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Abstract

Nucleolin (NCL), an RNA-binding protein which regulates critical cellular processes, is
frequently dysregulated in human cancers, including breast cancer, making it an attractive
therapeutic target. However, molecular details of the RNA-NCL interaction have not
been investigated yet. A tRNA fragment named tRF3E, displaying tumor suppressor roles
in breast cancer, was found to bind NCL with high affinity displacing NCL-controlled
transcripts. Here, we investigated the determinants and cooperativity of tRF3E-NCL
interaction by Electrophoretic Mobility Shift Assays and in silico docking analysis, using
wild-type or mutated tRF3E. We found that NCL, through its RNA-binding domains (RBD1-
2 and RBD3-4), binds simultaneously two tRF3E molecules, giving rise to an energetically
favored complex. Instead, a mutant form of tRF3E (M19-24), in which the NCL recognition
element in position 19-24 has been disrupted, contacts NCL exclusively at RBD3—4, causing
the loss of cooperativity among RBDs. Importantly, when expressed in MCF7 breast cancer
cells, tRF3E significantly reduced cell proliferation and colony formation, confirming its
role as tumor suppressor, but tRF3E functional properties were lost when the 19-24 motif
was mutated, suggesting that cooperativity among multiple domains is required for the
NCL-mediated tRF3E antitumor function. This study sheds light on the dynamic of RNA-
NCL interaction and lays the foundations for using tRF3E as a promising NCL-targeted
biodrug candidate.

Keywords: nucleolin; tRNA fragments; RNA-protein interaction; breast cancer

1. Introduction

Nucleolin (NCL) is an evolutionarily conserved RNA-binding protein, highly ex-
pressed in the nucleolus, where it plays essential roles in ribosome biogenesis; it is also

Biomolecules 2025, 15, 1054 1 https://doi.org/10.3390/biom15071054
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found in the nucleoplasm, cytoplasm and cell membrane [1]. NCL is a multifunctional
protein able to modulate crucial molecular processes such as cell proliferation and sur-
vival [2]. The multiple functions of NCL reflect its complex structure. NCL is composed of
710 amino acid residues, and it can be divided into three main structural regions endowed
with specific activities. The N- and C-terminal regions are involved in the interaction with
other proteins, including components of the pre-rRNA processing complex and riboso-
mal proteins. The central region of NCL contains four tandem RNA-binding domains
(RBS1-2 and RBS3—4) that mediate its interaction with target RNAs, such as ribosomal
RNA precursor (pre-rRNA), and permit the post-transcriptional regulation (processing,
stability and translation) of recognized messenger RNAs [3]. The NCL recognition element
(NRE) is characterized by a G-rich signature motif (U/G)CCCG(A/G) within a stem-loop
structure [4,5]. NCL is also involved in pathological processes, particularly cancer and viral
infections [6]. Indeed, it is highly expressed and associated with poor prognosis in several
different human cancers, including gastric cancer [7], breast cancer [8], non-small-cell
lung cancer [9], pancreatic cancer [10,11] and endometrial cancer [12]. The p53 and BCL-2
mRNAs emerge among the NCL-regulated transcripts having a role in cancer. The p53
mRNA translation is inhibited by NCL binding [13,14], whereas BCL-2 mRNA stability is
enhanced by the interaction with NCL [15,16]. Given its implication in oncogenic processes,
NCL has attracted attention as a druggable target. Various therapeutic molecules have been
developed to control NCL activity, such as NCL-directed anticancer aptamers. Particularly,
the aptamer AS1411, a 26-mer unmodified guanosine (G)-rich oligonucleotide, is among
the synthetic compounds most extensively studied [17] and was tested as an anticancer
agent in Phase II clinical trials, showing good therapeutic efficacy and tolerability [18,19].

