 2019)
with slight modifications. Chromatographic separation was performed on an Acquity H
Class UPLC system (Waters, Milford, MA, USA) with a conditioned auto sampler using
an ACQUITY UPLC CSH Phenyl-Hexyl column (100 mm × 2.1 mm id., 1.7 μm particle
size) (Waters, Milford, MA, USA). Column temperature was maintained at 40 ◦C. High-
resolution masses of secondary metabolites were measured after UPLC separation. A
mobile phase consisting of water with 0.1% formic acid in water (solvent A) and acetonitrile
with 0.1% formic acid (solvent B) was pumped at a flow rate of 0.4 mL/min. The gradient
elution program was as follows: 0 min, 5% B; 3.00 min, 20% B; 5.00min, 35% B; 7.50 min,
50% B; 10.00 min, 70% B; 12.50 min, 95% B; 17.00 min 95% B; and 21.00 min 5% B. The
equilibration time was 4.0 min and the injection volume was 2 μL. The LC-QTof-MSE

mode was applied to analyze the samples in both TIC as well as the MS/MS mode, where
the collision energy was ramped at 15–45 eV. Eluted compounds were detected from
m/z 50 to 1200 using a Xevo G2-XS Q-Tof mass spectrometer (Waters, Manchester, UK),
which was connected to Electro-spray ionization (ESI) interface with a negative ion mode
using the following instrument settings: capillary voltage, 2.0 KV; sample cone, 40 V;
source temperature, 120 ◦C; desolvation temperature 350 ◦C; cone gas flow rate 50 L/h;
desolvation gas (N2) flow rate 850 L/h, argon as CID gas for MS/MS experiments. All
analyses were performed using lock spray, which ensured accuracy and reproducibility.
Leucine–Enkephalin (5 ng/mL) was used as a lock mass, generating a reference ion in
the negative mode at m/z 554.2615, and was introduced by a lock spray at 10 μL/min
for accurate mass acquisition. Data acquisition was achieved using MassLynx ver. 4.1.
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Acquiring data in this manner provided information on intact precursor ions as well as
fragment ions.

4.3. Lichen Sample Collection and Identification

The lichen, Ramalina conduplicans, was collected from tree bark in Bichpuri Range,
Bijrani Zone of Corbett National Park, alt. N 29◦26′40” E79◦04′06 (1283 m) in the month of
May 2019. The morphological features of lichen thallus and ascomata were observed under
Magnüs MS 24/13, and spot tests for color reaction were carried out by 10% aqueous solu-
tion of potassium hydroxide (K), Steiner’s stable p-phenylene diamine solution (PD), and
calcium hypochlorite solution (C). For the anatomical investigation of fruiting bodies, a light
microscope from ZEISS Axiostar was used. The lichen substances were identified with thin
layer chromatography in solvent system ‘A’ following White and James’s methods (1985).
The standard literature [37] was referred to for identification of lichen samples. The voucher
specimens (Satish Mohabe & A. Madhusudhana Reddy 7658YVUH) of species were de-
posited at the Herbarium, Department of Botany, Yogi Vemana University, Kadapa, Andhra
Pradesh. The corresponding data are shown in Figures S1–S3, Supporting Materials.

4.4. Extraction and Isolation

The sorted-out lichen Ramalina conduplicans (300 g) was shade-dried, powdered, and
extracted with acetone (6L) at room temperature for 48h. The result was that acetone
extract was evaporated to dryness under reduced pressure, thereby affording a syrupy
residue (20 g). This crude extract was subjected to gradient column chromatography (SiO2,
60–120 mesh) and eluted with a hexane/EtOAc mixture of increasing polarity with 10%
intervals that yielded 8 fractions. These eight fractions were reconstituted in acetonitrile
and subjected to UPLC Q-ToF MSE. Based on the TIC profile, we selected fractions 3–6 for
purification (mass profile shown in supporting information, discussion in results section).
All these fractions were subjected to semi-preparative HPLC (X Select HSST3 OBD Prep
Column,5 μm, 10 mm × 250 mm), 0.1 % formic acid with water (solvent A) and acetonitrile
(solvent B) as mobile phase at flow rate 4 mL/min, detected at 254 nm. Semi-preparative
HPLC were conducted by gradient elution programs to obtain compounds as follows:
Fraction 3 (quantity 70 mg, loop volume 250 μL was eluted by 0 min, 5% B; 5 min, 5% B;
10.00 min, 35% B; 16.00 min, 60% B; 25 min, 95% B; 30 min, 95% B; 5% B; 30.50 min, 5% B;
35.00 min. to yield 3 (homosekikaic acid, 7 mg), 7 (divaricatic acid, 4 mg), 11 (divaricatinic
acid, 3 mg), 12 (olivetolic acid, 5 mg), and 14 (atranol, 2 mg). Fraction 4 (quantity 50 mg,
loop volume 250 μL was eluted by 0 min, 30% B; 5 min, 30% B; 10.00 min, 50% B; 23.00 min,
95% B; 27.00 min, 95% B; 27.50 min, 30% B; 30% B; 30.00 min at flow rate 4 mL/min,
detected at 254 nm to yield 10 (methyldivaricatinate, 3 mg), 8 (decarboxydivaricatic acid,
5 mg), 9 (decarboxystenosporic acid, 2 mg), and 4 (hyperhomosekikaic acid, 1mg). Fraction
5 (quantity 25 mg, loop volume 250 μL was eluted by 0 min, 5% B; 8.50 min, 30% B;
15.00 min, 50% B; 22.00 min, 95% B; 28.00 min, 95% B; 29.0 min, 5% B; 5% B; 35.00 min at
flow rate 4 mL/min, detected at 254 nm) to yield 13 (divarinolmonomethylether, 3 mg) and
compound 5 (2 mg). Fraction 6 (quantity 40 mg, loop volume 250 μL was eluted by 0 min,
10% B; 8.50 min, 40% B; 18.00 min, 55% B; 25.00 min, 75% B; 32.00 min, 95% B; 36.0 min, 95%
B; 10% B; 37.00 min, 10% B; 42.00 min at flow rate 4 mL/min, detected at 254 nm) to yield 1

(sekikaic acid, 5 mg), 2 (4-O-methylnorhomosekikaic acid, 7 mg) and 2,4-di-O-methyldivaric
acid 6 (2 mg). Physicochemical data are shown in the Supporting Materials.

4.5. In Vitro Antihyperglycemic and Antioxidant Assay
4.5.1. DPPH Radical Scavenging Activity

A DPPH radical scavenging assay was carried out as previously reported [38]. Scav-
enging of 2,2-diphenyl-1-picryhydrazyl (DPPH) radicals by the acetone extract (AE) (50 μg
of 2 mg/mL solution dissolved in DMSO) and compounds (1–14) (50 μg of 2 mg/mL solu-
tion dissolved in DMSO) was measured in 100 mM Tris-HCl buffer (pH 7.4) by recording
the absorbance at 517 nm spectrophotometrically. Ascorbic acid (50 μg of 2 mg/mL solution
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dissolved in DMSO) served as the standard. The results were expressed as %-scavenging
and calculated by using the following formula: (Ac−At)/100 × Ac, where Ac was the ab-
sorbance of control and At was the absorbance of the test sample. Different concentrations
of compounds were evaluated to obtain 50% scavenging activity (SC50). The SC50 was
calculated based on the equation obtained from regression analysis.

4.5.2. ABTS Radical Scavenging Activity

Scavenging of the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radical
cation (ABTS•+) was performed as per the earlier method [39]. Acetone extract (AE)
(20 μg of 2 mg/mL solution dissolved in DMSO) and compounds (1–14) (20 μg of 2 mg/mL
solution dissolved in DMSO) were incubated with ABTS•+ solution in 6.8 mM phosphate
buffer (pH 8.0) as described earlier. The discoloration of the ABTS•+ solution was de-
termined by measuring the absorbance at 734 nm spectrophotometrically. Ascorbic acid
(20 μg of 2 mg/mL solution dissolved in DMSO) served as the standard. The activity was
expressed as %-scavenging and calculated as follows: (Ac − At)/(100 × Ac), where Ac
was the absorbance of control and At was the absorbance of the test sample. The SC50 of
compounds was calculated as per the above formula.

4.5.3. Free Radical Induced DNA Damage

The protective effect of acetone extract (AE) and compounds (1–14) on oxidative DNA
damage was evaluated as per the previous method [40]. A total of 2 μL calf-thymus DNA
mixed with 5 μL of 39 mM Tris buffer (pH 7.4) and 5 μL (10 μg) acetone extract and
compounds (1–14) (10 μg of 2 mg/mL solution dissolved in DMSO) mixture was incubated
at room temperature for 20 min. The reaction was initiated by adding 5 μL FeCl3 (500 μM)
and 10 μL H2O2 (0.8 M) and incubated for 10 min at 37 ◦C. The reaction was stopped by
adding 3 μL DNA loading dye. Finally, the mixture was subjected to 0.8% agarose gel
electrophoresis in TAE (40 mM Tris, 20 mM acetic acid and 0.5 M EDTA) buffer (pH 7.2).
A total of 3 μL of Ethidium bromide was added to agarose solution to stain DNA bands.
The image was viewed under transilluminating UV light and photographed (Bio-Rad,
ChemiDocTM XRS, Hercules, CA, USA with Image LabTM software (ver. 6.0.1, build34,
standard edition, 2017). The band intensity of the DNA was measured by using ImageJ
software (ver. 1.4.3.67, Broken Symmetry Software, Scottsdale, AZ, USA).

4.5.4. Intestinal α-Glucosidase Inhibition

An intestinal α-glucosidase enzyme inhibition assay was performed as per the previ-
ous method [36]. A total of 20 μL (40 μg) of acetone extract and compounds (1–14) (40 μg
of 2 mg/mL solution dissolved in DMSO) were incubated with 50 μL of rat intestinal
α-glucosidase enzyme (89.93 mM, prepared in 0.9% NaCl) in 100 mM phosphate buffer
(pH 6.8) for 10 min. After the incubation period, 50 μL of substrate (4-nitroplenyl α-D-
glucopyranoside) solution was added. The release of p-nitrophenol from substrate was
measured by recording the absorbance at 405 nm spectrophotometrically. Acarbose (40 μg
of 2 mg/mL solution dissolved in DMSO) was taken as the standard. The activity was
expressed and calculated as follows: (Ac − At)/100 × Ac, where Ac was the absorbance of
control and At was the absorbance of the test sample.

4.5.5. Statistical Analysis

Comparisons within the groups were done by applying one-way ANOVA followed
by a post-test Tukey’s Multiple comparison test. Statistical significance was set at p < 0.05.
Data analysis was performed by using GraphPad Prism ver. 5.01 (GraphPad Software Inc.,
San Diego, CA, USA).

5. Conclusions

A novel UPLC-QToF-MS/MS-guided strategy was proposed here for the isolation and
characterization of one new depside, decarboxyhomosekikaic acid, along with 13 known
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metabolites from Ramalinaconduplicans—most of them being minor metabolites that were
reported on for the first time from this species. In the whole experimental design, UPLC-
QToF-MS/MS was selected for multiple purposes, including targeting, finding, profiling,
and isolating active constituents. Three hitherto unreferenced compounds were detected in
this lichen, with their molecular formulae being deduced from HR-QToF-MS. Although
in minute amounts, one isolate could be identified as an additional homosekikaic derivative.
The expected major compounds atranorin, usnic acid, salazinic acid, and sekikaic acid
were also obtained. However, efforts for isolating, identifying, and testing mainly targeted
alkyldepsides- and monoaromatic-related compounds.

These compounds were tested for their antioxidant and α-glucosidase inhibition po-
tential. Most of them, and the crude acetone extract (AE), have displayed antioxidant
potential by scavenging ABTS and DPPH radicals and protected DNA from oxidative dam-
age. Five compounds, and particularly hyperhomosekicaic acid, exhibited a comparable
or better α-glucosidase inhibition to that of the acarbose standard. On the basis of these
results, it is suggested that these lichen substances have a great potential to be used as
bioresources or as structural models for novel bioactive candidate compounds. Docking
experiments are necessary to document the structure–activities observed in this study along
with pharmacomodulation studies to evaluate the antidiabetic properties. Acetone extract
unexpectedly showed a comparable effect to that of the Acarbose standard, though it was
not sufficient to consider its hypoglycemic activity in the context of the traditional use
made of this edible lichen [10].

It should be kept in mind that activities obtained from the crude extract or from any of
the active metabolites cannot be claimed to support a preventive or a therapeutic activity
as no clinical assay has been carried out to validate an effect with a standardized dosage.
Unexpected side effects can occur when preparations differ from the real traditional use,
and toxicity trials have to be carried out at once.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27196720/s1. Detailed Materials and Method. Table S1:
LC-QToF-MSE data of compounds from acetone extract of R. conduplicans. Physicochemical data of
isolated compounds. Figure S1: Authenticate Ramalina conduplicans. Figure S2: Shows the spot tests
for identification of Ramalina conduplicans. Figure S3: Depicts the HPTLC profiles for R. conduplicans
extract. Figure S4: UPLC-PDA chromatogram of acetone extract of R. conduplicans. Figure S5: Total
Ion Chromatogram (TIC) of fractions and pure compounds. Figure S6–S46: Spectral data (FTIR
spectra, HRESIMS, MS/MS spectra and fragmentation pattern, 1H & 13C NMR, DEPT, HSQC, DQF-
COSY and NOESY spectra) of compounds 1–14, salazinic acid, usnic acid and atronarin. Figure S47:
TIC of R.conduplicans. Figure S48: Common fragmentation of depsides. Figure S49. Invitro DNA
damage assay.
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Abstract: This study aimed to evaluate the antiglycation effects of adlay on protein glycation using
in vitro glycation assays. Adlay seed was divided into the following four parts: the hull (AH), testa
(AT), bran (AB), and polished adlay (PA). A solvent extraction technique and column chromatography
were utilized to investigate the active fractions and components of adlay. Based on a BSA-glucose
assay, the ethanolic extracts of AT (ATE) and AB (ABE) revealed a greater capacity to inhibit protein
glycation. ATE was further consecutively partitioned into four solvent fractions with n-hexane, ethyl
acetate (ATE-Ea), 1-butanol (ATE-BuOH), and water. ATE-BuOH and -Ea show marked inhibition
of glucose-mediated glycation. Medium–high polarity subfractions eluted from ATE-BuOH below
50% methanol with Diaion HP-20, ATE-BuOH-c to -f, exhibited superior antiglycation activity,
with a maximum inhibitory percentage of 88%. Two phenolic compounds, chlorogenic acid and
ferulic acid, identified in ATE-BuOH with HPLC, exhibited potent inhibition of the individual stage
of protein glycation and its subsequent crosslinking, as evaluated by the BSA-glucose assay, BS-
methylglyoxal (MGO) assay, and G.K. peptide-ribose assay. In conclusion, this study demonstrated
the antiglycation properties of ATE in vitro that suggest a beneficial effect in targeting hyperglycemia-
mediated protein modification.

Keywords: adlay; adlay testa; antiglycation; phenolic acid

1. Introduction

Advanced glycation end products (AGEs) are a heterogeneous group of reactive,
crosslinking compounds produced from nonenzymatic glycation, also known as the Mail-
lard reaction, which occurs between reducing sugars and the amino groups of proteins,
nucleic acids, and phospholipids [1]. Protein glycation is formed from Schiff bases, fol-
lowed by Amadori rearrangements. Amadori products are the initial products of AGEs
and can undergo additional glycoxidative modifications [2]. In addition to the above reac-
tion, glucose and Schiff bases can undergo auto-oxidation to form reactive 1,2-dicarbonyl
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compounds, such as methylglyoxal (MGO) and 3-deoxyglucosone [1,3]. Amadori products
also undergo glycoxidation to yield glyoxal and glucosone [2]. The formation of AGEs is
relatively slow under physiological status, but significantly accelerated in hyperglycemia
conditions. Thus, AGEs may play an important role in the pathogenesis of diabetic com-
plications and aging-related diseases [3,4], and may even have an undefined relationship
with COVID-19 morbidity and mortality [5].

AGEs adversely affect our body through several mechanisms [2,3]. The first is the
modification of intracellular proteins, including the protein regulation of gene transcription.
The second mechanism is through these AGE precursors that diffuse out of the cell and
modify the extracellular matrix. These modifications dampen the signaling transduction
between the matrix and cells, leading to cellular dysfunction. Finally, the third mechanism
is these AGE precursors that modify circulating proteins in the blood, such as albumin.
The glycated proteins then bind to the receptor for AGEs (RAGE) and activate AGE–RAGE
signaling pathways, evoking oxidative stress and an inflammatory reaction [6].

There are several known mechanisms of AGE inhibition [6]. First, AGE formation can
be reduced by tight glycemic control. Carbonyl-trapping agents can block AGE formation,
reducing the harmful effects of reactive carbonyl species (RCS). Metal ion chelators can also
reduce glycoxidative stress due to suppressing the redox reaction, and finally, AGE levels
in vivo can be decreased by crosslink breakers. Aminoguanidine (AG), an AGE inhibitor, is
often used as a positive control in antiglycation studies. AG is a nucleophilic agent that
traps RCS, such as MGO, by forming non-toxic stable adducts [7]. On the other hand,
phenolic antioxidants have demonstrated antiglycative properties primarily by scavenging
free radicals and chelating metal ions [6,8]. Theoretically, if an inhibitor possesses more
than one of the mechanisms mentioned above, it would make an ideal AGE inhibitor for
mitigating diabetic complications and other chronic diseases [9].

Adlay (Coix lachryma-jobi L. var. ma-yuen Stapf ), commonly known as Job’s tears, is
widely cultivated in Asia and is utilized as a Chinese folk medicine, as well as a nutritious
food [10]. Structurally, adlay seeds consist of the following four parts from the outside to
the inside: the hull (AH), testa (AT), bran (AB), and polished adlay (PA). Recent studies
have indicated that adlay and its solvent extracts consist of more than 30 ingredients with
20 biofunctional effects, based on clinical and experimental studies [10–17]. In addition,
adlay has been shown to regulate blood sugar [14], blood pressure [18], immunity [19], uter-
ine contractions [20], anti-influenza viruses [21], and osteoporosis preventive activities [12].
However, there are still limited studies that explore the effect of adlay on protein glycation
and AGE formation. Thus, this study aimed to evaluate the antiglycation potential of
adlay using in vitro glycation assays and to investigate the active fractions and compounds
of adlay.

2. Results

2.1. Effects of the Individual Parts of Adlay on Protein Glycation According to BSA-Glucose Assay

In the BSA-glucose assay, glucose was used as the glycating agent, and BSA served as
the amine group donor, as the glycated target of glucose. This assay aimed to determine
whether adlay could inhibit post-Amadori glycation based on the development of AGE-
related fluorescence [8]. Firstly, the adlay seeds were divided into the following four parts:
hull (AH), testa (AT), bran (AB), and polished adlay (PA). A solvent extraction technique
with column chromatography was used to investigate the active fractions and components
of adlay (Figure 1). Ethanol extracts of the hull, testa, bran, and polished adlay were
referred to as AHE, ATE, ABE, and PAE, respectively. The results showed that among the
individual parts of the adlay, ATE and ABE demonstrated greater inhibitory capacities
against protein glycation (Figure 2).
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Figure 1. Partitioning scheme for preparing and isolating active fractions and components from adlay
ethanolic extracts. ATE-Ea was dissolved in Ea and subjected to column chromatography on a silica
gel with a Hex/Ea gradient from 0 to 100% EA (every 10%) to yield a–h. ATE-BuOH was dissolved
in MeOH and subjected to column chromatography on a Diaion HP-20 resin with an H2O/MeOH
gradient from 0 to 100% MeOH (every 25%)to yield a–f.

Figure 2. Effects of ethanolic extracts of adlay hull (AHE), adlay testa (ATE), adlay bran (ABE), and
polished adlay (PAE) on glucose-mediated development of fluorescence of AGEs (BSA-glucose assay).
Results are means ± SD for n = 3.

2.2. Effects of ATE and ABE Subfractions on Protein Glycation

ATE and ABE were further consecutively partitioned into H2O, 1-butanol (BuOH),
ethyl acetate (Ea), and n-hexane (Hex) fractions. As shown in Figure 3, ATE-BuOH and
ATE-Ea exhibited greater antiglycation properties than the other fractions (Figure 3a),
and the same findings were found for the ABE fractions (Figure 3b). The ATE-BuOH
fractions were obtained and chromatographically isolated to subfractions (a–f), whereas
the ATE-Ea fractions were isolated to subfractions (a–h). Inhibitory percentages of ATE-
BuOH subfractions -a to -f against protein glycation were as follows: −7%, 0%, 88%, 85%,
56%, and 53%, respectively, at a concentration of 250 μg/mL (Figure 4a). Similarly, the
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inhibitory potency of the ATE-Ea subfractions (a to h) was 15% to 37% (Figure 4b). In
addition, the effects of ATE-BuOH-C and ATE-BuOH-D on the middle stage of glycation
were determined by the BSA-MGO assay. MGO belongs to the group of RCS, which is a
critical precursor in the formation of AGEs. Figure 5 shows that ATE-BuOH-c and ATE-
BuOH-d exhibited significant inhibition of 26% and 30%, respectively, at a concentration of
250 μg/mL. These data suggested the RCS-trapping capacities of ATE-BuOH-c and -d and
the main antiglycation components that possibly existed in the ATE-BuOH subfractions.

 
(a) (b) 

Figure 3. Effects of different solvent fractions of ATE (a) and ABE (b) on glucose-mediated devel-
opment of fluorescence of AGEs (BSA-glucose assay). Groups with different letter superscripts are
significantly different (p < 0.05). a–c, treated with 125 μg/mL; A–C, treated with 250 μg/mL.

 
(a) (b) 

Figure 4. Effects of ATE-BuOH (a) and ATE-Ea (b) subfractions on glucose-mediated development of
fluorescence of AGEs (BSA-glucose assay). Results are means ± SD for n = 3. Groups with different
letter superscripts are significantly different (p < 0.05). a–h, treated with 125 μg/mL; A–F, treated
with 250 μg/mL.

2.3. Effect of ATE-BuOH-Containing Phenolics on the Individual Stage of Protein Glycation

According to our previous study, phenolic acids were major components in ATE-
BuOH [22]. In addition, medium–high polarity ethanol extracts of the hull, testa, branty
subfractions, eluted from ATE-BuOH below 50% methanol with Diaion HP-20 resin, pos-
sessed more significant antiglycation (Figure 4a) as compared with ATE-EA, especially
ATE-BuOH-c and –d (Figure 5).
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Figure 5. Effects of ATE-BuOH subfractions C and D on MGO-mediated development of fluorescence
of AGEs (BSA-MGO assay). Results are means ± SD for n = 3. AG, aminoguanidine. C, the subfraction
C of ATE-BuOH. D, the subfraction D of ATE-BuOH.

A high-performance liquid chromatography (HPLC) analysis was carried out to in-
vestigate the chemical composition of ATE-BuOH. As shown in Figure 6, chlorogenic acid,
caffeic acid, p-coumaric acid, and ferulic acid were identified in ATE-BuOH with contents
of 1.01 ± 0.03, 1.32 ± 0.04, 9.51 ± 0.94, and 2.54 ± 0.68 mg/g, respectively. However, gallic
acid was not detectable in ATE-BuOH.

(a) 

 

(b) 

Figure 6. High−performance liquid chromatography (HPLC) chromatographic profiles recorded at
280 nm of (a) phenolic compound mixed standards (each 0.1 mg/mL) and (b) the ATE-BuOH fraction
(10 m(g/mL) (1: gallic acid, 2: chlorogenic acid, 3: caffeic acid, 4: p-coumaric acid, and 5: ferulic acid).

In the BSA-glucose assay, chlorogenic acid and ferulic acid exhibited 20% and 28%
inhibitory activity, respectively (Figure 7), indicating that these phenolics aid in reduc-
ing glucose-mediated protein modification. The BSA-MGO assay also determined the
inhibition of MGO-mediated protein glycation by these phenolics. The results showed
that chlorogenic acid and ferulic acid exhibited significant inhibition of 24% and 15%,
respectively. Meanwhile, p-coumaric acid had a slight impact on antiglycation (Figure 7).
In contrast, the other phenolic compounds identified in ATE-BuOH, such as caffeic acid
and 6-methoxy-2-benzoxazolinone [22], showed no antiglycation effect at a concentration
of 100 μM (data not shown).

447



Molecules 2022, 27, 6729

Figure 7. Chemical structures and the effects of chlorogenic acid (a), ferulic acid (b), and p-coumaric
acid (c) identified in ATE-BuOH fractions on protein glycation and crosslinking. Dose responses of
glycation inhibition (%) on individual stages of protein glycation were determined by model systems
of the BSA-glucose assay (upper panel), the BSA-MGO assay (middle panel), and the G.K.-ribose
assay (bottom panel). Data are the means ± SD for n = 6. Groups with different letters (a–d) are
significantly different from each other in individual assays (p < 0.05).

