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Abstract: Lycium barbarum, commonly recognized as goji berry or wolfberry, is highly appreciated
not only for its organoleptic and nutritional properties but also as an important source of bioac-
tive compounds such as polysaccharides, carotenoids, phenolics, and various other non-nutritive
compounds. These constituents give it a multitude of health benefits, including antioxidant, anti-
inflammatory, and anticancer properties. However, the precise biochemical mechanisms responsible
for its anticancer effects remain unclear, and the comprehensive composition of goji berry extracts is
often insufficiently explored. This study aimed to investigate the biochemical pathways modulated
in breast cancer cells by an ethanolic extract of Lycium barbarum fruit (LBE). Following metabolomic
profiling using UHPLC-HRMS/MS, we assessed the antitumoral properties of LBE on different
breast cancer cell lines. This investigation revealed that LBE exhibited cytotoxic effects, inducing a
pro-oxidant effect that triggered pyroptosis activation through endoplasmic reticulum (ER) stress
and subsequent activation of the P-IRE1a/XBP1/NLRP3 axis in MCF-7 cells. In addition, LBE did
not display cytotoxicity toward healthy human cells but demonstrated antioxidant properties by
neutralizing ROS generated by doxorubicin. These findings underscore the potential of LBE as a
highly promising natural extract in cancer therapy.

Keywords: goji berries; MCF-7; ER stress; pyroptosis; onconutraceutical; pro-oxidants

1. Introduction

Cancer is the second leading cause of death worldwide and a major barrier to in-
creasing life expectancy in every country in the world [1]. In fact, in 2020 alone, it caused
approximately 5.5 million deaths among men and 4.4 million among women. Specifically,
it is estimated that in 2022, breast cancer was the second most diagnosed cancer globally,
accounting for 11.6% of all cases worldwide. It is the fifth leading cause of cancer death
worldwide, with a mortality rate of 685,000 deaths annually and causing 6.9% of total
cancer deaths [2,3].
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Different therapeutic strategies have been explored, including surgery, radiotherapy,
as well as chemotherapy, which are mainly part of standard protocols to produce adequate
responses in most cases, but they can also exert significant adverse effects. Indeed, a
multitude of chemotherapeutic agents manifest adverse side effects, with some presenting
the risk of potentially irreversible chronic toxicity [4]. Therefore, there is an urgent need
to explore novel therapeutic strategies and potential chemotherapy candidates. Nowa-
days, great attention has been paid to plant-derived antioxidant compounds with potential
onconutraceutical properties [5]. In this regard, carotenoids and polyphenols, including
phenolic acids and flavonoids, represent a large family of phytochemicals ubiquitous in
nature and with significant antioxidant activity [6—8]. Their association with the health
benefits derived from consuming substantial quantities of fruits and vegetables has been es-
tablished. Regular consumption of dietary polyphenols and carotenoids has been linked to
a reduced risk of chronic disorders related to oxidative stress, including neurodegenerative,
cardiovascular, and inflammatory diseases. These beneficial effects stem from their ability
to scavenge reactive oxygen species (ROS) [9-11], chelate toxic transitional metals inducing
ROS, modulate the response of antioxidant enzymes [10,11], regulate redox balance, and
maintain homeostasis in cells [2]. Furthermore, it has been widely demonstrated that di-
etary polyphenols and carotenoids are able not only to reduce oxidative and inflammatory
stress, but also to decrease the proliferation of cancer cells [12], playing an essential role
in chemoprevention. Several epidemiological studies have shown that the incidence of
certain cancers such as breast cancer, colon cancer, prostate cancer, and lung cancer is lower
in people who have a high consumption of fruits, vegetables, and beverages [13]. This
suggests that plant-based diets are important in the prevention of breast cancer thanks
to the presence of both nutritional bioactive compounds and non-nutritional ones like
phenolic compounds. However, the results for individual supplements are still insufficient
to fully validate their role in the prevention or treatment of breast cancer. This may be
because the exact mechanisms of the bioactive compounds described in preclinical studies
remain frequently unclear [14-16]. Therefore, this study, in line with other studies on
the chemopreventive and/or chemosensitizing effects of dietary bioactive compounds on
breast cancer, may help clarify the effects attributed to plant-based foods [16].

Specifically, various studies have focused their attention on the dual behavior of di-
etary polyphenols and carotenoids. These compounds are frequently utilized to shield the
body from oxidative stress, but under specific conditions, they may display pro-oxidant
properties. Factors such as the pH, phenolic concentrations, number, and position of hy-
droxyl groups in the aromatic rings, and even the presence of redox-active transition metals
like Fe3* and Cu?* in cancer cells, are known to influence the conversion of phenolic com-
pounds into oxidizing agents [17-20]. On the other hand, carotenoids have high reactivity
due to their system of conjugated double bonds, being readily oxidized into oxidation
products. When high amounts of oxygen are present, the carotenoid radical may react with
O,, generating a peroxyl radical which may promote lipid oxidation and oxidative damage
in other biomolecules [21]. Given that the tumoral microenvironment is characterized
by increased oxidative stress due to various factors including inflammation, alterations
in metabolism, and hypoxia [22,23], antioxidants may assume a crucial role exploiting
their selective pro-oxidant action in cancers as Trojan horses. This distinctive characteristic
allows them to elevate oxidative stress to a level that limits tumor development [24-27].
Moreover, they play a role in mitigating oxidative damage in healthy cells, protecting these
cells, and potentially preventing the initiation of tumorigenesis [28,29].

The direct pro-oxidant actions of phenolic compounds are based on the generation
of a phenoxy radical or a redox complex with a transition metal ion. In detail, phenolic
compounds undergo oxidation to form phenoxy radicals while simultaneously reducing
transition metal ions. These phenoxy radicals can react with oxygen, leading to the gen-
eration of superoxide anions (O;- ™). The produced superoxide anions then interact with
phenolic compounds, producing hydrogen peroxide (H,O,). In the presence of reduced
metal ions, hydrogen peroxide can further generate hydroxyl radicals (OH:) through a
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Fenton-like reaction. Hydroxyl radicals are notably the most potent oxidizing agents
among all ROS produced in cells. Additionally, hydrogen peroxide may be produced by the
dismutation of superoxide [30]. It is hypothesized that the pro-oxidant activity of several
phenolic compounds can induce lipid peroxidation, DNA damage, and apoptosis in cancer
cells [31].

ROS production has also been shown to initiate endoplasmic reticulum (ER) stress [32,33].
The ER is an essential cellular organelle network consisting of a series of tubules through
which protein folding, lipid synthesis, the transport of cargo protein, and calcium stor-
age are finely controlled [32]. When ER functions are impaired due to different physio-
pathological phenomena, such as an increase in ROS, ER stress occurs [34]. The redox
state is in fact closely linked to protein-folding homeostasis within the ER. Disulfide bond
formation in the ER lumen is strongly dependent on redox balance, where this imbalance
can disrupt protein folding and cause ER stress. Consequently, ROS-mediated ER stress
triggers a cellular stress response, also defined as the unfolded protein response (UPR). The
activation of the UPR involves three signaling pathways mediated by three transductors,
PERK, IRE1, and ATF6, which all play vital functions in the overall recovery of protein mis-
folding. However, when the ER stress entity is too strong, the UPR directs the cell toward
cell death [35-38]. In this context, numerous natural compounds have been identified for
their ability to induce cell death in cancer cells by triggering ER stress through the excessive
production of ROS.

Considering that cancer cells are characterized by higher levels of transition metal ions
due, at least in part, to the overexpression of transferrin receptor and copper transporter 1,
the use of plant-derived compounds with dual anti- and pro-oxidant properties represents
an attractive strategy against cancer. This approach, commonly known as “oxidation
therapy”, provides the advantage of minimal side effects due to the selective cytotoxicity
of phytochemicals that specifically target cancer cells [39].

For these reasons, in the present study, we addressed how the dual action of certain
components found within the fruits of Lycium barbarum can be considered to fight breast
cancer cells. In fact, a recent study explored the dual nature of Lycium barbarum (Goji berry)
which exhibited pro-oxidant properties in nematodes [40]. The fruits of L. barbarum L.,
known as goji berries or wolfberries, have been widely used as a traditional medicinal plant
or dietary supplement in China for many years. It has also been found in the Mediterranean
area with defoliated shrubs 1-2 cm long and bright red—orange ellipsoid berries [41].
L. barbarum fruit constituents include polysaccharides and proteoglycans, carotenoids,
vitamins, fatty acids, free amino acids, flavonoids, phenolic acids, and anthocyanins [42,43].
There are numerous potential biological effects of the consumption of Lycium spp. [44], such
as anti-inflammatory, anticancer, anti-obesity, antidiabetic, and cardiovascular protective
effects [45-48].

Several studies have reported that the anticancer properties of L. barbarum are asso-
ciated with its polysaccharide content [49,50]. In this study, we investigated, for the first
time, the biochemical mechanisms underlying the anticancer properties of a phytocomplex
extracted from L. barbarum fruit (LBE). Following analytical characterization, we assessed
the anticancer properties of LBE on the breast cancer cell line MCF-7. Notably, we explored
its pro-oxidant action at the molecular level by activating ER stress, suggesting a potential
mechanism of tumor pyroptosis activation. Concurrently, we demonstrated its antioxidant
efficacy on the MCF-10A healthy compartment, positioning it as a potent bifunctional
onconutraceutical.

2. Materials and Methods
2.1. Sample Preparation

Red goji berries (L. barbarum L.) were kindly donated by the company DO.DA.CO.
Srl (Scafati, Salerno, Italy). The fruits were freeze-dried for 24 h by setting the condenser
temperature to —52 °C and the vacuum value to 0.100 mBar (LyoQuest-55, Telstar Tech-
nologies, Terrassa, Spain). The powder (1.0 g) was extracted for 20 min with 25 mL of
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100% EtOH three times (last time overnight) at 40 °C under magnetic stirring at 470 rpm.
The extract was centrifuged at 6000 rpm for 15 min at 4 °C, the supernatant was collected
and filtered under a vacuum, and subsequently, the organic solvent was removed through
vacuum evaporation using an Eppendorf™ Concentrator plus/Vacufuge® plus at 35 °C
and in V-HV (vacuum-high vapor) mode. Finally, in a separating funnel, the extract was
dissolved in 50 mL of 100% 1-butanol and washed three times with water to remove the
sugar. The organic phase was then collected, filtered on a 0.45 pum nylon membrane (Merck
Millipore, Darmstadt, Germany), removing the solvent using a rotary evaporator, and then
freeze-dried for 24 h

2.2. Determination of Total Phenolic Content (TPC), Total Flavonoid Content (TFC), and Total
Chlorophyll and Carotenoid Content

The TPC of LBE was determined using the Folin—-Ciocalteu method as described by
Aquino G. et al. [51]. Gallic acid was chosen as standard for the quantification of TPC. A
stock solution was prepared in 100% MeOH, and a calibration curve was generated within a
concentration range of 10-500 ug/mL, with six concentration levels (y = 1779.61x — 2.0811;
R? = 99.92%). The TPC was expressed as milligrams of gallic acid equivalents per gram of
dry weight (mg GAE/g DW).

The TFC was determined by applying the method reported by Imeneo, V. et al. [52].
The results were expressed as milligrams of rutin equivalents per gram of dry weight (mg
RE/g DW) (10-500 pg/mL; y = 2239.24x — 5.3342; R? = 99.93%).

The chlorophyll content was determined by using the methods previously described
by Wang, H. et al. and Zhang, M. et al., and the carotenoid content was determined by
using the protocol reported by Samec, D. et al. [53-55]. The content of the pigments was
calculated based on the measured absorbance value, the solution volume, and the sample
mass according to the following equations:

Chl a (mg/gDW) = {[(12.25 x A_663.2) — (2.79 x A_646.8)] x V}/m

Chl'b (mg/gDW) = {[(21.50 x A_646.8) — (5.10 x A_663.2)] x V}/m
Car (mg/gDW) = {[(4.75 x A_452.5) — (0.226 X (Chl a+ Chl b))] x V}/m

where V is the volume of the extract (mL); m is the weight of the dry sample (mg); and
A_663.2, A_646.8, and A_452.5 are the absorbance values of the mixture solution at 663.2,
646.8, and 452.5 nm, respectively.

2.3. Determination of Antioxidant Activity through DPPH and ABTS Assays

The antioxidant activity of LBE was assessed through two radical scavenging tests: the
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay [56] and 2,2'-azino-bis-3-ethylbenzthiazoline-
6-sulphonic acid (ABTS) assay [57]. The results from both assays were expressed as an
ICs5¢ value (ug/mL); a lower ICs, value represents a stronger DPPH and ABTS scavenging
capacity. Trolox was used as the positive antioxidant control and the results were also
expressed as an ICsg value (ug/mL).

2.4. Metal Binding Studies

The metal binding studies were performed as described in [58]. The UV absorption
of the LBE (500 pg/mL) alone or in the presence of CuSOy, FeSOy, or FeCls (40 uM) for
30 min in 20% (v/v) ethanol/buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) was recorded
using a microplate reader (Multiskan Go, Thermo Scientific, Waltham, MA, USA) with a
wavelength ranging from 280 to 400 nm. The final volume of the reaction mixture was
1 mL.
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2.5. UHPLC-HRMS/MS Analysis

LC-MS/MS analysis was performed on a Thermo Ultimate RS 3000 coupled online
to a Q-Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher Scientific)
equipped with a heated electrospray ionization probe (HESI II).

Separation was performed in reversed-phase mode, with a Kinetex® 2.6 um EVO
C18 100 A and an LC Column 150 x 2.1 mm (Phenomenex, Bologna, Italy) with a guard
cartridge system (SecurityGuard ULTRA cartridges for EVO-C18, sub-2 um and core-shell
columns with 2.1 mm internal diameters). The column temperature was set at 40 °C and the
flow rate was 0.4 mL/min. The mobile phase was (A) H,O with 0.1% HCOOH (v/v) and
(B) ACN with 0.1% HCOOH (v/v). The following gradient was employed: 0.01-3.00 min,
isocratic to 0% B; 3.01-10.00 min, 0-10% B; 10.01-25.00 min, 10-20% B; 25.01-30.00 min,
20-50% B; 30.01-33.00 min, 50-95% B; 33.01-36.00 min, isocratic to 95% B; 36.01-38.00 min,
95-0%; then, six minutes were employed for column re-equilibration. The injection volume
was 5 pL. All additives and mobile phases were LCMS grade and purchased from Merck
(Milan, Italy).

The ESI was operated in positive and negative mode. The MS was calibrated by
Thermo CalMix Pierce™ calibration solutions in both polarities. Full MS (100-1500 1/z)
and data-dependent MS/MS were performed at a resolution of 35,000 and 17,500 FWHM,
respectively, and normalized collision energy (NCE) values of 15, 20, and 25 were used.
The source parameters were as follows: sheath gas pressure, 50 arbitrary units; auxiliary
gas flow, 13 arbitrary units; spray voltage, +3.5 kV, —2.8 kV; capillary temperature, 310 °C;
auxiliary gas heater temperature, 300 °C.

Identification of the investigated analytes was carried out by comparing their retention
times and MS/MS data with those present in the literature.

The MS spectra were processed using FreeStyle™ 1.8 SP2 and the commercial software
Compound Discoverer v. 3.3.1.111 SP1 (Thermo Fisher, Bremen, Germany). Identification
was accomplished by activating the Chem Spider and mzCloud nodes. The following
online databases were also consulted accessed, on 1 September 2023: Phenol-Explorer
(www.phenolexplorer.eu), PubChem (https:/ /pubchem.ncbi.nlm.nih.gov), and SciFinder
Scholar (https:/ /scifinder.cas.org).

2.6. Quantitative Analysis

The quantification of phytochemicals in the LBE extract was performed using LC-
MS/MS.

For the quantitative analysis of hydroxycinnamic acids, flavonoids, and fatty acids,
we used as an external standard caffeic acid (CA), rutin (R), and oleic acid (OA) in negative
ionization mode, respectively.