tRNA-derived RNA fragments (tRFs) represent an important new category of small
non-coding RNAs with regulatory roles. A dysregulation of tRFs has been reported in
tumor cells, where they may have oncogenic or tumor-suppressor functions. tRFs can
operate through different mechanisms [20,21]. They can inhibit gene expression through
miRNA-like silencing or modulate translation by displacing eukaryotic initiation factors
from mRNAs [22] or by competing with mRNA for ribosome binding [23]. Moreover,
tRFs can exert their function by interacting with proteins, in particular RNA-binding
proteins. A Cysteine tRNA fragment (5'-tRFY®) was recently found to increase during
breast cancer metastatic progression. 5'-tRF-YS promotes the oligomerization of NCL
into a transcript-stabilizing ribonucleoprotein complex, protecting these messenger RNAs
from degradation [24]. Conversely, a specific set of tRFs induced by hypoxia, with tumor-
suppressive and metastasis-suppressive activity, was identified in breast cancer cells by
Goodarzi et al. [25]. These tRFs, including a tRFC!, were found to specifically interact
with the RNA-binding protein Y-box Binding Protein 1 (YBX1), leading to a competi-
tive displacement of endogenous oncogenic transcripts from YBX1, thereby promoting
their destabilization.

In a recent study, we identified a 32 nt tRF (named tRF3E), derived from mature
tRNAS™, which is downregulated in breast cancer. tRF3E acts as a tumor-suppressor and
operates through a mechanism that is dependent on the physical interaction with NCL [26].
Indeed, tRF3E, thanks to its binding properties, is potentially able to displace specific
transcripts controlled by NCL. In particular, we provided evidence that tRF3E can compete
with p53 mRNA for NCL binding. As a consequence, p53 mRNA is released by NCL and
translated, leading to a reduction in cell proliferation [26]. According to the determinants
required for the formation of stable RNA-NCL complexes, tRF3E bears two nucleotide
stretches matching the identified NRE. The high binding affinity of tRF3E for NCL is
demonstrated by the low dissociation constant (Kp = 120 nM) of the NCL-tRF3E complex,
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as calculated by Electrophoretic Mobility Shift Assays (EMSAs) [26]. Such a Kp value is
even lower than that estimated for the binding sites B1 and B2 of pre-rRNA, a well-known
natural target of NCL [4,5]. Moreover, NCL protein can form a complex containing two
molecules of tRF3E that simultaneously occupy RBS1-2 and RBS3—4 [26]. Thus, tRF3E exerts
tumor-suppressor functions by competitive displacement of NCL-regulated transcripts.

Here, we analyzed in depth the critical determinants of the tRE3E-NCL complex and
the functional role of the binding cooperativity, aiming to validate tRF3E as an NCL natural
modulator capable of interfering with cell oncogenic behavior. tRF3E might represent a
promising NCL-targeted biodrug against breast cancer.

2. Materials and Methods
2.1. General Procedures

DNA and RNA samples were quantified with NanoDrop (Thermo Fisher Scientific,
Waltham, MA, USA). RNA oligonucleotide wild-type (wt) tRE3E and its mutants (shown
in Figure 1A) were [*2P]-labeled using the T4 polynucleotide kinase. Radioactive bands
on solid supports were detected and quantified by Molecular Imager (model FX; Bio-Rad,
Hercules, CA, USA). Purified human NCL was provided by MyBioSource (San Diego, CA,
USA). This protein is missing the N-terminal region, and its molecular mass is 55 versus
70 kDa of wild-type protein. NCL is expressed with a —6x His tag at N-terminus.