G.K. peptide-ribose assay was used to generate peptides with advanced Maillard reac-
tion products with dimerization through lysine-lysine crosslinking [23]. Rahbar et al. [23]
and our previous study [8] demonstrated that incubation of G.K. peptides with ribose
resulted in late glycation product formation. Therefore, the present study utilized this
model system to evaluate the inhibitory effect of phenolics on protein crosslinking. As
shown in Figure 7 (lower panel), chlorogenic acid and ferulic acid exhibited substantial
anti-crosslinking activities (47% and 43%, respectively, at a concentration of 100 μM).

3. Discussion

Protein glycation and subsequent AGE formation in the body have been evidenced
as a risk factor in the development of diabetic macrovascular and microvascular compli-
cations and age-related diseases [24,25]. Clinical observation has revealed that patients
with complicated diabetes have 40 to 100% higher AGE levels than healthy subjects [26].
Therefore, investigating AGE inhibitors, especially natural anti-glycation agents with fewer
adverse effects, may be a beneficial approach to preventing diabetic complications.

The main question addressed by this study was whether adlay could inhibit pro-
tein glycation. Adlay seeds have long been consumed as a food supplement and herbal
medicine in traditional Chinese medicine [10,12]. Although the health-promoting effects
and therapeutic potential of adlay have been reported [10,12], studies on the potential of
adlay to act against protein glycation and AGE formation are limited. This study used
a classic in vitro glycation assay to evaluate the effect of individual parts of adlay (hull,
testa, bran, and polished adlay) on glucose-mediated BSA glycation. Ethanol was chosen
as the initial extraction solvent based on safety considerations for human consumption [27].
Moreover, most active ingredients, including polyphenols, phytosterols, and coixol, found
in adlay have been extracted by ethanol with a high yield in previous studies [22,28,29].
For the first time, this study demonstrated that ATE and ABE exhibited better glycation
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inhibitory effects (Figure 2), suggesting antiglycating agents are possibly present in the
bran and testa of adlay.

Using a solvent extraction technique, two ATE-BuOH subfractions, ATE-BuOH-C
and ATE-BuOH-D, exhibited superior antiglycation activities (Figures 4a and 5). Phenolic
compounds in adlay seed were analyzed by HPLC in our previous studies [13,22,28,29].
Caffeic acid, chlorogenic acid, p-coumaric acid, ferulic acid, gallic acid, p-hydroxybenzoic
acid, syringic acid, and vanillic acid were identified in ATE-BuOH and/or ATE-Ea fractions.
In the present investigation, p-coumaric acid (9.51 ± 0.94 mg/g), along with chlorogenic
acid (1.01 ± 0.03 mg/g), caffeic acid (1.32 ± 0.04 mg/g), and ferulic acid (2.54 ± 0.68 mg/g)
were identified in ATE-BuOH through HPLC analysis (Figure 6). Notably, chlorogenic acid
and ferulic acid from ATE-BuOH exhibited significant potent inhibition of the individual
stage of protein glycation, especially in the reduction in protein crosslinking (Figure 7). After
partially purified by column chromatography, the ATE-BuOH-c and –d (eluent from 50 to
25% methanol) showed superior inhibitory effects on antiglycation (Figures 3a, 4a and 5).
A previous study has demonstrated that the major components in subfractions eluted
from 50 to 25% methanol from ATE-BuOH were caffeic acid (9.02 mg/g subfractions),
chlorogenic acid (30.30 mg/g subfractions), and ferulic acid (0.05 mg/g subfractions) [22].
These results suggest that the antiglycation properties of ATE were at least partly related to
its phenolic acid content.

Research has demonstrated that antioxidative polyphenols show potent antiglycation
activities [1,6,8]. Several studies have drawn attention to the positive correlation between
the free radical scavenging activity and antiglycation capacity, which may be due to the
interruption of ROS formation during glycation [6,8]. In addition, the antioxidant ability
of phenolic acids, such as caffeic acid and chlorogenic acid, depends on the number of
hydroxyl groups in the molecule that would be strengthened by steric hindrance [30]. The
present study showed that chlorogenic acid and ferulic acid are potent inhibitors that act
at the individual stage of glycation, including post-Amadori glycation, as evidenced by
the decreased development of AGE-related fluorescence in BSA-glucose assay (Figure 7,
upper panel). Notably, these phenolic acids exhibited MGO-trapping activity and anti-
crosslinking action, as evidenced by the MGO-BSA assay (Figure 7, middle panel) and G.K.
peptide-ribose assay (Figure 7, bottom panel). However, certain compounds, such as caffeic
acid, had no inhibitory effect on glycation (data not shown), which was consistent with a
former study [31].

Since MGO is a critical intermediate and precursor during AGE formation, the MGO-
BSA assay was utilized to determine the middle stage of protein glycation. MGO served as
the glycating agent, and BSA provided the amine source targeted by the glycating agents.
Albumin was used as the protein because it is the most abundant protein in serum. A
clinical study noted that the serum levels of glycated albumins are two to three times higher
in diabetic patients than in healthy people [32]. It is known that MGO can readily react
with proteins that contain lysine residues and crosslink with proteins, along with ROS
production [33]. MGO-glycated BSA was detected by specific fluorescence formation. This
study showed that ATE-BuOH subfractions and their active phenolics (chlorogenic acid
and ferulic acid) achieved nearly 30% inhibition of MGO-mediated protein modification
(Figures 5 and 7), indicating the possible MGO-trapping potential of adlay.

Nagaraj and his colleagues [34] indicated that protein crosslinking is the major end
result of the Maillard reaction. In this study, a synthetic G.K. peptide that contained lysine
residue was incubated with ribose. This chemical model was designed to generate peptides
with AGEs that dimerize through lysine-lysine crosslinking and increase the late glycation
product formation, as determined by intrinsic fluorescence formation [23]. Chlorogenic
acid and ferulic acid were found to be anti-crosslinking agents (Figure 7, lower panel).
Taken together, the data suggested that the presence of methoxy groups at the C3 position
of the aromatic ring in ferulic acid and the quinic acid groups in chlorogenic acid may
contribute to the antiglycation actions.
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4. Materials and Methods

4.1. Preparation of Adlay Extracts

The adlay utilized in this experiment was purchased from a local farmer in Taichung,
and the variety of adlay was Taichung Shuenyu no. 4 (TCS 4) of Coix lachryma-jobi L. var.
ma-yuen Stapf. Sample preparation and extraction used previously reported methods from
our laboratory [22]. Briefly, adlay seeds were air-dried at 40 ◦C and ground to obtain
AH, and further ground to separate dehulled adlay and AT by an electric fan. After
these procedures, the whole grain contained 7.2 ± 0.4% water, while that in AH and AT
contained 5.2 ± 0.1% and 7.2 ± 0.1%, respectively. A total of 12 kg of AT was extracted with
120 L of ethanol 3 times at room temperature for 24 h, and filtered through #1 filter paper
(Cytiva, Washington, D.C., USA). The filtrate was then concentrated to dryness to yield
approximately 538 g of dried ATE (Figure 1). The dried extracts were stored at −20 ◦C until
use. ATE was then suspended in a 10% methanol solution and partitioned with n-hexane
to obtain the lipid-rich ATE-Hex fraction, yielding approximately 144 g. The defatted
ATE was further partitioned with Ea to obtain about 160 g of ATE-Ea. The remaining
ATE was partitioned with butanol to obtain about 50 g of ATE-BuOH. Finally, the residual
extract was the ATE-H2O fraction. ATE-Ea was dissolved in Ea and subjected to column
chromatography on a silica gel to yield ATE-Ea subfractions a–h. The gradient used for
elution was a hexane/Ea gradient from 0 to 100% EA (every 10%), and the sub-fractions
with similar chemical compositions on thin-layer chromatography (TLC) were combined
and concentrated to dryness under a vacuum at 60 ◦C. Subfractions were stored at −20 ◦C
until use. On the other hand, ATE-BuOH was dissolved in methanol and subjected to
column chromatography on a Diaion HP-20 resin to yield ATE-BuOH subfractions a–f. The
gradient used for elution was an H2O/MeOH gradient from 0 to 100% MeOH (every 25%)
and was washed with 100% EA. Sub-fractions with similar chemical compositions on TLC
were combined and concentrated to dryness in a vacuum at 60 ◦C and stored at −20 ◦C
until use.

4.2. BSA-Glucose Assay

The BSA-glucose assay was devised by Matsuura et al. [35] to screen for effective
AGE inhibitors from natural product extracts. A total of 50 mL of 50 mM phosphate buffer
(pH 7.4) and 200 mM glucose were mixed as a stock solution. Then, 500 μL of reaction
mixture containing 400 μg of BSA and 200 mM glucose, with or without 10 μL of plant
extracts, in 50 mM phosphate buffer at a pH of 7.4 in an Eppendorf tube was prepared. The
reaction mixture was heated at 60 ◦C on a heat block for 48 h. A blank, unreacted solution
sample without inhibitors was kept at 4 ◦C until measurement. Samples were cooled to
room temperature. After cooling, 100 μL aliquots were transferred to new 1.5 mL plastic
tubes, and 10 μL of TCA was added to each tube. The tubes were centrifuged at 15,000 rpm
at 4 ◦C for 4 min. The supernatant was removed and AGE-BSA precipitate was dissolved in
800 μL of PBS. The fluorescence of the samples was measured at an excitation wavelength
of 370 nm and an emission wavelength of 440 nm, and inhibitory activity was calculated as
a percentage using the following formula:

I% = [1 − (fluorescence of BSA + glucose + inhibitor − fluorescence of BSA +

inhibitor)/(fluorescence of BSA + glucose) − (fluorescence of BSA)] × 100%

4.3. BSA-MGO Assay

The middle stage of protein glycation was determined using the BSA-MGO assay
described by Wu et al. [8], with a slight modification. BSA (50 mg/mL) was incubated
with 100 mM MGO under sterile conditions in 0.1 M phosphate buffer (pH 7.4) at 37 ◦C
for 9 days. Sample fractions and subfractions were added to the model system at final
concentrations of 125 μg/mL and 250 μg/mL, respectively. The sample solutions were kept
at 4 ◦C until measurement. After cooling, 100 μL of aliquots were transferred to 1.5 mL
plastic tubes, and 10 μL of 100% TCA was added to each tube. Tubes were centrifuged
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at 15,000 rpm at 4 ◦C for 4 min. The supernatant was removed, and the precipitate of
MGO-BSA was dissolved in 800 μL of PBS. The fluorescence of the samples was measured
at the excitation and emission maxima of 330 and 410 nm, respectively, and compared with
that of the unincubated blank that contained the protein, MGO, and inhibitors. The percent
inhibition was calculated as follows:

I% = [1 − (fluorescence of BSA + MGO + inhibitor − fluorescence of BSA +

inhibitor)/(fluorescence of BSA + MGO) − (fluorescence of BSA)] × 100%
(1)

4.4. G.K. Peptide−Ribose Assay

This test was used to evaluate the ability of flavonoids to inhibit the crosslinking
of G.K. peptides (last glycation products) in the presence of ribose, using the method
described by Rahbar et al. [23]. The G.K. peptide (80 mg/mL) was incubated with 0.8 M
ribose under sterile conditions in 0.5 M sodium phosphate buffer (pH 7.4) at 37 ◦C for 24 h.
The adlay samples or phenolic acids were added at final concentrations of 125 μg/mL and
250 μg/mL, respectively. At the end of the incubation period, samples were analyzed for
specific fluorescence (excitation, 340 nm; emission, 420 nm). The % inhibition by different
concentrations of inhibitor was calculated as described above.

4.5. HPLC Analysis

The HPLC analysis method according to a previous report [22], with a slight modifica-
tion, was used and carried out on an UltiMate 3000 pump equipped with an autosampler
column compartment system and a variable wavelength detector (DIONEX, manufacturer,
Sunnyvale, CA, USA). A 4.6 mmØ × 250 mm (5 μM) reverse-phase C18 column was used
(HiQ sil C18HS). Gradient elution was performed with 2% acetic acid(aq) (v/v, solvent A)
and 0.5% acetic acid(aq)/acetonitrile (1:1, v/v, solvent B) at a constant flow rate of 1 mL/min.
The initial condition was at 5% B, and the eluent was as follow: 0–10 min B increased from
5 to 10%, 10–40 min B increased from 10 to 40% and 40–55 min B increased from 40 to 55%.
The waste was washed by increasing B from 55 to 100% within 10 min, and the eluent
was adjusted to the initial condition (5% B) within 15 min. The absorbance at 280 nm was
recorded. Phenolic standards, dissolved in DMSO, were analyzed, and peak areas of serial
diluted standards were calculated for calibration curves. ATE-BuOH was analyzed using
the HPLC system, and the contents of phenolic acids were compared with the retention
times and calibration curves.

4.6. Statistics

All the experiments were performed in triplicate, and the values are expressed as the
mean ± SD. Statistical analysis was performed via one-way analysis of variance (ANOVA),
and multiple comparisons were performed utilizing Duncan’s multiple range test. All
statistical analyses were performed using the computer software SPSS 12.0. p < 0.05 was
considered statistically significant.

5. Conclusions

Adlay testa exhibits antiglycative activities that affect protein glycation and the pro-
tein’s subsequent crosslinking. Adlay inhibits glycation, perhaps mainly due to its antioxi-
dant phenolic acid compounds of chlorogenic acid and ferulic acid. Therefore, adlay seeds
may be a potential candidate for the future development of alternative therapeutics for
AGE-related diseases.
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Abstract: Flavonoids, stilbenes, lignans, and phenolic acids, classes of polyphenols found in grape
pomace (GP), were investigated as an important alternative source for active substances that could
be used in the management of oxidative stress and inflammation. The benefic antioxidant and
anti-inflammatory actions of GP are presented in the literature, but they are derived from a large
variety of experimental in vitro and in vivo settings. In these in vitro works, the decrease in reactive
oxygen species, malondialdehyde, and thiobarbituric acid reactive substances levels and the increase
in glutathione levels show the antioxidant effects. The inhibition of nuclear factor kappa B and
prostaglandin E2 inflammatory pathways and the decrease of some inflammatory markers such
as interleukin-8 (IL-8) demonstrate the anti-inflammatory actions of GP polyphenols. The in vivo
studies further confirmed the antioxidant (increase in catalase, superoxide dismutase and glutathione
peroxidase levels and a stimulation of endothelial nitric oxide synthase -eNOS gene expression)
and anti-inflammatory (inhibition of IL-1α, IL-1β, IL-6, interferon-γ, TNF-α and C-reactive protein
release) activities. Grape pomace as a whole extract, but also different individual polyphenols that
are contained in GP can modulate the endogenous pathway responsible in reducing oxidative stress
and chronic inflammation. The present review analyzed the effects of GP in oxidative stress and
inflammation, suggesting that it could become a valuable therapeutic candidate capable to reduce the
aforementioned pathological processes. Grape pomace extract could become an adjuvant treatment in
the attempt to reduce the side effects of the classical anti-inflammatory medication like non-steroidal
anti-inflammatory drugs (NSAIDs).

Keywords: grape pomace; polyphenols; antioxidant; anti-inflammatory

1. Introduction

The study of plant-derived compounds received increased attention among researchers
worldwide in the attempt to discover new bioactive molecules with marked therapeutic
actions and minimal adverse effects. A healthy diet and regular exercise protect the human
body from cardiovascular problems, diabetes, and cancer [1]. The definition of a healthy
diet is permanently evolving and changing to comprise all the knowledge with respect to
different foods, nutrients or food components in health and disease. Thus, a healthy food
approach refers to diets rich in plant-based foods (fresh fruits, vegetables, legumes, seeds,
whole grains, nuts) and low in animal-based products (e.g., fatty and processed meats) [2].
Therefore, WHO recommends consuming 400 g (5 portions) of fruit and vegetables to our
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diet [3] because they possess significant levels of phytochemicals like flavonoids, stilbenes,
lignans, and phenolic acids found in different concentrations [1,4,5].

Grapes, with a global production of around 78 million tons in 2020 [6], and with
around 75% of total production going into the wine industry, are such an example. One
of the main reasons for grapes research is the quantity of waste resulting from the juice
and winemaking process [7–9]. An important by-product of the winemaking industry
is grape pomace (GP), and due to the important consumption of wine (27 million tons
in 2019) [6], there are also important quantities of GP generation (8.49 million tons) [10].
Disposal of this by-product causes an ecological problem because of pollution and other
hazardous issues that come with producing large quantities in a short time and little space
for deposit [11]. To overcome these, different solutions were proposed for by-products
valorization, including the recovery of containing bioactive compounds like phenolic
compounds [12–14]. Polyphenols have beneficial effects on various diseases, especially
because of their anti-inflammatory and antioxidant effects via different mechanisms [15–17].
Accordingly, it was observed that GP, because of its various and rich quantity of phenolics
has potential antioxidant, anti-inflammatory, anti-microbial, anti-cancer effects and also
beneficial cardiovascular and hepatic effects [18–21]. Knowing that oxidative stress and
inflammation processes are common to many diseases, this review will focus especially on
these pathophysiological processes since their management is a key step in the attempt to
prevent or reduce disease progression. Thus, their modulation by polyphenols from GP as
reported in both in vitro and in vivo studies will be addressed. Also, another important aim
of this review is to compare the anti-inflammatory effects of GP polyphenols with the one of
non-steroidal anti-inflammatory drugs (NSAIDs). Non-steroidal anti-inflammatory drugs
are used for medical purposes since ancient times, being one of the most prescribed drug
classes in the world. They possess anti-inflammatory, antipyretic, and analgesic effects and
therefore are prescribed for many diseases, especially chronic diseases like rheumatoid
arthritis, osteoarthritis, ankylosing spondylitis, and chronic pain [22–24]. Unfortunately, the
therapeutic effects can be associated with pulmonary, renal, gastrointestinal, cardiovascular,
and hepatic adverse reactions that might lead to severe complications [25–28]. Thus,
there is an urgent need in identifying novel antioxidant and anti-inflammatory agents,
therapeutically potent and with minimal side effects that could be used instead of classical
drugs or as add-on therapy, and GP could be a source of such kind of compounds.

2. Oxidative Stress Process

An imbalance between the synthesis and accumulation of oxygen reactive species
(ROS) in cells and tissues and the capacity of an organism to eliminate these reactive
compounds results in oxidative stress [29]. Thus, organism homeostasis can be altered if
higher accumulation of free radicals occurs. ROS are normally generated through different
reactions like enzymatic and non-enzymatic, and they can have exogenous or endoge-
nous sources. The enzymatic reactions responsible for ROS generation are character-
ized by phagocytosis, cytochrome P450 reactions, mitochondrial respiratory chain, and
cyclooxygenase-synthesis of prostaglandin [30]. The non-enzymatic system involves the
reaction of free oxygen with organic molecules or through tissue-radiation exposure [29].
The exogenous sources of free radicals production are represented by radiation [30], air
pollution, and cigarette smoke while endogenous sources are represented by the enzymes
systems: mitochondrial respiratory chain, nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase family, cyclooxygenase, and lipoxygenase [31–34].

ROS production direct measurement is a very complex and difficult process mostly
because of ROS sources and species variety, low steady-state concentrations, high reactivity,
and of the detection methods involved in the measurement analysis. Also, the oxidative
stress assessment is performed by the indirect evaluation of ROS-induced damage on
biological targets like DNA, proteins, membrane lipids, and others [35]. Additionally, ROS
generation differs significantly in tissue localization, activation mechanisms, and functions
in diseases. As a result, ROS levels must be kept within a range that enables organisms to
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function normally. These concentration ranges may vary between tissues. However, the
balance between physiological redox states and oxidative stress is fragile and is based on
relative rates of ROS production and destruction. All of these make it difficult to establish
an absolute scale that can offer the values of ROS concentrations in physiological and patho-
logical conditions [36]. Usually, ROS in low and moderate concentrations doesn’t possess a
significant threat to homeostasis, their beneficial role being known in different physiological
processes (e.g., the synthesis of different cellular structures, the help of defense system to
neutralize pathogen agents) [29]. If the free radicals are present in large quantities, they
cross the physiological barrier and can lead to several health issues, such as cardiovascular,
neurological, kidney, respiratory, and rheumatoid diseases [32,34,37]. To counter the side
effects of ROS, the organism possess antioxidant mechanisms represented by enzymatic
systems (superoxide dismutase—SOD, catalase—CAT, glutathione peroxidase—GPx) and
non-enzymatic ones (glutathione, vitamins A, C, and E) [32,33,37]. Superoxide dismutase
(SOD) is responsible for O2

− reduction to H2O2. Also, another role of this enzyme is to
prevent the formation of other free radicals (peroxynitrite—ONOO−). Further, the H2O2
molecule will be converted by catalase (CAT) in water and oxygen [33,38]. Glutathione
peroxidase (GPx) is another enzyme with a role in degrading H2O2 and hydroperoxide
molecules using glutathione (GSH) as a proton donor [32].

Another category of endogenous substances resulting from internal metabolism with
consequences on human health due to an imbalance between synthesis and elimination is
reactive nitrogen species (RNS). RNS are already known to take part in the pathophysiolog-
ical process of different diseases (diabetes, Parkinson’s disease, pulmonary, cardiovascular,
rheumatological, liver, and neurological diseases) [39]. RNS are synthesized through the
interaction of nitric oxide molecules with other reactive oxygen species. Nitric oxide (NO)
is a versatile natural molecule found in organisms resulting from the breakdown of arginine
to citrulline [40]. Nitric oxide possesses antimicrobial activity, promotes vascular relaxation
with reducing blood pressure, and cell signaling. NO also acts as a scavenger molecule
interacting with superoxide anion (O2

−) leading to peroxynitrite (ONOO−) formation.
ONOO− leads to endothelial damage, DNA oxidation, and lipid peroxidation [40,41]. Ni-
trogen dioxide (NO2

−) is another RNS, that results from the interaction of NO with peroxyl
radical, which produces lipid peroxidation, ascorbic acid oxidation, and alters tyrosine
structure and function leading to the 3-nitrotyrosine formation (3NT) [40,42].

Even though the role of ROS and RNS in damaging the cells and signal transduction
is well known, there are still several highly debated issues that need to be resolved. When
present in low quantities, ROS and RNS operate as regulatory mediators in signaling
processes; nevertheless, when present in high concentrations, they are toxic to living organ-
isms by inactivating critical cellular components. This indicates that the concentrations of
ROS and RNS control the change from their favorable to unfavorable effects, although the
concentrations at which this change occurs are not well known [36].

The imbalance between the increased ROS and RNS production and decrease of an-
tioxidant molecules will eventually lead to chronic inflammation [43]. During the oxidative
stress process, the reactive oxygen/nitrogen species can initiate intracellular signaling
and through which specific proinflammatory genes are expressed [43,44]. Generally, be-
tween oxidative stress and inflammation, there is a state of interdependency, with one
potentiating the other via different mechanisms. For example, during oxidative stress at
the brain level, lipids and proteins suffer alterations through oxidation which conduct to
disruptions in neurons’ communication with inflammation being stimulated [45]. During
oxidative stress, DNA suffers damage resulting in different metabolites (8-oxo-7 8-dihydro-
2′-deoxyguanosine, 8 oxo-guanine). It was demonstrated that 8-oxo-guanine presence
stimulates the nuclear factor kappa B (Nf-κB) [46]. The activation of Nf-κB enhances the
pro-inflammatory response through increased synthesis of inflammatory molecules (cy-
tokines, chemokines) and also activation of immune cells [47–49]. Cytokines manage also
to increase the ROS levels in non-immune cells. For example, it was shown that IL-6
stimulates the NADPH in lung cancer cell lines leading to an increase in ROS levels [47].
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Oxidative stress leads to the release of arachidonic acid which under cyclooxygenase and
lipoxygenase enzymes reactions, results in prostaglandins and leukotrienes synthesis [49].
Also, oxidative stress can be enhanced by inflammation. During inflammation, immune
cells responsible for phagocytosis (neutrophils and macrophages) produce reactive oxygen
and nitrogen species to dissolve the pathogen. In the case of an exaggerated inflammatory
response, these reactive species exit from phagocytic cells resulting in tissue injury outside
the inflammatory site [47].

Thus, inflammation and oxidative stress, are tightly interconnected [50] initiation and
maintenance of many pathological conditions, their prevention and control could provide
a safe alternative in chronic disease management.

3. Inflammation

Inflammation represents a pathophysiological mechanism of defense that acts in case
of homeostasis perturbations provoked by infectious agents or trauma. Immune cells
enact this mechanism which has a role in locating the pathological agent, digestion, and
resolution of the inflammation with restoring homeostasis. Thus, inflammation could be
considered a protective response, but an uncontrolled inflammation may be potentially
harmful and may lead to many acute and chronic diseases [51].

Inflammation could be acute or chronic depending on the interval of time from the
onset of homeostasis impairment until the development of the entire process and the
appearance of clinical symptoms. Acute inflammatory diseases present a rapid and non-
specific immune response which usually lasts up to 2 weeks with the resolution of the
inflammation process [52]. If the process is not healed, this can lead to a prolonged immune
response called chronic inflammation, which lasts from months to years [53]. Thus, chronic
inflammations may require a long-lasting management and they become a burden not
only for individuals but also for society due to higher costs and health assistance. For all
these reasons, there is a perpetual race to discover new molecules with pharmacological
properties that may limit the chronic evolution of inflammation.