Stock solutions were prepared in MeOH, and the calibration curves were obtained
in a concentration range of 0.03-3.91 pug mL~! for caffeic acid, 0.06-15.63 pug mL~! for
rutin, and 15.63-2000 pg mL~! for oleic acid, using six concentration levels with triplicate
injections for each level. Linear regression was used to generate the calibration curves with
R? values > 0.999. Extracted ion chromatogram (XIC) areas of the standard were plotted
against corresponding concentrations (ng/mL~!). The compound content in the sample
was expressed as milligrams of oleic acid (OAE), micrograms of rutin (RE), and micrograms
of caffeic acid equivalent (CAE) per gram of dried extract.

The method validation parameters for the quantitative assay included accuracy, lin-
earity, range, limit of detection (LOD), and limit of quantitation (LOQ). LOD and LOQ
were calculated by using the standard deviation (SD) and the slope of the calibration curve,
multiplied by 3.3 and 10, respectively (Table S1).

2.7. Cell Cultures and Drug Treatment

The human breast cancer cell lines, MCE-7, SK-BR-3, and MDA-MB-231, were obtained
from American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM, 4500 mg/mL glucose) supplemented with
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10% (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL
streptomycin.

The human breast endothelial line (MCF-10A) was purchased from ATCC and main-
tained in a 1:1 mixture of DMEM and Ham'’s F12 medium supplemented with 5% horse
serum, 2 mM L-glutamine, human recombinant epidermal growth factor (20 ng/mL),
insulin (10 mg/mL), cholera toxin (100 ng/mL), and hydrocortisone (5 mg/mL).

Cells were routinely grown in culture dishes (Corning, Corning, NY, USA) in a 95%
humidified environment containing 5% CO; at 37 °C and split every 2 days. In each
experiment, cells were placed in a fresh medium and cultured in the presence of LBE at
different concentrations and times, as reported in subsequent sections. Each treatment and
analysis were performed at least in three separate experiments.

2.8. Cell Viability Assay and Phase-Contrast Analysis

Cell viability was established by measuring the mitochondrial metabolic activity with
the MTT assay [59,60]. Briefly, MCF-7 (6 x 10 cells/well), MDA-MB-231 (6 x 103 cells/well),
SK-BR-3 (6 x 10° cells/well), and MCF-10A (6 x 10° cells/well) were plated into 96-well
plates, and then, LBE (3.125-100 png/mL) was added for 24 h. Afterward, the MTT reagent
was added for 2—4 h depending on the cell line. Cell lysis was performed with an iso-
propanol/HCI solution to dissolve blue formazan crystals formed by viable mitochondria.
The absorbance of formazan crystals was measured at 570 nm (Multiskan Go, Thermo Sci-
entific, Waltham, MA, USA). Phase-contrast images were captured using a Zeiss Axiocam
208 inverted microscope (40 x objective) (Carl Zeiss Microscopy Ltd., Jena, Germany).

2.9. Colony Formation Assay

The clonogenic potential was assessed using 6 ug/mL of LBE, as performed previ-
ously [9]. Cells were plated in 6-well plates at a seeding density of 5 x 10? cells/well.
After incubation for 7 days, cells were fixed and stained with a solution containing 3.7%
formaldehyde and 0.5% crystal violet for 30 min. Images were obtained and the clono-
genic potential was determined from a 1% SDS cell dissolution and measured by using a
spectrophotometer at 570 nm.

2.10. Wound Healing Assay

In the wound healing analysis, 3 x 10° cells were seeded in 6-well plates and then
incubated at 37 °C for 24 h. After that, a linear scratch was created with a 10 pL sterile
pipette tip. Cells were washed with PBS and cultured in a medium containing 6 pg/mL
of LBE. To avoid cell proliferation, DMEM with 2% FBS was used. Different fields were
analyzed by contrast-phase microscopy, and each scratch area was photographed at 0 and
24 h. Images were obtained, and the wound size area (%) was calculated using Image],
version 1.47.

2.11. Determination of Hypodiploid Nuclei

Hypodiploid nuclei were analyzed by using propidium iodide (PI) staining and flow
cytometry, as described previously [61]. MCE-7 cells (4 x 10* cells/well) were grown in
12-well plates and allowed to adhere for 24 h. Next, the cells were treated with LBE (25,
12, 6 ng/mL) for 24 h. After treatments, the culture medium was replaced, and the cells
were washed and suspended in PI buffer. After incubation at 4 °C for 30 min in the dark,
cell nuclei were analyzed with a Becton Dickinson FACScan flow cytometer using the Cell
Quest software, version 4 (Franklin Lakes, NJ, USA).

2.12. PI/Hoechst 33342 Double Staining Assay

Cell-permeable DNA dye Hoechst 33342 and PI were used to validate necrosis in cell
populations. MCF-7 cells (4 x 10* cells/well) seeded on glass cover slips were grown in
12-well plates and allowed to adhere for 24 h. Next, the medium was replaced, and the cells
were treated with LBE (25, 12, 6 ug/mL) for 24 h. After treatments, the culture medium was
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replaced, and live cells were stained with a Hoechst 33342 /PI solution added to the cell
culture medium (Hoechst 33342, 5 uM; PI, 30 pg/mL) at 37 °C for 20 min in the dark [62].
The stained cells were washed two times and then fixed with 3.7% formaldehyde for 10 min.
Images were acquired on a fluorescence microscope (Axioshop 40, Zeiss; magnification,
20x). Quantitative analyses were performed by using the Image] program, version 1.47
(N > 10), and expressed as Pl-positive cells (%).

2.13. Western Blotting Analysis

The MCF-7 cell line was seeded in 60 mm culture dishes and treated with LBE
(6 pg/mlL) at different times. After 8 h, the cells were washed, detached with a scraper,
and centrifuged to remove debris. Full proteins were extracted by using a lysis buffer.
Then, cell lysates were centrifuged at 4850x g for 20 min at 4 °C. A total of 30 ug of total
proteins was run on 8-12% SDS-PAGE and transferred to nitrocellulose membranes using
a minigel apparatus (Bio-Rad Laboratories, Hercules, CA, USA). Blots were blocked in
phosphate-buffered saline, containing Tween-20 0.1% and 10% non-fat dry milk, for 1 h at
room temperature and incubated overnight with specific primary antibodies at 4 °C with
slight agitation. x-tubulin was used as the loading control. The following antibodies were
used: rabbit monoclonal anti-PERK (Cell Signaling, Danvers, MA, USA), mouse mono-
clonal anti-ATF6 (Cell Signaling), rabbit polyclonal anti-caspase-12 (Abcam, Cambridge,
UK), mouse monoclonal anti-a-tubulin (Santa Cruz Biotechnology, Dallas, TX, USA), rabbit
polyclonal anti-phospho-IRE1« (Sigma Aldrich), mouse monoclonal anti-NRLP3 (Sigma
Aldrich), rabbit polyclonal anti-GRP78 (Sigma Aldrich), rabbit monoclonal anti-Nrf2 (Santa
Cruz Biotechnology), rabbit polyclonal anti-CHOP (Sigma Aldrich), rabbit polyclonal
anti-caspase-3 (Cell Signaling), and mouse monoclonal anti-caspase-1 (Santa Cruz Biotech-
nology). After washing, peroxidase-linked secondary antibody (Pierce, Thermo Fisher
Scientific) was added for 1 h at room temperature [63]. Antigen—antibody complexes were
detected through enhanced chemiluminescence using LAS 4000 (GE Healthcare, Chicago,
IL, USA) and a densitometry analysis of the autoradiographs was performed by using the
Image] program, version 1.47.

2.14. Measurement of LDH

To verify the release of LDH into the cell culture medium after plasma membrane
disruption, the LDH-Glo™ cytotoxicity assay (Promega, Madison, WI, USA) was performed.
According to the LDH-Glo™ kit protocol, the LDH detection reagent (containing lactate,
NAD", reductase, reductase substrate, and rLuciferase Ultra-Glo™) were added to the cell
culture medium sample. The luminescent signal generated was read in end-point mode
using a PerkinElmer AlphaScreen multimode plate reader.

2.15. ROS Detection

Reactive oxygen species (ROS) levels were measured by using 10 pM 6-carboxy-2’,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma Aldrich, St. Louis, MO, USA).
MCE-7 cells were seeded (6 x 103 cells/well) in a black 96-well ViewPlate (PerkinElmer,
Waltham, MA, USA), allowing them to adhere for 24 h. Next, the cells were incubated for
1-24 h with 6 pg/mL LBE. Doxorubicin (400 nM, 4 h) was used as the positive control. After
washing, a staining solution containing DCFH-DA in serum-free medium without phenol
red was added for 40 min at 37 °C in the dark. The fluorescence signals (excitation/emission
485 nm /535 nm) were read using a PerkinElmer EnSpire multimode plate reader and
expressed as DCFH fluorescence intensity.

2.16. RNA Extraction, Reverse Transcription, and Real-Time PCR

Total RNA was isolated from the treated cells after 24 h using Trizol reagent (Gibco,
Thermo Fisher Scientific), according to the manufacturer’s instructions. Aliquots of total
RNA for the real-time PCR test were subjected to DNase I digestion (Thermo Fisher
Scientific) and were reverse-transcribed using M-MLV Reverse Transcriptase (Thermo
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Fisher Scientific) according to the manufacturer’s protocol. The thermal conditions for
reverse transcription were 25 °C for 10 min, 37 °C for 50 min, and 75 °C for 15 min. In the
last step, RNAse H was added.

Real-time PCR was performed with the QuantStudio™ 5 Real-Time PCR System
(Thermo Fisher Scientific) using SYBR Green detection in a total volume of 20 uL with 1 puL
of forward and reverse primers (5 tM) and 10 pL of PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher Scientific). Reactions included an initial cycle at 50 °C for 2 min and 95 °C
for 2 min, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for
15 s, and extension at 72 °C for 1 min. The values were determined from a standard curve
generated from serial cDNA dilutions and normalized to GAPDH.

The primers used for the gPCR reactions were as follows: forward ATF4 5'-GTC CCT
CCA ACA ACA GCA AG-3'; reverse ATF4 5'-CTA TAC CCA ACA GGG CAT CC-3'; forward
Xbp-1 5'-TTA CGA GAG AAA ACT CAT GGC-3'; reverse Xbp-1 5-GGG TCC AAG TTG
TCC AGA ATG C-3/; forward SOD1 5-AAGGCCGTGTGCGTGCTGAA-3'; reverse SOD1
5'-CAGGTCTCCAACATGCCTCT-3'; forward Catalase 5-GCAGATACCTGTGAACTGTC-
3'; reverse Catalase 5'-GTAGAATGTCCGCACCTGAG-3'. The 2~ 22T method was used to
analyze the results and relative mRNA expression levels were determined as the fold-
induction relative to Ctrl cells, set as 1.

2.17. RT-PCR and XBP1 Splicing Assay

MCE-7 cells were seeded in 100 mm culture dishes and treated alone with LBE
(6 ng/mL). Thapsigargin was used as the positive control for XBP1 splicing. After 24 h, the
total RNA of MCF-7 cells was extracted. The protocol conducted was previously reported
by Vestuto et al. [9]. Ethidium bromide-stained amplicons were exposed to LAS 4000
(GE Healthcare).

2.18. Determination of Protein Misfolding

Protein misfolding was analyzed by using Thioflavn T (ThT, Sigma Aldrich, St. Louis,
MO, USA) staining and flow cytometry. MCF-7 cells (20 x 10 cells/well) were grown in
24-well plates and allowed to adhere for 24 h. Later, the medium was replaced, and the
cells were treated with LBE (25 pg/mL) and also thapsigargin (300 nM) as the positive
control for 24 h. After treatments, the culture medium was replaced, and the cells were
washed and suspended in 100 pL ThT (final concentration, 20 pM). After incubation at
4 °C for 30 min in the dark, the cells were analyzed with the same flow cytometer reported
above. A second analysis was performed through fluorescence microscopy. MCEFE-7 cells
(4 x 10* cells/well) seeded on glass cover slips were grown in 12-well plates and allowed
to adhere for 24 h. After treatments, live cells were stained with a Hoechst 33342 /ThT
solution added to the cell culture medium (Hoechst 33342, 5 uM; ThT, 20 uM) at 37 °C
for 20 min in the dark. The stained cells were washed and fixed with 3.7% formaldehyde
for 10 min. Images were acquired using a fluorescence microscope (Magnification, 20 x).
Quantitative analyses were performed by using the Image] program, version 1.47 (N > 10),
and expressed as ThT-positive cells (%).

2.19. Measurement of Intracellular Ca>* Signaling

Intracellular Ca®* concentrations were measured according to Di Sarno et al., with
minor modifications [64]. The fluorescent Mag Fluo-4 a.m. probe (Molecular Probes,
Thermo Fisher Scientific) was used. MCF-7 cells (20 x 10* cells/well) were grown in 6-well
plates and allowed to adhere for 24 h. Later, the medium was replaced, and the cells were
treated with LBE (25 pug/mL) for 24 h. After treatments, the cells were trypsinized and
incubated with Mag-Fluo-4 a.m. (22 uM final concentration) in DMEM without serum for
1 h at RT. Then, the cells were washed through centrifugation and incubated at 37 °C for
20 min in PBS (without calcium and magnesium). Finally, the cells were washed and the
fluorescence in each sample was analyzed by flow cytometry.
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2.20. Statistical Analysis

The data are reported as mean =+ SD of the results from three independent experiments.
Statistical analysis was performed using an analysis of variance test (ANOVA), and multiple
comparisons were made with the Bonferroni test using GraphPad Prism 8.0 software
(San Diego, CA, USA). Significance was assumed at p < 0.05.

3. Results
3.1. Total Phenolic, Flavonoid, Chlorophyll, and Carotenoid Content, and Antioxidant Activity

This study aimed to assess the phenolic, flavonoid, chlorophyll, and carotenoid com-
position of LBE. Our findings indicate that LBE possesses TPC and TFC values of approx-
imately 31.26 £ 0.01 mg GAE/g DW and 65.51 &+ 0.01 mg RE/g DW, respectively. The
values investigated in this study were comparable to those stated by Wang et al. [65] for
TFC and TPC in different goji genotypes.

Furthermore, spectrophotometric analysis revealed the presence of chlorophyll a and
chlorophyll b at concentrations of 0.417 £ 0.001 mg/g DW and 0.693 £ 0.019 mg/g DW,
respectively. Additionally, in agreement with the results reported by Ili¢ et al., the total
carotenoid content in the ethanolic extract was quantified as 0.508 £ 0.004 mg/g DW [66].

The antioxidant potential of LBE was evaluated through the DPPH and ABTS as-
says. In the ABTS assay, a blue/green ABTS* radical is formed and can be mitigated by
antioxidants, while the DPPH assay involves the reduction of purple DPPH to 1,1-diphenyl-
2-picryl hydrazine.

The DPPH free radical scavenging activity of LBE yielded an ICs value of 533.17
=+ 3.32 pg/mL (Trolox, ICs of 4.57 & 0.27 ug/mL), which, when compared with values
reported by Skenderidis et al., indicated a notable antioxidant activity [67].

Furthermore, LBE exhibited good ABTS scavenging potency (ICsp 9.05 & 1.73 ug/mL),
showing 20 times less activity than the positive control (Trolox, ICsp of 0.45 £ 0.04 pug/mL),
consistent with previously reported results [68].

Metal binding studies were performed to further support these results. The results
showed that LBE also exerted its antioxidant activity through chelation with iron and
copper ions (Figure S1), in agreement with the high polyphenolic content and DPPH and
ABTS scavenging action determined through previous assays.

3.2. Phytochemical Profile of LBE

Assessment of the metabolomic profile of LBE was carried out through LC-MS/MS
analysis. Operating in negative and positive ionization mode, the analytical platform
allowed us to tentatively identify 60 different compounds (Table 1). Notably, LC-MS/MS
analysis revealed the presence of diverse classes of free polyphenols, including phenolic
acids, hydroxycinnamic acids, and flavonoids.