2.2. Electroblotting

MCE-7-tRF3E and MCF-7-M19-24 cells were left untreated (control) or induced with
1 pg/mL doxycycline for different times (24 h, 48 h, 72 h and 168 h); then, RNA was
extracted from each cell line, using EuroGOLD Trifast™ Kit (Euroclone, Pero (MI), Italy)
following the manufacturer’s instructions, and quantified. The RNA samples were resus-
pended in loading buffer (95% formamide, EDTA 10 mM, bromophenol-blu and xylene
cyanol 0.01%), denaturated at 65 °C for 5 min, loaded on 8% PAGE-urea gel in Tris-borate
EDTA buffer 0.5 X and transferred to a neutral nylon Hybond-N membrane (Amersham,
Little Chalfont, UK) by semidry electroblotting (Trans-Blot Turbo Transfer System; Bio-Rad,
Hercules, CA, USA) at 0.3 A for 30 min. The membrane was hybridized with a 20 mer [32P]-
labeled tRF3E probe (5'-CACCGGGAGTCGAACCCGGGCCGCC-3') at 56 °C, essentially
as described by Sambrook and Russell [27].

2.3. Electrophoretic Mobility Shift Assay (EMSA)

EMSA was made in 15 uL of Gel Retardation buffer (20 mM Tris-HCl, pH 7.5, 50 mM
KCl, 10% glycerol, 0.3 mg/mL bovine serum albumin, 0.02% Nonidet P-40) incubating
2 pmoles (unless otherwise stated) of [*2P]-labeled synthetic RNAs with the indicated
amounts of NCL at 20 °C for 30 min. Competitive EMSAs were performed under the same
experimental conditions, preincubating the [3>P]-labeled tRF3E with a fixed concentration
of NCL (0.5 uM) for 30 min before adding increasing amounts of unlabeled RNAs (wt tRF3E
and M19-24) as indicated. Then, the incubation was prolonged for an additional 30 min.
Samples were loaded on native 7% polyacrylamide gel run at 4 °C. To efficiently transfer
the NCL protein from the EMSA gel to the polyvinylidene difluoride (PVDF) membrane
(Immobilion P, Millipore, Burlington, MA, USA) for subsequent immunodetection, the
polyacrylamide gel was incubated for 2 h in 40 mL of a solution containing 300 mM Tris-
HCI, pH 8.0 and 1% SDS, to make the protein negatively charged before the electrotransfer.
The immunodetection of NCL was achieved with an anti-His tag antibody (His-probe
(H-3): sc-8036) from Santa Cruz Biotechnology (Dallas, TX, USA) that was visualized with a
peroxidase-conjugated second antibody, as described below in the Western blot paragraph.
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2.4. Cell Cultures and Generation of MCF-7-tRF3E and MCF-7-M19-24 Cell Lines

SK-BR-3 (estrogen receptor-negative, progesteron receptor-negative and human epi-
dermal growth factor receptor (HER2)-positive) human breast cancer cells were cultured
in Dulbecco’s Modified Essential Medium (DMEM, CORNING, Corning, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) and 1% penicillin—streptomycin (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). MCF-7 (estrogen receptor-positive, progesteron receptor-positive and HER?2-
negative) human breast cancer cells were cultured in RPMI (Roswell Park Memorial Insti-
tute; CORNING, Corning, NY, USA) supplemented with 10% FBS (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), 1X L-Glutamine and 1% penicillin-streptomycin (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). MCF-7 cells were used as transduction tar-
get cells. In brief, MCF-7-tRF3E, MCF-7-M19-24 and MCE-7 control cells were generated by
lentiviral transduction of recombinant pLKO-Tet-On vectors, encoding for wt tRF3E or the
mutant form of tRF3E (M19-24) or empty vector, respectively. First, the sequences encoding
for wt tRF3E or M19-24 were cloned into Tet-pLKO-puro vector (Lenti Tet-pLKO-puro
Addgene Plasmid#21915) [28], using Agel and EcoRI restriction enzymes, in order to be
expressed under the control type III RNA Pol III promoter (H1) regulated by doxycycline
in stably transduced cells. For this purpose, the forward and reverse oligonucleotides
indicated below were annealed. The row of T at the end of the forward oligonucleotides
are recognized as stop signals by the RNA polymerase III.