The etiology of it is also variable, different agents like infectious agents or trauma
could trigger cells belonging to both innate and adaptive immunity. The most important
aspect of acute inflammation is the recognition of the pathogen or damaged tissue through
circulating molecules, which signals innate immune cells and leads to a cascade of biologi-
cal reactions [54,55]. These reactions are mediated by several proinflammatory molecules,
such as cytokines and chemokines, which act interconnected in a signaling network, leading
to the recruitment of more immune cells and mediators at the site of inflammation [56,57].
Vasodilation also occurs at the site of inflammation to bring the immune cells there. This
process is facilitated by local mediators (nitric oxide, prostaglandins) produced by endothe-
lial and inflammatory cells, leading to the translocation of vascular fluid into interstitial
space and enhancing the migration of immune cells [58,59].

Neutrophils represent the first and the most important type of cells belonging to innate
immunity that act at the site of inflammation. Neutrophils create a toxic environment by
releasing cytotoxic compounds from their vesicles, such as proteases and reactive oxygen
and nitrogen species, that destroy the pathogen and the surrounding tissue [55,60]. After
the pathogen is destroyed, the resolution process begins, and monocytes are recruited
for wound healing. Monocytes block other new inflammatory processes with possible
downside effects for the host [55].

Clinical signs and symptoms that characterize inflammation reflect these pathophysio-
logical processes. Locally at the inflammation site, heat, edema, redness, pain, and impaired
function could be observed [57]. Cellular injury inducing an immune response activates
the intrinsic blood coagulation pathway [61]. Coagulation is activated to create the fibrin
clot, which has a role in the isolation of the inflammation process, but also it enhances the
pro-inflammatory response [62]. Another mechanism that intervenes in innate immunity is
the complement system, which consists in several proteins that could be activated. These
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proteins, through a series of chain reactions, create a so-called “membrane complex attack”
that disrupts the microbe’s cell membrane and induces death [58,59,62].

The acute inflammatory response may transit to a chronic response if the neutrophils
fail to eliminate the pathogen agent in the first place. After this, the innate immune response
is followed by an adaptive immune response characterized by the presence of macrophages
and lymphocytes. Besides them, fibroblasts and plasma cells can be found at the site of
chronic inflammation [63]. Monocytes are a group of cells that migrate from blood to differ-
ent tissues and differentiate themselves into macrophages. Macrophages work in innate
immune response alongside neutrophils and in the adaptive immune response through ac-
tivating lymphocytes [59,63]. Lymphocytes T (Ly T) are activated by macrophages and will
be divided into different populations with specific role in the adaptive immune response.
However, their primary function is to enhance the immune system, stimulating all immune
cells to give a specific defense response against the etiological agent [63]. Lymphocytes B
(Ly B), activated by Ly T cells, differentiate in plasma cells which produce antibodies against
different types of antigens [64]. The chronic process is associated with tissue destruction,
and the repair process is maintained by fibroblasts that secrete collagen, representing the
main component needed for wound healing [65]. Thus, acute inflammation is characterized
by vasodilatation, and innate immune cells, while the chronic one is described by the
involvement of adaptive immune cells, and fibroblast proliferation with significant changes
in wound healing. Chronic inflammation is an important component of many diseases,
such as atherosclerosis, diabetes, metabolic disorders, cancer, and autoimmune conditions,
so the conversion of acute inflammation to a chronic one is a desirable outcome.

4. Grape Pomace Generation

Historically, the first evidence of wine production was found in south Caucasus and
dated back as far as 6000 BC. From there, traces of wine production were discovered in
Syria, Palestine, and Egypt. It spread around the Mediterranean basin during Roman times
and further in Europe as long as the Roman Empire was further invading [20,66].

In European Union, as of 2020, 3.2 million hectares were used for grapevine growing
and grape production, about 45% of total global grapevine growing surfaces [67]. Most
of the grapes produced are sent to the wine industry, which leads to large quantities of
waste products, such as GP. Grape pomace is generated through the vinification process
which comprises all the technological phases from grape harvesting to wine bottling.
Destemming is the first process after harvesting grapes, removing stems and grape stalks.
After this, crushing takes place in which grapes are mashed into juice, skins, pulp, and
seeds [66]. Maceration follows when juice (must) remains alongside grape skins and
pulp seeds for different periods depending on what type of wine is produced. In the
case of aromatic white wine, the maceration takes a shorter time, while for red wine
it will be longer [20,66].Afterwards, in the pressing process, the must is extracted from
grape waste. Therefore, there are two types of GP, red and white, according to the grapes
used in the vinification process. The main difference between red and white wine is that
white must is separated from pomace before fermentation. In contrast, in the case of red
wine, pressing happens only after fermentation. Also, while pressing, the wine will gain
its color and flavor [12,20,68]. After the pressing process, where must (red or white) is
extracted, the remaining GP has different properties. For example, in terms of pressing
and fermentation, white GP is sweet due to its higher sugar content because it didn’t
undergo fermentation. At the same time, red GP is a fermented matrix containing different
concentrations of alcohol [20]. At the same time, the polyphenols content varies depending
on the vinification technology, respectively red or white.

Grape Pomace Polyphenols

From the chemical structure point of view, polyphenols are compounds made from
several hydroxyl groups attached to an aromatic ring. These molecules can vary from
simple to complex structures [69]. Also, these compounds are synthesized in plants and
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exist as glycosides, which are further formed from the basic polyphenol structure and
glycosylic radical (sugar fragment) [70]. GP polyphenols are divided into two classes:
flavonoids and non-flavonoids (Figure 1). Grape pomace flavonoids are further subdivided
into flavonols, anthocyanins, flavanols, proanthocyanidins, and anthocyanidins, while GP
non-flavonoids in stilbenes and phenolic acids [71,72].

Figure 1. Grape pomace polyphenols classes.

The main structure of a flavonoid is made up of two phenyl radicals (rings A and B)
linked to a heterocyclic ring, which contains an atom of oxygen (ring C). Based on the oxi-
dation state and hydroxyl radicals’ distribution pattern on the heterocyclic ring, flavonoids
are further divided into the classes mentioned before [69,70] (Figure 2).

 

Figure 2. Flavonoid generic structure, structures of the main grape pomace polyphenols classes, as
well as the most representative compounds.
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Flavonols structure presents a C2−C3 double bond with a hydroxyl radical at the C3
position and ring B coupled to the C2 position. Flavanols structure presents with a hydroxyl
radical situated at the C3 position, and their ring B is attached to the C2 position [70,73,74]
(Figure 2). Proanthocyanidins, also called procyanidins or condensed tannins, are formed
from subunits of flavanols that bond together in dimers (usually referred to as B-series—B1,
B2, B3, B4, and B5) or trimers (known as C-series—C1, and C2). This series of procyanidins
are being found in grape skins and seeds [75] (Figure 2). Anthocyanins present double
bonds in the heterocyclic ring, their aromatic ring B being bonded to the C2 position. They
represent the glycosylated form of anthocyanidins (aglycone) which result from the bond
between the hydroxyl group at C3 and the sugar fragment and are the most abundant
polyphenols in the peel of red grapes [70,74] (Figure 2). It is known that anthocyanins are
only found in red GP because they act as a natural colorant, giving the red grape specific
color. High contents of anthocyanins are found in red GP also because of the red grape skin
thickness as compared to the white ones [76,77].

Compared to flavonoids, non-flavonoid polyphenols have one aromatic ring as a basic
structure. Non-flavonoid molecules found in GP are phenolic acids, and stilbenes [69,70,78].
Phenolic acids are further divided into hydroxybenzoic and hydroxycinnamic acids. As
representants of hydroxybenzoic acids, there are gallic, p-hydroxybenzoic, and syringic
acids, and for the hydroxycinnamic acids, caffeic, p-coumaric, ferulic and synaptic acids are
the most found in GP [69,70,78,79]. Stilbenes are formed from two aromatic rings bounded
through the ethylene radical. The most known and studied stilbene is resveratrol. Besides
GP, stilbenes are reported to be found also in grapes, and wine [69,70,78] (Figure 2).

The polyphenolic composition from different assortments of GP may differ based
on the grape cultivar, type of soil, weather, geographical location, and winemaking
process [76,80]. The content of polyphenols found in GP differ from study to study; some
suggest that red GP possess the highest content of polyphenols, and other suggest other-
wise, but the principal idea is that no matter which GP is analyzed, all of them possess high
quantities of polyphenols. For instance, Kammerer et al. 2004 studied the polyphenol com-
position of 14 different red and white GP [79]. The study did not find significant differences
in composition between red and white varieties except for the presence of anthocyanins
found in red ones [79].

5. Grape Pomace Polyphenols Benefic Actions

Grape pomace polyphenols research studies have grown in the last decades, given
their potential benefic effects on promoting human health. Some of their benefic actions are
observed in oxidative stress and inflammation aiming at homeostasis restoration. Regard-
ing the antioxidant effect, polyphenols can modulate the endogenous pathway responsible
for combating oxidative stress. These effects can be achieved by polyphenols capacity
to activate the nuclear factor E2 and to up-regulate superoxide dismutase, catalase, glu-
tathione, glutathione peroxidase, and heme-oxidase 1 [81,82] or their capacity to scavenge
and chelate reactive oxygen species involved in ROS production [83] (Figure 3). In inflam-
mation, polyphenols are reported to inhibit the mitogen-activated kinase pathway, Nf-kB,
anddown-regulate cytokines and chemokines [81,82]. Polyphenols also inhibit cyclooxy-
genase and lipoxygenase, which are involved in the arachidonic acid signaling pathway,
being responsible for synthesizing prostaglandin, thromboxane A2, and leukotrienes which
further increase inflammatory response [73,74,82] (Figure 3).
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Figure 3. Proposed antioxidant and anti-inflammatory actions of polyphenols from grape pomace.

Further, there are presented the in vitro and in vivo beneficial effects of different red
and white GP in oxidative stress and inflammatory conditions.

5.1. In Vitro Beneficial Actions of Grape Pomace in Oxidative Stress and Inflammation

The in vitro studies, as presented in Table 1, can offer the possibility to investigate and
identify the diversity of related diseases in which GP exerts the optimum antioxidant and
anti-inflammatory effects.

The in vitro beneficial action of GP was studied by Goutzourelas et al. (2015) [84]. They
investigated an extract of red GP on muscle and endothelial cells using non-cytotoxic doses
to check the effect of GP polyphenols extract on cells’ antioxidant enzymes [84]. The red GP
extract was investigated as a mixture of compounds that contained phenolic acids (caftaric
acid, gallic acid), anthocyanins, flavanols (epicatechin and catechin), flavonols (quercetin),
and anthocyanidins. It was observed that GP treatment increased Glutathione S-transferase
(GST) and GSH levels in both cell lines. CAT levels were decreased in endothelial cells,
while in muscle cells it showed no significant differences. SOD and HO-1 presented no
differences in any population. An explanation for these inconstant findings, in which
some of the antioxidant enzymes are not modified, is the ability of GP to enhance other
antioxidant systems (GSC, GSH) [84] (Table 1). Another in vitro study, of Pop et al. (2022),
investigated the antioxidant effect of red GP (mixture of Pinot Noir, Cabernet Sauvignon,
Fetească Neagră, and Mamaia cultivars) and white GP (mixture of Sauvignon Blanc and
Muscat Ottonel cultivars) added to a mouthwash on both H2O2 exposed and non-exposed
fibroblast cells [90]. They observed that both red grape pomace (RGP) and white grape
pomace (WGP) decreased ROS levels in a dose-dependent matter (100 < 200 < 300 μg/mL).
Similar to the non-exposed condition, in the presence of H2O2, red GP and white GP led
to a significant decrease in ROS levels, the only difference being that while red GP effect
was dose-dependent, and white GP produced a non-dependent action [90]. Moreover, they
also studied the anti-inflammatory effects of these extracts on lipopolysaccharides (LPS)
induced inflammation in cells [90]. It was observed that while in the case of white GP a dose
of 100 μg/mL was sufficient to induce a significant reduction of interleukin (IL) -8 levels,
for red GP was necessary a higher dose of 200 μg/mL. At the dose of 300 μg/mL, both
extracts significantly reduced IL-8 levels, but not even the highest dose did significantly
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reduce the levels of IL-6. In the case of IL-1β, the lowest dose, 100 μg/mL, reduced its level
to a similar one found in the non-exposed cells, while the doses of 200 and 300 μg/mL
reduced, even more, the levels of IL-1β [90].

Table 1. In vitro beneficial actions of grape pomace in oxidative stress and inflammation.

Grape Pomace
Variety

Models
Polyphenols

Content
Antioxidant and

Anti-Inflammatory Effects
References

Red Grape Pomace Variety

Batiki Tyrnavou
variety (Greece)

Tert-butyl hydroperoxide
induced-oxidative stress in C2C12

muscle cells and EA.hy926
endothelial cells

Flavanols, (catechin and
epicatechin), anthocyanidins,

anthocyanins, flavonols
(quercetin) phenolic acids (gallic

acid and caftaric acid)

-decreased ROS levels in muscle cells
-decreased TBARS and carbonyls levels in

both cells line
-increased GSH levels in both cells line;

[84]

Tinta Cao and
Cabernet Franc (USA) CA77 cell line - -decreased CGRP levels [85]

Tempranillo variety
(University of Burgos,

Spain)
-WGPI-gastrointestinal

digestion;
WPF—colonic
fermentation

Hyperglycemic treatment in
EA.hy926 endothelial cells

Phenolic acids, flavanols,
stillbenes, flavonols

-increased mRNA Nrf2 levels, pNrf2/Nrf2
ratio;

-increased pAkt/Akt ratio;
-decreased pIκBα/IκBα and pIKK/IKK ratio,

mRNA COX2, NOX4, SOD2 levels;
-increased mRNA SIRT1, HO-1, CAT, NQO1

levels, GSH/GSSG ratio;
-increased mRNA GS, GR levels in WGPI;

-increased phospho-p38-MAPK/p38-MAPK
ratio in WPF;

-decreased mRNA NF-κB levels and pNF-κB
p65/NF-κB p65 ratio in WPF;

-increased mRNA GCLC, GS, GR, SOD, GPx1
levels in WPF;

[86]

Carignan variety
(Northern Tunisia)

-6-hydroxydopamine-induced
oxidative stress in mesencephalic

cells (dopaminergic cells)
-6-hydroxydopamine-induced

oxidative stress in dopaminergic
cells derived from stem cells

-

-increased cell viability in mesencephalic
primary cells;

-decreased ROS production in stem cells;
-decreased phospho-NF-κB p65 translocation

[87]

White grape pomace variety

Batiki Tyrnavou
variety (Central

Greece)

Bovine spermatozoa incubated
with different GP concentrations - -decreased MDA levels; [88]

Red and White pomace variety

White grape pomace
(Moscato branco) and
mixed grape pomace

(red + white)
Enzymatic hydrolysis

treated fractions

IL-1β treated Caco-2 cells

Quercetin, catechin, resveratrol,
gallic and caffeic acids,

trans-resveratrol, rutin and
procyanidin B2

-decreased ROS in all fractions
(100–200 μg/mL);

-decreased NF-κB, PGE2 levels in all fractions;
-significantly greater decrease of IL-8 levels in

mixed grape pomace with or without
enzymatic hydrolysis;

[89]

Abbreviations: CAT—catalase; CGRP—calcitonin gene-related peptide; COX 2—cyclooxygenase 2; GR—
glutathione reductase; GS—glutathione syntase; GCLC—glutamate-cysteine ligase catalytic subunit; GPx1—
glutathione peroxidase 1; GSH—glutathione; GSSG—glutathione disulfide; HO-1—heme oxygenase 1; MDA—
malondialdehyde; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells; NF-κB p65—nuclear fac-
tor kappa-light-chain-enhancer of activated B cells transcription factor; NOX4—nicotinamide adenine dinucleotide
phosphate oxidase 4; NQO1 —nicotinamide adenine dinucleotide plus hydrogen quinone oxidoreductase 1 mRNA
Nrf2—messenger ribonucleic acid nuclear factor erythroid 2-related factor 2; p38-MAPK—p38mitogen-activated
protein kinase PGE2—prostaglandin E2; pAkt—phosphorylated protein kinase B; pIκBα—phosphorylated in-
hibitor of kappa B; pIKK—phosphorylated IκB kinase; pNrf2—phosphorylated Nrf2 ROS—reactive oxygen
species; SIRT1—sirtuin 1; SOD2—superoxide dismutase 2; TBARS—thiobarbituric acid reactive substances;
TNF-α—tumor necrosis factor alpha.

Marzulli et al. (2018), treated mononuclear cells with phorbol 12-myristate 13-acetate
(PMA) to activate inflammation, and with different GPs (red Negroamaro cultivar or white
Koshu cultivar) extracts (water, ethanol), to observe their immunomodulatory effects [91].
In terms of cytokine release, all GP fractions and extracts increased anti-inflammatory
(IL-10) and pro-inflammatory (IL-12, IL-1β, IL-6, tumor necrosis factor-alpha (TNF-α))
cytokines. The water extracts of both GPs managed to increase T regulatory cells and
forkhead box P3 (FoxP3) protein, which is responsible for the genes activity control that are
involved in the immune system regulation. Another benefic effect of GPs extracts is FoxP3
increase which is a marker with a role in stabilizing the T regulatory cells’ function. All
extracts lowered the release of granzyme (GrB) compared to PMA treated group [91]. GrB
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is an enzyme secreted by cytolytic T cells with role in cell necrosis leading to harmful effects
on homeostasis [91]. Regarding intracellular cytokines, the water extract of red Negroamaro
GP increased TNF-α and IL-10 content in monocytes, while the red Negroamaro GP ethanol
extract increased IL-12 and IL-10 levels in lymphocytes. Further, the white Koshu GP water
extract increased monocyte levels of IL-10 and IL-12, while the white Koshu GP ethanol
extract increased lymphocyte levels of TNF-α and IL-10. IL-10 was increased by both water
or ethanolic, red or white GP extracts and as underlined by authors [91], the release of
IL-10 by T cells and monocytes is a key step in maintaining the immune homeostasis. In
conclusion, GPs extracts could induce immune homeostasis through the anti-inflammatory
IL-10 secretion which counterbalances the pro-inflammatory cytokines (IL-12 and TNF-
α) [91]. Another study that reinforces the anti-inflammatory effects of RGP from Vitis
vinifera L. cv. Montepulciano d’Abruzzo on LPS-stimulated macrophages is that of Mollica
et al. (2021). They observed that the extract significantly inhibited the release of cytokines
(IL-6, TNF-α, and IL-1β), the maximal inhibitory action being at the dose of 100 μg/mL [92].

The possible potential impact of GP extracts on in vitro calcitonin gene-related peptide
(CGRP) secretion was investigated as a potential mechanism to influence migraine [85].
The treatment of CA 77 cells with different red GP extracts showed a significant decrease
in CGRP levels. CGRP is a gene that represents a key mediator of migraine-induced
inflammation [85]. The results suggest that GP extracts had anti-inflammatory effect
preventing the release of CGRP in migraine [8885].

White GP extract and a mixture of red and white GP extract, in different concentrations
(100, 200, 500 μg/mL dry extract w/v), were added to Caco-2 cells after treatment with an
inflammation inducer (IL-1β) to observe the effects on IL-8 secretion and NF-κB expres-
sion [93]. Grape pomaces were hydrolyzed enzymatically to determine if anti-inflammatory
effects would be augmented. Both white and red GP contained quercetin, catechin, resver-
atrol, gallic and caffeic acids, trans-resveratrol, rutin, and procyanidin B2 [93]. All GP
fractions (100, 200 μg/mL dry extract w/v) with or without enzymatic transformation de-
creased ROS levels, while treatment with GP extracts in higher concentration (500 μg/mL
dry extract w/v) showed a considerable increase in ROS levels. Furthermore, NF-κB ex-
pression and prostaglandin E2 (PGE2) levels were significantly reduced in all fractions. At
the same time, IL-8 secretion revealed a more substantial drop in enzymatically treated
fractions of mixed GP, presenting beneficial effects of enzyme hydrolysis. The mixed GP
had a more potent anti-inflammatory effect due to the high content of anthocyanins found
in red GP [89].

Concerning the benefic antioxidant and anti-inflammatory GP actions, the literature
presents a large variety of experimental settings that can be considered for future in vivo
research. Also, we can observe that there is still space for other hypotheses, for both red
and white GPs, but especially for the white ones which were much less investigated.

Further, in the next step the GP effects in vivo studies were analyzed. The in vivo
studies usually use rodents to induce different models of inflammation, but fish and lamb
were also introduced.

5.2. In Vivo Beneficial Actions of Grape Pomace in Oxidative Stress and Inflammation

The effect of GP extracts on the pathophysiology of oxidative stress and inflammation
in various types of diseases can be well documented using different in vivo experimental
models. These types of studies are very important in deciding whether the GP can be
further used in safe conditions in human clinical trials.

The antioxidant and anti-inflammatory effects of both fresh and fermented GP extracts
(Vitis vinifera L. cultivars, Fetească neagră, and Pinot noir, from Romania) were investigated
using and a rat model of induced inflammation by turpentine oil [94]. The administration
of turpentine oil increased the total oxidative status, oxidative stress index and reduced
total antioxidant reactivity [94]. Treatment with GP decreased total oxidative status and
oxidative stress index in a dose-dependent manner, but total antioxidant reactivity was
not modified. All GP’s fractions significantly reduced malondialdehyde (MDA) levels.
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Total thiols were considerably lessened by turpentine, but GP managed to increase them
in a concentration-dependent way. The same results were observed in the case of NOx
production. 3NT was also increased by turpentine, but GP varieties decreased the levels.
Due to higher phenolic content, the fresh extract showed a higher antioxidant effect. MDA
is a lipid peroxidation waste product with hazardous potential for normal homeostasis.
Thiols, under oxidative stress, manage to form disulphide bonds between them to reduce
oxidative stress. NO presents a dual effect based on its concentrations. Small doses possess
an antioxidant effect, while high doses can cause an increase in oxidative stress through
the synthesis of new and stronger radicals. 3NT is a waste product resulting from tyrosine
nitration induced by reactive nitrogen species [94]. The authors concluded that GP extracts
could be used considered a potential agent in nutraceuticals formulation.

An interesting study that evaluates the effects of red GP flour dietary inclusion on
growth, anti-inflammatory, antioxidant, innate-adaptive immunity, and on immune genes
expression was performed on Labeo rohita fish against Flavobacterium columnaris induced
infection [95]. Treatment with 200 and 300 mg GP flour showed a significant increase in
GSH, SOD, and GPx activities as compared to regular diet or 100 mg GP supplementation,
in both infected and uninfected groups. Regarding GP action on innate-adaptive immune
activity, higher doses of GP (200, 300 mg) increased phagocytosis, alternative-complement
pathway activity, raised IgM levels, and serum lysozyme (Lyz) activity when compared
to regular diet or 100 mg GP supplementation in infected or uninfected group. In terms
of immune-related genes, Lyz, (β-2 microglobulin) β-2M, 3rd component complement
(CC3), and immunoglobulin M (IgM) gene expression pointed out a significant growth in
infected fish with 200, 300 mg GP supplementation compared to other groups. However,
the uninfected group treated with the same doses of GP showed higher gene expression
than the infected group. Antioxidant related-genes were measured, and SOD, GPx, nuclear
factor erythroid 2-related factor 2 (Nrf2), and (natural killer-cell enhancing factor β) NKEF-
β were remarkably higher in all groups treated with raised doses of GP compared to
100 mg GP diet or regular diet in infected or uninfected groups. Furthermore, uninfected
groups treated with high doses of GP showed a more significant increase in SOD and
GPx expression levels. As for pro-inflammatory-related genes, IL-1β and TNF-α were
not modified in any group. Hepcidin and toll-like receptor-22 (TLR22) expression were
increased in infected and uninfected groups treated with a high dose of GP [95].

Therefore, in Rajković et al. (2022), GP was given to piglets to assess their positive
effects on the animal organism without antibiotics side effects [96]. During the experiment
tissue samplings (liver, jejunum, ileum) were collected on days 27/28 and 55/56, while
blood samples were taken on days 6, days 27/28, and 55/56. Regarding antioxidant en-
zymes, GPx (GPx1-liver, GPx-2 jejunum, and ileum) wasn’t different between diets, but
the enzyme activity was significantly increased on days 55/56 compared to 27/28 [96].
About, SOD and Manganese Superoxide Dismutase (Mn-SOD) enzymes, there weren’t any
differences between diets in jejunum, ileum, and liver, but there was an increase between
sampling dates, in days 55/56 compared to 27/28 in the liver. The copper superoxide
dismutase system (Cu-SOD or SOD1) presented no distinction between any sampling days
in the liver or ileum. CAT activity wasn’t affected by any of the diets in the jejunum and
liver, but there were differences between sampling days in the liver and ileum. TBARS con-
centrations weren’t affected by diets in any organs, only in the jejunum between sampling
days (decreased levels on days 55/56 compared to 27/28). GPx2 and SOD1 gene expression
were modified at the jejunum level (decreased in days 55/56 compared to 27/28), while
CAT expression presented the same results at the ileum level. In the liver, the authors have
observed differences between samples for SOD1, CAT, and GPx1 in the liver, with a higher
expression on days 27/28 compared to 55/56. In terms of inflammation, pig major acute
phase-protein serum levels presented a decrease on days 55/56 and 27/28 compared to
day 6 [96]. MDA serum levels decreased through sampling days while for SOD different
fluctuations were noticed, without showing any significant values on day 55/56 versus
other time points. As a speculative explanation for the variation of antioxidant enzymes
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decreasing it can be stated that the systemic presence of antioxidant substances can lead to
a decreasing need for endogenous antioxidant enzymes production [96].