Concerning hydroxycinnamic acids, different compounds containing various groups
were detected, including caffeoyl (C, 162 Da), feruloyl (f, 175 Da), coumaroyl (c, 162 Da),
spermidine (s, 145 Da), putrescine (p, 90 Da), and tyramine (t, 137 Da).

According to the negative fragmentation pattern, peaks 14 and 15 were tentatively
identified as N'-dihydrocaffeoyl, N'-caffeoyl spermidine, with a molecular ion at m/z 470
corresponding to [Cy5H33N304] ™. The MS? spectra showed the presence of m/z 308 and
m/z 163 product ions, corresponding to the loss of a caffeoyl group (162 Da, CoHgO3) and
a subsequent loss of a spermidine amide moiety (145 Da, C;7H;9N3) [69].

Peak 11 exhibits [M+H]* ions at m/z 634 (C31H44011N3) and fragment ions at m/z
472 [M-H-Hex]*, m/z 310 [M-H-Hex-C]*, m/z 220 [M-H-Hex-C—p]*, and m/z 163
[M-H-Hex-C-s]*. This suggests a tentative identification as N!-dihydrocaffeoyl, N'°-
caffeoyl spermidine hexose (Figure S2) [70]. Peak 6 was tentatively identified as di-O-
caffeoylquinic acid, with an [M-H]~ ion observed at m/z 515. Its MS/MS fragmentation
pattern was characterized by a base peak at m/z 353 and m/z 323, corresponding to the
loss of caffeoyl [M-H-162]~ and quinic moieties [M-H-192]".
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Peak 9 exhibited an [M-H]™ ion at m/z 515, along with main fragment ions at m/z
191 [M-H-162-162]~ and m/z 179 [M-H-162-18] . These ions correspond to the loss of a
dicaffeoyl moiety and water molecules, respectively. Consequently, peak 9 was identified
as di-O-caffeoylquinic acid derivatives (7.68 & 1.98 ug CAE g~ ! dw) [71].

Peaks 29 and 37 (53.05 & 3.07 ug CAE g’1 dw) exhibited [M-H] ™~ ions at m/z 282
(C17H17NO3) with a fragment ion at m/z 119 [M-H—c]~. These peaks were identified as
isomers of N-p-coumaroyl tyramine. The same compound (38) was also detected in positive
ionization mode, producing [M-H-t]~ and [M-H-c]~ ions, confirming the presence of
both coumaroyl and tyramine units (Figure S3) [72].

Further hydroxycinnamic acids were found and peaks 7 (1.068 + 0.12 ug CAE g~ dw),
16 (214.43 = 1.42 pg CAE g’1 dw), and 23 (0.998 £ 0.18 ug CAE g’1 dw) were tentatively
identified as caffeic acid (m/z 179, CoHgO4), p-coumaric acid (m/z 163, C9HgOs3), and
ferulic acid (m/z 193, C19H;9O4), respectively. Their fragmentation pattern was mainly
characterized by CO, neutral loss (44 Da), resulting in MS? ions at m/z 135 (peak 7), m/z 119
(peak 16), and m/z 149 (peak 23). Additionally, the loss of a CHj3 residue (15 Da) followed
by the removal of CO, (44 Da) generated ferulic acid fragments at m/z 178 [M-H-CH3]~
and m/z 134 [M-H-CO,]".

Numerous flavonoids have been identified in LBE, primarily corresponding to rutin
(m/z 609), isorhamnetin (1m/z 316), quercetin (m/z 303), and kaempferol (1m/z 287) aglycones.

Compound 21 (18.49 + 7.96 ug RE g~ ! dw) was tentatively identified as rutin hexoside
(quercetin-O-Rham-Hex-O-Hex) with an ion at m/z 771 [M-H] . Its MS/MS fragmentation
pattern was characterized by m/z 609 [M-H-162]", m/z 462 [M-H-162-147]", and m/z
301 [M-H-162-146-162]~, indicating successive losses of hexosyl, rhamnosyl, and hexosyl
groups.

Rutin aglycone (m/z 609) was also identified as compound 26 (1607 = 89.85 ug RE g~ !
dw) and 27 [69]. Similarly, peaks 31 (298.88 + 17.93 ug RE g~ dw) and 32 were tentatively
identified as kaempferol O-hexoside-rhamnoside, also known as nictoflorin (C7H3¢O15).
They exhibited signals corresponding to [M-H] ™~ at m/z 593 and [M+H]" at m/z 595. The
key product ions in the negative and positive ionization modes at m/z 285/287 correspond
to the loss of the rhamnosyl and glucosyl units (Figure S4) [63].

The MS spectra showed a deprotonated molecular ion at m/z 623, corresponding to
the molecular formula CygH3,014. However, the loss of hexoside (162 Da, C¢H19Os5) and
rhamnoside (146 Da, C¢H;0O4) moieties, followed by the sequential loss of methyl residue
(15 Da, CH3), produced fragments at m/z 315 [M-H-C¢H19O5-CsH19O4]™ and m/z 300
[M-H-CcH;9O5-C¢H19O4—CHj3] ™. This led to the tentative identification as isorhamnetin-
O-rutinoside (peak 35, 182.55 & 36.32 pg RE g~ ! dw).

Peak 36 was already identified as isorhamnetin-O-hexoside (m/z 477, CyH012)
based on its MS/MS fragments at m/z 314 [M-H-C¢H;¢Os]~, m/z 271 [M-H-C¢H1oOs5—
CH;3—CO]J~, and m/z 243 [M-H-CcH;(O5—CH3-2CO] ™. These correspond to the relative
loss of the sugar moiety (162 Da), methyl residue (15 Da), and CO (28 Da) units [71].

In LBE, hydroxy fatty acids were identified. Peak 52 exhibited the precursor ion at m/z
295. However, the loss of a water molecule [M-H-18]~ and the cleavage of the C=C bond
at C9—-C10 resulted in fragments at m/z 277 and 171, suggesting its tentative identification
as hydroxy octadecadienoic acid (HODE) and quantified at 1737.23 4 23.17 mg OAE g~!
dw (Figure S5) [73].

Furthermore, peaks 47, 48, and 49 were observed at different retention times; all of them
exhibited [M-H]~ ions at 7/z 311 and were quantified, respectively, at 538.99 4- 6.96 mg g~
dw, 435.75 + 2.64 mg OAE g~! dw, and 433.99 & 7.6 mg OAE g~ ! dw. Their MS/MS
fragmentation pattern was characterized by a base peak at m/z 293, derived from the loss
of a water molecule [M-H-18]~. Thus, these compounds were tentatively identified as
dihydroxy octadecadienoic acid (DiHODE) [74].

Additionally, isomers of trihydroxy octadecadienoic acid (IriHODE) were identified (peaks
42, 44, and 45) with [M-H]~ ions at m/z 327 and product ions at m11/z 309 and m/z 291. These
ions derive from the loss of water units [M-H-18-18]~ [75-77]. Quantitative analysis gave the
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amount of each compound as 3.22 + 0.3 mg OAE g~ ! dw, 276.61 & 6.2 mg OAE g~ ! dw, and
44045 + 10.03 mg OAE g~! dw, respectively (Table 2).

Table 1. Metabolomic profiling of LBE.

Peak Compound R.t [M-H]~ [M+H]* MS/MS Molecular  Error Classification =~ Reference
(min) Formula (ppm)
1 Gallic acid 2.37 169.0136 - 125.0233 C7H505 1.55 Phenolic acids [72]
p-coumaric ) 119.0491 Hydroxycinnamic
2 acid-hexoside 341 325.0934 163.0392 C15H150s 0.76 acid derivates [72]
3 Hydr‘:ﬁer‘zom 5.15 137.0235 - 93.0333  C,HgO; 0.74 Phenolic acids [72]
4 Benzoic acid 6.68 121.0285 - / CyHgO, —-0.33 Organic acids [72]
. . 119.0491 .
5 Blechnic acid 7.37 371.0988 - 163.0392 C16H20010 2.69 Flavonoids [78]
di-O- 353.0885 Hydroxycinnamic
6 Caffe(;}ciilgulmc 8.60 515.1413 - 3230759 CyoHyg014 1.77 acid derivates [72]
7 Caffeic acid 9.06 179.0344 - 135.0441  CyHgOy 1.13 Hydrg:f’;;mamlc [72]
p-coumaric 145.0285 Hvd . .
S . ) . ydroxycinnamic
8 am&?;;f?;de 9.35 325.0934 163.0391 Ci15H180g 4.42 acid derivates [72]
di-0- 191.0554 Hydroxycinnamic
9 caffe(;)cfilgumlc 10.10 515.1415 - 1790333 CooHpg014 3.78 acid derivates [72]
N-Caffeoyl, N'- 163.0388
dihydrocaffeoyl 220.0966 Hydroxycinnamic
10 spermidine 10.46 ) 796.3496 310.2125 CarHzsN3016 —1.31 acid amides [65,70]
dihexose 472.2498
Ni- 163.0389
dihydrocaffeoyl, 220.0967 Hydroxveinnamic
11 N10-caffeoyl 11.25 - 6342977  165.0546  CsyHysN3Oqq —0.54 yaroxya [65,70]
e acid amides
spermidine 472.2523
hexose 310.2133
Ferulic acid 175.0392 Hydroxycinnamic
12 hexoside 11.26 355.1041 ) 160.0157 C16H2009 6.70 acid derivates [74]
p-coumaric 145.0285 Hvdroxveinnamic
13 acid-hexoside 1140  325.0933 - 163.0390  CysHyjgOs — 2.26 aZi 4 de}ll‘iva s [72]
(isomer II) 119.0491
Nl- 135.0442
dihydrocaffeoyl, ) 308.1985 _ Hydroxycinnamic
1 Nw—caffeoyl 11.76 470.2301 163.0402 CasHs3N306  —4.32 acid amides [65]
spermidine 291.1843
N1- 163.0389
dihydrocaffeoyl, 220.0967 Hvdroxveinnamic
15 N10-caffeoyl 11.77 - 4722445 3102130  CpsHiN3O0  1.08 yeroxyc [65,70]
. 1 acid amides
spermidine 293.1865
(isomer I) 236.1276
16  p-coumaricacid  11.88  163.0392 - 119.0490  CoHgOs 0.94 Hydrg:f’;smnamlc [72]
p-coumaric acid _ 147.0439 _ Hydroxycinnamic
17 somer ) 11.97 1650547 1o'0s0p  CoHsO3 0.96 A [79]
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Table 1. Cont.

Peak Compound R.t [M-H]~ [M+H]* MS/MS Molecular  Error Classification =~ Reference
(min) Formula (ppm)
N Nbis- 163.0389
(caffeoyl) 220.0969 Hydroxycinnamic
18 catieoy 12.07 - 7943350  308.1956  CyHyoN4Op3 —0.28 yaroxyc [65,70]
spermidine acid amides
dih 632.3118
thexose 470.2307
p-coumaroyl- } 191.0553 Hydroxycinnamic
v quinic acid 12.76 337.0935 93.0333 C1eH180s 3.09 acid derivates [72]
O-trans-
feruloyl-O-B-d- . .
193.0500 Hydroxycinnamic
20 glucoll)jrda_nosyl— 12.80 517.1569 - 175.0392 CyoH30014 2.32 acid derivates [72]
glucopyranoside
609.1435
21 Rutin hexose 13.35 771.2005 - 462.0828  C33Hy0O0o1 2.72 Flavonoids [74]
301.0348
. 176.0107 .
22 Scopoletin 13.70 191.0343 - 148.0156 C10HgOy4 2.18 Coumarins [56]
134.0363 Hydroxycinnamic
23 Ferulic acid 14.11 193.0501 - 178.0264  CyoHpoOs  2.42 yaroxy [72]
acids
149.0598
203.0820
24 Zfr acf(t)ylilta)r%' 1423 2450931 - 740235  Cp3HN,O3  3.93 ngitsg’t}in [74]
yptop 116.0493
25 Azelaic acid 17.44 187.0968 - 19275 0()616()1 CyoH1404 2.02 Fatty acids [74]
. 300.0275 .
26 Rutin 18.05 609.1463 - 301.0356 Co7H30014 041 Flavonoids [72]
27 Rutin (isomer I) 18.07 - 611.1603 303.0497 Cy7H30014  —0.63 Flavonoids [79]
465.1002
Quercetin-O- . 300.0275 .
28 hexoside 18.24 463.0886 301.0358 Cy1Hy9O12 2.69 Flavonoids [72]
N-p-cis/trans- . .
119.0491 Hydroxycinnamic
29 Coumaljoyl- 18.81 282.1139 - 243.0793 Ci7H17NO3  4.28 acid amides [72]
tyramine
Naringenin-O-
30 hexoside 1899  433.1145 - 271.0610  CpHpOpp  2.38 Flavonoids [72]
(Prunin)
Kaempferol
O-hexoside- 285.0405 .
31 thamnoside 19.90 593.1516 - 2550298 Cy7H39015 2.04 Flavonoids [72]
(Nictoflorin)
Kaempferol
O-hexoside- 287.0550 .
32 rhamnoside 19.96 - 595.1658 Cy7H30015  —0.37 Flavonoids [79]
. . 258.2194
(Nictoflorin)
(isomer I)
N-cis/trans- 148.0520 Hydroxycinnamic
33 feruloyltyramine 20.05 3121245 ) 297.1012 CisHoNOy - 3.75 acid amides [72]
Kaempferol-O- 264.0340
34 P 2006 447.0939 - 285.0403  CpHyOp  —0.87 Flavonoids [72]

hexoside 255.0299
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Table 1. Cont.
Peak Compound R.t [M-H]~ [M+H]* MS/MS Molecular  Error Classification =~ Reference
(min) Formula (ppm)
Isorhamnetin- 315.0511 .
35 O-rutinoside 20.45 623.1626 - 300.0198 CogH3,01¢ 2.13 Flavonoids [72]
Isorhamnetin- 314.0432
36 . 20.68 477.1046 - 243.0302  CypH»O1p 1.09 Flavonoids [72]
O-hexoside
271.0262
N-p-cis/trans-
37 coumaroyl- 2160  282.1139 - 1190491  CHpyNO; 428  ydroxycinnamic .,
tyramine acid amides
(isomer I)
A(Z;)r:frllsaﬁgani_ 147.0439 Hydroxycinnamic
38 oY 21.63 - 284.1280  121.0649  Cy;H;;NO; —0.88 yaroxyc [72]
tyramine acid amides
) 164.0692
(isomer II)
N-cis/trans- 148.0520 Hydroxycinnamic
39 feruloyltyramine 2262 312.1245 ) 297.1007 CisHoNOy - 415 acid amides [72]
. 151.0028 .
40 Quercetin 23.36 301.2023 - 178.9983 Ci5H1907 4.13 Flavonoids [72]
. . 119.0491 .
41 Naringenin 23.82 271.0615 - 151.0028 Ci15H1505 5.03 Flavonoids [72]
Trihydroxy- 171.1019
42 octadecadienoic 24.46 327.2179 - 211.1336  C13H3,05 4.33 Fatty acids CD
acid (TriHODE) 291.2002
Trihydroxy- 171.1018
43 octadecenoic 24.84 329.2334 - 139.1117  C18H3405 3.76 Fatty acids [77]1CD
acid 211.1336
oc;r;:i};};g;?:r}l;ic 201.1126
44 . . 25.48 327.2180 - 213.1127  Cy3H3,05 3.68 Fatty acids CD
acid (TriHODE)
. 291.1967
(isomer I)
ocf;:ikle};:gi)gr}l]c_)ic 1711019
45 . . 26.11 327.2180 - 201.1127  Cy3H3,05 4.05 Fatty acids CD
acid (TriHODE)
i 291.1961
(isomer 1I)
13-Oxo-
octadecadienoic 277.2162 .
46 acid 26.61 - 295.2268 179.1434 C18H3003 0.95 Fatty acids [77]1CD
(13-Ox0-ODE)
Dihydroxy oc- 293.2125
47 tadecadienoic 26.63 311.2230 - 275'201 9 Cq18H3,04 429 Fatty acids [77]1CD
acid (DiHODE) ’
Dihydroxy oc-
tadecadienoic 293.2125 .
48 acid (DIHODE) 26.76 311.2230 - 2759019 C18H3,04 4.69 Fatty acids [77]1CD
(isomer I)
Dihydroxy oc-
tadecadienoic 293.2123 .
49 acid (DiHODE) 26.94 311.2231 - 2759020 Cq18H3,04 4.49 Fatty acids [77]1CD

(isomer 1I)




Antioxidants 2024, 13, 708

14 of 30

Table 1. Cont.