TRF3E Forward 5-CCGGAGGCGGCCCGGGTTCGACTCCCGGTGTGGGAATTTTT-3
TRF3E Reverse 5-AATTAAAAATTCCCACACCGGGAGTCGAACCCGGGCCGCCT-3
M19-24 Forward 5'-CCGGAGGCGGCCCGGGTTCGACTAAATGTGTGGGAATTTTT-3
M19-24 Reverse 5'-AATTAAAAATTCCCACACATTTAGTCGAACCCGGGCCGCCT-3

Lentiviruses were produced according to the manufacturer’s instructions and used
to transduce MCEF-7 cells. To select transduced cells, puromycin (Sigma Aldrich/Merck,
Darmstadt, Germany) (0.5 ng/mL) was added 24 h after infection with recombinant
lentiviral vectors as already described [29]. MCF-7-tRF3E, MCF-7-M19-24 and MCEF-7
control cells were maintained in RPMI supplemented with 10% FBS, 1X L-Glutamine, 1%
penicillin—streptomycin and 0.5 ug/mL puromycin, in a humidified atmosphere with 5%
CO; at 37 °C. Doxycycline hyclate (Sigma Aldrich/Merck, Darmstadt, Germany) (1 pg/mL)
was added to complete medium to induce tRF3E or M19-24 expression. Induction medium
containing doxycycline was changed every 2 days. MCF-7-tRF3E, MCF-7-M19-24 and
MCEF-7 (empty) control cells were generated and kindly provided by the laboratory of Prof.
P. Defilippi (Department of Molecular Biotechnology and Health Sciences, University of
Turin, Turin, Italy). Cells were tested for mycoplasma contamination with negative results.

2.5. Cell Viability Assay

Cell viability was evaluated by seeding 1 x 10* cells/well in 96-well plates in complete
medium. The day after, fresh medium containing 2% FBS and 1 pug/mL doxycycline hyclate
(Sigma Aldrich/Merck, Darmstadt, Germany) was added. Cell viability was determined
after 72 h using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
Sigma Aldrich, St. Louis, MO, USA] assay, which is based on the conversion of MTT to
formazan by mitochondrial enzymes. The formazan deposits were dissolved in dimethyl
sulfoxide (DMSQO) and the absorbance of each well was measured at 540 nm in a FLUOstar
Omega (BMG Labtech, Ortenberg, Germany) Plate Reader (version: 1.30.101.8). Each
experimental condition was evaluated with 24 replicates and the experiments were repeated
three times. Obtained data were analyzed using GraphPad Prism 10 software.
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2.6. Cell Cycle Analysis

MCE-7+RF3E, MCF-7-M19-24 and MCEF-7 control cells were seeded onto 6-well tissue
culture plates, 5 x 10° cells per well, in complete medium. The day after, cells were starved
for 24 h and then treated with 1 pg/mL doxycycline hyclate for an additional 48 h. After
48 h incubation, the cells were harvested and fixed with ice-cold 70% ethanol for 1 h at
4 °C. RNA was digested by 1 mg/mL bovine RNase (Sigma Aldrich/Merck, Darmstadt,
Germany) 30 min at 37 °C with shaking. Cells were then labeled with 15 mg/mL propidium
iodide (PI) 30 min at 37 °C in the dark. Samples were analyzed by fluorescence-activated
cell sorting (FACS) (BD FACScalibur™, BD Biosciences, Becton Dickinson and company,
Franklin Lakes, NJ, USA) and data were elaborated via Flow]Jo software (v 8.7).

2.7. Growth Curve Analysis

MCF-7-tREF3E, MCF-7-M19-24 and MCEFE-7 control cells were plated in 6-well plates
in duplicate (4 x 10* cells/well) in a complete medium and treated or not with 1 ug/mL
doxycycline hyclate. The cell number was counted on day 2, day 5 and day 7, when cells
were detached with Trypsin—-EDTA and counted using Trypan blue to exclude dead cells.