Another important direction in GP research is to check whether it is suitable to be
used as an adjuvant treatment in different pathologies to reduce conventional drugs side
effects. Thus, in Mossa et al. (2015) study, cypermethrin was given to female rats to observe
toxic effects on the liver and kidneys, and white GP was added to check whether it can
counter these toxic effects [97]. The assessment of kidneys and liver biomarkers showed a
dose-dependent fall in liver enzymes: aspartate transaminase (AST), alanine transaminase
(ALT), gamma-glutamyl transferase (GGT), and alkaline phosphatase (ALP), and a decrease
kidneys urea nitrogen and creatine. Also, total proteins and albumin revealed a significant
increase in GP treated group. The histological analysis pointed out significant changes
due to inflammatory infiltrate in cypermethrin groups, while the GP supplemented group
had regressed values for all biomarkers. Similar results were also observed in histological
studies of kidneys samples. This may be due to the antioxidant effects of the white GP [97].
This study offers important evidence regarding the use of GP extract with hepatorenal
protective activity and encourages future studies to investigate whether it can be used to
reduce other drugs adverse reactions.

So far, the existing studies on GP suggest that through its anti-inflammatory and an-
tioxidant effects, GP can be considered a potent agent that can contribute to the restoration
of homeostasis to control levels or that can reduce different drug side effects (Table 2).

Table 2. In vivo beneficial actions of grape pomace in oxidative stress and inflammation.

Grape Pomace Models
Polyphenols

Content
Antioxidant and Anti-Inflammatory Effects References

Red grape pomace variety

Tempranillo variety
(Burgos, Spain)

Spontaneously
hypertensive rats

Proanthocyanidin,
anthocyanins, quercetin

-TAC increased;
-decreased lipid peroxidation and carbonyl groups;

-increased NO levels
-increased HO-1, SOD2, eNOS gene expression;

[98]

Alicante and Pinot varieties
(France)

polyphenol-enriched
Alicante

Dextran Sulfate
Sodium-Induced colitis

in Wistar male
Anthocyanins

-improved histological score;
-decreased MPO activity;

-increased SOD activity in polyphenol-enriched Alicante;
-decreased IL-1α, IL-6 IFN-γ levels;

-decreased IL-1β levels in Alicante and Pinot;
-decreased IL6, ICAM-1, MMP-9 gene expression;

-decreased IL-1β, iNOS gene expression in Alicante and
Pinot;

-decreased TNFα, NFκB p65, COX2 gene expression in
polyphenol-enriched Alicante;

[99]

Malbec variety (Gualtallary,
Mendoza, Argentina)

High fructose
diet-induced Metabolic
syndrome in Wistar rats

Quercetin, epicatechin,
catechin, trans-resveratrol,

ferulic, gallic, caffeic,
syringic, p-coumaric acids

-reduced CRP levels;
-reduced NADPH oxidase activity;

-increased adiponectin;
-reduced resistin;

-increased insulin sensitivity;

[100]

Dimrit grapes variety
96 laying Hens given

different GP
concentrations

Catechin, Epicatechin,
Gallocatechin,

Epigallocatechin, Phenolic
acids, Gallic acid, Caffeic

acid, p-cumaric acid

-decreased plasma MDA levels;
-decreased egg yolk MDA levels; [101]

Red wine grape pomace
18 crossbreed lambs

given different GP diets
(5%, 10%)

-

-increased TAOC and SOD, GPX activity
in longissimus dorsi muscle;

-decreased ROS and MDA levels
in longissimus dorsi muscle;

[102]

Red wine grape pomace
24 crossbreed ram lambs

under pen conditions
given GP diets (5%, 10%)

-

-decreased MDA and ROS levels in lamb testes;
-increased CAT, SOD, GPx4 activity in lamb testes;

-increased TAOC (GP 10%);
-increased SOD, GPx4 mRNA expression (GP 10%);

-increased CAT, SOD, GPx4 protein abundance;

[103]

Tempranillo variety Wistar rats given high-fat
diet -

-decreased IL-1β and TNF-α levels;
-increased FRAP plasma and liver levels;

-increased liver GSH/GSSG ratio;
-decreased plasma and liver MDA

and carbonyl groups levels;
-decreased 8-hydroxydeoxyguanosine plasma levels;

[104]
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Table 2. Cont.

Grape Pomace Models
Polyphenols

Content
Antioxidant and Anti-Inflammatory Effects References

Muscat Bailey A variety
(Gyeongsangbuk-do,

Korea)

High-fat diet induced
obesity in male
C57BL/6J mice

Catechins, resveratrol,
flavonoids,

-decreased TNF-α, PAI-1 levels;
-decreased liver NF-κB, IL-6 and TNF-α levels; [105]

Cabernet Franc
(Chrysalis Vineyards,

Virginia)

C57BL/6NCr mice given
high-fat diet - -decreased TNF-α, IFN-G, IL-12β, PAI-1 and resistin levels [106]

Red wine pomace
78 crossbreed piglet
given apple or grape

pomace
Flavanols

-decreased NF-κB mRNA expression in the stomach;
-increased NF-κB and TNF-α mRNA expression in the liver

and muscle;
-decreased TNF-α and IL-10 mRNA expression in ileum;
-increased IL-10 mRNA expression in the jejunum, colon,

and liver;

[107]

Red dried grape pomace
(Vitis vinifera L. variety)

20 Fresian cows given
GP diet

Flavonoids, gallic acid,
epicatechin

-lower MDA levels in the cheese from cow’s milk that
received GP;

-lower thrombogenic index in cow’s milk that received GP;
[108]

Pinotage variety (Bellevue
Wine Estate, Stellenbosch,

South Africa)

40 lambs given GP diets
at different c% (0, 5, 10,

15, 20)
Proanthocyanidins, tannins

-increased antioxidant activity (15, 20% diets) within first 3
days of meat storage;

-decreased TBARS levels of all diets from day 5 to day 9 of
meat storage;

-decreased carbonyl content in stored meat (10, 20%);

[109]

Pinotage variety (Bellevue,
Beyers Kloof, Western Cape

Province, South Africa)

Angus steer given dried
grape pomace or dried

citrus pulp
Proanthocyanidins, tannins -decreased TBARS and carbonyl levels;

-increased antioxidant activity; [110]

Cencibel variety (Grupo
Matarromera San

Bernardo-Valbuena de
Duero, Valladolid, Spain)

Enzymatic hydrolysis
treated fractions—tannase
and carbohydrase enzyme

complex—separately or
combined

300 Cobb chicks given
different GP c% (5, 10)
diets—hydrolyzed/un-

hydrolyzed

Gallic acid, Catechin,
Epicatechin, Procyanidin

B1, Procyanidin B2
Epicatechin-O-gallate;

-decreased MDA levels; [111]

Moschato variety Tyrnavos
(Larissa prefecture, Greece)

30 female broilers given
GP diet for 15 or 35 days; -

-15 days GP diet: decreased TBARS plasma levels, increased
GSH levels in kidney and spleen, decreased TBARS levels in
pancreas and intestine, decreased CARB levels in the kidney;

-35 days GP diet: increased GSH erythrocytes levels,
decreased TBARS plasma levels, increased GSH levels in

kidney, spleen, heart, lung, and liver, increased TAC levels
in liver, spleen, and kidney, decreased H2O2 decomposition

in the intestine, decreased TBARS levels in spleen,
quadriceps muscle, and heart, decreased CARB levels in

spleen and kidney;

[112]

Cencibel variety

180 broiler chicks given
different GP diets doses

(15, 30, 60 mg/kg) or
Vitamin E;

Condensed tannins -decreased MDA levels in refrigerated breast meat; [113]

Cencibel variety (Vinícola
de Castilla

S.A.,Manzanares, Ciudad
Real, Spain)

120 broiler chicks given
different GP diets doses

(5, 15, 30 mg/kg) or
Vitamin E;

-
-decreased MDA levels in refrigerated breast

and thigh meat (day 7);
-decreased MDA levels in refrigerated breast meat (day 4);

[114]

Moschato variety
(Tyrnavos Larissa, Greece)

24 piglets given GP diet
(blood and tissue

samples taken at 15 and
30 days post-diet)

-

-15 days GP diet: decreased TAC plasma activity, decreased
CARB levels in spleen, brain and liver, decreased TBARS
levels in brain, kidneys, stomach, heart, lungs, quadriceps
muscle, and spleen, increased TAC levels in stomach and

pancreas, decreased TAC levels in the brain, increased GSH
levels, heart, liver, spleen, stomach, pancreas, lungs, brain

and quadriceps muscle; increased H2O2 decomposition
activity in kidneys and decreased in lungs and stomach;
-30 days GP diet: decreased CAT erythrocytes activity,

decreased CARB levels in spleen, brain, liver, lungs,
quadriceps muscle, stomach, and pancreas, decreased

TBARS levels in brain, liver, heart, lungs, quadriceps muscle,
spleen, and pancreas; increased TAC levels in the quadriceps

muscle, kidneys, lungs, stomach, and pancreas, decreased
TAC levelsthe in brain, increased GSH levels heart, liver,
pancreas, lungs, brain and quadriceps muscle, kidneys;
decreased TAC levels in stomach and spleen; increased

H2O2 decomposition activity in kidneys, quadriceps muscle,
pancreas and decreased in lungs and brain;

[115]

Cencibel variety (La
Mancha, España)

70 broiler chicks given
GP diets doses (0, 30, 60

mg/kg)

Condensed tannins,
hydrolysable tannins;

-reduced TBARS levels in raw chicken patties
(storage day 13, 20);

- reduced TBARS levels in cooked chicken patties
(storage day 3, 6, 13, 20);

-reduced TBARS levels in raw chicken patties
(60 mg/kg–6 months storage);

-reduced TBARS levels in cooked chicken patties
(30, 60 mg/kg–6 months storage);

[116]
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Table 2. Cont.

Grape Pomace Models
Polyphenols

Content
Antioxidant and Anti-Inflammatory Effects References

Moschato variety
(Tyrnavos Larissa, Greece)

28 lambs given GP diet
(blood and tissue

samples taken at 27 and
55 days post-diet)

-

-27 days GP diet: increased CAT erythrocytes activity;
decreased protein carbonyls level in the liver; increased

TBARS activity in the brain;
-55 days GP diet: reduced TBARS activity in liver, spleen,

and heart; increased TBARS activity in the brain; decreased
TAC in brain and liver; GSH levels increased in quadriceps

muscle and spleen; decreased GSH levels in the liver;

[117]

Carignan varietyl
(Northern Tunisia

Adult mice given
6-hydroxydopamine

stereotaxic injection in
midbrain (Parkinson

disease model)

-
-increased SOD1 brain levels;

-decreased neurons depletion in substantia nigra;
-ameliorated motor impairment;

[92]

White grape pomace variety

Koshu variety
(Japan and Italy)

Fermented or
un-fermented fractions

Female rats
induced-allergic

reactions (asthma and
passive cutaneous

anaphylaxis)

-

-decreased serum IgE levels;
-decreased eosinophils levels in bronchial lavage;

-decreased cutaneous reaction in time
and dose-dependent manners;

-decreased cutaneous reaction compared to Tannat or
Negroamaro GP (red varieties)

[118]

Abbreviations: AOPP—advanced oxidation protein product; CARB—protein carbonyls; CAT—catalase; COX 2—
cyclooxygenase 2; CRP—C-reactive protein; DPPH—2,2-diphenyl-1-picrylhydrazyl; FRAP—ferric ion antioxidant
reducing power; GP—grape pomace; GPx—glutathione peroxidase; G-GCS—G-synthase glutamyl cysteine;
GSH—glutathione; GSSG—glutathione disulfide; GST—glutathione-s-transferase; HO-1—heme oxygenase 1;
ICAM-1—Intercellular Adhesion Molecule 1; IFN-G—interferon gamma; MDA—malondialdehyde; MMP-9—
matrix metalloproteinase 9; MPO—myeloperoxidase activity; NADPH—nicotinamide adenine dinucleotide
phosphate; NF-κB p65—nuclear factor kappa-light-chain-enhancer of activated B cells transcription factor; eNOS-
endothelial nitric oxide synthase; iNOS—inducible nitric oxide synthase; NO—nitric oxide; oxLDL- Oxidized low-
density lipoprotein; PAI-1—Plasminogen activator inhibitor-1; ROS—reactive oxygen species; SOD—superoxide
dismutase; TAC—total antioxidant capacity; TAOC—total antioxidant capacity; TAS—total antioxidant status;
TBARS—thiobarbituric acid reactive substances; TNF-α—tumor necrosis factor alpha.

6. Non-Steroidal Anti-Inflammatory Drugs

Non-steroidal anti-inflammatory drugs (NSAIDs) represent a group of chemically
distinct compounds that act through the same mechanism producing a reversible inhibition
of cyclooxygenase (COX) 1 and 2 isoenzymes, enzymes that produce prostaglandins (PGs).
The main representatives of the group of NSAIDs that act non-selectively on COX-1 and
COX-2 are aspirin, ibuprofen, diclofenac, indomethacin, naproxen, ketorolac, piroxicam
and meloxicam [119]. The main difference between these two isoenzymes is represented
by the fact that while COX-1 is a constitutive enzyme which produce regularly PGs that
have a protective role mainly on the stomach and kidney, COX-2 expression is induced
by inflammatory stress and PGs resulted from this pathway lead to the swelling and pain
associated with inflammation [120]. The ability of NSAIDs to reduce pain and swelling as-
sociated with several inflammatory diseases and the fact that NSAIDs are over-the-counter
drugs, contributed to their large-scale use, being of the most sold drugs worldwide [121].
Besides these beneficial effects, NSAIDs have multiple adverse reactions, mainly related
to COX-1 inhibition. Thus, the most common adverse reactions are the gastrointestinal
ones. Long-term usage of NSAIDs could lead especially to gastric ulcer, but can also alter
renal function and sodium exchange and could lead to hypertension and/or renal failure.
On the cardiovascular system, COX inhibition could lead to heart failure exacerbation.
On hepatic activity, COXs function alteration could lead to acute liver injury [121]. Hy-
persensitivity reactions are also described and manifest clinically by NSAIDs-exacerbated
respiratory diseases (rhinosinusitis, bronchial asthma, pneumonitis), NSAIDs-exacerbated
cutaneous diseases (urticaria, photo-contact dermatitis, angioedema), NSAIDs-induced
diseases (nephritis, aseptic meningitis) and anaphylaxis [122–125]. Because of these mul-
tiple and heterogenous adverse effects associated with COX-1 inhibition, pharmacology
researchers discovered other compounds from the class of NSAIDs, celecoxib, which selec-
tively inhibits COX-2. However, although studies have shown a reduced adverse effect on
the gastrointestinal system, namely a lower risk of gastric ulcer, this compound more fre-
quently leads to acute coronary syndromes [121]. Besides the anti-inflammatory activity of
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NSAIDs, another area of interest was represented by their antioxidant activity. In this way,
Costa et al. (2006) focused on the antioxidant activity via the in vitro scavenging ability of
ROS and reactive nitrogen species (RNS) of ibuprofen, flurbiprofen, fenbufren, fenoprofen,
naproxen, ketoprofen and indoprofen [126]. They observed that the greatest scavenging
activity of ROS for O2− was equal for fenbufen, flurbiprofen, indoprofen, ketoprofen, for
H2O2 was equal for ketoprofen, indoprofen, fenbufen and for HO was equal for fenoprofen
and ibuprofen. In the case of RNS, for NO the greatest scavenging activity was that of
indoprofen, and for ONOO− was indoprofen [126].

However, in the in vivo studies no antioxidant activity was observed, but, on the
contrary, a prooxidant effect was described. One example is represented by the study of
Nawaz et al. (2021) who observed the effect of NSAIDs treatment on antioxidant status and
oxidative stress in patients with rheumatoid arthritis [127]. They highlighted that the group
of patients with rheumatoid arthritis under the treatment with NSAIDs, compared with
the other three groups (control group, patients without rheumatoid arthritis and under
the treatment with NSAIDs, patients with rheumatoid arthritis who did not take NSAIDs),
showed the highest oxidative stress and the lowest free radical scavenging ability [127].

Taking into consideration all of the above, namely the multitude of adverse reactions
associated with NSAIDs treatment, it is necessary to find a potent substitute for these drugs,
one that has strong anti-inflammatory effects with as few adverse reactions as possible.

7. Comparative Effect of Polyphenols Found in Grape Pomace Versus Non-Steroidal
Anti-Inflammatory Drugs in Oxidative Stress and Inflammation

Several diseases use NSAIDs to decrease vasodilatation, cell adhesion to vascular
endothelium, cells migration to inflammation site, cytokine synthesis, and further tissue
damage. However, as we already mention before, NSAIDs also possess several adverse
reactions (gastrointestinal bleeding, hepatic, renal toxicity), which can cause a limitation
in use for more extended periods. This led to studying different natural compounds to
compare their effects with different NSAIDs (Table 3).

Unfortunately, we were unable to find studies in which the anti-inflammatory and
antioxidant effects of GP whole extract were compared with those induced by NSAIDs, but
only of several other compounds extracted from GP, such as resveratrol, flavonol (quercetin)
and hydroxybenzoic acid (gallic acid). Therefore, this section will examine the differences
between in vitro and in vivo effects of NSAIDs and different phenolic compounds that are
also found in GP.

Thus, Zhang et al. (2021), subjected rat glial cells to LPS induced-inflammation
and treated them with different doses of resveratrol (0.1–20 μM) or ibuprofen to see the
differences [136]. Resveratrol showed a higher decrease in TNF-α (0.1–20 μM) and ROS
production (20 μM) compared to ibuprofen [136]. In another study, horse immune cells were
cultured with resveratrol or different NSAIDs (flunixin meglumine or phenylbutazone)
to observe the effects on pro-inflammatory cytokine production. Resveratrol managed to
lower interferon (IFN)-Gand TNF-α levels, similar to of NSAIDs [137].

As for in vivo studies, resveratrol patches were given to rats injected with carrageenan [138].
Diclofenac gel was used to compare the effects of the two substances. Resveratrol and
diclofenac decreased paw swelling, but resveratrol caused a much longer inflammation
reduction when compared to diclofenac. Also, the resveratrol group presented the lowest
paw swelling compared to the diclofenac and control groups [138].

Another polyphenol found in GP and recognized for its anti-inflammatory and an-
tioxidant effects is represented by quercetin, which is a flavonol. In Wei et al. study (2019),
osteoarthritis was surgically induced in the left knee in rats, that were also treated with
quercetin or celecoxib (CXB) as a reference drug [139]. In terms of antioxidant effects,
quercetin and CXB groups managed to increase SOD serum and synovial fluid levels
compared to the untreated group. Metalloproteinases (MMPs) are a family of enzymes
responsible for cartilage degradation and osteoarthritis appearance [139]. Tissue inhibitor
metalloproteinase (TIMP) is accountable for cartilage repair through the downregulation
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of MMPs [139]. In this study, quercetin and CXB groups decreased MMP-13 in serum,
synovial fluid, and synovium, while TIMP-1 levels increased in these groups compared
to the untreated osteoarthritis group [139]. In this work, quercetin presented comparable
effects with celecoxib, both having protective effects [139]. Heydari Nasrabadi et al. (2022)
also analyzed the effects of quercetin in monosodium iodoacetate-induced osteoarthritis
in rats injection [140]. In this experiment, ibuprofen was used as a reference drug. In
histopathological studies of the rats’ knees, the inflammatory cells were significantly de-
creased in the treated groups (quercetin and ibuprofen) compared to the untreated group.
In addition, MMP-3 and MMP-13 were measured, and the results showed that the quercetin
group reduced, even more, the levels of MMPs compared to the ibuprofen group [140].

Table 3. Grape pomace polyphenols versus non-steroidal anti-inflammatory drugs in oxidative stress
and inflammation.

Administrated
Polyphenol

NSAID Model
Anti-Inflammatory and Antioxidant Effects

of Polyphenols

Differences of Results
Between Polyphenols

and AINS
References

RES
50 mg/kg

Diclofenac
3 mg/kg

Adjuvant-induced
arthritis in rats

-reduced TNF-α, IL-1β, TBARS and NOx
levels;

-reduced NF-κB p65 expression;
- [128]

RES
50 mg/kg

Diclofenac
3 mg/kg

Adjuvant-induced
arthritis in rats

-reduced TNF-α, IL-1β, TBARS and NOx
levels;

-attenuated histological changes (cartilage
damage, pannus formation, cellular
infiltration, synovial proliferation)
-reduced NF-κB p65 expression;

-diclofenac group
decreased paw volume [129]

RES
10/50 mg/kg

Celecoxib
5 mg/kg

Adjuvant-induced
arthritis in rats

-reduced paw volume;
-decreased lymphocyte proliferation;

-decreased COX2 expression;
-decreased PGE2 levels;

-resveratrol exhibited
similar results to

celecoxib
[130]

RES
100 mg/kg Celecoxib Lipopolysaccharide

induced-sepsis in rats

-no significant reduction of prostaglandin
plasma and kidneys levels;

-no significant reduction of mRNA MCP-1
and IL-6 levels;

-celecoxib tackle the
inflammation effects

compared to resveratrol
[131]

RES
10 mg/kg

Ibuprofen
30 mg/kg

Experimental arthritis
and periodontitis in rats

-longer reduction in paw swelling;
-higher gingival IL-4 levels; - [132]

RES
5/10 mg/kg

Etoricoxib 10
mg/kg

Experimental
osteoarthritis induced

in rats

-increased time of paw withdraw mechanical,
heat and cold hyperalgesia test in RES

groups;
-increased spontaneous rats’ movement in

RES groups;
-decreased serum TNF-α, IL-10 levels;
-decreased serum IL-1β levels (RES 10

mg/kg);
-decreased synovial TNF-α, IL-10 and IL-1β

levels;
-decreased cartilage mRNA TNF-α, IL-10

expression;
-decreased cartilage mRNA IL-1β expression

(RES 10 mg/kg);
-decreased cartilage protein TNF-α, IL-10,

IL-1β, IL-6, MMP-13 expression;
-decreased mRNA iNOS expression;

-decreased mRNA COX2 expression (RES 10
mg/kg);

-decreased protein iNOS, COX2 expression;

-etoricoxib manage to
present same

anti-inflammatory
effects as RES 10 mg/kg

treated group;

[133]

Quercetin (75 mg/kg)

Phenylbutazone
(80 mg/kg) and
Indomethacin (6

mg/kg)

Freund’s complete
adjuvant-induced

arthritis;
carrageenan-induced

paw edema

-reduced paw edema (carrageenan
experiment);

-reduced paw volume in the acute phase;
-reduced paw volume in the chronic phase

(days 8, 9, 10, 14, 15, 16)

-higher
anti-inflammatory effect

compared to
phenylbutazone in

carrageenan
experiment;

[134]

Quercetin (80 mg/kg) Phenylbutazone
(80 mg/kg)

Experimental
induced-arthritis in rats

-reduced paw volume in the acute phase;
-reduced paw volume in the chronic phase

(day 9, 10, 14, 16, 19, 23, 26 and 30)
- [135]

Abbreviations: COX2—cyclooxygenase 2; iNOS—inducible nitric oxide synthase; MCP-1—monocyte chemoat-
tractant protein-1; MMP-13—mettaloproteinase 13; NF-κB p65—nuclear factor kappa-light-chain-enhancer of
activated B cells transcription factor; NOx—serum total nitrate/nitrite; PGE2—prostaglandin E2; RES—resveratrol;
TBARS—thiobarbituric acid reactive substances; TNF-α—tumor necrosis factor alpha.
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When taking into consideration the oxidative stress induced by the treatment with
NSAIDs, other researchers focused on finding a substance that could limit this pro-oxidative
side effect. In this matter, a great phenolic compound found in high quantities in GP, gallic
acid, has proven to be a potent adjuvant in this case. Thereby, Moradi et al. (2021) evaluated
if gallic acids taken alongside diclofenac had an impact on the oxidative status of 30 Wistar
rats divided into 5 groups [141]. They observed that while only under diclofenac treatment
there was a significant increase in urea, AST, ALT, creatinine, uric acid serum levels, and
in IL-1β expression, in the group which received gallic acid after diclofenac there were
registered reduced levels of these biochemical parameters and gene expression [141]. More-
over, the treatment with gallic acid alongside diclofenac led to a decrease in nitrate content,
serum and renal MDA levels, and protein carbonyl level. Furthermore, on antioxidant
enzymes activity, treatment with diclofenac and gallic acid led to an increase in renal SOD
and CAT activities and renal GSH levels. The histopathological examination of the kidney
highlighted that the group which received both diclofenac and gallic acid presented a
reduced lymphocytic cell infiltration, focal hemorrhage, and vacuolar degeneration of
tubular epithelial cells in comparison with the group which received only diclofenac [141].
Another study that reinforces these observations is that of Esmaeilzadeh et al. (2020) who
investigated the hepatoprotective activity of gallic acid in diclofenac-induced liver toxicity
in 30 Wistar rats [142]. They observed that while diclofenac led to an increase in GOT,
GPT, ALP, and total bilirubin levels, gallic acid reduced the levels of these parameters.
Moreover, at a dose of 100 mg/kg gallic acid, there was observed a significantly decreased
compared with a dose of 50 mg/kg gallic acid [142]. The same difference between these
two doses was also observed in the increase of plasma antioxidant capacity, hepatic SOD,
GPx, GSH, and CAT activities and in the decrease of nitrite content, protein carbonyl levels,
serum, and liver MDA levels compared with the group which received only diclofenac.
The histopathological examination of the liver, both doses of gallic acid led to a significantly
reduced in lymphocytic cell infiltration and liver degeneration [142].