Peak Compound R.t [M-H]~ [M+H]* MS/MS Molecular  Error Classification =~ Reference
(min) Formula (ppm)
13-Oxo-
octadecadienoic 2752016
50 acid 27.40 293.2126 - 171'1 017 C18H3003 4.79 Fatty acids [77]1CD
(13-Ox0-ODE) )
(isomer I)
bris- Hydroxycinnamic
51 (Dlhydroc.affeoyl) 27.41 - 693.3461 293.0565  CzyHygN4O9 —5.43 acid amides [65,70]
spermine
Hydroxy- 171.1018
52 octadecadienoic 27.86 295.2279 - 277'217 6 C1gH3,053 4.05 Fatty acids [771CD
acid (HODE) ’
13-Oxo-
octadecadienoic
53 acid 28.24 293.2124 - 2752015  C1gHjz¢03 4.37 Fatty acids [77]1CD
(13-Ox0-ODE)
(isomer II)
54 Palmitic acid 28.91 255.2330 - - C16H310; 4.07 Fatty acids [72,74]
55 Linoleamide 29.36 - 280.2636 263.2368  CyigH3zNO  —0.34 Fatty acids [80]
88.0761
56 Palmitic amide 29.84 - 256.2636 102.0913  Cy4H33NO 0.47 Fatty acids [80]
172.1689
57 Oleamide 30.06 - 282.2789 265.2529 C1gH3¢NO 0.66 Fatty acids [80] CD
247.2418
58 Oleic acid 30.86 281.2487 - - C1sH340; 4.09 Fatty acids [68] CD
59 Protocatechuate 31.01 153.0184 - 109.0283  CyH504~ 0.89 Phenolic acids [72]
60 Violaxanthin 34.24 - 601.4229 - Cy4oHs5604 —4.10 Xanthophylls [81]
CD: compound discoverer. The reference column indicates a public/commercial spectral library and/or a
literature study to confirm the putatively annotated compound.
Table 2. Quantitative analysis of the major compounds identified in LBE.
Peak Compounds pg CAEg—1dw
2 p-Coumaric acid-hexoside (isomer I) 27.98 + 1.38
6 3,4-di-O-caffeoylquinic acid 6.20 - 0.18
7 Caffeic acid 1.07 £0.12
8 p-coumaric acid-hexoside (isomer II) 35.55 + 2.84
9 3,5-di-O-caffeoylquinic acid 7.68 £1.98
12 Ferulic acid hexoside <LOQ
13 p-coumaric acid-hexoside (isomer III) <LOQ
14 N'-dihydrocaffeoyl, N'%-caffeoyl spermidine <LOQ
16 p-coumaric acid 21443 +1.42
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Table 2. Cont.

Peak Compounds pug CAEg—1dw
19 p-coumaroyl-quinic acid 2.38 £ 0.076
23 Ferulic acid 0.99 £0.18
29 N-p-cis/trans-coumaroyl-tyramine <LOQ
33 N-cis/trans-feruloyltyramine 407.24 + 20.86
37 N-p-cis/trans-coumaroyl-tyramine (isomer I) 53.05 & 3.07
39 N-cis/trans-feruloyltyramine 522.52 £ 24.10

Total Hydroxycinnamic Acids 1279.10 £ 0.05
ug REg~!dw
21 Rutin hexose 18.49 £ 7.96
26 Rutin 1607.36 + 89.85
28 Quercetin-3-O-hexoside <LOQ
30 Naringenin-7-O-hexoside (Prunin) 1.15+1.58
31 Kaempfero(}\?i—c(t)o—ggzons)ic(liesz;zr—lg—;?amnoside 298.88 & 17.93
34 Kaempferol-3-O-hexoside <LOQ
35 Isorhamnetin-3-O-rutinoside 182.55 £ 36.32
36 Isorhamnetin-3-O-hexoside <LOQ
40 Quercetin <LOQ
41 Naringenin 14.91 £ 8.61
Total Flavonoids 2123.34 + 0.06
mg OAE g~ 1 dw
42 Trihydroxy-octadecadienoic acid (TriHODE) 3.22 £0.30
43 Trihydroxy-octadecenoic acid 1201.76 + 30.44
44 Trihydroxy-octadecadienoic acid (TriHODE) (isomer I) 276.61 £+ 6.20
45 Trihydroxy-octadecadienoic acid (TriHODE) (isomer II) 440.45 +10.03
47 Dihydroxy octadecadienoic acid (DiHODE) 538.99 + 6.96
48 Dihydroxy octadecadienoic acid (DiHODE) (isomer I) 435.75 £ 2.64
49 Dihydroxy octadecadienoic acid (DiHODE) (isomer II) 433.99 4+ 7.60
50 13-Oxo-octadecadienoic acid (13-Oxo-ODE) (isomer I) 472.07 £ 18.54
52 Hydroxy-octadecadienoic acid (HODE) 1737.23 = 23.17
53 13-Oxo-octadecadienoic acid (13-Oxo-ODE) (isomer II) 220.76 +9.00
54 Palmitic acid <LOQ
58 Oleic acid 26.25 +0.33
Total Fatty Acids 5787.08 1 24.83

Data expressed as mean =+ deviation standard (n = 3). CAE: caffeic acid equivalents; RE: rutin equivalents; OAE:

oleic acid equivalents.

3.3. LBE Induces Pyroptosis in MCF-7 Cells, Saving Healthy Cells

The anticancer activity of LBE has initially been evaluated on MCF-7, MDA-MB-231,
and SK-BR-3 human breast cancer cell lines. The control nontumorigenic breast cell line
MCEF-10A was used. Cell proliferation was examined by using the MTT assay. The vi-
ability of LBE-treated cells was measured after 24 h of treatment, using the extract in a
concentration range of 3.125-100 pg/mL. The extract exhibited the strongest antiprolif-
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erative effects on the MCF-7 cell line (ECs5p = 45 £ 3 pg/mL) compared to MDA-MB-231
(ECs9 =55 £ 2 pg/mL) and SK-BR-3 (EC5p = 60 £ 5 ug/mL).

Moreover, no toxicity was found on the MCE-10A healthy breast endothelial cell line
(ECsp > 100 png/mL), suggesting a selective mechanism of action against cancer cell lines
(Figure 1A).
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Figure 1. Cytotoxic effects of LBE on MCE-7 breast cancer cell line. Inhibitory action on cell prolifera-
tion of LBE was initially measured through MTT assay after 24 h of treatment of MCF-7, MDA-MB-231,
and SK-BR-3 cell lines and MCF-10A healthy epithelial cell line (A). Then, ECsps were estimated.
ECs values are expressed as mean + SD. (B) After 24 h of LBE exposure (ECsp), morphological
changes were observed using phase-contrast microscope, revealing pyroptotic features of MCF-7 cells
treated with LBE. Magnification 40 x. Scale bar: 50 um. (C) Representative images of clonogenic assay
in presence of LBE (6 ug/mL) for 7 days. (D) Histogram referring to optical density (OD) obtained
from 1% SDS cell dissolution and measured by using spectrophotometer. (E) Effect of LBE exposure
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(6 ng/mL) on cell migration of MCF-7 cells through wound healing assay by using phase-contrast
microscope. Magnification 20 x. (F) Quantitative analysis of wound area of MCF-7 cells at time 0 and
24 h. Data are shown as mean =+ SD of three different experiments performed in triplicate. * p < 0.05
vs. Ctrl; ** p < 0.01 vs. Ctrl; # p < 0.05 vs. Ctrl after 24 h.

The observation of morphological changes using an inverted microscope revealed
distinct swelling and membranolysis in MCF-7 cells after treatment with LBE (ECsp) for
24 h (Figure 1B). Considering these findings, to acquire further insights into the cytotoxic
effect showed by LBE, its clonogenic potential was evaluated on the MCF-7 cell line to
assess its long-term interference in colony formation by individual cells. The results
showed a reduction in colony formation after the administration of 6 ug/mL of LBE,
with statistically significant differences compared to the control (LBE after 7 days: 47.58%
clonogenic potential vs. Ctrl after 7 days; p < 0.05) (Figure 1C,D).

Subsequently, to examine the effect of LBE extract on tumor cell motility, a wound
closure test was carried out on both untreated and LBE-treated MCF-7 cells. As can be seen
in Figure 1E,F, a larger wound area after 24 h was observed in LBE-treated MCEF-7 cells
(69% wound area) compared to untreated cells (24% wound area).

To assess if the reduction in cell metabolization, observed through MTT assays, and
the morphological changes were attributed to cell death induction, a propidium iodide
(PI) staining test was performed. Flow cytometry analysis was then conducted to assess
the formation of hypodiploid nuclei, which represent a hallmark of cell death. The results
demonstrated a significant increase in the number of hypodiploid nuclei induced by
LBE in a concentration-dependent manner (6-25 pg/mL) (Figure 2A,B). Interestingly, an
accumulation of cellular debris resembling necrosis rather than an apoptosis event was
observed, prompting a more detailed investigation into this phenomenon.

Thus, to investigate necrosis of MCF-7 due to LBE extract, PI/Hoechst 33342 double
staining was carried out. Hoechst 33342 is a cell-permeable nuclear counterstain that emits
blue fluorescence in combination with the minor groove of dsSDNA. On the other hand, PI
is a membrane-impermeable dye that labels dead cells which have lost their membrane
integrity, emitting strong red fluorescence [82]. The results indicated that LBE significantly
influenced necrotic events, consistent with the flow cytometry data (6-25 ug/mL; p <0.01
vs. Ctrl at the highest concentration) (Figure 2C,D).

Therefore, based on the morphological analysis, we hypothesized that LBE treatment
induces pyroptosis in breast cancer cells. This inference stems from the observation of cell
permeability to PI, facilitated by the low molecular weight and pore formation associated
with this regulated cell death form [83]. To confirm this hypothesis, Western blotting was
used to measure the expression of pyroptosis markers. The results revealed the generation
of cleaved caspase-1, cleaved caspase-3, and gasdermin D (GSDMD) and its N-terminal
proteolytic fragment of GSDMD (GSDMD-N, active monomeric form), consistent with the
activation of pyroptosis (Figure 2E,F) [84]. Caspase-1 causes the production of GSDMD-N,
which is responsible for the formation of pores on the cell membrane. Following damage to
the plasma membrane, lactate dehydrogenase (LDH) is released. In line with our results,
LDH production was evaluated, revealing a significant increase in LDH levels following
LBE administration compared to the control (6-25 pg/mL; p < 0.05 vs. Ctrl) (Figure 2G).



Antioxidants 2024, 13, 708

18 of 30

A
A Ctrl ) LBE 25 pg/mL
E 0.82% ‘ 16.85%
4 i
(%] "fj
LBE 12 pg/mL LBE 6 pg/mL
10.12% 7.72%
| i
Pl
C
Ctrl
LBE 25 pg/mL
LBE 12 pg/mL
LBE 6 pg/mL
E
LBE 6 pg/mL
Ctrl 2h 4h 8h 24h
Caspase-3 .t — — 6'-“ -35KDa
c-Caspase-3 S R - 19 KDa
Caspase-1 - -30KDa
c-Caspase-1 - 3 -21KDa
— -—— -—
GSDMD-C W S 55 0
oo R
a-Tubulin ~ Se— — - 50 KDa
G
*
300 T
*
[
7]
©
2 200+
2
=
Q
-1 100
0-
- Q \J ©
e""’\o v R
)

LBE (nug/mL)

- -
(=) o
1 1

Hypodiploid nuclei (%)
T

o
I

- - N
(=) o =]
1 1 1

Pl positive cells (%)
Lo
1

(=]
!

Ctrl

25 12

LBE (nug/mL)

*x

o

LBE (nug/mL)

c-Caspase-1/Caspase-1 ratio

Fold change
o = = 9N
w ° » °
T T T T

4
°
1

2
I

2.04

w
1

Fold change
5
T

'
o
1

o
°
I

Ctrl 2h 4h 8h 24h

aspase-3/Caspase-3 ratio

Ctrl 2h 4h 8h 24h

GSDMD-N/GSDMD-C ratio

Fold change

Ctrl 2h 4h 8h 24h

Figure 2. LBE selectively induces pyroptosis of MCF-7 breast cancer cell line. (A) After 24 h of LBE
exposure (25,12, 6 ug/mL), MCF-7 cells were stained with propidium iodide and fluorescence of
hypodiploid nuclei (sub G0/G1) was measured by flow cytometry. (B) Quantitative analysis of
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hypodiploid nuclei was performed. (C) Hoechst 33342/PI double staining was performed to analyze
dead and living cell distributions after exposure to LBE (25, 12, 6 ug/mL). (D) Quantitative analysis of
PI-positive cells was performed (N > 10). Scale bar: 20 um. Cells were observed at 20 x magnification.
(E) Western blots of pyroptosis markers after exposure to LBE (6 ug/mL) at 2, 4, 8, and 24 h.
(F) Densitometric analysis of Western blots. (G) LDH levels after exposure to LBE (25, 12, 6 pg/mL)
at 24 h revealed by luminescence assay. Data are shown as mean =+ SD of three different experiments
performed in triplicate. * p < 0.05 vs. Ctrl; ** p < 0.01 vs. Ctrl; *** p < 0.001 vs. Ctrl.

3.4. LBE Elicits Oxidative Stress in MCF-7 Cancer Cells and Exhibits Antioxidant Effects in
Healthy Cells

Considering the potential pro-oxidant action of natural extracts on cancer cells and
given that oxidative stress is a significant inducer of pyroptosis [85,86], intracellular ROS
production following LBE treatment was evaluated. To this end, MCE-7 cells were treated
with LBE (6 ng/mL) from 1 to 24 h, followed by the determination of ROS levels using
DCFH-DA as the fluorescent agent. Doxorubicin (Doxo) was used as the positive control.

As aresult, a significant increase in ROS levels over a time range of 1-8 h was observed
(Figure 3A), which may be indicative of an insult capable of triggering an inflammatory
response induced by pyroptosis. Additionally, we detected possible synergism of LBE with
Doxo, as their co-administration increased ROS compared to doxorubicin and LBE alone
(LBE + Doxo vs. Doxo; p < 0.01; Figure 3A).

Furthermore, the antioxidant capacity of LBE was assessed, as previously determined
in cell-free assays, to demonstrate its contemporary protective effects on the healthy epithe-
lial cell line MCF-10A. At the same dosage that induced oxidative stress in the tumor line
(6 ng/mL), we found no pro-oxidant/antioxidant effects. Meanwhile, at a concentration
of 25 pg/mL, LBE significantly attenuated ROS production induced by the anticancer
drug doxorubicin (LBE + Doxo vs. Doxo; p < 0.001; Figure 3B). Doxorubicin is known for
its pro-oxidant effects at cardiac and endothelial levels, thereby limiting its therapeutic
utility [87].