2.8. Colony Assay

MCF-7-tRF3E, MCF-7-M19-24 and MCF-7 control cells were seeded at the density
600 cells/well in a 6-well plate and incubated in complete medium, with or without
1 pg/mL doxycycline hyclate. After two weeks, plates were stained with crystal violet and
colonies (>50 cells) were counted, as described elsewhere [30]. The surviving fraction was
calculated as the ratio of the number of colonies in the treated sample to the number of
colonies in the untreated sample.

2.9. Western Blot

Cells were homogenized in RIPA buffer (0.1% SDS, 1% NP40, 0.5% CHAPS) sup-
plemented with protease inhibitors (Sigma Aldrich/Merck, Darmstadt, Germany). For
Western blotting analysis, equal amounts of protein lysates were separated onto Criterion™
TGX™ precast gels (Bio-Rad, Hercules, CA, USA) and transferred to polyvinylidene difluo-
ride (PVDF) membranes (Immobilion P, Millipore, Burlington, MA, USA) using Criterion™
Blotter (Bio-Rad, Hercules, CA, USA). Membranes were blocked with EveryBlot Blocking
Buffer (Bio-Rad, Hercules, CA, USA) and then incubated overnight with primary antibod-
ies at 4 °C. Primary antibodies to NCL (C23 (MS-3); sc-8031, lot#E2023) and (-actin (C4;
sc-47778, lot#K1617) were from Santa Cruz Biotechnology (Dallas, TX, USA); the primary
antibody to p27 was from Cell Signaling Technology (Danvers, MA, USA) (Cat#3686S).
Secondary antibodies conjugated with peroxidase were from Sigma-Aldrich (Darmstadt,
Germany). Secondary antibody binding was performed at room temperature for 1 h. After
TBS-T washing, membranes were incubated with PierceTM ECL Western Blotting Substrate
(Thermo Fisher scientific, Waltham, MA, USA) and the immunoreactive proteins were
detected with the ChemiDoc™ XRS-System (Bio-Rad, Hercules, CA, USA). Densitometry
analysis was performed using Image] software (2.1.0/1.53c).

2.10. Immunofluorescence Analysis

MCEF-7-tRF3E, MCF-7-M19-24 and MCEF-7 control cells were seeded in a 24-well plate
(2 x 10° cells/well). After a 48 h incubation with 1 pg/mL doxycycline hyclate, cells were
fixed for 10 min with 4% paraformaldehyde (Sigma Aldrich/Merck, Darmstadt, Germany)
in phosphate-buffered saline (PBS). After incubation in blocking buffer (PBS, 10% bovine
serum albumin (BSA; Sigma Aldrich/Merck, Darmstadt, Germany)) for 20 min, cells were
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incubated for 1 h at 37 °C with the primary antibody against NCL (mouse monoclonal
antibody C23 (MS-3); sc-8031, lot#E2023; Santa Cruz Biotechnology (Dallas, TX, USA);
diluted 1:100). After washing, cells were incubated with anti-mouse IgG Alex Fluor 488™
secondary antibody (Invitrogen Molecular Probes, Eugene, OR, USA) diluted at 1:200 for
1 hat 37 °C. Cells were then examined under a fluorescence microscope (Carl Zeiss GmbH,
Oberkochen, Germany).