These in vivo studies also suggest that GP is a valuable candidate that could be used
as a potential therapeutic agent capable of reducing oxidative stress and inflammation and
also as an adjuvant treatment in the attempt to reduce the side effects.

8. Conclusions

GP extracts due to their rich content in flavonols, anthocyanins, anthocyanidins,
flavanols, proanthocyanidins, stilbenes, and phenolic acids are offering new perspectives as
possible therapeutic agents. In vivo and in vitro studies showed promising results for both
GP whole extracts and different types of polyphenols that are contained in it, in reducing
oxidative stress and inflammatory markers in different models of chronic inflammation.

The first evidence in the direction of this possible therapeutic use was represented
by in vitro studies. In these works, the antioxidant effects were demonstrated especially
by the decrease in ROS, MDA, and TBARS levels and by the increase in GSH levels. The
anti-inflammatory effects were given by the inhibition of some inflammatory pathways
such as NF-kB and PGE2, an inhibition that led to a decrease in levels of inflammatory
markers such as IL-8. These antioxidant and anti-inflammatory effects are also validated in
in vivo studies. In terms of antioxidant activity, in addition to the effects already observed
in the in vitro studies, an increase in CAT, SOD, and GPx4 levels and stimulation of eNOS
gene expression were also seen. Similarly, the in vivo studies brought additional data
regarding the anti-inflammatory activity, observing an inhibition of the release of several
inflammatory markers such as IL-1α, IL-1β, IL-6, IFN-γ, TNF-α, and CRP. Anyway, it is still
necessary to implement this research in clinical trials to be able to conclude the possible
use of GP as an antioxidant and anti-inflammatory therapeutical agent. Further, most
of the studies have shown that GP extracts are more effective than a single polyphenol,
possibly because of polyphenols synergistic action that interferes with more than one
pathophysiological mechanism. Compared to the antioxidant and anti-inflammatory effects
of NSAIDs, the literature currently offers only the effects of single polyphenols, such as
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resveratrol, quercetin, and gallic acid. However, single polyphenols possess similar anti-
inflammatory and antioxidant effects as the classical NSAIDs. Thereby, further comparative
studies are needed to investigate if the entire complex of polyphenols that exists in GP may
induce a similar or a better effect. The question that rises from these studies is whether
the best results can be obtained when single isolated phenolic compounds with a known
concentration are used or whether a standardized mixture of these compounds is used?
If this hypothesis is validated, in the future GP could become an add-on therapeutic
measure that could be used for better control of chronic inflammation than monotherapy
with NSAIDs.
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Abstract: The research for alternative administration methods for anticancer drugs, towards en-
hanced effectiveness and selectivity, represents a major challenge for the scientific community. In
the last decade, polymeric nanostructured delivery systems represented a promising alternative to
conventional drug administration since they ensure secure transport to the selected target, providing
active compounds protection against elimination, while minimizing drug toxicity to non-target cells.
In the present research, poly(glycerol sebacate), a biocompatible polymer, was synthesized and then
nanostructured to allow curcumin encapsulation, a naturally occurring polyphenolic phytochemical
isolated from the powdered rhizome of Curcuma longa L. Curcumin was selected as an anticancer
agent in virtue of its strong chemotherapeutic activity against different cancer types combined with
good cytocompatibility within healthy cells. Despite its strong and fascinating biological activity,
its possible exploitation as a novel chemotherapeutic has been hampered by its low water solubil-
ity, which results in poor absorption and low bioavailability upon oral administration. Hence, its
encapsulation within nanoparticles may overcome such issues. Nanoparticles obtained through
nanoprecipitation, an easy and scalable technique, were characterized in terms of size and stability
over time using dynamic light scattering and transmission electron microscopy, confirming their
nanosized dimensions and spherical shape. Finally, biological investigation demonstrated an en-
hanced cytotoxic effect of curcumin-loaded PGS-NPs on human cervical cancer cells compared to
free curcumin.

Keywords: curcumin; poly(glycerol sebacate); nanoparticles; drug delivery system; human
cervical cancer

1. Introduction

Cancer is still the second leading cause of death in the world after cardiovascular
diseases and, despite the continued efforts of scientists, its incidence and mortality rates
have not yet been stopped [1]. Therefore, pursuing novel strategies and less toxic cancer
treatments still remains a major challenge for the scientific community.

Researchers, to improve the selectivity and bioavailability of chemotherapeutic agents,
have developed several drug delivery systems (DDSs) designed to allow secure transport
to the selected target, thus providing molecules protection against elimination while min-
imizing drug toxicity to non-target cells [2–6]. During their administration, anticancer
agents are generally distributed non-specifically throughout the body, affecting both tumor
and healthy cells, resulting in inefficient treatment due to excessive side effects and low
internalization of anticancer agents into tumor tissues [7]. On the contrary, among several
advantages over traditional chemotherapeutic administration, DDSs can deliver a drug
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more selectively to a specific target site with less frequent and less concentrated dosing [5].
Moreover, in cancer cells, the passive diffusion is maximized due to the presence of abnor-
mal vascular architecture necessary to serve fast-growing cancer cells. Such phenomenon
is named enhanced permeation and retention effect (EPR effect) [6,8]. Accordingly, DDSs
may exploit the EPR effect thanks to the nanometer size of the carrier which enhances their
penetration and thus incorporation into the tumor target thanks to leaky vasculature [8].

Thanks to their unique physicochemical versatility, biodegradability and biocompati-
bility, biodegradable polymers are widely investigated for the preparation of micro- and
nanoparticles as drug carriers for anticancer agents [3,9]. Among the polymers that can be
used for this purpose, poly(glycerol sebacate) (PGS) has received notable attention due to
its unique physical features [10]. Both monomers used for PGS synthesis via polyconden-
sation, i.e., glycerol and sebacic acid, are bio-based, biocompatible and approved by the
Food and Drug Administration. PGS synthesis is inexpensive, and the obtained product is
generally soft and has flexible mechanical properties that make it suitable for working with
soft tissue and organs in a mechanically dynamic environment [11]. Originally designed as
a biodegradable polymer with improved elastic mechanical properties and biocompatibility,
research on PGS-based medical applications has uncovered several unique properties that
have bolstered its use as a biomaterial [12]. Nowadays, PGS is commonly exploited to
develop 3D structures such as scaffolds for tissue engineering [13] but its possible appli-
cation as a nanodelivery system has been explored less [14,15]. Moreover, several studies
demonstrate that the hydrophobicity degree of a carrier is one of the major determinants to
achieve correct and complete drug delivery in specific environments (e.g., lymphatic sys-
tem) [4,14–16]. In this context, the aim of the present study was the development of highly
stable PGS nanostructures designed to ensure secure loading of curcumin extract (standard-
ized as 95% in curcuminoids composed by: curcumin 85%, demethoxycurcumin 14% and
bis-demethoxycurcumin 1%) (Figure 1) as a novel anticancer system. Curcumin, [1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione], a naturally occurring polyphenolic
phytochemical isolated from the powdered rhizome of Curcuma longa, was selected as an
anticancer agent in virtue of its strong chemotherapeutic activity against different cancers
types combined with good cytocompatibility against healthy cells [17–19].

 
Figure 1. Curcuminoids structures (a) curcumin, (b) demethoxycurcumin and (c) bis-demethoxycurcumin.
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Several studies indicate that curcumin can modulate all kinds of cancer hallmarks,
including uncontrolled cell proliferation, cancer-associated inflammation, cancer cell death,
signaling pathways, cancer angiogenesis, and metastasis [20]. However, its possible ex-
ploitation as a novel chemotherapeutic is hampered by its low water solubility [21–23],
which results in poor absorption and low bioavailability upon oral administration; its
possible encapsulation within PGS nanoparticles represents a novel and promising admin-
istration alternative combining its strong anticancer activity with the biocompatibility and
high hydrophobicity of the polymer. Nanoprecipitation was selected as the formulation
technique since it offers several advantages for producing smaller nanoparticles with nar-
row unimodal size distribution [24]. Furthermore, it is scalable and rapid to perform [25].
The obtained NPs were characterized through dynamic light scattering and transmission
electron microscopy analysis to evaluate nanoparticle size and morphology and monitoring
their stability over time.

Cervical cancer is the leading cause of death for cancer in women resulting in over
340,000 deaths worldwide [26]. Most cases of cervical cancer can be attributed to persistent
human papilloma virus (HPV) infection, which is preventable thanks to safe and effective
anti-HPV vaccination. Screening programs allow the identification of cervical pre-cancer
lesions, thus allowing prompt treatment and cure of early stage cervical cancer with surgical
interventions, chemotherapy and/or radiotherapy [27]. However, recurrent cervical cancer
due to resistance to chemotherapy still represents a major challenge. In this context,
polyphenols, such as nanoencapsulated curcumin, are currently viewed as a possible
adjuvant therapy for overcoming chemoresistance in cancer cells, since they affect multiple
targets, including cell death [28]. Therefore, the biological activity of the PGS nanosystem
has been investigated in vitro against human cervical cancer HeLa cells to evaluate the
pro-apoptotic anticancer activities of curcumin-loaded PGS-NPs compared to free curcumin.
Our results show that curcumin-loaded PGS-NPs display higher cytotoxicity, anti-HPV
activity and can activate apoptosis in HeLa cervical cancer cells.

2. Results

2.1. Synthesis and Characterization of Poly(Glycerol Sebacate)

PGS was synthesized via a polycondensation reaction between glycerol and sebacic
acid to first form a linear aliphatic polyester (Scheme 1a) that can be further cured to yield
a crosslinked thermoset elastomer (Scheme 1b).

 

Scheme 1. Synthesis of PGS. (a) synthesis of linear PGS through polycondensation of glycerol and
sebacic acid. (b) curing reaction to yield a thermoset.
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The main hurdle in the synthesis of PGS derives from the nature of the monomers.
While glycerol can be described as an A3 type monomer, sebacic acid is a difunctional
species that can be described as a B2 type monomer. This difference in the number of
reactive functionalities between the two molecules results in difficulties in proper control
of the reactivity during the polycondensation reaction. In this regard, even if it is true
that the primary alcohol groups in glycerin are more reactive than the secondary ones,
a non-proper management of the reaction conditions can result in the formation of an
undesired crosslinked material. Literature reports on the synthesis of PGS usually rely
on an equimolar mixture of the two monomers, to target a linear polyester. The reaction
is carried out for very long times at low temperatures, in order to limit the occurrence of
crosslinking [29]. During this step, the molecular weight of the linear segments has limited
control through different reaction times. After this first condensation step, the crosslinking
reaction is carried out to yield a thermoset. The mechanical properties of the crosslinked
product can be controlled through the curing conditions that can give access to a significant
amount of different products with different properties [30].

This classical procedure for the synthesis of PGS requires long times, lasting several
days. On the contrary, the procedure reported in this paper is based on a different approach.
The two monomers are loaded in different molar amounts, with an excess of sebacic acid to
partially make up for the excess of alcoholic functionalities. The reaction was carried out
for 6 h at 170 ◦C resulting in a linear polymer in the form of a waxy solid that was further
employed for the preparation of nanoparticles.

PGS was characterized through size exclusion chromatography (SEC) for the de-
termination of the molecular weight and polydispersity. Molecular weight data of the
polymer were detected as follows: (Mn) = 3100 Da; (Mw) = 12,000 Da; D = 4.0, expressed
as polystyrene equivalents. The high polydispersity of the polymer was attributed to the
occurrence of branching reactions. These kinds of reactions are competitive with a linear
chain growth and affect the microstructure of the product resulting in a complex mixture of
species. However, the product was filtered before the analysis in order to eliminate every
possible crosslinked fraction.

DSC analysis pointed out the semicrystalline nature of the polymer, with Tg = −11.3 ◦C;
Tm = 8.1 ◦C.

NMR and FT-IR were also carried out in order to depict the structural features of the
polymer. Spectral data were in good agreement with the literature [31]. Spectra are shown
in the supporting information.

2.2. PGS-NPs Fabrication

Loaded and unloaded PGS-NPs were prepared by nanoprecipitation according to
a general procedure [24], where an acetone solution of PGS and curcumin was precipi-
tated in deionized water allowing the formation of NPs. In order to evaluate the effect of
polymer concentration over nanoparticles stability and size, PGS-NPs were formulated at
different polymer concentrations in the starting organic solution (before nanoprecipitation);
namely, PGS0.1C0.01, [PGS]: 0.1 mg/mL; PGS0.5C0.05, [PGS]: 0.5 mg/mL; PGS1.0C0.1, [PGS]:
1.0 mg/mL; PGS5.0C0.5, [PGS]: 5.0 mg/mL by keeping constant the curcumin-to-PGS ratio
(curcumin/PGS ratio equal to 10% by weight). Concentration values refer to the final sus-
pension water volume, after nanoprecipitation and after ethanol evaporation. For unloaded
PGS-NPs (reported as Blank in Table 1) the same procedures, as well as the same PGS
concentrations, were used but in the absence of curcumin. All the adopted experimental
conditions led to the formation of monodisperse nanosized (loaded and unloaded) PGS
particles, displaying a narrow monomodal size distribution in the nanometer range, as
shown in Figure 2. Table 1 reports the maxima values of the distribution curves together
with the polydispersion index (PdI) derived from the cumulant analysis.
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Table 1. Effect of polymer concentration on PGS-NPs particle diameter at t = 0, after 7 days and after
14 days from sample preparation.

Run
Mean Diameter (nm)

0 Days 7 Days 14 Days

PGS0.1Blank 89 ± 1
PdI: 0.21

92 ± 2
PdI: 0.21

96 ± 2
PdI: 0.04

PGS0.1C0.01
81 ± 1

PdI: 0.25

225 ± 14
PdI: 0.73

(presence of macroaggregates)
-

PGS0.5Blank 123 ± 1
PdI: 0.01

120 ± 3
PdI: 0.01

119 ± 3
PdI: 0.08

PGS0.5C0.05
106 ± 2
PdI:0.21

136 ± 4
PdI:0.82

(presence of macroaggregates)
-

PGS1.0Blank 164 ± 4
PdI: 0.01

165 ± 3
PdI: 0.01

163 ± 4
PdI: 0.03

PGS1.0C0.1
158 ± 4
PdI:0.03

159 ± 6
PdI:0.03

130 ± 4
PdI: 0.05

PGS5.0Blank 234 ± 6
PdI: 0.02

229 ± 6
PdI: 0.03

230 ± 6
PdI: 0.01

PGS5.0C0.5
211 ± 2

PdI: 0.001
173 ± 4
PdI: 0.02

169 ± 2
PdI: 0.02

PdI: Polydispersity index.

 

Figure 2. DLS size distribution (intensity) of unloaded (a) and curcumin-loaded PGS-NPs (b) formed
at different polymer concentrations (0.1, 0.5, 1.0 and 5.0 mg/mL).

Results relevant to individual experiments are reported in Table 1. It was observed
that the composition of the organic phase, determined by PGS and curcumin concentra-
tion, strongly affected the diameter distribution of the particles. Increasing the polymer
concentration increased the PGS-NPs diameter.

On the contrary, the presence of curcuminoids seemed to not influence the formation
of the NPs since only slight differences in terms of NP size were observed as a consequence
of their loading. However, curcumin strongly affected particles stability, since all unloaded
PGS-NPs (reported as Blank in Table 1) demonstrated good stability up to 14 days from
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the preparation of the samples, while an increase in size and polydispersity of the two
curcumin-loaded samples (namely PGS0.1C0.01 and PGS0.5C0.05) was observed after 7 days
from samples preparation (Table 1 and Figure 3). After 7 days, both formulations presented
macroscopic yellow aggregates indicating the loss of their colloidal stability.

Figure 3. Hydrodynamic diameter of blank (a) and curcumin-loaded (b) PGS-NPs over time from
sample preparation.

On the contrary, curcumin-loaded samples (PGS5.0C0.5 and PGS1.0C0.1) demonstrated
better stability over 14 days, where only slight reductions in particles size distribution were
observed, thus comparable to the blank formulations.

The encapsulation efficiency of the most promising formulations (PGS1.0C0.1 and
PGS5.0C0.5 purified by centrifugation) were equal to 99.8% (as measured by ultra-high-
performance liquid chromatography, UPLC) for both developed nanoparticles, confirming
the complete encapsulation of the active compound within the polymeric matrix. These
values were particularly high compared to those reported in the literature, where the
encapsulation efficiency of curcumin-loaded NPs spanned from 5% to 95% [32–34]. Since
almost the whole curcumin was entrapped into the NPs, no further purification of colloidal
suspensions was deemed necessary. Most importantly, no additives such as Tween-80 or
PEG, commonly used to maximize the loading, were employed [35,36].

Due to the high proven stability, two formulations (namely PGS1.0C0.1, PGS5.0C0.5) as
well as the corresponding unloaded formulations (PGS1.0Blank and PGS5.0Blank) were se-
lected as the most promising candidates for the in vitro release studies and biological assays.

2.3. PGS-NPs Stability Analysis in Cells Culture Medium

The colloidal stability of PGS1.0C0.1 and PGS5.0C0.5 was investigated in cells culture
medium by diluting the samples in water at 37 ◦C and in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with fetal bovine serum (FBS) at the highest concentration
tested during the planned biological investigation ([PGS]:0.2 mg/mL). A reduction in
particle diameter was observed for both nanosystems (Table 2), possibly due to the more
diluted conditions. Indeed, the higher dilution can cause NPs to be on average more distant
from one another, giving rise to a less probable interaction among particles over time
in comparison to higher concentrations where collisions and interactions are maximized.
After a 24 h incubation in water at 37 ◦C, a reduction in particle size distribution was
observed for PGS1.0C0.10, suggesting lower stability at higher temperatures compared to
PGS5.0C0.5, where no differences were observed even at 37 ◦C after 7 days of incubation.
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The results of particle stability tests in cell culture medium and deionized water at 37 ◦C
are reported in Table 2 and the monitoring of size over time is shown in Figure 4.

Table 2. PGS1.0C0.1, PGS5.0C0.5 recorded mean diameters at different times from sample preparation
in deionized water and DMEM.

Run in Deionized
Water

Mean Diameter (nm)
Day 0 Day 1 Day 2 Day 3

PGS1.0C0.1
[0.2 mg/mL]

108 ± 3
PdI: 0.23

87 ± 1
PdI: 0.05

85 ± 2
PdI: 0.06

84 ± 2
PdI: 0.06

PGS5.0C0.5
[0.2 mg/mL]

136 ± 2
PdI: 0.07

136 ± 2
PdI: 0.07

136 ± 1
PdI: 0.02

135 ± 1
PdI: 0.02

Run in DMEM
Mean Diameter (nm)

Day 0 Day 1 Day 2 Day 3

PGS1.0C0.1
[0.2 mg/mL]

148 ± 2
PdI: 0.20

137 ± 2
PdI: 0.21

129 ± 1
PdI: 0.22

127 ± 1
PdI: 0.24

PGS5.0C0.5
[0.2 mg/mL]

137 ± 1
PdI: 0.17

129 ± 1
PdI: 0.19

129 ± 1
PdI: 0. 21

129 ± 1
PdI: 0.19

PdI: Polydispersity index.

Figure 4. Hydrodynamic diameter of curcumin-loaded PGS-NPs over time from sample preparation
in water (a) and in DMEM (b). DLS size distribution (intensity) of selected loaded PGS-NPs after
their dilution in deionized water (c) and DMEM cell culture medium (d) at 37 ◦C.

The same experiment was conducted in cell culture medium. The background noise
of cell culture medium caused an increase in the polydispersity index for all the analyzed
samples. Indeed, a broad particle distribution of circa 120 nm was observed by DLS
analysis of the sole DMEM. This may be due to the presence of several species in the
medium such as amino acids, antibiotics and in particular of fetal bovine serum (FBS)
which could strongly affect the particle size analysis. The DLS analysis of PGS1.0C0.1 NPs
was heavily affected by the background noise of DMEM and did not allow for correct
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particle size distribution measurements. On the contrary, PGS5.0C0.5 revealed the presence
of homogeneous particle size distribution with an unchanged maximum compared to the
one observed in pure water, thus confirming the good colloidal stability even in the cell
medium. In this context, PGS5.0C0.5 was selected as the most promising curcumin-loaded
preparation to test anticancer activity. Our results evidence the importance of particle
size since bigger PGS-NPs ensured better stability of the whole system, especially when
encapsulating curcumin.

2.4. PGS-NPs Morphological Characterization

The selected PGS5.0C0.5 and PGS5.0Blank samples were characterized by transmis-
sion electron microscopy, confirming their spherical shape (Figure 5). The dimensions
of PGS5.0C0.5 and PGS5.0Blank estimated by TEM analysis indicated an average size of
121 ± 11 nm and 124 ± 13 nm, respectively. Moreover, TEM analysis allowed confirmation
of monomodal size distribution for both developed NPs. A few large aggregates were
present in the micrographs as black spots of higher size compared to most of the obtained
PGS-NPs, possibly formed during the particle deposition on formvar grids.

Figure 5. PGS5.0C0.5 (a) and PGS5.0Blank (b) TEM images and relevant size distribution graphs
calculated from TEM images.
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2.5. Curcumin Release in Cell Culture Medium

The experimental solubility of curcumin in water at room temperature, at 37 ◦C and
in DMEM at 37 ◦C were determined by UPLC as 2 × 10−4 mg/mL, 7 × 10−4 mg/mL and
1 × 10−3 mg/mL, respectively. Then, curcumin release from developed nanostructures was
investigated. Figure 6 shows the release profile of curcumin from PGS5.0C0.5 nanoparticles
through the dialysis membrane and curcumin solubility limit in medium. After 24 h, 4.4%
of the total loaded curcumin was released from PGS5.0C0.5 in DMEM at 37 ◦C, reaching the
experimental curcumin solubility limit in the medium (black dotted line in Figure 6). On
the other hand, due to the lower solubility of curcumin in water, the plateaus corresponding
to 3.2% and 0.8% of release were reached after 60 h in water at 37 ◦C and room temperature,
respectively. The low release of curcumin from PGS5.0C0.5 was ascribable to the low
solubility of curcumin in aqueous solvents.

Figure 6. Release kinetics of curcumin from PGS5.0C0.5 NPs in DMEM at 37 ◦C (blank), water at 37 ◦C
(blue), and water at room temperature (red).

2.6. Cytotoxic Effects of Unloaded and Curcumin-Loaded PGS-NPs in HeLa Cervical Cancer Cells

HeLa cells were treated with different concentrations of free curcumin dissolved in
DMSO and of unloaded (PGS5.0Blank) and curcumin-loaded PGS-NPs (PGS5.0C0.5) for 24,
48 and 72 h (Figure 7). No significant decrease in cell viability was observed when HeLa
cells were treated with PGS5.0Blank, indicating that PGS-NPs are not cytotoxic even at
higher concentrations (Figure 7a). Instead, PGS5.0C0.5 showed dose-dependent cytotoxicity
similar to that obtained with free curcumin dissolved in DMSO (Figure 7b), thus suggesting
that the water solubility of curcumin-loaded NPs is similar to that of free curcumin. To
better compare the cytotoxic efficacy of curcumin-loaded PG-NPs (PGS5.0C0.5) vs. free
curcumin, the 50% inhibitory concentrations (IC50) were calculated. Interestingly, the IC50
value of curcumin-loaded PGS-NPs at 72 h (15.95 μM) was significantly lower than that
of free curcumin (21.27 μM, Figure 7c,d), suggesting a higher cytotoxic effect of curcumin-
loaded PGS-NPs compared to free curcumin. No significant reduction in cell viability
was observed when NIH-3T3 healthy fibroblast cells were treated with PGS5.0Blank and
different concentrations of PGS5.0C0.5, suggesting that unloaded and curcumin-loaded
PGS-NPs have no cytotoxic effect on non-cancerous cells (Figure S5).
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Figure 7. Cytotoxicity assay in HeLa cervical cancer cells with different concentrations of PGS5.0Blank
and PGS5.0C0.5 dissolved in sterile dH2O (a) and of free curcumin dissolved in DMSO (DMSO-C, b).
Values are means ± SEM (n = 12). IC50 values calculated are based on cell viability of HeLa cells at
72 h after treatment with PGS5.0C0.5 (c) and free curcumin dissolved in DMSO (d).