To corroborate the pro-oxidant activity of LBE on MCEF-7 cells, the mRNAs levels of
catalase and superoxide dismutase 1 (SOD1), key enzymes involved in cellular antioxidant
defense mechanisms against various ROS, were quantified through q-PCR. As observed in
Figure 3C, LBE leads to a substantial increase in mRNA production of these antioxidant
enzymes after 24 h of treatment, acting as a possible stimulated protective response against
oxidative stress induced by LBE treatment (6 ug/mL; p < 0.001 vs. Ctrl) in the time range
of 1-8 h. Furthermore, to investigate whether the increased ROS level was responsible for
LBE-induced cell death, cells were treated with the ROS scavenger NAC (N-acetyl cystein).
As observed in Figure 3D, the results show that cell death caused by LBE was completely
abrogated by NAC (p < 0.001 vs. LBE alone). These results suggest that the increased
accumulation of intracellular ROS played an important role in LBE-induced cell death.

Therefore, LBE demonstrates a bifunctional capacity: inducing oxidative stress within
cancer cells while simultaneously alleviating doxorubicin-induced oxidative stress in the
healthy cellular environment.

Considering the delicate balance between oxidative stress and ER stress, the perturba-
tion of ER homeostasis through the initiation of protein misfolding due to oxidative stress
induced by LBE was evaluated. This phenomenon serves as a trigger for the UPR, which
may potentially activate the inflammasome and lead to subsequent phenotypic manifesta-
tions, as demonstrated previously. Thioflavin T (ThT), a benzothiazole dye known for its
enhanced fluorescence upon binding to protein aggregates, was employed as an indicator
of UPR activation [88]. MCF-7 cells were cultured in the presence of LBE (25 pg/mL)
or the ER stress-inducing agent, thapsigargin, serving as a positive control of UPR, for
24 h. Analyses were subsequently performed using both cytofluorimetry and fluorescence
microscopy. Compared to the controls, the fluorescence significantly increased in LBE-
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treated cells, reaching levels comparable to those observed with thapsigargin (Figure 3E-H),
thus representing, to our knowledge, the first demonstration of LBE impacting protein
misfolding. Protein misfolding, unfortunately, was not detectable at 6 ug/mL, but we
hypothesized that this was due to the weak brightness of the fluorophore, as observed
in the flow cytometry and fluorescence microscopy images, which does not allow it to be
as sensitive in detecting induced cellular misfolding at that low concentration. Instead,
we hypothesized that by using higher concentrations (25 pug/mL), the accumulation of
misfolded proteins is greater so it can be detected by thioflavin T.
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Figure 3. LBE selectively triggers oxidative stress in MCF-7 breast cancer cell line while protecting
MCF-10A cell line from doxorubicin-induced ROS. 2/,7’-dichlorofluorescin diacetate (DCFH-DA)
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assay was conducted on MCF-7 (A) and MCF-10A cells (B) to reveal ROS production. Doxorubicin
was used as positive control (400 and 200 nM for 4 h). Co-administration was assessed at 4 h. (C) Total
RNA samples extracted from MCF-7 cells exposed for 24 h to LBE (6 pg/mL) were analyzed by
q-PCR to detect CAT and SOD1 mRNA levels. GAPDH was used as housekeeping control. 24T
method was employed to calculate relative quantities of mRNA. Results are expressed as fold change
relative to untreated cells. (D) MCEF-7 cell viability using NAC as antioxidant corroborates pro-
oxidant mechanism of LBE. ThT assay was performed for both flow cytometry (E) and fluorescence
microscopy (G). Scale bar: 20 pum. (N > 10). Cells were observed at 20x magnification. Thapsigargin
300 nM was used as positive control. (F,H) Quantitative analysis of ThT-positive cells was reported.
Data are shown as mean =+ SD of three different experiments performed in triplicate. * p < 0.05 vs.
Ctrl; ** p < 0.01 vs. Ctrl; *** p < 0.001 vs. Ctrl. # p < 0.01 vs. doxorubicin; ## p < 0.001 vs. doxorubicin.

3.5. LBE Induces ER Stress in MCF-7 Cancer Cells, Promoting Inflammasome Activation

Considering the activated UPR, a potential mechanism that links the induction of
pyroptosis by ROS production with ER stress activation induced by the pro-oxidant effect
of LBE was investigated.

Western blot analysis was performed to evaluate the increase in PKR-like ER kinase
Ser/Thr protein kinase (PERK) expression, inositol-requiring Ser/Thr protein kinase 1ot
and RNA endonuclease (IRE1x) phosphorylation, as well as activating transcription factor
6 (ATF6) cleavage. Short times were specifically selected for the investigation, aligning with
the functional timeframe of LBE concerning oxidative stress. This choice was also based on
the role of the UPR, which typically aids cellular adaptation to such stress within a period
of a few hours post-activation [9,89,90].

Figure 4A shows that a concentration of 6 pg/mL of LBE led to a significant activation
of all three transducers, indicative of a general cellular stress condition. As expected, the
chaperone glucose regulatory protein 78 (GRP78), the master regulator of the UPR, was
found to be overexpressed compared to the control. This overexpression is consistent with
its role in regulating the binding release of the ER stress transducers, which also appear to
be activated. Moreover, considering that the ER stress response ultimately leads to caspase-
12 activation [91], its activation following LBE administration was evaluated. A notable
reduction in its non-cleaved form was observed after LBE administration (Figure 4A,B).
Considering the strong increase in p-IREl«, the activation of its target NLPR3 inflamma-
some was determined. Additionally, considering the endoribonuclease activity of IREl«,
to confirm its activation, a semiquantitative PCR and q-PCR analysis was performed to
evaluate the levels of unconventional mRNA splicing of X-Box Binding Protein 1 (XBP1),
a specific transcription factor that undergoes excision of a 26-nucleotide unconventional
intron from IRElx [8]. As depicted in Figure 4C,D, we observed high levels of sXBP1
compared to the control (p < 0.001). The activation of PERK was also assessed through its
downstream activation product, ATF4 (activating transcription factor 4), and we obtained
significantly high levels of ATF4 compared to the control (p < 0.001) (Figure 4D). The re-
markable activation of the ATF4 transcript, together with c-ATF6 and s-XBP1 activation, is
fully compatible with the increased expression of their transcription factor CHOP (C/EBP
Homologous Protein), as highlighted in Figure 4A. The CHOP protein, also known as
GADD153 (growth arrest- and DNA damage-inducible gene 153), is activated as part of
the UPR when ER stress is severe or prolonged. It plays a role in triggering pyroptosis
through NLRP3 activation [92,93]. The expression of the antioxidant protein nuclear factor
erythroid 2-related factor 2 (Nrf2), activated in a critical adaptive response to oxidative
stress, was evaluated, revealing a time-dependent increase in its expression (Figure 4A).
Nrf2 was also activated, inter alia, from PERK phosphorylation [94].
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Figure 4. Biochemical effects of LBE on ER stress pathways. (A) Representative Western blot images
showing increased expression of ER stress markers GRP78, ATF6, PERK, and P-IRE1x and some
of their downstream targets (NLRP3, CHOP, Nrf2). Levels of cleaved proteins involved in UPR
(c-caspase-12 and c-ATF6) were also evaluated. a-tubulin was used to check equal loading of protein
extracts. Relative fold change vs. untreated cells, set as 1, is shown in graph. (B) Densitometric
analysis of Western blots. (C) Total RNA samples extracted from MCF-7 cells exposed for 8 h to LBE

were analyzed by RT-PCR to detect XBP1 mRNA splicing forms. (D) s-XBP1 and ATF4 mRNA ER



Antioxidants 2024, 13, 708

23 of 30

stress hallmarks were assessed through q-PCR. GAPDH was used as housekeeping control. 272A¢T
method was employed to calculate relative quantities of mRNA. Results are expressed as fold change
relative to untreated cells. (E) Calcium mobilization analysis was performed with Mag fluo4-AM
by flow cytometry. Ionomycin 2 mM was used as positive control. (F) Quantitative analysis of
calcium-releasing cells was performed. Data are shown as mean + SD of three different experiments
performed in triplicate. * p < 0.05 vs. Ctrl; ** p < 0.01 vs. Ctrl; ** p < 0.001 vs. Ctrl.

Elevated levels of ROS prompt the opening of the ER calcium channels IP3Rs and
the ryanodine receptor, resulting in the augmented release of Ca®* from the ER. This
process further disrupts proper protein folding within the ER, further leading to NLRP3
inflammasome activation [95,96]. In this regard, the cytoplasmic calcium level was assessed.
The effects are illustrated in a representative graph and the quantitative analysis result
is depicted in Figure 4E,F, executed in a calcium-depleted buffer. Notably, a substantial
alteration in Ca?* concentrations was observed following LBE (25 pg/mL) administration,
affirming its capacity to induce ER stress (LBE vs. Ctrl; p < 0.05). Ionomycin was employed
as a positive control [97].

4. Discussion

Oxygen free radicals, ROS, and RNS play a dual role in biological systems. While
they contribute to beneficial functions like bacterial destruction within phagocytic cells
and programmed cell death, an imbalance favoring pro-oxidants, alongside reduced levels
of antioxidant enzymes and endogenous antioxidants, can lead to an overproduction of
ROS/RNS, resulting in oxidative stress. This redox imbalance is often linked to oncogenic
stimulation and contributes to various aspects of tumor development and progression.
Elevated ROS levels disrupt cellular processes by indiscriminately targeting proteins, lipids,
and DNA [98,99]. Due to uncontrolled metabolic processes during hyperproliferation,
adaptation to excessive ROS conditions in cancer cells suggests that they possess a higher
basal level of antioxidative capacity and ROS than healthy cells.

Anticancer therapies that rely on oxidative damage aim to elevate the ROS level
beyond the cytotoxic threshold to disrupt redox homeostasis and selectively eliminate
cancer cells. Exogenous ROS-generating compounds make redox-imbalanced cancer cells
more vulnerable than normal cells, resulting in cell death [100-102].

Therefore, in this study, we investigated the potential pro-oxidative action of LBE,
aiming to utilize it as an anticancer agent to disrupt redox adaptation and induce ROS-
dependent cytotoxicity in breast cancer cells. The results obtained in this study show that
during the initial hours of treatment (1-8 h), LBE demonstrated a strong pro-oxidant action,
resulting in a substantial increase in ROS concentration. This pronounced pro-oxidant
action resulted in elevated levels of catalase and SOD1 mRNA at 24 h, consistent with
previous findings in the literature [103,104]. The importance of the pro-oxidant mechanism
was subsequently confirmed by using NAC as an antioxidant. Indeed, following its co-
administration with LBE, the vitality of MCF-7 was fully restored.

Cancer cells exhibit elevated levels of transition metal ions, particularly copper and
iron, which play pivotal roles in driving their rapid proliferation and metastasis. These
metals serve as essential cofactors for various enzymes involved in critical cellular pro-
cesses, such as DNA synthesis, cell signaling, and angiogenesis, facilitating the uncontrolled
growth and spread of cancer cells. Moreover, given that numerous studies have docu-
mented the pro-oxidant activity of natural compounds in the presence of metal ions [105],
we hypothesized that the elevated levels of ROS observed during the initial hours of treat-
ment with LBE may also be attributed to the abundance of metal ions. In the presence
of Cu?*, the pro-oxidant activity of phenolic compounds is expected to progress, leading
to the generation of hydroxyl radicals (¢OH). Meanwhile, excessive amounts of Fe3* in a
living cell can catalyze the generation of ROS via the Fenton reaction, which can damage
DNA, lipids, proteins, and nucleic acids [106].

In recent years, ER stress has attracted widespread attention as a novel mechanism
of cell death induced by natural compounds [107]. Oxidative stress induced by LBE
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disrupts ER homeostasis, resulting in the accumulation of misfolded or unfolded proteins.
This accumulation triggers the UPR pathway, as evidenced by ThT staining. GRP78,
recognized as the master regulator of the UPR, was found to be overexpressed relative to
the control, indicating its role in regulating the binding release of ER stress transducers,
which were also observed to be activated. Additionally, the extract significantly activated
PERK expression, the phosphorylation of IREl«, as well as ATF6 cleavage, all three being
transducers compatible with a general cellular stress condition [108]. Furthermore, caspase-
12, ATF4, sXBP1, and CHOP, downstream products of the ER stress response, were also
highly activated after LBE treatment, demonstrating robust ER stress activation in cells.
This phenomenon led to NLRP3 activation. The assembly of NLRP3 involves a multi-
step process within cells and is associated with ER calcium release. Changes in cellular
conditions, such as oxidative stress signals, can induce the release of calcium ions from the
ER into the cytosol. This calcium release from the ER also serves as a signal in the process
of NLRP3 inflammasome assembly and activation. Thus, we investigated its modulation
following LBE administration, which increases its production as a signal of ER stress.

The activation of the NLRP3 inflammasome pathway leads to pyroptosis, a form of
programmed cell death characterized by progressive cellular swelling until eventual mem-
brane rupture. This rupture results in the release of cellular contents, triggering a robust
inflammatory response. ROS-mediated pyroptosis induced by LBE is substantiated by the
generation of cleaved caspase-1, cleaved caspase-3, GSDMD, and GSDMD-N, coupled with
the release of LDH.

Although polyphenols have a significant impact on oxidative stress in cells, there are
fewer studies demonstrating their antiproliferative efficacy against cancer cells compared
to other components found in goji berries, such as polysaccharides. The precise mechanism
of action remains unclear, and the specific components responsible for their anticancer
activity have not been conclusively identified. Currently, the polyphenolic fraction of
LBE has shown significant antioxidant effects and cytotoxicity against breast cancer cell
lines, while the polysaccharide fraction contributes to its antiproliferative effects and
ferroptosis induction [109,110]. A goji berry extract rich in polyphenols was tested on T-
47D breast cancer cells, showing antitumor activity due to apoptosis via the mitochondrial
pathway, indicated by a dose-dependent increase in pro-apoptotic Bax protein expression
and a decrease in anti-apoptotic BclxL protein expression [111]. Aside from this study,
to our knowledge, no other research has investigated the mechanism of toxicity of LBE
polyphenols. Therefore, this investigation aims to extend these mechanistic aspects.

Moreover, there are no studies reporting the pharmacokinetics of the polyphenolic
fraction of LBE. Identifying the potential mechanisms of action is crucial to understanding
their pharmacokinetic properties and standardizing the concentration of these constituents.
Indeed, a major limitation in using polyphenolic compounds is their bioavailability, which
results in only a small fraction reaching the organs and tissues. However, while pharmacoki-
netic studies are necessary, existing research on polyphenol profiles similar to ours, as well
as studies on the polysaccharides of LBE, suggests that the observed cellular concentrations
may be compatible with the in vivo administration of LBE [112-115].

Furthermore, as evidence supporting the potential use of LBE in combination therapy
for breast cancer, several combination tests were conducted with established drugs like dox-
orubicin. These tests revealed an augmentation in antitumor activity, alongside a potential
dose-dependent decrease in the risk of cardiotoxicity associated with anthracycline-based
therapeutic regimens for breast cancer [116-118].

5. Conclusions

Nutraceuticals have garnered significant attention in cancer research owing to their
multifaceted effects and low toxicity profile. They play a crucial role in anticancer treat-
ments by enhancing therapy efficacy, reducing drug concentrations to alleviate adverse
effects, and delaying the development of therapy resistance. Despite their promising role in
cancer treatment, the specific mechanisms underlying their actions remain largely unclear.
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This lack of mechanistic understanding can hinder their optimization and integration into
clinical practice.

The present study aimed to conduct a comprehensive analysis of the onconutraceutical
mechanism of the ethanolic extract derived from Lycium barbarum fruits. We demonstrated
for the first time the inhibitory effects of LBE on cell proliferation through the induction of
inflammatory programmed cell death in breast cancer cells. This effect is mediated by the
pro-oxidant action of the extract, leading to the activation of ER stress. The results obtained
showed that goji berry extract selectively triggers pyroptosis of tumor cells without having
a significant toxic effect on healthy cells.

However, further studies are needed to elucidate the mechanism and the crucial role
of ER stress in the activation of pyroptosis, as well as preclinical studies to corroborate
these data. Furthermore, the current findings on the antitumor actions of LBE suggest that
its bioactive compounds could be used as part of adjuvant therapeutic approaches in the
potential treatment of cancer with anthracyclines, contributing to chemoprevention and
tumor cell growth control.