2.11. Computational Modeling

The complete structure of NCL was obtained using the model reconstructed according
to the protocol already published [26]. Starting from their nucleotide sequences, the 3D
RNA structures were modelled using SImRNA v.2.0 (https:/ /genesilico.pl/SimRNAweb)
(https:/ /doi.org/10.1093 /nar/gkae356 accessed on 28 March 2022). These computational
tools rely on the Monte Carlo method for sampling the conformational space and employ
a statistical potential to approximate the energy, thereby identifying conformations that
correspond to biologically relevant structures. Moreover, the 3D RNA server [31] was used
as a second control, confirming the obtained results. The 3D structures of the RNA-NCL
complexes were predicted using HADDOCK 2.4 (https://wenmr.science.uu.nl/ accessed
on 18 April 2022) (High Ambiguity Driven DOCKing) [32], which has demonstrated
reliability as well as flexibility [32-35]. HADDOCK distinguishes itself from ab initio
docking methods by incorporating information from known or predicted protein interfaces
into ambiguous interaction restraints (AIRs) to guide the docking process. RNA/NCL
complexes were put in a simulation box of 15 x 15 x 15 nm, adding TIP3P water molecules
and NaCl, to reach the physiological conditions, taking into account the net charge of
NCL protein and RNA molecules. CHARMM-GUI was used for setting the simulation
conditions [36]. The systems were minimized with 10,000 cycles steepest descent (SD)
followed by 5000 steps conjugate gradient (CG), obtaining a convergence of maximum
force to the energy threshold of 1000 k] /mol nm?2. Then, 6 equilibration steps let NCL
gradually accommodate within the aqueous environment; the Verlet cutoff scheme for
neighbor searching, combined with PME for electrostatics, was used. The cutoff for the
Van der Waals forces calculation was set to 1.2 nm with force smoothly switched to zero
(between 1.0 and 1.2 nm) generating the velocities at 310 K in the NVT ensemble using
a Maxwell distribution function with random seed (Berendsen thermostat) (2 simulation
runs, 25 ps). Then, we shifted to the NPT ensemble, maintaining the weak coupling also
for pressure control (Berendsen barostat, isotropic conditions, 1 bar, time coupling 5 ps),
maintained for 4 equilibration runs (50 ps). In the 100 ns production phase, we shifted to
Nosé-Hoover and Parrinello-Rahman algorithms for temperature control and pressure
coupling, respectively; a leapfrog algorithm and a time step of 0.002 ps were used. On the
obtained trajectories, we calculated the MM-PBSA energies of all NCL-RNA systems using
the gmx_MMPBSA gromacs tool [37]. The Charmm36m force field was used within the
GROMACS 2024.4 software package (https://doi.org/10.5281/zenodo.10589697 accessed
on 19 May 2023) [38].

2.12. Statistical Analysis

The significance of differences was evaluated with an unpaired Student f test when
two groups were compared, while a 2-way ANOVA test followed by Sidak’s multiple
comparisons test or Tukey’s multiple comparisons test was used to compare three or more
groups. Statistical analysis was carried out with GraphPad Prism 10. Differences were
considered significant at p < 0.05.
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3. Results and Discussion
3.1. Identification of the Molecular Determinants of tRF3E-NCL Interaction

The ability of RNA molecules to bind NCL relies on the presence of specific NCL
recognition elements (NREs). NREs, displaying a high binding affinity, have been identified
by a selection-amplification protocol (SELEX) and are constituted by an 18-nucleotide
(18-nt) exposing the single-stranded 6-nucleotide (6-nt) motif UCCCGA [4]. The tRF3E
sequence contains two 6-nt stretches, located at positions 6-11 and 19-24, which exactly
match NRE and might be relevant determinants that mediate the RNA-NCL interaction.
Thus, to validate this hypothesis, first we confirmed the interaction of NREs with NCL
using molecular docking, then we designed two RNA oligonucleotides carrying four-base
substitutions on these signature motifs, at positions 7-10 or 20-23 on the tRF3E sequence, to
further evaluate the contribution of each consensus motif to NCL binding. These mutated
forms of tRF3E were named M6-11 and M19-24, respectively. In detail, we replaced the
core CCCG motif with AAAU to disrupt the potential NCL recognition. In addition, we
constructed a double mutant, called D2M, bearing the same mutations on both NCL target
consensus sequences (6—11 and 19-24) (Figure 1A). Electrophoretic Mobility Shift Assays
(EMSAs) were performed to estimate the binding affinity of NCL for the wild-type (wt)
tRF3E and its mutants (M6-11, M19-24 and D2M). Unexpectedly, the 19-24 mutation
seemed not to affect the interaction with NCL and both tRF3E and M19-24 exhibited a
similar dissociation constant (Kp) of =280 nM (Figure 1B).