2.7. Effect of Curcumin-Loaded PGS-NPs in Inducing Apoptosis of HeLa Cells

The induction of apoptosis in HeLa cells treated with 0.005 and 0.01 mg/mL of
PGS5.0C0.5 for 24, 48 and 72 h was then investigated. PGS5.0C0.5 provoked a dose-dependent
up-regulation of genes involved in apoptosis (p53 and Bax, Figure 8a,b) and cell cycle arrest
(p21, Figure 8c) compared to non-treated cells. No up-regulation was observed when HeLa
cells were treated with PGS5.0Blank (data not shown). Western blot analysis confirmed that
PGS5.0C0.5 increased cleaved caspase-3 and PARP levels and induced apoptosis (Figure 8e).
A significant reduction of the transcript levels of the viral HPV E6 oncogene was also
observed, suggesting an inhibitory effect of PGS5.0C0.5 on its expression (Figure 8d). Overall,
these findings suggest that PGS5.0C0.5 NPs are capable of inducing apoptosis by activating
cell cycle arrest and apoptosis in HeLa cervical cancer cells.
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Figure 8. Effect of curcumin-loaded PGS-NPs on the induction of apoptosis. Real-time RT-PCR
analysis of transcript levels of p53 (a), p21 (b), Bax (c) and HPV E6 genes (d) in HeLa cells treated
with 0.005 or 0.01 mg/mL of PGS5.0C0.5 for 24, 48 and 72 h. Each transcript level is expressed as fold
change (fc) with respect to control samples treated with vehicle (CNT). Values are means ± SEM
(n = 6) (e) Western blot panel and (f) relative quantification of cleaved caspase-3 and PARP levels in
HeLa cells treated with 0.005 or 0.01 mg/mL of PGS5.0C0.5 for 72 h. Data were analyzed with ImageJ
and normalized to α-tubulin and expressed as fold change over CNT. Values are means ± SEM
(n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicate significant differences (two-
way ANOVA followed by Tukey’s multiple comparisons test) versus CNT. CNT (blank): Control;
PGS5.0C0.5 (light orange) [PGS] 0.005 mg/mL [Curcumin] 0.0005 mg/mL; PGS5.0C0.5 (dark orange)
[PGS] 0.01 mg/mL [Curcumin] 0.001 mg/mL).

3. Materials and Methods

3.1. Materials

Glycerol and sebacic acid were purchased from Sigma-Aldrich Chemicals (Milan, Italy).
Acetone was purchased from Carlo Erba (Milan, Italy). Curcumin extract (standardized
as 95% in curcuminoids composed of: curcumin 85%, demethoxycurcumin 14% and bis-
demethoxycurcumin 1%, (chromatograms relevant to curcuminoids UPLC analyses are
reported in the supplementary information) was kindly donated by Indena S.p.A. DMEM
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cell culture medium supplemented with 10% (v/v) fetal bovine serum was purchased
from Sigma-Aldrich, (St. Louis, MO, USA), penicillin and streptomycin from Gibco/BRL
(Carlsbad, CA, USA) and L-glutamine from Life Technologies (Carlsbad, CA, USA). HPLC
grade acetonitrile, water, and formic acid were purchased from Sigma-Aldrich (Milan, Italy).

3.2. Polymer Preparation
3.2.1. PGS Synthesis

Glycerol (0.116 mol, 10.69 g) and sebacic acid (0.145 mol, 29.36 g) were placed in a
250 mL three-necked round bottom flask and placed under nitrogen flow. The reaction was
carried out in a closed oven at 170 ◦C for 6 h, providing mechanical stirring (40 rpm) and
then the polymer was left cooling overnight under nitrogen flow.

3.2.2. PGS Characterization

The molecular weight of synthesized polymers was evaluated using a size exclusion
chromatography (SEC) system having a Waters 1515 isocratic high-performance liquid
chromatography (HPLC) pump and a four Waters Styragel column set (HR3-HR4-HR5-
HR2) with a UV detector Waters 2487 Dual λ Absorbance Detector set at 230 nm, using
a flow rate of 1 mL/min and 60 μL as the injection volume. The samples were prepared
by dissolving 50 mg of polymer in 1 mL of anhydrous CH2Cl2 and filtering the solution
through 0.45 μm filters. Given the relatively high loading, a check was performed using
a lower concentration of polymer (5 mg/mL) to verify that no column overloading had
occurred. Higher loadings were preferred as the UV signal of PGS was relatively weak.
Molecular weight data are expressed in polystyrene (PS) equivalents. The calibration was
built using 16 monodispersed PS standards, having a peak molecular weight ranging from
1,600,000 Da to 106 g/mol (i.e., ethylbenzene). For all analyses, 1,2-dichlorobenzene was
used as an internal reference.

Molecular weight data of the synthesized PGS were detected as follows: (Mn)− = 3100 Da;
(Mw)− = 12,000 Da; D = 3.98. All data are expressed as polystyrene equivalents.

Differential scanning calorimetry (DSC) analyses were conducted using a Mettler
Toledo DSC1 on samples weighing from 5 to 10 mg each. Melting and crystallization
temperatures were measured using the following temperature cycles: (1) heating from
−50 ◦C to 150 ◦C at 10 ◦C/min; (2) cooling from 150 to −50 ◦C at 10 ◦C/min; (3) heating
from −50 to 150 ◦C at 10 ◦C/min. The first two cycles were run to erase the thermal history
of the samples. Glass transition temperature (Tg) and melting temperature (Tm) were
determined during the second heating scan.

Thermal transition data of the synthesized PGS were detected as follows: Tg = −11.3 ◦C;
Tm = 8.1 ◦C.

Fourier transform infrared spectroscopy (FT-IR) Using a FT-IR Spectrometer (Spectrum
100, PerkinElmer) with an attenuated total reflection (ATR) was used to register spectra for
PGS samples. FT-IR spectrum of PGS is reported in the supporting information file.

1H and 13C NMR spectra for PGS sample were recorded using a Bruker Ultrashield
400 MHz. The chemical shifts are reported in ppm and referred to TMS as internal standards.
All samples were prepared by dissolving 6–8 mg of polymer into 1 mL of DMSO d6. Spectra
are shown in the supporting information file.

3.3. PGS-NPs Preparation
3.3.1. Formulation Method

Curcumin-loaded PGS-NPs were prepared by nanoprecipitation according to a general
procedure [24]. Briefly, in a glass vial equipped with a magnetic stirrer, selected amounts of
PGS and curcumin powder (curcumin/PGS ratio equal to 10% by weight) were dissolved
in 4 mL ethanol (organic phase, Table 1). The resulting mixture was stirred at room
temperature until complete dissolution was reached. The organic phase was dropped by
means of a 22G needle syringe, kept in vertical position and without piston, in 10 mL of
deionized water under moderate stirring. The as-formed NPs were kept under nitrogen
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flow for 3 h to achieve complete ethanol evaporation, assessed by a 4 mL volume decrease.
For unloaded PGS-NPs (reported as Blank in Table 3) the same procedure was repeated in
the absence of curcumin.

Table 3. Tested formulation parameters for the preparation of PGS-based NPs by nanoprecipitation.

Organic Phase Composition

Sample PGS Curcumin

PGS0.1Blank 1 mg [0.1 mg/mL] \
PGS0.1C0.01 1 mg [0.1 mg/mL] 0.1 mg [0.01 mg/mL]

PGS0.5Blank 5 mg [0.5 mg/mL] \
PGS0.5C0.05 5 mg [0.5 mg/mL] 0.5 mg [0.05 mg/mL]

PGS1.0Blank 10 mg [1 mg/mL] \
PGS1.0C0.1 10 mg [1 mg/mL] 1 mg [0.1 mg/mL]

PGS5.0Blank 50 mg [5 mg/mL] \
PGS5.0C0.5 50 mg [5 mg/mL] 5 mg [0.5 mg/mL]

3.3.2. Procedure Optimization

In order to evaluate the effect of the different formulation parameters on the drug
entrapment and release kinetics of curcumin, various formulation parameters were in-
vestigated (polymer concentration and purification method). Data relevant to individual
experiments are summarized in Table 3.

3.4. Curcumin Encapsulation Efficiency

Encapsulation efficiency (the percentage of drug successfully entrapped into the
nanoparticle) was estimated by using Equation (1):

Encapsulation e f f iciency =
mg o f encapsulated Curcumin

mg o f total Curcumin
× 100 (1)

To determine the encapsulation efficiency of PG-NPs, suspensions were firstly ul-
tracentrifuged (VWR Microstar 17 centrifuge, Germany) at 16,000 rpm and 24 ◦C for
60 min from the aqueous medium containing a known amount of free curcumin. The
supernatant was separated, filtered (0.2 μm nylon syringe filters) and injected in a UPLC
(ultra-high-performance liquid chromatography) system for released curcumin quantifica-
tion (chromatographic method described below).

3.5. PGS-NPs Morphological Characterization

Most promising unloaded and loaded PGS-NPs were characterized through transmis-
sion electron microscopy (TEM). Samples for TEM imaging were prepared by dropping
PGS-NPs suspensions on single-side-polished copper grids coated with a formvar film
and dried at room temperature. Samples were observed using a Talos L120C transmission
electron microscope (Thermo Fisher Scientific, Milan, Italy) equipped with a 4K digital
camera Ceta CMOS (Thermo Fisher Scientific). Obtained images were elaborated using
Nanoscope software and the particle size distribution was calculated. A minimum of
150 nanoparticles were selected in each acquired TEM image.

Dynamic light scattering (DLS) analysis was carried out by using a Nanozetasizer
(Malvern Instruments) equipped with a 4.0 mW He–Ne laser operating at 633 nm and
an avalanche photodiode detector in order to determine the average size of the obtained
PGS-NPs. All the measurements were repeated at least 3 times. Colloidal stability of
PGS-NPs at different concentrations (0.2 and 0.1 mg/mL) was investigated by means of
DLS at 37 ◦C. PGS-NP size was monitored at different times from sample preparation (time
0, 24, 48, 72 h). The same experiment was carried out using the Dulbecco’s Modified Eagle
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Medium (DMEM, Euroclone, Milano, Italy) supplemented as described below and stored
at 37 ◦C in a humidified 5% CO2 atmosphere.

3.6. Curcumin In Vitro Release Studies

Release kinetic studies were performed on PGS5.0C0.5 nanoparticles by using a dialysis
tubing cellulose membrane (molecular weight cut-off = 14,000 Da). Curcumin-loaded
NPs were diluted in an appropriate volume of water or DMEM cell culture medium and
then placed into dialysis tubes. 5 mL of sample was dialyzed against 20 mL of water or
DMEM at 37 ◦C. At specific time intervals (1, 2, 3, 6, 24, 36, 48, 60 and 72 h), 1 mL of the
medium was analyzed by means of UPLC (chromatographic method described below)
to determine the amount of released curcumin. Consequently, the same volume of fresh
medium was replaced. All the measurements were performed in triplicate. The same
experiment was performed at 4 ◦C and at room temperature to determine the influence
of temperature during the curcumin release. The in vitro release profile was measured by
using Equation (2):

Releasecurcumin (%) =
CReleased (t)

CTotal
× 100 (2)

where Creleased represents the concentration (mg/mL) of released curcumin at time point (t),
and CTotal (mg/mL) corresponds to the total amount of curcumin loaded into PGS-NPs.

3.7. UPLC Analysis

Curcumin was quantified through a Waters ACQUITY UPLC system equipped with a
quaternary solvent manager system, autosampler, thermostated column compartment and a
PDA detector. The analytical separation was performed using an ACQUITY UPLC® (Waters
corp., Milford, MA, USA) BEH C18 column (1.7 μm × 2.1 mm × 50 mm). Curcumin release
was analyzed using a mobile phase composed of water (+0.1% of formic acid) (A) and
acetonitrile (+0.1% of formic acid) (B). The flow rate was set at 0.25 mL min−1 and the linear
gradient elution was: 0 min, 70% A; 10 min, 30% A; 11 min, 70% A; with a re-equilibration
time of 3 min before the next injection. The column temperature was maintained at 34 ◦C
and the wavelength set at 425 nm, corresponding to the maximum absorption of curcumin.
Before samples injections, five dilutions of a curcumin methanolic solution (0.2 mg/mL)
were prepared in the range 0.001–0.2 mg/mL. Standard solutions were filtered (0.2 μm
nylon filters) and injected three times into the UPLC system. Curcumin was eluted as a
sharp peak at retention time of 5.5 min. In the operative concentration range the trend
was linear for each compound, with no saturation effects that could bend the linearity.
The area under each peak was quantified by instrumental software and plotted versus the
concentration. The best fit of experimental data in the plot “Peak area vs. [curcumin]” was
then used for released curcumin quantification in each sample. Chromatograms relevant to
curcuminoids UPLC analysis are reported in the supplementary information.

3.8. Cell Culture Assays—Cytotoxicity Study
3.8.1. Cell Culture and MTT Assay

Human cervical cancer HPV18+ HeLa cell lines and the healthy fibroblast NIH-
3T3 cell line were cultured at 37 ◦C in a humidified atmosphere containing 5% CO2 in
DMEM supplemented with 10% (v/v) fetal bovine serum (Sigma-Aldrich, St. Louis, MO,
USA), 100 Units/mL penicillin, 100 μg/mL streptomycin (Gibco/BRL, Carlsbad, CA,
USA) and 2 mM L-glutamine (Life Technologies, Carlsbad, CA, USA). The inhibitory
effect of unloaded and curcumin-loaded PGS-NPs on cervical cancer HeLa cells and NIH-
3T3 fibroblasts was analyzed by cell viability assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) test as previously described [37]. Briefly, HeLa cells
were seeded in a 96-well plate (about 25,000 cells per well for HeLa and 5000 cells per well
for NIH-3T3), incubated for attachment for 24 h at 37 ◦C and then treated with free curcumin
dissolved in DMSO and with unloaded and curcumin-loaded PGS-NPs in 12 replicates
at different concentrations (0, 0.0025, 0.005, 0.01, 0.015, 0.02 mg/mL of curcumin). At
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different time points (24, 48 and 72 h) each well was supplemented with 10% (v/v) MTT
solution and incubated for 4 h. Formazan crystals were dissolved in acidified isopropanol
(isopropanol, 0.1 N HCl, 0.1% Tween-20). The optical density was measured at 570 nm
by using a microplate reader (Tecan Infinite F200PRO). The 50% inhibitory concentration
(IC50) of curcumin-loaded PGS-NPs and free curcumin on HeLa cells was calculated at 72 h
using Graph Pad Prism software.

3.8.2. RNA Extraction and Real-Time RT-PCR Analysis

Total RNA was isolated from cells (1 × 106 cells per well in 6-well plate) treated
with unloaded and curcumin-loaded PGS-NPs (0.005 and 0.01 mg/mL) using Direct-
ZolTM RNA MiniPrep kit (Zymo Research, Irvine, CA, USA). About 1 μg of RNA was
reverse-transcribed with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA)
and real-time RT-PCR was performed with the QuantiNova SYBR Green kit (Qiagen,
Hilden, Germany) for gene expression in a CFX96 Real-time PCR detection system (Bio-
Rad, Hercules, CA, USA). Transcript levels were normalized against the GAPDH gene
and values were expressed as fold change over control sample treated with vehicle (CNT).
Primer sequences are reported in Table 4. Data are presented as mean ± SEM.

Table 4. Primer sequences used for real-time RT-PCR.

Primer Primer Sequence 5′–3′

hs-HPV18-E6 fw GTGCCAGAAACCGTTGAATCC
hs-HPV18-E6 rv AGTCTTTCCTGTCGTGCTCG
hs-p53 fw GAGGGATGTTTGGGAGATGTAA
hs-p53 rv CCCTGGTTAGTACGGTGAAGTG
hs-p21 fw GTCACTGTCTTGTACCCTTGTG
hs-p21 rv AGAAATCTGTCATGCTGGTCTGC
hs-Bax fw CATGGGCTGGACATTGGACTT
hs-Bax rv AGGGACATCAGTCGCTTCAGT
hs-Gapdh fw GCCTCAAGATCATCAGCAATGC
hs-Gapdh rv CCACGATACCAAAGTTGTCATGG

fw, forward; rv, reverse.

3.8.3. Western Blotting

HeLa cells (1 × 106 cells per well in 6-well plate) treated with curcumin-loaded NPs
(0.005 and 0.01 mg/mL of curcumin-loaded NPs) for 72 h were washed with PBS and then
lysed in a buffer containing 50 mM Tris–HCl, pH 7.2, 0.1% sodium deoxycholate, 1% Triton
X-100, 5 mM EDTA, 5 mM EGTA, 150 mM NaCl, 40 mM NaF, 2.175 mM NaVO4, 0.1%
SDS, 0.1% aprotinin and 1 mM PMSF. Forty micrograms of protein underwent SDS–PAGE
following transfer on PVDF membranes (Amersham™ Hybond® P, Dasser Germany).
Bands were detected using Immobilon ECL Western Blotting Substrate (ThermoFisher
Scientific, Waltham, MA, USA) on a Chemidoc digital imaging machine (Bio-Rad). An
anti-Cleaved Caspase-3 primary antibody (1:1000 in 1% BSA, Cell Signaling Technology,
Inc. MA, USA) and an anti-PARP-1 primary antibody (1:1000 in 1% BSA, Santa Cruz
Biotechnology, Dallas, TX, USA), were used both followed by a goat anti-rabbit horseradish
peroxidase-conjugated secondary antibody (1:10,000; Abcam Cambridge CB2 0AX UK).
Internal loading control was performed using the anti-α-Tubulin mouse primary antibody
(1:10,000 in 1% BSA; Sigma-Aldrich) followed by a goat anti-mouse horseradish peroxidase-
conjugated secondary antibody (1:10,000, Sigma-Aldrich). Densitometry quantification was
performed with ImageJ Software (NIH) and expressed as ratio of cleaved caspase-3 and
PARP to α-tubulin.

3.8.4. Statistics

The statistical significance of differences in cell assays, gene and protein expression
analyses were determined by one-way ANOVA followed by Tukey’s post hoc tests for
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multiple comparisons. The statistical analysis was carried out using the software GraphPad
Prism 6 (GraphPad, San Diego, CA, USA). A value of p < 0.05 was considered significant.

4. Conclusions

Poly(glycerol sebacate) was, for the first time, exploited for the encapsulation of
curcumin, with the aim to design a nanosized anticancer system characterized by high
stability even under physiological conditions and strong biological activity through an
easy, scalable and reproducible technique. Different experimental conditions have been
tested, aimed to define the most promising formulations in terms of particle stability
and size. Indeed, the curcumin-loaded sample PGS5.0C0.5 and the respective unloaded
formulation PGS5.0Blank, were selected in virtue of their stability even when diluted in
simulated cells medium. Stability and morphological analysis were performed through
DLS and TEM analysis which allowed confirmation of their nanosized dimension of
about 150 nm and spherical shape. Finally, curcumin-loaded PGS-NPs displayed a higher
cytotoxic effect compared to free curcumin, thanks to the higher solubility in physiological
conditions. Consistent with this, the developed curcumin-loaded PGS-NPs were capable of
inducing apoptosis by promoting the expression of p53, its target gene, p21, involved in
cell cycle arrest and the pro-apoptotic Bax gene. Finally, a reduction of HPV E6 expression
was observed, suggesting that curcumin-loaded PGS-NPs can exert a significant anti-
HPV activity, thus possibly preventing pre-cancer lesions. Overall, our results show that
curcumin-loaded PGS-NPs may represent a possible adjuvant therapy for delaying/treating
cervical cancer cells.
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Abstract: Vascular diseases, such as peripheral artery disease (PAD), are associated with diabetes
mellitus and a higher risk of cardiovascular disease and even death. Surgical revascularization and
pharmacological treatments (mainly antiplatelet, lipid-lowering drugs, and antidiabetic agents) have
some effectiveness, but the response and efficacy of therapy are overly dependent on the patient’s
conditions. Thus, the demand for new cures exists. In this regard, new studies on natural polyphenols
that act on key points involved in the pathogenesis of vascular diseases and, thus, on PAD are of great
urgency. The purpose of this review is to take into account the mechanisms that lead to endothelium
dysfunction, such as the glycoxidation process and the production of advanced glycation end-
products (AGEs) that result in protein misfolding, and to suggest plant-derived polyphenols that
could be useful in PAD. Thus, five polyphenols are considered, baicalein, curcumin, mangiferin,
quercetin and resveratrol, reviewing the literature in PubMed. The key molecular mechanisms and
preclinical and clinical studies of each selected compound are examined. Furthermore, the safety
profiles of the polyphenols are outlined, together with the unwanted effects reported in humans, also
by searching the WHO database (VigiBase).

Keywords: baicalein; curcumin; mangiferin; quercetin; resveratrol; diabetes mellitus; endothelial
dysfunction; peripheral artery disease; polyphenols; cardiovascular diseases

1. Introduction

Non-communicable diseases, such as cardiovascular diseases, are continuously mon-
itored and investigated for prevalence, pathophysiology, outcome and prevention [1];
however, the impact of peripheral artery disease (PAD) is not adequately considered.
Atherosclerotic occlusive disease of the lower extremities affects approximately 10% of peo-
ple in their 60s and 70s, and approximately 20% of individuals over the age of 80 years [2,3].
Patients with diabetes mellitus (DM), those who smoke, the elderly and those affected by
cardiovascular diseases are mainly at risk of encountering PAD [2,4]. A calculator to predict
the lifetime risk of PAD is available online [5].

There is convincing evidence to support the fact that the primary pathophysiology
of PAD is triggered by the obstruction of atherosclerotic plaques of the lower extremi-
ties causing a consequent decrease in blood flow (ankle brachial index, ABI ≤ 0.9) [6].
Leg pain during exercise due to poor blood flow (intermittent claudication) is a major
symptom of PAD; in fact, increasing blood supply to the compromised limb after surgical
revascularization can improve symptoms and hemodynamic parameters in the patients [7].
Primarily, antiplatelet therapy is recommended to reduce cardiovascular complications
in PAD, whereas β-adrenergic inhibitors should be used with caution, if clinically indi-
cated [8]. Other agents used in patients with PAD are standard lipid-lowering therapies,
mainly the administration of statins [8]. In general, several therapeutic agents can im-
prove endothelial vasodilator function and insulin resistance: pioglitazone, metformin,
angiotensin-converting enzyme (ACE) inhibitors and angiotensin II-receptor antagonists
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(AT1-receptor blockers) [8]. Additionally, various vasoactive drugs could be used to treat
symptoms, such as improving walking distances [2]. Furthermore, propionyl-L-carnitine
has been suggested to alleviate PAD symptoms through a metabolic pathway, thus improv-
ing exercise performance [9–11]. In addition, gene therapy using encoding genes of various
types of growth factors is at the beginning stage [12].

Although these approaches have some success, the demand for other types of remedies
remains unmet, and, for this reason, a large quantity of food supplements are commercially
proposed, often without scientific evidence, to decrease PAD symptoms.

1.1. Mechanisms of PAD

Diabetes mellitus, especially if not properly treated, can cause damage to different
organs and tissues of the human body. Microvascular complications include retinopathy,
neuropathy and nephropathy, while macrovascular complications include cardiovascular
diseases, stroke and peripheral vascular disease that can lead to bruising or lesions that do
not heal, gangrene and, in severe cases, limb amputation. Peripheral artery disease (PAD),
also called peripheral vascular disease, is caused by the narrowing of the lumen of blood
vessels that carry blood to the arms, legs, stomach and kidneys. In people affected by DM,
the risk of PAD increases with age, with the duration of diabetes and in the presence of
neuropathy. Other factors associated with cardiovascular diseases, such as high C-reactive
protein and homocysteine levels, are also associated with an increased risk of PAD [13,14].
Peripheral arteriopathy is characterized by two types of symptoms: intermittent claudi-
cation (or intermittent pain, which may occur during exercise or walking, but resolves
with rest) and pain at rest (which is caused by chronic hypoxia/ischemia in the limb, with
inadequate blood flow to the affected limb). This pathology is an important risk factor for
lower-extremity amputation. Unfortunately, its diagnosis is often made too late and occurs
when symptoms are marked, delaying a preventive treatment [15]. Insulin resistance,
commonly manifested in type 2 diabetes mellitus (T2DM), is a consequence of several risk
factors represented by obesity, sedentary behavior and aging; therefore, hyperglycemia,
diabetes, hypertension and dyslipidemia are concomitant diseases often observed in pa-
tients affected by PAD [10]. In patients with DM, the diagnosis of symptomatic PAD is
approximately twice as high as in patients not affected by diabetes [16]. Recently, Lilja et al.
showed that men with DM developed symptomatic PAD more frequently compared to
women (15.5% vs. 8.9%) [17], even if not all studies have observed significant differences in
the prevalence of PAD between sexes.

Several molecular pathways are involved in the pathogenesis of arterial insufficiency,
such as (i) endothelial dysfunction, e.g., the presence of increased plasma levels of asym-
metric dimethylarginine (ADMA) is associated with endothelial vasodilator dysfunction,
causing arterial stiffness and a reduction in NO• production [18,19]; (ii) endoplasmic
reticulum (ER) dysfunction, e.g., vascular endothelial cells of hyperglycemic subjects are
characterized by an altered, rough endoplasmic reticulum and protein folding [20,21];
(iii) promotion of inflammation by secretion of cytokines, such as TNF–α, IL–1, IL–6 and
IL–8, and chemotactic stimulus for monocytes and macrophages [22]; (iv) mitochondrial
dysfunction and increased oxidative stress-induced damage, also linked to the activation of
the transcription nuclear factor–κB (NF–κB) [23,24]; and (v) interaction between advanced
glycation end-products (AGEs) and their receptors, causing inflammation and endothelial
dysfunction [25,26].