Taken together, these findings highlight that Lycium barbarum may be a very promising
natural extract in cancer therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox13060708 /s1, Figure S1: UV spectra (in range from 280 to 400
nm) of LBE (500 ug/mL) alone and in presence of 40 uM FeSOy, FeCl3 and CuSOy. Figure S2. UHPLC-
ESI(+)-Orbitrap-MS/MS spectra and proposed fragmentation pathway of N'!-dihydrocaffeoyl, N1°-
caffeoyl spermidine hexose. Figure S3. UHPLC-ESI(+)-Orbitrap-MS/MS spectra and proposed frag-
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for quantitative assay.

Author Contributions: Conceptualization, G.P., M.M. and V.V,; methodology, M.R.M., PM., G.A.,
M.G.B. and V.V,; validation, E.S., T.C. and O.M.; formal analysis, M.R.M., PM., G.A., M.G.B. and
V.V.; investigation, M.R.M., PM., G.A., M.G.B. and V.V,; resources, P.C.; writing—original draft
preparation, G.D.-R., G.P, M.M,, P.C. and V.V; supervision, P.C. project administration, M.G.B. and
V.V,; funding acquisition, G.P. and P.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the National Recovery and Resilience Plan (NRRP), Mission
4 Component 2 Investment 1.4—Call for tender No. 3138 of 16 December 2021, rectified by Decree
n.3175 of 18 December 2021 of the Italian Ministry of University and Research funded by the European
Union—NextGenerationEU, award number: project code CN_00000033, Concession Decree No. 1034
of 17 June 2022 adopted by the Italian Ministry of University and Research, CUP: D43C22001260001,
project title “National Biodiversity Future Center—NBFC”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors would like to thank the company DO.DA.CO. Srl (Scafati, Salerno,
Italy) who kindly donated the L. barbarum fruits. G.D.-R. thanks the University of Alcala for her
postdoctoral Margarita Salas contract.


https://www.mdpi.com/article/10.3390/antiox13060708/s1
https://www.mdpi.com/article/10.3390/antiox13060708/s1

Antioxidants 2024, 13, 708 26 of 30

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

Guida, F; Kidman, R.; Ferlay, J.; Schiiz, J.; Soerjomataram, I.; Kithaka, B.; Ginsburg, O.; Mailhot Vega, R.B.; Galukande, M.;
Parham, G.; et al. Global and regional estimates of orphans attributed to maternal cancer mortality in 2020. Nat. Med. 2022, 28,
2563-2572. [CrossRef]

Bray, F.; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229-263. [CrossRef]
Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
Miller, K.D,; Siegel, R.L.; Lin, C.C.; Mariotto, A.B.; Kramer, J.L.; Rowland, J.H.; Stein, K.D.; Alteri, R.; Jemal, A. Cancer treatment
and survivorship statistics, 2016. CA Cancer J. Clin. 2019, 66, 271-289. [CrossRef]

Maiuolo, J.; Gliozzi, M.; Carresi, C.; Musolino, V.; Oppedisano, E; Scarano, F.; Nucera, S.; Scicchitano, M.; Bosco, F.; Macri, R.; et al.
Nutraceuticals and Cancer: Potential for Natural Polyphenols. Nutrients 2021, 13, 3834. [CrossRef]

Saitta, M.; Lo Curto, S.; Salvo, F,; Di Bella, G.; Dugo, G. Gas chromatographic-tandem mass spectrometric identification of
phenolic compounds in Sicilian olive oils. Anal. Chim. Acta 2002, 466, 335-344. [CrossRef]

Pepe, G.; Pagano, F; Adesso, S.; Sommella, E.; Ostacolo, C.; Manfra, M.; Chieppa, M.; Sala, M.; Russo, M.; Marzocco, S.; et al.
Bioavailable Citrus sinensis Extract: Polyphenolic Composition and Biological Activity. Molecules 2017, 22, 623. [CrossRef]
Novi, S.; Vestuto, V.; Campiglia, P.; Tecce, N.; Bertamino, A.; Tecce, M.F. Anti-Angiogenic Effects of Natural Compounds in
Diet-Associated Hepatic Inflammation. Nutrients 2023, 15, 2748. [CrossRef]

Vestuto, V.; Amodio, G.; Pepe, G.; Basilicata, M.G.; Belvedere, R.; Napolitano, E.; Guarnieri, D.; Pagliara, V.; Paladino, S.;
Rodriquez, M.; et al. Cocoa Extract Provides Protection against 6-OHDA Toxicity in SH-SY5Y Dopaminergic Neurons by
Targeting PERK. Biomedicines 2022, 10, 2009. [CrossRef]

Yordi, E.G.; Perez, E.M.; Matos, M.].; Villares, E.U. Antioxidant and Prooxidant Effects of Polyphenolic Compounds and
Structure-Activity Relationship Evidence. In Nutrition, Well-Being and Health; IntechOpen: London, UK, 2012; pp. 23-48.
Leon-Gonzales, A.].; Auger, C.; Schini-Kerth, V.B. Pro-Oxidant Activity of Polyphenols and Its Implication on Cancer Chemopre-
vention and Chemotherapy. Biochem. Pharmacol. 2015, 98, 371-380. [CrossRef]

Pepe, G.; Salviati, E.; Rapa, S.F,; Ostacolo, C.; Cascioferro, S.; Manfra, M.; Autore, G.; Marzocco, S.; Campiglia, P. Citrus sinensis
and Vitis vinifera Protect Cardiomyocytes from Doxorubicin-Induced Oxidative Stress: Evaluation of Onconutraceutical Potential
of Vegetable Smoothies. Antioxidants 2020, 9, 378. [CrossRef]

Galadari, S.; Rahman, A.; Pallichankandy, S.; Thayyullathil, F. Reactive oxygen species and cancer paradox: To promote or to
suppress? Free Radic. Biol. Med. 2017, 104, 144-164. [CrossRef]

Farvid, M.S.; Chen, W.Y,; Rosner, B.A.; Tamimi, R.M.; Willett, W.C.; Eliassen, A.H. Fruit and vegetable consumption and breast
cancer incidence: Repeated measures over 30 years of follow-up. Int. J. Cancer 2019, 144, 1496-1510. [CrossRef]

Codini, M. Why Vitamin C Could Be an Excellent Complementary Remedy to Conventional Therapies for Breast Cancer. Int. J.
Mol. Sci. 2020, 21, 8397. [CrossRef]

Giménez-Bastida, J.A.; Gonzalez-Sarrias, A. Dietary Bioactive Compounds and Breast Cancer. Int. . Mol. Sci. 2023, 24, 9731.
[CrossRef]

Prochazkova, D.; Bousova, I.; Wilhelmova, N. Antioxidant and prooxidant properties of flavonoids. Fitoterapia 2011, 82, 513-523.
[CrossRef]

Zheng, L.F; Dai, E; Zhou, B.; Yang, L.; Liu, Z.L. Prooxidant activity of hydroxycinnamic acids on DNA damage in the presence of
Cu(II) ions: Mechanism and structure-activity relationship. Food Chem. Toxicol. 2008, 46, 149-156. [CrossRef]

Eghbaliferiz, S.; Iranshahi, M. Prooxidant activity of polyphenols, flavonoids, anthocyanins and carotenoids: Updated review of
mechanisms and catalyzing metals. Phytother. Res. 2016, 30, 1379-1391. [CrossRef]

Li, X,; Yang, L.; Hao, M.; Song, T.; He, Y.; Yang, M.; Zhang, J. Chlorogenic acid as an indispensible partner of caffeic acid in coffee
via selective regulation of prooxidative actions of caffeic acid. Food Res. Int. 2023, 173, 113482. [CrossRef]

Ribeiro, D.; Freitas, M.; Silva, A.M.S.; Carvalho, F.; Fernandes, E. Antioxidant and pro-oxidant activities of carotenoids and their
oxidation products. Food Chem. Toxicol. 2018, 120, 681-699. [CrossRef]

Patel, M. Targeting oxidative stress in central nervous system disorders. Trends Pharmacol. Sci. 2016, 37, 768-778. [CrossRef]
Liu, L.; Cui, H.; Xu, Y. Quantitative estimation of oxidative stress in cancer tissue cells through gene expression data analyses.
Front. Genet. 2020, 11, 494. [CrossRef]

Tafani, M.; Sansone, L.; Limana, F; Arcangeli, T.; De Santis, E.; Polese, M.; Fini, M.; Russo, M.A. The Interplay of Reactive Oxygen
Species, Hypoxia, Inflammation, and Sirtuins in Cancer Initiation and Progression. Oxid. Med. Cell. Longev. 2016, 2016, 3907147.
[CrossRef]

Li, AN, Li, S;; Zhang, Y.J.; Xu, X.R.; Chen, Y.M.; Li, H.B. Resources and biological activities of natural polyphenols. Nutrients
2014, 6, 6020-6047. [CrossRef]

Marino, P.; Pepe, G.; Basilicata, M.G.; Vestuto, V.; Marzocco, S.; Autore, G.; Procino, A.; Gomez-Monterrey, L. M.; Manfra, M.;
Campiglia, P. Potential Role of Natural Antioxidant Products in Oncological Diseases. Antioxidants 2023, 12, 704. [CrossRef]


https://doi.org/10.1038/s41591-022-02109-2
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21349
https://doi.org/10.3390/nu13113834
https://doi.org/10.1016/S0003-2670(02)00572-X
https://doi.org/10.3390/molecules22040623
https://doi.org/10.3390/nu15122748
https://doi.org/10.3390/biomedicines10082009
https://doi.org/10.1016/j.bcp.2015.07.017
https://doi.org/10.3390/antiox9050378
https://doi.org/10.1016/j.freeradbiomed.2017.01.004
https://doi.org/10.1002/ijc.31653
https://doi.org/10.3390/ijms21218397
https://doi.org/10.3390/ijms24119731
https://doi.org/10.1016/j.fitote.2011.01.018
https://doi.org/10.1016/j.fct.2007.07.010
https://doi.org/10.1002/ptr.5643
https://doi.org/10.1016/j.foodres.2023.113482
https://doi.org/10.1016/j.fct.2018.07.060
https://doi.org/10.1016/j.tips.2016.06.007
https://doi.org/10.3389/fgene.2020.00494
https://doi.org/10.1155/2016/3907147
https://doi.org/10.3390/nu6126020
https://doi.org/10.3390/antiox12030704

Antioxidants 2024, 13, 708 27 of 30

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy:
The bright side of the moon. Exp. Mol. Med. 2020, 52, 192-203. [CrossRef]

Castafieda-Arriaga, R.; Pérez-Gonzélez, A.; Reina, M.; Alvarez-Idaboy, J.R.; Galano, A. Comprehensive Investigation of the
Antioxidant and Pro-oxidant Effects of Phenolic Compounds: A Double-Edged Sword in the Context of Oxidative Stress? J. Phys.
Chem. B 2018, 122, 6198-6214. [CrossRef]

Quagliariello, V.; Basilicata, M.G.; Pepe, G.; De Anseris, R.; Di Mauro, A.; Scognamiglio, G.; Palma, G.; Vestuto, V.; Buccolo, S.;
Luciano, A.; et al. Combination of Spirulina platensis, Ganoderma lucidum and Moringa oleifera Improves Cardiac Functions
and Reduces Pro-Inflammatory Biomarkers in Preclinical Models of Short-Term Doxorubicin-Mediated Cardiotoxicity: New
Frontiers in Cardioncology? J. Cardiovasc. Dev. Dis. 2022, 9, 423. [CrossRef]

Bezerra, D.P,; Militao, G.C.G.; de Morais, M.C.; de Sousa, D.P. The Dual Antioxidant/Prooxidant Effect of Eugenol and Its Action
in Cancer Development and Treatment. Nutrients 2017, 9, 1367. [CrossRef]

Hodnick, W.E; Milosavljevi¢, E.B.; Nelson, J.H.; Pardini, R.S. Electrochemistry of flavonoids. Relationships between redox
potentials, inhibition of mitochondrial respiration, and production of oxygen radicals by flavonoids. Biochem. Pharmacol. 1988, 37,
2607-2611. [CrossRef]

Aranda-Rivera, A K.; Cruz-Gregorio, A.; Arancibia-Herndndez, Y.L.; Hernandez-Cruz, E.Y.; Pedraza-Chaverri, ]. RONS and
Oxidative Stress: An Overview of Basic Concepts. Oxygen 2022, 2, 437-478. [CrossRef]

Lin, ].H.; Walter, P,; Yen, T.S. Endoplasmic reticulum stress in disease pathogenesis. Annu. Rev. Pathol. 2008, 3, 399-425. [CrossRef]
[PubMed]

Santos, C.X.; Tanaka, L.Y.; Wosniak, J.; Laurindo, F.R. Mechanisms and implications of reactive oxygen species generation during
the unfolded protein response: Roles of endoplasmic reticulum oxidoreductases, mitochondrial electron transport, and NADPH
oxidase. Antioxid. Redox Signal 2009, 11, 2409-2427. [CrossRef] [PubMed]

Choi, D.G.; Venkatesan, J.; Shim, M.S. Selective Anticancer Therapy Using Pro-Oxidant Drug-Loaded Chitosan-Fucoidan
Nanoparticles. Int. J. Mol. Sci. 2019, 20, 3220. [CrossRef] [PubMed]

Schwarz, D.S.; Blower, M.D. The endoplasmic reticulum: Structure, function and response to cellular signaling. Cell Mol. Life Sci.
2016, 73, 79-94. [CrossRef] [PubMed]

Seervi, M.; Rani, A.; Sharma, A.K.; Santhosh Kumar, T.R. ROS mediated ER stress induces Bax-Bak dependent and independent
apoptosis in response to Thioridazine. Biomed. Pharmacother. 2018, 106, 200-209. [CrossRef] [PubMed]

Read, A.; Schroder, M. The Unfolded Protein Response: An Overview. Biology 2021, 10, 384. [CrossRef] [PubMed]

Fang, J.; Seki, T.; Maeda, H. Therapeutic strategies by modulating oxygen stress in cancer and inflammation. Adv. Drug Deliv. Rev.
2009, 61, 290-302. [CrossRef]

de Freitas Rodrigues, C.; Ramos Boldori, ].; Valandro Soares, M.; Somacal, S.; Emanuelli, T.; Izaguirry, A.; Weber Santos Cibin,
F.; Rossini Augusti, P.; Casagrande Denardin, C. Goji berry (Lycium barbarum L.) juice reduces lifespan and premature aging of
Caenorhabditis elegans: Is it safe to consume it? Food Res. Int. 2021, 144, 110297. [CrossRef]

Lu, Y;; Guo, S.; Zhang, E; Yan, H.; Qian, D.W.; Wang, H.Q,; Jin, L.; Duan, J.A. Comparison of Functional Components and
Antioxidant Activity of Lycium barbarum L. Fruits from Different Regions in China. Molecules 2019, 24, 2228. [CrossRef]
Potterat, O. Goji (Lycium barbarum and L. chinense): Phytochemistry, pharmacology and safety in the perspective of traditional
uses and recent popularity. Planta Med. 2010, 76, 7-19. [CrossRef]

Ma, R.; Zhang, X.X.; Ni, Z.].; Thakur, K.; Wang, W.; Yan, YM.; Cao, Y.L.; Zhang, ].G.; Rengasamy, K.R.R.; Wei, Z.J. Lycium barbarum
(Goji) as functional food: A review of its nutrition, phytochemical structure, biological features, and food industry prospects. Crit.
Rev. Food Sci. Nutr. 2023, 63, 10621-10635. [CrossRef]

Qian, D.; Zhao, Y.; Yang, G.; Huang, L. Systematic Review of Chemical Constituents in the Genus Lycium (Solanaceae). Molecules
2017, 22,911. [CrossRef] [PubMed]

Chen, D. Chemical constituents from Lycium barbarum (Solanaceae) and their chemophenetic significance. Biochem. Syst. Ecol.
2021, 97,104292. [CrossRef]

Yang, Y.; Chang, Y.; Wu, Y,; Liu, H,; Liu, Q.; Kang, Z.; Wu, M.; Yin, H.; Duan, J. A homogeneous polysaccharide from Lycium
barbarum: Structural characterizations, anti-obesity effects and impacts on gut microbiota. Int. J. Biol. Macromol. 2021, 183,
2074-2087. [CrossRef]

Toh, D.WK; Xia, X.; Sutanto, C.N.; Low, ].H.M.; Poh, K.K,; Wang, ] W.; Foo, R.S.; Kim, ].E. Enhancing the cardiovascular protective
effects of a healthy dietary pattern with wolfberry (Lycium barbarum): A randomized controlled trial. Am. J. Clin. Nutr. 2021, 114,
80-89. [CrossRef]

Kaloyan, D.; Georgiev, J.; Slavov, I. Synergistic Growth Inhibitory Effects of Lycium barbarum (Goji berry) Extract with Doxorubicin
against Human Breast Cancer Cells. J. Pharm. Pharmacol. Res. 2019, 3, 051-058.

Jin, H.; Li, M,; Tian, F; Yu, E; Zhao, W. An Overview of Antitumour Activity of Polysaccharides. Molecules 2022, 27, 8083.
[CrossRef]

Miranda, M.R; Vestuto, V.; Amodio, G.; Manfra, M.; Pepe, G.; Campiglia, P. Antitumor Mechanisms of Lycium barbarum Fruit: An
Overview of In Vitro and In Vivo Potential. Life 2024, 14, 420. [CrossRef]

Aquino, G.; Basilicata, M.G.; Crescenzi, C.; Vestuto, V.; Salviati, E.; Cerrato, M.; Ciaglia, T.; Sansone, F.; Pepe, G.; Campiglia, P.
Optimization of microwave-assisted extraction of antioxidant compounds from spring onion leaves using Box-Behnken design.
Sci. Rep. 2023, 13, 14923. [CrossRef]


https://doi.org/10.1038/s12276-020-0384-2
https://doi.org/10.1021/acs.jpcb.8b03500
https://doi.org/10.3390/jcdd9120423
https://doi.org/10.3390/nu9121367
https://doi.org/10.1016/0006-2952(88)90253-5
https://doi.org/10.3390/oxygen2040030
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151434
https://www.ncbi.nlm.nih.gov/pubmed/18039139
https://doi.org/10.1089/ars.2009.2625
https://www.ncbi.nlm.nih.gov/pubmed/19388824
https://doi.org/10.3390/ijms20133220
https://www.ncbi.nlm.nih.gov/pubmed/31262038
https://doi.org/10.1007/s00018-015-2052-6
https://www.ncbi.nlm.nih.gov/pubmed/26433683
https://doi.org/10.1016/j.biopha.2018.06.123
https://www.ncbi.nlm.nih.gov/pubmed/29960166
https://doi.org/10.3390/biology10050384
https://www.ncbi.nlm.nih.gov/pubmed/33946669
https://doi.org/10.1016/j.addr.2009.02.005
https://doi.org/10.1016/j.foodres.2021.110297
https://doi.org/10.3390/molecules24122228
https://doi.org/10.1055/s-0029-1186218
https://doi.org/10.1080/10408398.2022.2078788
https://doi.org/10.3390/molecules22060911
https://www.ncbi.nlm.nih.gov/pubmed/28629116
https://doi.org/10.1016/j.bse.2021.104292
https://doi.org/10.1016/j.ijbiomac.2021.05.209
https://doi.org/10.1093/ajcn/nqab062
https://doi.org/10.3390/molecules27228083
https://doi.org/10.3390/life14030420
https://doi.org/10.1038/s41598-023-42303-x

Antioxidants 2024, 13, 708 28 of 30

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Imeneo, V.; De Bruno, A.; Piscopo, A.; Romeo, R.; Poiana, M. Valorization of ‘Rossa di Tropea” Onion Waste through Green
Recovery Techniques of Antioxidant Compounds. Sustainability 2022, 14, 4387. [CrossRef]

Samec, D.; Bogovi¢, M.; Vincek, D.; Martinéi¢, J.; Salopek-Sondi, B. Assessing the authenticity of the white cabbage (Brassica
oleracea var. capitata f. alba) cv. “Varazdinski’ by molecular and phytochemical markers. Food Res. Int. 2014, 60, 266-272. [CrossRef]
Wang, H.; Zhu, Y.; Xie, D.; Zhang, H.; Zhang, Y.; Jin, P.; Du, Q. The Effect of Microwave Radiation on the Green Color Loss of
Green Tea Powder. Foods 2022, 11, 2540. [CrossRef] [PubMed]

Zhang, M.; Choe, J.; Bu, T,; Liu, S.; Kim, S. Comparison of Antioxidant Properties and Metabolite Profiling of Acer pseudoplatanus
Leaves of Different Colors. Antioxidants 2022, 12, 65. [CrossRef]

Moreno, M.T.; Rodriguez Mellado, ].M. Spectrophotometric and Electrochemical Assessment of the Antioxidant Capacity of
Aqueous and Ethanolic Extracts of Citrus Flavedos. Oxygen 2022, 2, 99-108. [CrossRef]

Walker, R.B.; Everette, ].D. Comparative reaction rates of various antioxidants with ABTS radical cation. J. Agric. Food Chem. 2009,
57,1156-1161. [CrossRef]

Umar, T.; Shalini, S.; Raza, M.K,; Gusain, S.; Kumar, J.; Ahmed, W.; Tiwari, M.; Hoda, N. New amyloid beta-disaggregating
agents: Synthesis, pharmacological evaluation, crystal structure and molecular docking of N-(4-((7-chloroquinolin-4-yl)oxy)-3-
ethoxybenzyl)amines. MedChemComm 2018, 9, 1891-1904. [CrossRef]

Santoro, A.; Grimaldi, M.; Buonocore, M.; Stillitano, I.; Gloria, A.; Santin, M.; Bobba, F.; Sublimi Saponetti, M.; Ciaglia, E.; D’Ursi,
AM. New A[3(1-42) ligands from anti-amyloid antibodies: Design, synthesis, and structural interaction. Eur. J. Med. Chem. 2022,
237,114400. [CrossRef] [PubMed]

Colarusso, E.; Ceccacci, S.; Monti, M.C.; Gazzillo, E.; Giordano, A.; Chini, M.G.; Ferraro, M.G.; Piccolo, M.; Ruggiero, D.; Irace, C.;
et al. Identification of 2,4,5-trisubstituted-2,4-dihydro-3H-1,2,4-triazol-3-one-based small molecules as selective BRD9 binders.
Eur. J. Med. Chem. 2023, 5, 115018. [CrossRef]

Pagliara, V.; Amodio, G.; Vestuto, V.; Franceschelli, S.; Russo, N.A; Cirillo, V.; Mottola, G.; Remondelli, P.; Moltedo, O. Myogenesis
in C2C12 Cells Requires Phosphorylation of ATF6a by p38 MAPK. Biomedicines 2023, 11, 1457. [CrossRef]

Buonocore, M.; Grimaldi, M.; Santoro, A.; Covelli, V.; Marino, C.; Napolitano, E.; Novi, S.; Tecce, M.E,; Ciaglia, E.; Montella,
F,; et al. Exploiting the Features of Short Peptides to Recognize Specific Cell Surface Markers. Int. J. Mol. Sci. 2023, 24, 15610.
[CrossRef] [PubMed]

Cerqua, I.; Musella, S.; Peltner, L.K.; D’Avino, D.; Di Sarno, V.; Granato, E.; Vestuto, V.; Di Matteo, R.; Pace, S.; Ciaglia,
T.; et al. Discovery and Optimization of Indoline-Based Compounds as Dual 5-LOX/sEH Inhibitors: In Vitro and In Vivo
Anti-Inflammatory Characterization. J. Med. Chem. 2022, 65, 14456-14480. [CrossRef] [PubMed]

Di Sarno, V.; Giovannelli, P.; Medina-Peris, A.; Ciaglia, T.; Di Donato, M.; Musella, S.; Lauro, G.; Vestuto, V.; Smaldone, G;
Di Matteo, F,; et al. New TRPMS blockers exert anticancer activity over castration-resistant prostate cancer models. Eur. J. Med.
Chem. 2022, 238, 114435. [CrossRef] [PubMed]

Wang, H.; Li, J.; Tao, W.; Zhang, X.; Gao, X.; Yong, J.; Duan, J.A. Lycium ruthenicum studies: Molecular biology, phytochemistry
and pharmacology. Food Chem. 2018, 240, 759-766. [CrossRef] [PubMed]

Ili¢, T.; Dodevska, M.; Marceti¢, M.; Bozi¢, D.; Kodranov, I.; Vidovié, B. Chemical Characterization, Antioxidant and Antimicrobial
Properties of Goji Berries Cultivated in Serbia. Foods 2020, 6, 1614. [CrossRef] [PubMed]

Skenderidis, P; Lampakis, D.; Giavasis, I.; Leontopoulos, S.; Petrotos, K.; Hadjichristodoulou, C.; Tsakalof, A. Chemical Properties,
Fatty-Acid Composition, and Antioxidant Activity of Goji Berry (Lycium barbarum L. and Lycium chinense Mill.) Fruits. Antioxidants
2019, 8, 60. [CrossRef] [PubMed]

Raj, K.; Rajni, S.; Mohan, S.T.; Shweta, S.; Amarjit, K. Comparative study of phytochemicals, antioxidant activities and chro-
matographic profiling of different parts of Lycium ruthenicum Murr of Trans-Himalayan region. Phytomed. Plus 2022, 2, 100339.
[CrossRef]

Xiao, X.; Ren, W.; Zhang, N.; Bing, T.; Liu, X.; Zhao, Z.; Shangguan, D. Comparative study of the chemical constituents and
bioactivities of the extracts from fruits, leaves and root barks of Lycium barbarum. Molecules 2019, 24, 1585. [CrossRef] [PubMed]

Yossa Nzeuwa, I.B.; Xia, Y.; Qiao, Z.; Feng, F,; Bian, J.; Liu, W.; Qu, W. Comparison of the origin and phenolic contents of Lycium
ruthenicum Murr. by high-performance liquid chromatography fingerprinting combined with quadrupole time-of-flight mass
spectrometry and chemometrics. J. Sep. Sci. 2017, 40, 1234-1243. [CrossRef]

Alcazar Magafia, A.; Kamimura, N.; Soumyanath, A.; Stevens, ].F.; Maier, C.S. Caffeoylquinic acids: Chemistry, biosynthesis,
occurrence, analytical challenges, and bioactivity. Plant J. 2021, 107, 1299-1319. [CrossRef]

Liu, W.; Xia, M.; Bai, J.; Yang, L.; Wang, Z.; Wang, R.; Shi, Y. Chemical characterization and 5x-reductase inhibitory activity of
phenolic compounds in goji berries. J. Pharm. Biomed. Anal. 2021, 201, 114119. [CrossRef]

Oliw, E.H.; Su, C.; Skogstrém, T.; Benthin, G. Analysis of novel hydroperoxides and other metabolites of oleic, linoleic, and
linolenic acids by liquid chromatography-mass spectrometry with ion trap MSn. Lipids 1998, 33, 843-852. [CrossRef] [PubMed]

Pontieri, P; Pepe, G.; Campiglia, P.; Merciai, F; Basilicata, M.G.; Smolensky, D.; Calcagnile, M.; Troisi, J.; Romano, R.; Del Giudice,
F.; et al. Comparison of Content in Phenolic Compounds and Antioxidant Capacity in Grains of White, Red, and Black Sorghum
Varieties Grown in the Mediterranean Area. ACS Food Sci. 2021, 1, 1109-1119. [CrossRef]

Kang, J.; Price, W.E.; Ashton, J.; Tapsell, L.C.; Johnson, S. Identification and characterization of phenolic compounds in hy-
dromethanolic extracts of sorghum wholegrains by LC-ESI-MS(n). Food Chem. 2016, 211, 215-226. [CrossRef] [PubMed]


https://doi.org/10.3390/su14084387
https://doi.org/10.1016/j.foodres.2013.07.015
https://doi.org/10.3390/foods11162540
https://www.ncbi.nlm.nih.gov/pubmed/36010542
https://doi.org/10.3390/antiox12010065
https://doi.org/10.3390/oxygen2020009
https://doi.org/10.1021/jf8026765
https://doi.org/10.1039/c8md00312b
https://doi.org/10.1016/j.ejmech.2022.114400
https://www.ncbi.nlm.nih.gov/pubmed/35489223
https://doi.org/10.1016/j.ejmech.2022.115018
https://doi.org/10.3390/biomedicines11051457
https://doi.org/10.3390/ijms242115610
https://www.ncbi.nlm.nih.gov/pubmed/37958593
https://doi.org/10.1021/acs.jmedchem.2c00817
https://www.ncbi.nlm.nih.gov/pubmed/36318728
https://doi.org/10.1016/j.ejmech.2022.114435
https://www.ncbi.nlm.nih.gov/pubmed/35598411
https://doi.org/10.1016/j.foodchem.2017.08.026
https://www.ncbi.nlm.nih.gov/pubmed/28946340
https://doi.org/10.3390/foods9111614
https://www.ncbi.nlm.nih.gov/pubmed/33172053
https://doi.org/10.3390/antiox8030060
https://www.ncbi.nlm.nih.gov/pubmed/30857360
https://doi.org/10.1016/j.phyplu.2022.100339
https://doi.org/10.3390/molecules24081585
https://www.ncbi.nlm.nih.gov/pubmed/31013650
https://doi.org/10.1002/jssc.201601147
https://doi.org/10.1111/tpj.15390
https://doi.org/10.1016/j.jpba.2021.114119
https://doi.org/10.1007/s11745-998-0280-0
https://www.ncbi.nlm.nih.gov/pubmed/9778131
https://doi.org/10.1021/acsfoodscitech.1c00115
https://doi.org/10.1016/j.foodchem.2016.05.052
https://www.ncbi.nlm.nih.gov/pubmed/27283625

Antioxidants 2024, 13, 708 29 of 30

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Bondia-Pons, I; Savolainen, O.; Térronen, R.; Martinez, A.; Poutanen, K.; Hanhineva, K. Metabolic profiling of Goji berry extracts
for discrimination of geographical origin by non-targeted liquid chromatography coupled to quadrupole time-of-flight mass
spectrometry. Food Res. Int. 2014, 63, 132-138. [CrossRef]

Lu, W,; Jiang, Q.; Shi, H.; Niu, Y.; Gao, B.; Yu, L.L. Partial least-squares-discriminant analysis differentiating Chinese wolfberries
by UPLC-MS and flow injection mass spectrometric (FIMS) fingerprints. J. Agric. Food Chem. 2014, 62, 9073-9080. [CrossRef]
Duan, W.,; Zhang, Z.; Zhu, ].; Zhang, D.; Qian, D.; Teng, E.; Zhao, Y.; Chen, F,; Li, R.; Yang, ].]. M. Comparative Analysis of the
Phenolic Profile of Lycium barbarum L. Fruits from Different Regions in China. Molecules 2022, 27, 5842. [CrossRef] [PubMed]
Yang, X.; Lin, S.; Jia, Y.; Rehman, F,; Zeng, S.; Wang, Y. Anthocyanin and spermidine derivative hexoses coordinately increase in
the ripening fruit of Lycium ruthenicum. Food Chem. 2020, 311, 125874. [CrossRef] [PubMed]

Wang, H.; Gao, R; Liu, J.; Zhang, S.; Zhao, Y.; Yu, Z. UPLC-Q-Exactive-based rats serum metabolomics for characterization of
traditional Chinese medicine Natures and Flavors. J. Ethnopharmacol. 2023, 302, 115931. [CrossRef]

Dumont, D.; Danielato, G.; Chastellier, A.; Hibrand Saint Oyant, L.; Fanciullino, A.-L.; Lugan, R.J.M. Multi-targeted metabolic
profiling of carotenoids, phenolic compounds and primary metabolites in goji (Lycium spp.) berry and tomato (Solanum
Iycopersicum) reveals inter and intra genus biomarkers. Metabolites 2020, 10, 422. [CrossRef]

Carolina, L.; Ramirez, A.; Aguilera, R.J. Differential nuclear staining assay for high-throughput screening to identify cytotoxic
compounds. Curr. Cell. Biochem. 2011, 1, 1.