The differences in endothelium function between women and men have been reported
in various studies. The beneficial vascular effects of estrogens are related to the modifica-
tion of the functional state of the endothelium [27]. The impaired endothelium-dependent
vasodilation of the coronary or peripheral vasculature is positively correlated with an in-
creased risk of cardiovascular events and is an independent predictor of vascular morbidity
and mortality.
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1.2. Role of AGEs

In conditions of persistent hyperglycemia, molecular rearrangements occur between
tissue proteins and glucose or other reducing carbohydrates, leading to the irreversible
formation of AGEs, which significantly contribute to the development of complications
associated with DM, including PAD [28]. It has also been observed that the accumulation
of AGEs worsens endothelial function [29,30].

The formation of AGEs begins with the non-enzymatic glycation of free amino groups
by sugars and aldehydes, which leads to a succession of rearrangements of intermediate
compounds and, finally, to irreversibly bound products known as AGEs [24]. Glycation
and oxidative stress are intricately linked, and both phenomena are referred to as glycox-
idation [28]. Persistent hyperglycemia and oxidative stress accelerate the formation of
AGEs [31]. These have mainly been detected in long-lived proteins, with post-translational
AGE modifications mainly occurring at the side-chain amino groups of the lysine and argi-
nine residues. Glycation causes the irreversible modification of the protein structure and
consequent loss of functionality, leading to detrimental effects in tissues, i.e., vasculature.
Glycated proteins become less prone to proteolysis as a consequence, e.g., the accumulation
of glycated collagen causes the thickening of blood vessels. Recently, authors showed that
AGEs can cause the apoptosis of endothelial progenitor cells via nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and promote atherosclerosis [32]. Nucleotides
and lipids are also possible targets of glycation, causing the DNA mutation and modifica-
tion of the integrity of the cell membrane, triggering cell death. Thus, it can be believed
that compounds that counteract the effect of macromolecule damage (glycation-protective
effects) can slow down the progression of vascular damage in the legs and, furthermore,
also in other districts, such as the brain, protecting the health of humans [33]. Recently,
several natural compounds, i.e., flavonoids and more generally polyphenols, have received
attention for their endothelial protective effects [26,34].

1.3. Protective Activity of Polyphenols

Natural polyphenols are a heterogeneous group of secondary metabolites produced
in plants that have several functions in the plant kingdom, such as the protection against
pathogens, including microorganisms, insects and fungi, and protective activity against
ultraviolet radiation and harmful environmental factors; moreover, they can also act as
attractants of beneficial organisms [35,36]. These secondary compounds are biosynthesized
through the shikimic acid and phenylpropanoid pathways and are believed to be participa-
tive in adapting plants in a stressed situation due to environmental changes [37]. These
compounds, according to their chemical structures, are divided into various subclasses,
such as phenolic acids, flavonoids, tannins, coumarins, lignans, quinones, stilbenes and
curcuminoids [38].

New research on plant-derived polyphenols as a guide for exploring innovative synthetic
compounds can provide new knowledge to develop new drugs in PAD treatment. In terms
of this point, plant-derived natural products approved for therapeutic use in the last 30 years
are used for the treatment of various diseases and modulate a wide range of molecular tar-
gets. Recent products approved as drugs by the FDA are Veregen® (sinecatechins; green tea
(Camellia sinensis L.) leaf extract), Fulyzaq® (crofelemer; extract from the red latex of Croton lechleri
Müll. Arg.) and Grastek® (Timothy grass (Phleum pratense L.) pollen allergen extract). Therefore,
natural products still represent an important pool for the identification of new pharmacological
tools at present.

The purpose of this review is to summarize existing evidence from preclinical and clinical
studies on the contribution of natural polyphenols as vasodilators and, in general, as favorable
agents for blood circulation, suggesting their potential use in PAD and against an associated
causative disease: diabetes. Obviously, vasodilators can be useful not only in PAD, but
also in several other cardiovascular diseases, such as hypertension, angina pectoris, heart
failure and others. When searching PubMed for “natural polyphenols and vasodilators” or
“natural polyphenols and vasodilation” using the criteria “English language” and “full texts”,
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a total of 273 entries were found (23 September 2022), suggesting a wide research interest
in the topic (Figure S1). However, when the including criterion “clinical trial” was applied,
only six articles remained, of which five referred to the administration in healthy subjects of
plant extracts, i.e., grape seed extract [39], apple extract [40], cocoa powder [41], a mixture of
three plants (Kaempferia parviflora, Punica granatum and Moringa oleifera) [42] and a beverage
containing numerous fruits and vegetables [43]. Only one trial focused on the administration
of a single compound, resveratrol, administered in patients after myocardial infarction [44].
Furthermore, another search for “peripheral artery disease and natural compounds” produced
only 35 items in the time interval from 1962 up to July 2022 (Figure S2). From these findings,
several polyphenolic compounds have been selected and studied in detail in this review.
We also wanted to highlight some observations on the importance of physical exercise, as a
non-pharmacological approach, in preventing and slowing the onset of circulatory problems,
partly derived from a sedentary lifestyle.

2. Prevention and Protective Factors: The Risk-Reduction Approach

2.1. Moderate Physical Exercise

Cross-sectional and longitudinal trials indicate that aerobic exercise can prevent and
reverse age-associated arterial stiffness [45]. Moderate exercise tends to be a stimulator
of NO• release and favors endothelial function, which in turn reduces the cardiovascular
risk profile in patients affected by DM [46]. Recently, a clinical trial was conducted on
33 healthy middle-aged and older subjects (67 ± 1 years), randomly divided into two
groups, of which one had aerobic exercise training (AT), while the second was a sedentary
control [19]. Circulating apelin and adropin levels gradually increased during the AT
intervention and significantly increased from baseline at weeks 4, 6 and 8. Furthermore,
plasma ADMA levels significantly decreased during the 8-week AT intervention. Therefore,
this study suggested that exercise training induces favorable changes in the time course of
NO• production, participating in AT-induced improvements of central arterial stiffening
with advancing age [19]. The data indicate that exercise training can increase endothelium-
derived nitric oxide activity in patients with an impaired endothelial function [45], and
positively modulates inflammation and the atherosclerotic process; consequently, these facts
can attenuate the progression of lower-limb myopathy, with subsequent improvements in
the patients’ functional capacity and health-related quality of life [47,48].

A multicenter observational prospective cohort study on 500 PAD patients (53%
of them also affected by DM) who underwent endovascular treatment showed that the
implementation of home-based exercise, monitored by pedometers, significantly decreased
the risk of major adverse events, including death and the amputation of the target limb [49].
Supervised exercise therapy (SET), implemented several times a week and gradually, is, to
date, an approach that should be offered to patients affected by symptomatic PAD [50], and
is considered a class IA (highest level) recommendation, according to the 2016 AHA/ACC
Guideline on the Management of Patients with PAD [51]. Unfortunately, the long-term
participation in these programs is low and, therefore, this approach is underused.

A recent study conducted on PAD patients showed that exercise induces an exagger-
ated increase in arterial mean pressure compared to controls, but popliteal artery blood
flow remains impaired, and concomitantly inflammatory and oxidative stress markers
increase [52]. These observations, although derived from a small group of subjects (8 PAD
patients), suggest that the improvement of exercise tolerance should be considered as a
therapeutic target for people affected by PAD and, furthermore, suggest that the use of
anti-inflammatory and antioxidant agents may be a promising approach.

2.2. Plant-Derived Compounds

Among natural polyphenols, flavonoids are present in most plants, having antioxidant
activity. Phenols and flavonoids can directly scavenge reactive oxygen species (ROS) as
a result of their ability to donate hydrogen atoms or electrons. Every plant contains a
unique combination of phytochemicals, which can cause different beneficial effects in
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individuals. Green tea, grapes, apples, ginkgo biloba, soybean, turmeric, berries and
onions are rich in flavonoids and are used as natural food supplements. Many studies
also confirmed the protective effects of polyphenol antioxidants against diabetic vascular
complications [53–56], such as the effects of green tea and cocoa polyphenols on endothelial
dysfunction in patients with DM, red-wine polyphenols on microvascular dysfunction and
citrus-fruit consumption on vascular protection [57,58]. Virgin olive oil rich in polyphenols
has a cardioprotective effect suggested with a consumption between 20 and 30 g/day [59].
The ingestion of 40 g of dark chocolate in 22 heart transplant subjects improved coronary
circulation and decreased platelet adhesion 2 h after supplementation [60,61]. However, the
heterogeneity of the results does not allow one to make a definitive evaluation on chocolate’s
usefulness in DM [62]. A randomized, double-blind, placebo-controlled cross-over trial is in
development to investigate whether cocoa flavanols improve blood pressure and vascular
reactivity in patients with T2DM [63]. Overall, the European Food Safety Authority (EFSA)
stated that 200 mg daily of cocoa flavanols (10 g of high-flavanol dark chocolate) could be
beneficial for endothelium-dependent vasodilation in healthy populations [64]. Therefore,
there are several epidemiological studies and various prospective clinical trials suggesting
that a diet rich in polyphenols reduces the risk of incurring in cardiovascular diseases, but
a clinical evaluation of specific phenols is lacking.

The present proposal focused on the study of the activity of five selected plant-derived
polyphenolic compounds in the treatment of vascular damage, especially linked to hyper-
glycemia. With this aim in mind, the selected polyphenols investigated were baicalein,
curcumin, mangiferin, quercetin and resveratrol (Figure 1). Of course, to plan a factual
intervention against vascular damage, particularly with respect to PAD, known risk factors,
including smoking, hyperglycemia, hypertension, dyslipidemia, chronic kidney disease
and depression, should be identified and limited as much as possible.

Figure 1. Chemical structure of the considered polyphenols.

3. Specific Polyphenolic Compounds of Interest

The existing knowledge from preclinical and clinical studies, as well as the recog-
nized side effects, on the selected plant-derived polyphenols considered in this review are
summarized in Tables 1 and 2.

3.1. Baicalein
3.1.1. Chemistry and Sources

Baicalein (5,6,7–trihydroxyflavone) is a naturally occurring polyphenol found in sev-
eral medicinal plants, in particular in the roots of Scutellaria baicalensis G. and
Scutellaria lateriflora L., and in the seeds, leaves, fruits and bark of Oroxylum indicum (L.)
Kurz [65,66], all species that grow in several Asian countries. Baicalein is the aglycone of
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baicalin (baicalein 7-O-glucuronide), which is also found as such in plants and, moreover,
is formed after the biotransformation of baicalein in vivo [65,67].

3.1.2. Activity: Preclinical Studies

Baicalein and baicalin, and extracts containing them, are proposed for various phar-
macological effects, such as anti-inflammatory, antiviral, antibacterial, anticancer, antineu-
rodegenerative and protective, against cardiovascular diseases [65,68,69]. The molecular
mechanisms of action of baicalein, as well as those of other flavonoids, are mainly linked
to the antioxidant activity, which occurs in different steps of the oxidative process; for
example, it has demonstrated a role as scavengers of free radicals already formed in the
medium (including lipid peroxyl radicals), as chelators of metal ions and by removing
oxidatively altered biomolecules [70,71]. The role of the OH groups in polyphenols is de-
pendent on the global geometry of the molecule and interactions among neighbor groups; a
detailed conformational analysis and linked antioxidant mechanisms have been recognized
for baicalein [70]. Recent studies on the structure–activity relationship suggest that the
baicalein moiety is relevant for bioactivities [72]; however, the molecular mechanisms of
baicalein are multiple and follow many molecular pathways that require further evalua-
tion. The data confirm the beneficial role of Scutellaria baicalensis, which is widely used in
traditional Chinese medicine to treat hypertension, respiratory infections, inflammation
and diarrhea [73,74]. A study using three structurally related polyphenols, such as baicalin,
baicalein and wogonin, showed the inhibition of endothelial cell barrier disruption, sug-
gesting their protective activity against vascular inflammatory diseases [75]. Recently,
studies have suggested that baicalein exhibits potential antidiabetic activities in metabolic
syndrome [76]; the effect is related to the inhibition of α–glucosidase activity [77,78].

The in vitro and in vivo data suggest that baicalein is able to reduce vascular inflamma-
tion induced by high glucose levels. In human umbilical vein endothelial cells (HUVECs),
baicalein (5–10 μM) was able to protect the cells from membrane disruption caused by
a 25 mM glucose concentration; the polyphenol (10 μM) reduced the expression of the
chemokines MPC–1 and IL–8, as well as ROS formation [75]. Furthermore, the alteration of
vascular permeability induced by high glucose administration in mice was counteracted by
baicalein (4.5–8.9 μg/mouse, i.v.) [75]. The vascular protective effect of baicalein was also
demonstrated in vitro and in vivo as mediated by the inhibition of the high-mobility group
box 1 (HMGB1) signaling pathway [79]. The role of baicalein on vascular function was
assessed further by an in vitro study on the hybridoma endothelial cell line EA.hy926 [80].
The results indicate that baicalein is able to exploit protective effects against the oxidative
stress of the endothelium, which is linked to the risk of diabetic angiopathy.

Baicalein has hypotensive effects on hypertensive rats, improving blood pressure and
endothelium function [81]. Zhang et al., using streptozotocin and a high-fat-diet-induced
diabetic rats, demonstrated that a 4–week treatment with baicalein (150 mg/kg/day)
can reduce the level of blood glucose and improve insulin resistance, dyslipidemia and
inflammation [82]. The effects have been attributed to the modulation of the gut microbiota,
leading to increased levels of short-chain fatty acids (including acetate, propionate and
butyrate), which are capable of improving gut barrier activity by stimulating epithelial
growth and innate reactivity to invading bacteria [82].

A computational study revealed that baicalein is among the most promising candidates
for the development of useful flavonoid derivatives in the treatment of DM [83]. Bioactivity
is believed to derive from the structure that allows free-radical scavenging properties,
reduces oxidized compounds, chelates metals and inhibits enzymes [83]. The experimental
data suggest that baicalein can reduce oxidative stress, the expressions of iNOS and TGF–β1,
as well as counteracting NF–κB activation [84]. Through a molecular modeling approach,
together with microscopic and spectroscopic analyses, baicalein has also been proven to
contrast the formation of AGEs and amyloid fibrils, phenomena that contribute to the loss
of protein function and are connected to tissue damage [24].
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In LPS-stimulated HUVECs, baicalein inhibits the expression of inflammatory cytokines
IL–lβ, IL–6 and TNF–α, as well as monocyte chemoattractant protein 1 (MCP–1) [85]. The au-
thors also demonstrated that the inhibitory activity of baicalein occurs through the TLR4/NF–
κB signaling pathway. The toll-like receptor 4 (TLR4)/NF–κB cascade pathway has been
considered as a pivotal mechanism that leads to endothelial inflammation, activated by in-
flammatory signals, such as bacterial toxins; the fact that this pathway was modulated by
baicalein provides an explanation for its potential as an anti-inflammatory agent.

Huan et al. indicated that baicalein exerts an anti-angiogenic effect on the inflam-
mation microenvironment by inhibiting the transcriptional activity of activator protein-1
(AP–1) [86]. Tsai et al. observed that baicalein inhibits the expression of the lectin-like
oxidized-LDL receptor 1 (LOX–1) protein in HUVECs, therefore protecting against oxidized-
LDL atherogenic effects [87]. In this experimental model, baicalein also reduced ROS forma-
tion determined by the exposure to oxidized-LDL, as well as the consequent inflammation,
by modulating AMPK/PKC/NADPH oxidase/NF–κB signaling [87].

However, Machha et al. demonstrated that acute exposure to baicalein alters the vascu-
lar tone in isolated rat aorta, due to the inhibition of endothelium-derived nitric oxide [88].
A dual effect of baicalein has been suggested, evaluating the endothelium-dependent con-
traction versus a direct relaxation produced by the substance in a rat mesenteric artery [89].
Conversely, the chronic oral administration of baicalein improves endothelium-dependent
relaxation in spontaneously hypertensive rat aorta [90]. Considering vascular protection,
baicalein (10 mg/kg/day for two weeks, orally) was shown to attenuate intimal hyper-
plasia in an in vivo model of vascular injury induced in the carotid artery of a rat [91].
As demonstrated in rat vascular smooth-muscle cells, the effect was due to the inhibi-
tion of proliferation via the MAPK, NF–κB, PI 3–kinase pathways, and the interaction
with cell cycle machinery [91]. Using RAW264.7, HUVEC and MOVAS cells, Zhang et al.
observed the anti-inflammatory activity of baicalein, attributed to the activation of the
AMPK/Mfn–2 axis, together with the inhibition of downstream MAPKs/NF–κB signaling
transduction [84].

Vascular calcification, often observed in patients with hypertension, atherosclerosis
and DM, was also evaluated as a target of the action of baicalein [92]. Experiments on
primary rat vascular smooth-muscle cells (VSMCs) indicated that baicalein decreased the
mineralization rate, as well as calcium deposition and alkaline phosphatase activity [92].
Furthermore, Runt-related transcription factor 2 (Runx2, a transcription factor associated
with osteoblast differentiation, also a regulator of the calcification of vascular smooth-
muscle cells) and bone morphogenetic protein 2 (BMP–2, an osteogenic protein implicated
in vascular calcification) expressions were negatively regulated in calcified VSMCs treated
with baicalein. In vivo experiments, performed on a rat model of vascular calcification,
demonstrated that baicalein was capable of inhibiting vascular calcification through mul-
tiple mechanisms, including the prevention of apoptosis, suppression of Runx2–BMP–2
signaling pathways and the preservation of the vascular contractility phenotype through
the increased production of α–SM22 and α–SMA (vascular smooth-muscle markers) [92].

3.1.3. Activity: Clinical Studies

The pharmacokinetic characteristics of baicalein administered orally were evaluated
in a cohort of 36 healthy Chinese subjects [93]. The study was a Phase-I single-center,
randomized, double-blind, placebo-controlled, multiple ascending dose trial in which
baicalein was administered at doses of 200, 400 and 600 mg once daily on days 1 and 10,
3 times daily on days 4 to 9. The absorption of the drug was rapid, with peak plasma
levels evident within 2 h after administration. Treatment was found to be safe and well-
tolerated; adverse events were mild and spontaneously resolved. Another study, consisting
of multiple phases, considered a multiple design involving a total of 110 subjects, including
a randomized, double-blind, placebo-controlled, single ascending dose study with doses of
baicalein ranging from 100 to 800 mg [94]. In addition to the pharmacokinetic evaluation,
the effect of food on the disposition of the drug was considered. The published clinical
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studies, although limited in sample dimension, indicate the favorable bioavailability and
a good safety profile of baicalein, when used at suggested doses. However, to date, no
studies on clinical effectiveness in the cardiovascular field are available.

3.1.4. Safety Profile

Baicalein is considered safe and has a good tolerability profile in humans, as per se it
did not have adverse reports in VigiBase [95], the WHO global database of potential side
effects of medicinal products.

Mild side effects were reported in a placebo-controlled study in which 68 healthy
subjects were treated with a single dose of baicalein orally, 100 to 800 mg [94]. The most
common side effects were increased levels of the C-reactive protein and triglycerides, and
proteinuria; these undesirable effects did not depend on the dose of baicalein adminis-
tered [94]. In a clinical trial, multiple doses of baicalein (200, 400 or 800 mg twice daily) in
healthy volunteers produced various adverse effects, such as abdominal pain, constipation,
and increased alanine transaminase and aspartate aminotransferase levels [96].

In fact, some concerns arose from reports on the possible liver toxicity of the use of
plant extracts rich in flavonoids. Recently, it was shown in vitro that baicalein can inhibit
human UDP-glucuronosyltransferases1A1, the enzyme that is primarily responsible for
glucuronidation and the elimination of bilirubin [97], which can cause jaundice and severe
liver disease. In general, further clinical trials involving a higher number of enrolled
subjects are needed to produce a clearer picture of the safety profile of baicalein in humans.

3.2. Curcumin
3.2.1. Chemistry and Sources

Curcumin, also known as diferuloylmethane [(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)
hepta-1,6-diene-3,5-dione], is a diarylheptanoid that represents the main component of the
turmeric rhizome (Curcuma longa L. and other Curcuma spp.), and has caused extensive investi-
gations from biological and chemical points of view [98]. Turmeric is a widely used medicinal
plant in Asian countries, appreciated for its antioxidant and anti-inflammatory activities, as well
as for other multiple properties [99].

3.2.2. Activity: Preclinical Studies

Curcumin inhibits proinflammatory cytokines, TNF–α, ICAM–1, NOX2 and cyclo–
oxygenase–2 expressions, and reduces the leucocyte-endothelium interaction in diabetes-
induced rat vascular inflammatory models [100,101]. Curcumin has been widely evaluated
with respect to the modulation of endothelial function [102]. Curcumin also presents
a neuroprotective potential in the pathogenesis of Alzheimer’s disease [103–105]. The
many described biological activities of curcumin have been linked to its chemical insta-
bility that leads to the rapid autoxidation responsible for its antioxidant behavior. The
oxidation of curcumin produces intermediate metabolites that conduct to a final bicyclopen-
tadione [106,107]. Moreover, it has been demonstrated that electrophilic metabolites can
covalently adduct to cellular protein targets, in particular those of the NF–κB pathway,
which explains the anti-inflammatory activity of the natural compound. The methoxy
groups of the molecule have also been shown to possess a role in its anti-inflammatory
biological activity [108].

Ischemia and reperfusion injury in skeletal muscles, obtained by clamping the femoral
artery and vein, is an experimental model that can provide information on the damage
occurring in ischemic events of the limbs. Rats subjected to 4 h femoral occlusion followed
by 2 h reperfusion, which received curcumin (100 mg/kg i.p., 1 h before reperfusion),
presented a preservation of superoxide dismutase and catalase activities, as well as of the
glutathione content in muscle tissues, compared to injured but not treated animals [109]. In
the same context, the muscle and plasma levels of malondialdehyde and protein oxidation
were reduced, as well as the plasma levels of inflammatory cytokines (TNF–α and IL–1β).
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The data suggest that curcumin has protective activity against the ischemic damage of
skeletal muscles [109].

Using a mouse model of hindlimb ischemia obtained by the ligation of the left femoral
artery, Liu et al. observed that curcumin (100 mg/kg, i.p. administration 1 h before the
ligation surgery) is capable of improving the running capacity on a treadmill of injured mice
compared to the controls, evaluated 1 and 2 weeks following injury [110]. A histological
examination of skeletal-muscle sections from the curcumin-treated group showed less
muscle degeneration and fibrosis than in the control mice; also, curcumin treatment was
able to significantly reduce macrophage infiltration and ischemia- induced inflammation.
The regulation of the tissue inflammatory response has been associated with a decrease
in the proinflammatory cytokines TNF–α, IL–1β and IL–6 as a result of the diminished
expression of NF–κB, namely, of the subunit p65 [110]. These data suggest that curcumin
could be a promising agent used against diseases of the ischemic limbs. Another in vivo
experiment conducted on streptozotocin-induced diabetic mouse that received hindlimb
ischemic surgery demonstrated that curcumin (1000 mg/kg in olive oil, applied by gavage
for 14 days) can promote the significant recovery of blood flow detected by laser Doppler
imaging, 7 and 14 days after ischemic surgery; histology evidenced neogenic capillary
formation, as a consequence of improved angiogenesis and the proliferation of endothelial
progenitor cells [111]. Zhang et al. studied the role of curcumin in an experimental PAD
model of murine hindlimb ischemia obtained with surgical ligation and the excision of
the femoral artery. Mice received 1000 mg/kg of curcumin (in 300 μL of olive oil, gavage)
once a day for two weeks [112]. In animals treated with curcumin, the laser Doppler
perfusion imaging system showed perfusion recovery 14, 21 and 28 days after ischemia
induction, significantly better than in the control. Histology of the ischemic gastrocnemius
muscle after 28 days revealed a significant increase in capillary density. Furthermore,
7 days after surgery, a 5-fold increase in the expression of microRNA (miR)–93 (a mediator
of neovascularization in PAD) was detected in the muscle tissue, suggesting the role of
curcumin in angiogenesis [112].

Another possible favorable mechanism of action of curcumin in the damage of large
arteries could be the inhibition of hypoxia-inducible factor 1α (HIF–1α), implicated in
the progression of atherosclerosis. Ouyang et al. demonstrated that in a culture of hu-
man macrophages, the protein level of HIF–1α, induced by hypoxia, is reduced in a
concentration-dependent way by treatment with curcumin (20–40 μM), which acts in
a proteasome-dependent manner without affecting the mRNA level of the factor [113].
Moreover, it has been shown that curcumin causes the inhibition of the expression of
HIF–1α through ERK signaling pathway. Following HIF–1α inhibition, curcumin also
affects macrophage apoptosis induced by hypoxia; also, it significantly reduces the hypoxia-
induced release of proinflammatory cytokines IL–6 and TNF–α from macrophages [113].

Curcumin has been evaluated under the aspect of AGEs inhibition, a process that is
strictly related to arterial senescence and degeneration. A review has recently taken into
account this issue [114]. Curcumin has been shown to reduce in vitro the generation of
AGEs, as well as to counteract in vivo AGE formation. The possible mechanisms involved
include methylglyoxal trapping, but also the capacity to prevent AGE formation, due to the
antioxidant activity and clearance of free radicals. Curcumin can also act on the expression
of AGE receptors by suppressing RAGE (a receptor that mediates the detrimental effects
of AGEs) and enhancing AGE–R1 (a distinct receptor that mediates the detoxification of
AGEs) [115]. It should be mentioned that curcumin may act as favorable modulator of PAD
also influencing several pathways linked to DM, the disease whose complications often
evolve toward vascular manifestations. A recent overview has considered by bioinformatic
methodology the many targets that can be affected by curcumin due to its antioxidant and
anti-inflammatory properties, which can modulate the disease’s progression [116].
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3.2.3. Activity: Clinical Studies

From a strict, clinical point of view, the data on the effectiveness of curcumin in PAD
are limited. A meta-analysis of 5 randomized clinical trials conducted on a total of 192
healthy subjects with doses of curcumin ranging from 25 to 200 mg, showed that curcumin
supplementation is able to improve vascular function, determined as the flow-mediated
dilation of the brachial artery [117]. Alidadi et al. reported 7 randomized clinical trials
conducted on humans, ranging from healthy subjects to obese people and type 2 diabetic
patients, with a sample size ranging from 21 to 88 subjects [118]. Curcumin doses ranged
from 150 mg/day to 2 g/day, over periods of 8–16 weeks. In healthy subjects, curcumin
appeared to improve endothelial function, determined by a non-invasive ultrasound-
based technique that measured flow-mediated dilation. On the contrary, in pathological
conditions, curcumin treatment did not show an appreciable improvement in endothelial
function, also due to the limited number of patients evaluated [118].

Despite its interesting biological properties, curcumin has the limitation of being
poorly absorbed by the gastrointestinal tract due to its high hydrophobicity [119]. Several
formulations were investigated to enhance curcumin bioavailability [120,121], in particular
micro- and nano-formulations. An optimized curcumin formulation was developed and
investigated [122]. It consisted of poly (propylene sulfide) (PPS) microparticles used for
curcumin encapsulation and the delivery of the active principle on demand at the site of
oxidative stress. An oil-in-water emulsion was obtained, which permitted, in the presence
of ROS, the transition of hydrophobic PPS into more hydrophilic sulfoxide and sulfone,
thus releasing curcumin. Following an in vitro evaluation of the system, the authors tested
the formulation in vivo (curcumin-loaded PPS microspheres: 5 mg/kg of curcumin with
10.3 mg/kg of PPS, administered i.m. in the gastrocnemius and adductor muscles) in a
streptozotocin-induced mouse model of DM in which hindlimb ischemia was induced [122].
The results show that curcumin microspheres were able to selectively reduce ROS levels in
the tissue of the ischemic limbs, significantly increasing blood perfusion and the length of
the vasculature, providing evidence for a favorable action of curcumin in the treatment of
diabetic PAD. Another more recent attempt to produce “on demand” treatment for PAD
has been reported [123]. It consists of PVAX (vanillyl alcohol-incorporated copolyoxalate)
nanoparticles loaded with curcumin that release the drug at a pathologically elevated
level of H2O2, as occurs at an ischemic site. After optimizing in vitro the formulation of
curcumin–PVAX nanoparticles and demonstrating their antioxidant, anti-inflammatory and
angiogenic activities, the authors evaluated the activity of the product in a mouse model
of unilateral hindlimb ischemia. The in vivo results, obtained with the i.m. injection of
curcumin–PVAX nanoparticles into the ischemic area on days 0, 3 and 7, showed significant
blood-flow recovery and neovascularization, with almost complete blood-flow restoration
12 days after ischemia. The histological examination demonstrated the suppression of
tissue damage and inflammatory responses, with an extensive expression of angiogenic
factor CD31 [123]. Several other formulations of curcumin, including nano-formulations
or encapsulation, have appeared on the market to ensure the optimal intake of the active
compound [124,125].

3.2.4. Safety Profile

Regarding curcumin toxicity, the compound is considered safe and has a good tolera-
bility profile in humans [126–128]. The reported side effects mainly include gastrointestinal
disturbances. However, in Italy, several cases of acute hepatitis have been reported to
be associated with formulations that provide high bioavailability and high doses of cur-
cumin [129]. In fact, the availability of many different formulations of curcumin with
an enhanced bioavailability profile has focused on the question of safety. For instance,
Fuloria et al. considered the curcumin toxicity profile that emerged during the most recent
preclinical and clinical studies; excessive amounts of curcumin may lead to alterations in
testosterone levels in men, influence blood clotting and contrast iron absorption [125].
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In VigiBase curcumin has 71 potential side effects [95], such as gastrointestinal disor-
ders (i.e., diarrhea and nausea), nervous system disorders (e.g., asthenia and others) and
hepatobiliary disorders (e.g., acute liver failure, increase in alanine aminotransferase and
aspartate aminotransferase, and others). More trials are needed to understand the safety of
curcumin for pharmacological use, also reducing the number of additives, and considering
customized microencapsulation [125].

3.3. Mangiferin
3.3.1. Chemistry and Sources

Mangiferin is a natural C-glucoside xanthone (2-β-D-glucopyranosyl-1,3,6,7-tetrahydroxy-
9H-xanthen-9-one) contained in many plant species, but especially in the fruit, kernels and
the leaves of the mango tree (Mangifera indica L.), a native plant of India [130,131]. The mango
tree also contains similar phenolic components, isomangiferin and homomangiferin, which
contribute to the beneficial effects of the plant extracts [132,133]. Mangiferin has four hydroxyl
groups in the xanthone nucleus and, thus, can be considered among the occurring phenolic
compounds present in higher plants providing antioxidant activity.

3.3.2. Activity: Preclinical Studies

Mangiferin has been reported to be an antidiabetic, anti-inflammatory, antimicrobial,
immunomodulator, anticancer and hypocholesterolemic agent [133]. It has high antioxidant
activities due to its hydroxyl groups and redox-active aromatic system of the catechol
moiety [131,134]. In addition to the described scavenger activity on ROS, mangiferin
can modulate the expression of several genes involved in inflammation and apoptosis,
including the induction of the antioxidant Nrf2 pathway [135,136]. Furthermore, it can
protect mitochondrial membranes against lipid peroxidation and prevent hydroxyl radical
formation by inhibiting Fenton-type reactions [137]. Mangiferin exhibits a strong inhibition
of oxidative stress associated with the endoplasmic reticulum by reducing ROS production
and attenuating inositol-requiring enzyme 1 (IRE1) phosphorylation [138]. Mangiferin has
also been shown to be an inhibitor of the NF–κB signaling pathway [131]. Furthermore,
it has been evaluated as a possible pharmacophore structure for the development of
new compounds with pharmacological activity in multiple pathological conditions [134],
possibly related to inflammation and DM.

In HUVECs, mangiferin (20 μM) counteracts paraquat-induced endothelium damage,
preserving the p120–catenin protein level [139]. Furthermore, it protects endothelial cells
from oxidative injury induced by H2O2 or glycated protein–iron chelate, suggesting a
protective role against pathologies linked to oxidative stress [140]. In an experimental model
of high glucose/hypoxia-induced angiogenesis, mangiferin was effective in inhibiting
angiogenesis by reducing hypoxia-inducible factor–1α, vascular endothelial growth factor
and matrix metallopeptidase (MMP)–2 and MMP–9 [141]. Instead, Daud et al. observed
that mango extract and mangiferin stimulated the migration of bovine endothelial aortic
cells in a modified Boyden chamber assay, suggesting a role for the polyphenol in the
promotion of the formation of new blood vessels [142].

The rationale of mangiferin use in DM is also related to its inhibition of AGE for-
mation, hence counteracting the vascular damage typical of the disease. In a rat model
of streptozotocin-induced diabetes, Hou et al. observed a sustained suppression of AGE
production and a decrease in the protein expression of RAGE receptors; another relevant
effect of mangiferin was the inhibition of NF–κB with a reduction in inflammatory cy-
tokines [143]. Using an animal model of a mouse fed with a high-fat diet, Jiang et al.
observed that mangiferin (5–20 mg/kg) could reduce plasma lipids and aorta wall thicken-
ing [144]. In oxidized-LDL-induced HUVEC injury, the compound was able to alleviate
cellular dysfunction, reducing ROS levels, increasing the release of NO• and activating
the PTEN/Akt/eNOS signaling pathway [144]. Recently, a meta-analysis considering
19 studies on diabetic animals, mainly rats and mice, showed that mangiferin intake up to
422 mg/kg reduced blood glucose levels in a dose-dependent manner [145].
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An extract of Mangifera indica administered to LDL-receptor-deficient mice for 2 weeks
produced a reduction in plasma and liver cholesterol levels, ROS production in spleen
mononuclear cells and increased plasma total antioxidant capacity [146]. Mangiferin
activity in PAD was also indirectly investigated using ethanolic extracts of mango seed
(EEMI) in an acute hindlimb ischemia-reperfusion model [147]. Streptozotocin-treated
diabetic rats underwent a femoral artery ligation and, then, received EEMI (0.2–0.4 g/kg)
for 14 days. Blood flow was observed to be significantly higher in treated animals than in
the controls. The plasma levels of malondialdehyde, IL–6, TNF–α and IL–1β were reduced,
while glutathione and IL–10 levels were increased in EEMI-treated animals, suggesting
anti-inflammatory modulation [147]. In general, given the above reported experimental
data, mangiferin appears to offer promise in the prevention and treatment of vascular
disease also linked to diabetes and dyslipidemia.

3.3.3. Activity: Clinical Studies

A 12-week, double-blind, placebo-controlled clinical study was conducted on
104 overweight patients with hyperlipidemia subdivided into 2 groups, administering
a dose of 150 mg/day of mangiferin or placebo for 12 weeks. Treatment with mangiferin
produced a significant decrease in the serum levels of triglycerides and free fatty acids,
and the insulin-resistance index [148]. However, clinical trials conducted on the use of
mangiferin in cardiovascular diseases and, moreover, in patients with PAD are lacking.

3.3.4. Safety Profile

Mangiferin in high concentrations may cause damage to the mitochondrial respiratory
chain, since free radicals are also needed for normal cellular activity [131]. The oral adminis-
tration of 0.9 g of mangiferin has been reported to be harmless to adults [131,149]. Mangiferin
per se did not have any adverse reports in VigiBase [95]; otherwise, Mangifera indica has
62 reports of unwanted effects, entirely from the Americas [95]. The side effects were mainly
gastrointestinal (nausea and diarrhea), nervous system (dizziness) and skin (pruritus and
erythema) disorders [95]. Overall, at moderate doses, the compound has been reported to be
safe for humans.

3.4. Quercetin
3.4.1. Chemistry and Sources

Quercetin is pentahydroxyflavone (3,3′,4′,5,7-pentahydroxyflavone) having five hy-
droxyl groups belonging to the group of flavonols found in many fruits (e.g., apples, grapes,
berries and citrus fruits) and vegetables (e.g., onions, broccoli and Italian chicory) [150], and
widely used as a food supplement in various commercial products (generally, 500 mg, twice
daily) for circulation, immune system function and respiratory function [151]. Natural
derivatives of quercetin, such as isoquercetin and rutin, exist in natural sources, for instance,
in onions and citrus foods [152]. However, the low solubility in water and limited bioavail-
ability of quercetin have limited the medical use of the compound. Several enzymatically
modified derivatives of quercetin have been obtained and investigated, mainly for their
favorable bioactivity and bioavailability. Quercetin derivatives have also been obtained by
using engineered Escherichia coli and other microorganisms [152]. The structure–activity
relationships of quercetin and its derivatives have been recently investigated in detail [153],
including the antioxidant, anti-inflammatory and antidiabetic properties.

3.4.2. Activity: Preclinical Studies

Quercetin shows prominent antioxidant potential and is considered an effective free-
radical scavenger mainly based on several in vitro studies [154–156]. The antioxidant
activity of quercetin is believed to be linked to the regulation of GSH levels [150]; moreover,
the hydroxyl groups on the side phenyl ring of the molecule can bind to amino acid residues
of key enzymes, such as acetylcholinesterase and butyrylcholinesterase, both linked to ox-
idative properties. Quercetin also increases the levels of endogenous antioxidant enzymes,
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e.g., catalase, GSH peroxidase and superoxide dismutase. More specifically, considering
the vascular effects, quercetin induces the vasodilation of isolated rat arteries [157–159]
and, in vivo, antihypertensive effects on rats fed with a high-fat, high-sucrose diet [158]
and in spontaneously hypertensive animals, without effect in normotensive animals [160].
Generally, this flavonoid showed antiangiogenic activity in several experimental mod-
els [161–163].

The protective effect of quercetin against the activation of ER stress was attributed to
the upregulation of markers, such as the 78 kDa glucose-regulated protein (GRP78), a molec-
ular chaperone, and the C/EBP-homologous protein (CHOP) in unresolved diabetic and
experimental ER-stress conditions [164]. Furthermore, quercetin pretreatment decreased
the expression of tunicamycin-induced ER-stress markers in HUVECs [164]. In another
study, mitochondrial-targeted quercetin activities were observed to be a mechanism of
protection against neurodegenerative diseases [165]. Quercetin has been reported to protect
against hydrogen peroxide-induced pheochromocytoma cell neurodegeneration [166].

In general, quercetin has shown anti-inflammatory action in several experimental models,
mainly through mechanisms that inhibit NF–κB and cofactors in the chromatin of proinflam-
matory genes [167]. Quercetin also increases glucose uptake from the blood by inducing the
glucose transporter GLUT4, and promotes glucose storage by the liver [156,168].

3.4.3. Activity: Clinical Studies

Few trials have examined the effect of quercetin supplementation on blood pressure,
with discordant results; however, generally, a reduction in systolic blood pressure both in
healthy subjects and hypertensive patients has been reported [169–172]. Recently, a meta-
analysis showed significant s in both systolic and diastolic blood pressure with quercetin
supplementation; the treatments ranged from 4 to 10 weeks, with doses ≥500 mg/day [173].
Another meta-analysis showed a significant reduction in blood pressure and, furthermore,
for participants receiving quercetin for at least 8 weeks, a decrease in triglycerides in trials
with a parallel design [174]. A double-blinded, placebo-controlled cross-over study conducted
on 93 overweight or obese subjects aged 25 to 65 years with metabolic syndrome traits
showed that quercetin administered at 150 mg/day (6-week-treatment period) reduced systolic
blood pressure and plasma oxidized-LDL levels in overweight subjects with a high-CVD-risk
phenotype [171].

In the scientific literature, no clinical studies have been reported on the use of quercetin
in the treatment of PAD.

3.4.4. Safety Profile

Egert et al. reported that daily supplementation with 150 mg of quercetin/day, ad-
ministered orally to volunteer subjects with a high-CVD-risk phenotype for 6 weeks, was
safe [171]. In general, the clinical studies reported that the orally administered quercetin
use was safe and well-tolerated [173,174].

Quercetin per se has few adverse effects reported in VigiBase [95]; a total of
45 unwanted effects are described, mainly in the Americas and Europe. Nervous sys-
tem disorders (e.g., dizziness and headache), respiratory disorders (e.g., dyspnea), pruritus
and drug interaction are the most recurrent effects [95]. Nevertheless, in general, moderate
doses of quercetin are described as safe.

3.5. Resveratrol
3.5.1. Chemistry and Sources

Resveratrol is a stilbene derivative (3,5,4′–trihydroxystilbene) occurring both as trans-
and cis-isomers that are present in a variable percentage in several natural sources, the trans-
form being the most abundant and mainly responsible for the cardiovascular effects [175].
Resveratrol is a phytoalexin (a class of antimicrobials synthesized by plants under pathogen
infection) found in many plant foods. Its presence is well-known in red grapes (skin)
and red wine, but even in tea and berries and also in various medicinal plants (e.g.,
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Polygonum spp. roots) used in popular medicine as treatments for allergic and inflammatory
diseases [176].

3.5.2. Activity: Preclinical Studies

Resveratrol has antioxidant and free-radical scavenger activities that may be responsi-
ble for its several biological activities, such as anti-inflammatory, antiatherosclerosis and
anticarcinogenic effects [177,178]. The structural determinants of the antioxidant activ-
ity of resveratrol have been linked to the presence of hydroxylic functions, in particular,
but not only, the hydroxyl group at 4′ position, as demonstrated by an investigation on
the derivatives [179].The dose-dependent biphasic hormetic effects of resveratrol have
been reported: at low concentrations, it acts as an antioxidant that protects tissues from
oxidative stress, while at high concentrations, it may be a pro-oxidant that increases ox-
idative stress [180]. Similarly, low and high concentrations can provide chemoprevention
or cytotoxicity, respectively, against cancer cells [181]. However, resveratrol is especially
known for its beneficial effects in cardiovascular diseases. Several authors have shown
that it causes vasodilation in different types of isolated arteries obtained from various
animal species (e.g., guinea pigs, pigs, rats and sheep) [182–185]. Studies showed that
the anti-inflammatory activity of resveratrol is mainly mediated by antiadrenergic and
antiprostaglandin activation [176]. Resveratrol reduced the sensitivity of myofilaments to
free calcium in vascular smooth muscles and enhanced acetylcholine-stimulated calcium
increase in the endothelium, promoting NO• production and thus vasorelaxation [182]. At
nanomolar concentrations, it induces the endothelial production of NO• by activating the
estrogen receptor-α (ERα)–Cav–1–c–SRC interaction, resulting in NO• production through
a Gα–protein-coupled mechanism [186]. It down-regulates VEGF/fetal liver kinase-1 (Flk–
1) (VEGF receptor-2) expression and, therefore, modulates hyperpermeability and junction
disruption in glomerular endothelial cells. In addition, resveratrol ameliorates high-glucose-
induced hyperpermeability mediated by overexpressed caveolin-1 in aortic endothelial
cells [187]. A recent study using a palmitate-induced insulin-resistance model revealed that
resveratrol suppresses IKKβ/NF–κB phosphorylation, TNF–α and IL–6 production, and
restores the IRS–1/Akt/eNOS signaling pathway in endothelial cells [188]. Resveratrol
has been reported to block the TNF–α-induced activation of NF–κB in coronary arterial
endothelial cells and inhibit inflammatory mediators [189], exerting the effect through the
action on the IKK cascade, attributing to this mechanism its antioxidant properties. The
report by Kim et al. demonstrated that resveratrol, as well as hesperidin and naringenin,
reduces high-glucose-induced ICAM–1 expression via the p38 MAPK signaling pathway,
contributing to the inhibition of monocyte adhesion to endothelial cells [190]. Recently,
resveratrol showed an inhibitory effect against NF–κB p65 and proinflammatory mediators,
including TNF–α, ICAM–1 and MCP–1 in endothelial cell lines [191]. Resveratrol confers
a protective effect against high-glucose-induced oxidative stress in endothelial cells and
vascular protection in high-fat-diet mice, through the Nrf2 pathway [192].

In several experimental models, in vitro and in vivo, resveratrol improved glucose
homeostasis and insulin sensitivity [193,194]. An in vivo study conducted on diabetic rats
demonstrated that the compound elicits antidiabetic potential by stimulating intracellular
glucose uptake and the modulation of sirtuin-1 activity [195]. Resveratrol also relieves the
status of diabetic nephropathy, kidney and oxidative stress in diabetic rats [196]. Resveratrol
inhibits ATP-dependent K+ channels and voltage-dependent delayed-rectifier K+ channels
in β-cells, suggesting its beneficial role in delaying the onset of insulin resistance and
improving insulin secretion [197].

3.5.3. Activity: Clinical Studies

Resveratrol is mainly known since it offers a possible explanation for the so-called
“French paradox”, which is the low frequency of heart disease in the French population
despite the relatively high-fat dietary use, believed to be linked to red wine consumption,
as a source of resveratrol [198]. Several clinical trials considered resveratrol both in healthy
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volunteers and patients with various cardiovascular diseases, but they all considered a
limited number of participants. Patients with coronary artery disease received 10 mg/day
of resveratrol for 3 months, showing an increase in flow-mediated vasodilation and, in
general, an improvement in cardiovascular parameters [44]. A clinical study using resver-
atrol revealed that oral, 100 mg consumption for 12 weeks may support the prevention
of cardiovascular disease and atherosclerosis by stimulating endothelial function [199].
Furthermore, resveratrol also modulates NO• metabolism and contributes to improved
vascular function in hypertensive and dyslipidemic patients [200]. In addition, a cross-
over, double-blind, placebo-controlled study in which 22 healthy adults received 250 and
500 mg of resveratrol revealed dose-dependent increases in cerebral blood flow [201]. An-
other study also showed that the acute administration of 75 mg of resveratrol increased
neurovascular coupling and cognitive performance in 36 subjects affected by T2DM, im-
proving cerebral perfusion [202]. A meta-analysis concerning 3 clinical trials for a total of
50 DM subjects treated with resveratrol at doses of 10, 150 and 1000 mg daily, for a period
of 4 to 5 weeks, did not show any favorable effects on the glycosylated hemoglobin A1c
level or on insulin resistance [203]. Recently, a double-blind and randomized clinical trial,
entitled “Resveratrol to Improve Outcomes in Older People With PAD” (RESTORE), was
conducted on 66 patients with PAD treated with 125 mg/day or 500 mg/day of resveratrol,
or placebo for 6 months [204]. However, the trial did not show reliable confirmation that
resveratrol improves walking performance detected by the 6min walk test among patients
with PAD [204]. Other clinical studies enrolling a higher number of patients affected by
PAD are required to evaluate the efficacy of resveratrol on this disease.

3.5.4. Safety Profile

Resveratrol exhibited the systemic inhibition of P450 cytochromes when taken in high
doses [205]. Furthermore, the ingestion of 25 mg/kg of resveratrol for 60 days in rats altered
their thyroid function, causing a goitrogenic effect [206]. Other studies using oral doses of
200 mg/kg/day in rats and 600 mg/kg/day in dogs did not report adverse effects [207].
Few clinical trials have evaluated the safety and tolerability of resveratrol; Brown et al.
reported gastrointestinal discomfort at doses of 2.5 and 5 g/day [208]. The administra-
tion of resveratrol with single doses of 0.5, 1, 2.5 or 5 g orally in 40 healthy volunteers
caused minor adverse events that resolved spontaneously in a few days [209]. In general,
150 mg/day for adults is accepted to be safe [210].

Resveratrol per se has very few adverse reports in VigiBase [95]; a total of 20 unwanted
effects have been described in the Americas, Europe and Oceania. Among these, the most
common are general disorders (e.g., malaise and fatigue) and disorders of the gastrointesti-
nal and nervous systems [95]. Therefore, low doses of resveratrol could be considered safe
and potentially useful for vascular disorders.

4. Conclusions

Polyphenols have been extensively investigated for their beneficial effects on many
clinical conditions, as well as cardiovascular-related diseases. Despite the profusion of
experimental data suggesting potential mechanisms favorable for clinical use, trials on the
side of peripheral vascular diseases are still hindered by the absence of large studies with
sufficient statistical power in order to demonstrate the true efficacy of the compounds. The
requirement of large resources to program a clinical study that does not necessarily allow
for a unique patent outcome often discourages an industrial gamble, reducing the real
possibility of developing new drugs in therapy. Resources for research on natural products
from non-profit organizations are necessary.

Emerging polyphenolic compounds were selected based on their appearance in the
literature and have been discussed here, with a focus on their role in improving endothelial
and, in general, vascular functions; molecular mechanisms and preclinical and clinical
evidence were highlighted. Overall, the data collected in this review suggest the potential
role of selected polyphenols in the treatment of PAD, also concomitant with DM; however,
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clinical data on efficacy are still limited and need to be improved. Despite the extensive
preclinical experimental results that confirm the potential role of baicalein, curcumin,
quercetin, mangiferin and resveratrol against vascular diseases, their clinical effectiveness
is still only preliminarily demonstrated, although there is evidence of safety for the selected
doses. Natural-drug compounds that provide significant biological activities in the specific
vascular district have been suggested, and the task of a chemical approach could be directed
to optimize their bioavailability. However, caution should be devoted to the fact, as already
observed that, for example, with curcumin, an absolute increase in bioavailability does not
necessarily mean an improved benefit/risk ratio when the product is introduced for clinical
use. Moreover, derivatives or analogs obtained on the structural basis of natural products
do not necessarily produce to compounds that are safe for human use. The occurrence in
the molecule of phenolic hydroxyl groups also raises the question of biological stability
as drugs. Therefore, a new concept of the wise use of available natural resources should
be applied, also in the prospective development of drugs, keeping in mind the limits and
advantages of medicinal plants and relative natural compounds.

As a general consideration, a diet rich in polyphenols reduces the risk of cardiovascular
adverse events, including PAD. Polyphenols, together with adequate moderate aerobic
exercise, can help prevent and reverse age-associated arterial stiffness. In fact, exercise
therapy is considered a class IA (highest level) recommendation for the treatment of
patients with PAD. Unfortunately, the long-term participation in perspective clinical and
population-based programs is scarce, and therefore this approach is still just outlined. The
use of polyphenols, both as dietary intake and dietary supplements, could represent a
favorable approach to maintaining the integrity of peripheral blood vessels and limiting
the harmful effect of oxidants. The present evidence suggests the validity of further clinical
trials to define the role of this class of compounds in the prevention and treatment of
vascular artery disease.
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