Yu, P; Zhang, X.; Liu, N; Tang, L.; Peng, C.; Chen, X. Pyroptosis: Mechanisms and diseases. Signal Transduct. Target. Ther. 2001, 6,
128. [CrossRef]

Suchiya, K. Switching from Apoptosis to Pyroptosis: Gasdermin-Elicited Inflammation and Antitumor Immunity. Int. J. Mol. Sci.
2021, 22, 426. [CrossRef] [PubMed]

Liu, S;; Du, J.; Li, D.; Yang, P.; Kou, Y.; Li, C.; Zhou, Q.; Lu, Y.; Hasegawa, T.; Li, M. Oxidative stress induced pyroptosis leads to
osteogenic dysfunction of MG63 cells. J. Mol. Histol. 2020, 51, 221-232. [CrossRef] [PubMed]

Ping, Z.; Tou, F.; Zhan, Y.; Cai, X.; Lang, H.; Fan, H.; Jun, M.; Liang, S. Oxidative Stress and Pyroptosis in Doxorubicin-Induced
Heart Failure and Atrial Fibrillation. Oxid. Med. Cell. Longev. 2023, 2023, 4938287. [CrossRef]

Carvalho, C.; Santos, R.X.; Cardoso, S.; Correia, S.; Oliveira, PJ.; Santos, M.S.; Moreira, P.I. Doxorubicin: The good, the bad and
the ugly effect. Curr. Med. Chem. 2009, 16, 3267-3285. [CrossRef]

Beriault, D.R.; Werstuck, G.H. Detection and quantification of endoplasmic reticulum stress in living cells using the fluorescent
compound, Thioflavin T. Biochim. Biophys. Acta 2013, 1833, 2293-2301. [CrossRef] [PubMed]

Ryoo, H.D. Long and short (timeframe) of endoplasmic reticulum stress-induced cell death. FEBS J. 2016, 283, 3718-3722.
[CrossRef]

Badiola, N.; Penas, C.; Mifiano-Molina, A.; Barneda-Zahonero, B.; Fad¢, R.; Sanchez-Opazo, G.; Comella, ].X.; Sabria, J.; Zhu, C,;
Blomgren, K,; et al. Induction of ER stress in response to oxygen-glucose deprivation of cortical cultures involves the activation of
the PERK and IRE-1 pathways and of caspase-12. Cell Death Dis. 2011, 2, €149. [CrossRef]

Morishima, N.; Nakanishi, K.; Tsuchiya, K.; Shibata, T.; Seiwa, E. Translocation of Bim to the endoplasmic reticulum (ER) mediates
ER stress signaling for activation of caspase-12 during ER stress-induced apoptosis. J. Biol. Chem. 2004, 279, 50375-50381.
[CrossRef]

Lebeaupin, C.; Proics, E.; de Bieville, C. ER stress induces NLRP3 inflammasome activation and hepatocyte death. Cell Death Dis.
2005, 6, €1879. [CrossRef] [PubMed]

Li, W,; Cao, T.; Luo, C.; Cai, J.; Zhou, X.; Xiao, X.; Liu, S. Crosstalk between ER stress, NLRP3 inflammasome, and inflammation.
Appl. Microbiol. Biotechnol. 2020, 104, 6129-6140. [CrossRef] [PubMed]

Cullinan, S.B.; Zhang, D.; Hannink, M.; Arvisais, E.; Kaufman, R.J.; Diehl, J.A. Nrf2 is a direct PERK substrate and effector of
PERK-dependent cell survival. Mol. Cell. Biol. 2003, 23, 7198-7209. [CrossRef] [PubMed]

Gong, T.; Yang, Y.; Jin, T.; Jiang, W.; Zhou, R. Orchestration of NLRP3 inflammasome activation by ion fluxes. Trends Immunol.
2018, 39, 393-406. [CrossRef]

Gomez-Suaga, P.; Bravo-San Pedro, ].M.; Gonzalez-Polo, R.A.; Fuentes, ].M.; Niso-Santano, M. ER-mitochondria signaling in
Parkinson’s disease. Cell Death Dis. 2018, 9, 337. [CrossRef] [PubMed]

Belvedere, R.; Morretta, E.; Novizio, N.; Morello, S.; Bruno, O.; Brullo, C.; Petrella, A. The Pyrazolyl-Urea Gege3 Inhibits the
Activity of ANXAT1 in the Angiogenesis Induced by the Pancreatic Cancer Derived EVs. Biomolecules 2021, 11, 1758. [CrossRef]
[PubMed]

Senthil, K.; Aranganathan, S.; Nalini, N. Evidence of oxidative stress in the circulation of ovarian cancer patients. Clin. Chim. Acta
2004, 339, 27-32. [CrossRef]

Liou, G.Y,; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479-496. [CrossRef]

Shin, J.; Song, M.H.; Oh, J.W.; Keum, Y.S.; Saini, R.K. Pro-Oxidant Actions of Carotenoids in Triggering Apoptosis of Cancer Cells:
A Review of Emerging Evidence. Antioxidants 2020, 9, 532. [CrossRef]

Martin-Cordero, C.; Leon-Gonzalez, A.].; Calderon-Montano, ].M.; Burgos-Moron, E.; Lopez-Lazaro, M. Pro-oxidant natural
products as anticancer agents. Curr. Drug Targets 2012, 13, 1006-1028. [CrossRef]

D’angelo, S.; D’Angelo, S.; Martino, E.; Ilisso, C.P.; Bagarolo, M.L.; Porcelli, M.; Cacciapuoti, G. Pro-oxidant and pro-apoptotic
activity of polyphenol extract from Annurca apple and its underlying mechanisms in human breast cancer cells. Int. J. Oncol.
2017, 51, 939-948. [CrossRef] [PubMed]


https://doi.org/10.1016/j.foodres.2014.01.067
https://doi.org/10.1021/jf502156n
https://doi.org/10.3390/molecules27185842
https://www.ncbi.nlm.nih.gov/pubmed/36144578
https://doi.org/10.1016/j.foodchem.2019.125874
https://www.ncbi.nlm.nih.gov/pubmed/31735461
https://doi.org/10.1016/j.jep.2022.115931
https://doi.org/10.3390/metabo10100422
https://doi.org/10.1038/s41392-021-00507-5
https://doi.org/10.3390/ijms22010426
https://www.ncbi.nlm.nih.gov/pubmed/33406603
https://doi.org/10.1007/s10735-020-09874-9
https://www.ncbi.nlm.nih.gov/pubmed/32356234
https://doi.org/10.1155/2023/4938287
https://doi.org/10.2174/092986709788803312
https://doi.org/10.1016/j.bbamcr.2013.05.020
https://www.ncbi.nlm.nih.gov/pubmed/23747341
https://doi.org/10.1111/febs.13755
https://doi.org/10.1038/cddis.2011.31
https://doi.org/10.1074/jbc.M408493200
https://doi.org/10.1038/cddis.2015.248
https://www.ncbi.nlm.nih.gov/pubmed/26355342
https://doi.org/10.1007/s00253-020-10614-y
https://www.ncbi.nlm.nih.gov/pubmed/32447438
https://doi.org/10.1128/MCB.23.20.7198-7209.2003
https://www.ncbi.nlm.nih.gov/pubmed/14517290
https://doi.org/10.1016/j.it.2018.01.009
https://doi.org/10.1038/s41419-017-0079-3
https://www.ncbi.nlm.nih.gov/pubmed/29497039
https://doi.org/10.3390/biom11121758
https://www.ncbi.nlm.nih.gov/pubmed/34944403
https://doi.org/10.1016/j.cccn.2003.08.017
https://doi.org/10.3109/10715761003667554
https://doi.org/10.3390/antiox9060532
https://doi.org/10.2174/138945012802009044
https://doi.org/10.3892/ijo.2017.4088
https://www.ncbi.nlm.nih.gov/pubmed/28766690

Antioxidants 2024, 13, 708 30 of 30

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Kepinska, M.; Kizek, R.; Milnerowicz, H. Metallothionein and Superoxide Dismutase—Antioxidative Protein Status in Fullerene-
Doxorubicin Delivery to MCF-7 Human Breast Cancer Cells. Int. |. Mol. Sci. 2018, 19, 3253. [CrossRef] [PubMed]

Irazabal, M.V.; Torres, V.E. Reactive Oxygen Species and Redox Signaling in Chronic Kidney Disease. Cells 2020, 9, 1342. [CrossRef]
[PubMed]

Courage, S.D.; Haihui, Z.; Vera, G.; David, A.-D.; Yuqing, D. Anti- and pro-oxidant properties of polyphenols and their role in
modulating glutathione synthesis, activity and cellular redox potential: Potential synergies for disease management. Adv. Redox
Res. 2024, 11, 100099. [CrossRef]

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363-383. [CrossRef] [PubMed]

Martucciello, S.; Masullo, M.; Cerulli, A.; Piacente, S. Natural Products Targeting ER Stress, and the Functional Link to Mitochon-
dria. Int. J. Mol. Sci. 2020, 21, 1905. [CrossRef] [PubMed]

Vestuto, V.,; Di Sarno, V.; Musella, S.; Di Dona, G.; Moltedo, O.; Gomez-Monterrey, LM.; Bertamino, A.; Ostacolo, C.; Campiglia,
P; Ciaglia, T. New Frontiers on ER Stress Modulation: Are TRP Channels the Leading Actors? Int. J. Mol. Sci. 2023, 24, 185.
[CrossRef] [PubMed]

Georgiev, K.D.; Slavov, L].; Iliev, L A. Antioxidant Activity and Antiproliferative Effects of Lycium barbarum’s (Goji berry) Fractions
on Breast Cancer Cell Lines. Folia Med. 2019, 61, 104-112. [CrossRef] [PubMed]

Du, X,; Zhang, J.; Liu, L.; Xu, B.; Han, H.; Dai, W,; Pei, X.; Fu, X,; Hou, S. A novel anticancer property of Lycium barbarum
polysaccharide in triggering ferroptosis of breast cancer cells. J. Zhejiang Univ. Sci. B 2022, 23, 286-299. [CrossRef]

Wawruszak, A.; Czerwonka, A.; Okla, K.; Rzeski, W. Anticancer effect of ethanol Lycium barbarum (Goji berry) extract on human
breast cancer T47D cell line. Nat. Prod. Res. 2016, 30, 1993-1996. [CrossRef]

Claudine, M.; Gary, W.; Christine, M.; Augustin, S.; Christian, R. Bioavailability and bioefficacy of polyphenols in humans. I.
Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 2305-242S. [CrossRef] [PubMed]

Yang, C.; Xia, H.; Tang, H.; Yang, L.; Sun, G. Tissue distribution of Lycium barbarum polysaccharides in rat tissue by fluorescein
isothiocyanate labeling. Food Sci. Hum. Wellness 2022, 11, 837-844. [CrossRef]

Xia, H.; Yang, C.; Zhou, B,; Tang, H.; Yang, L.; Liao, W.; Sun, G. Pharmacokinetics and Excretion Study of Lycium barbarum
Polysaccharides in Rats by FITC-Fluorescence Labeling. Foods 2021, 10, 2851. [CrossRef] [PubMed]

Avila-Gélvez, M.A.; Gonzalez-Sarrias, A.; Martinez-Diaz, F.; Abellan, B.; Martinez-Torrano, A.J.; Fernandez-Loépez, A.J.; Giménez-
Bastida, J.A.; Espin, J.C. Disposition of Dietary Polyphenols in Breast Cancer Patients” Tumors, and Their Associated Anticancer
Activity: The Particular Case of Curcumin. Mol. Nutr. Food Res. 2021, 65, €2100163. [CrossRef] [PubMed]

Xin, Y.E; Zhou, G.L.; Deng, Z.Y.; Chen, Y.X.; Wu, Y.G.; Xu, P.S. Protective effect of Lycium barbarum on doxorubicin-induced
cardiotoxicity. Phytother. Res. 2007, 21, 1020-1024. [CrossRef] [PubMed]

Deng, X.; Luo, S.; Luo, X.; Hu, M.; Ma, E; Wang, Y. Fraction from Lycium barbarum Polysaccharides Reduces Immunotoxicity and
Enhances Antitumor Activity of Doxorubicin in Mice. Integr. Cancer Ther. 2018, 17, 860-866. [CrossRef]

Sun, L.; Zuo, C; Liu, X,; Guo, Y,; Wang, X.; Dong, Z.; Han, M. Combined Photothermal Therapy and Lycium barbarum
Polysaccharide for Topical Administration to Improve the Efficacy of Doxorubicin in the Treatment of Breast Cancer. Pharmaceutics
2022, 14, 2677. [CrossRef]

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


https://doi.org/10.3390/ijms19103253
https://www.ncbi.nlm.nih.gov/pubmed/30347787
https://doi.org/10.3390/cells9061342
https://www.ncbi.nlm.nih.gov/pubmed/32481548
https://doi.org/10.1016/j.arres.2024.100099
https://doi.org/10.1038/s41580-020-0230-3
https://www.ncbi.nlm.nih.gov/pubmed/32231263
https://doi.org/10.3390/ijms21061905
https://www.ncbi.nlm.nih.gov/pubmed/32168739
https://doi.org/10.3390/ijms24010185
https://www.ncbi.nlm.nih.gov/pubmed/36613628
https://doi.org/10.2478/folmed-2018-0053
https://www.ncbi.nlm.nih.gov/pubmed/31237845
https://doi.org/10.1631/jzus.B2100748
https://doi.org/10.1080/14786419.2015.1101691
https://doi.org/10.1093/ajcn/81.1.230S
https://www.ncbi.nlm.nih.gov/pubmed/15640486
https://doi.org/10.1016/j.fshw.2022.03.004
https://doi.org/10.3390/foods10112851
https://www.ncbi.nlm.nih.gov/pubmed/34829132
https://doi.org/10.1002/mnfr.202100163
https://www.ncbi.nlm.nih.gov/pubmed/33939887
https://doi.org/10.1002/ptr.2186
https://www.ncbi.nlm.nih.gov/pubmed/17622973
https://doi.org/10.1177/1534735417753544
https://doi.org/10.3390/pharmaceutics14122677

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Determination of Total Phenolic Content (TPC), Total Flavonoid Content (TFC), and Total Chlorophyll and Carotenoid Content 
	Determination of Antioxidant Activity through DPPH and ABTS Assays 
	Metal Binding Studies 
	UHPLC-HRMS/MS Analysis 
	Quantitative Analysis 
	Cell Cultures and Drug Treatment 
	Cell Viability Assay and Phase-Contrast Analysis 
	Colony Formation Assay 
	Wound Healing Assay 
	Determination of Hypodiploid Nuclei 
	PI/Hoechst 33342 Double Staining Assay 
	Western Blotting Analysis 
	Measurement of LDH 
	ROS Detection 
	RNA Extraction, Reverse Transcription, and Real-Time PCR 
	RT-PCR and XBP1 Splicing Assay 
	Determination of Protein Misfolding 
	Measurement of Intracellular Ca2+ Signaling 
	Statistical Analysis 

	Results 
	Total Phenolic, Flavonoid, Chlorophyll, and Carotenoid Content, and Antioxidant Activity 
	Phytochemical Profile of LBE 
	LBE Induces Pyroptosis in MCF-7 Cells, Saving Healthy Cells 
	LBE Elicits Oxidative Stress in MCF-7 Cancer Cells and Exhibits Antioxidant Effects in Healthy Cells 
	LBE Induces ER Stress in MCF-7 Cancer Cells, Promoting Inflammasome Activation 

	Discussion 
	Conclusions 
	References