tRF3E 5’ ~AGGCGGCCCGGGUUCGACUCCCGGUGUGGGAA-3"
M19-24 5/ -AGGCGECCCEECUUCCACUAAAUGUCUCGCAA -3/
M6-11 5’ ~AGGCGGAAAUGGUUCGACUCCCGGUGUGGGAA-3"
D2M 5’ ~AGGCGGAAAUGGUUCGACUAAAUGUGUGGGAA-3'
tRF3E Mi9-24 Vig-ii Dz

C 02 04 07 C 0.07 0.2 0.35 0.4 0.7 C 04 07 C 0.2 04 0.7 uyMNCL

[
~~“ “". ““ < complex |

e

Figure 1. Comparative interaction of NCL with wild-type tRF3E and its mutants by EMSA. (A). The
sequences of wt tRF3E and its mutants in the (U/G)CCCG(A/G) consensus motif recognized by
NCL are reported. Nucleotides on tRF3E matching the NCL binding site are in black (bold) whereas
mutated nucleotides are in red. (B). EMSA was carried out as described in Section 2, incubating 2
pmol of [32P]-labeled RNA oligonucleotides with the indicated concentrations of purified NCL. “C”
is the control sample in absence of protein and the electrophoretic migration of free RNA and of
RNA-NCL complex I are indicated. Kp values, reported in Section 3, were estimated by Molecular
Imager quantification of radioactivity associated with bound tRF3E and expressed as the minimal
concentration of protein required to retard 50% of the total RNA probe.

This Kp value is higher than that previously determined by [26] because of the different
experimental conditions (incubation temperature and RNA concentration) used in the EMSAs
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of the present study. However, a binding affinity of =280 nM implies a very stable RNA-
NCL interaction by virtue of the fact that the Kp for natural RNA targets varies from 500 to
1000 nM. Notably, lower Kp values (<50 nM) have been obtained only with in vitro selected
sequences [4]. Unlike tRF3E and M19-24, NCL lost completely its ability to retard the M6-11
mutant, whereas it was still able to interact with the double mutant D2M, although with a
very low affinity (Kp > 1500 nM). All together, these outcomes outline the importance of the
6-11 motif and clearly indicate that mutations in this region and/or modifications of RNA
structure, associated with sequence changes, negatively impact the tRE3E-NCL interaction.

To correlate the secondary and tertiary RNA structure with the NCL binding prop-
erties, the RNA folding of tRF3E and its mutants was predicted in silico by RNAfold
(Figure 2) and SImRNA v.2.0 (Supplementary Figure S1). These computational analyses
revealed that, diversely from previous studies [4,5], which found the NCL conserved recog-
nition sequence (U/G)CCCG(A/G) within a hairpin loop, the two tRE3E motifs 6-11 and
19-24 are instead located in base-paired regions (stems), proposed to be an adverse condition
for NCL binding. Surprisingly, tRF3E and M19-24, in addition to exhibiting a similar three-
dimensional (3D) conformation (Supplementary Figure S1), expose the conserved 3-nt CGA
(positions 15-17) within a loop that may function as minimal NRE (Figure 2A,B). The relevant
role of the 3-nt CGA is supported by NCL gel shift assays carried out with NRE variants
carrying mutations in the conserved stem-loop motif. In fact, Johansson et al. [5] showed
that in vitro selected NREs containing the G in the first position combined to the G — A
substitution in the fifth position (resulting mutated motif: GCCCAA) and almost completely
abolished the RNA-NCL interaction (Kp > 15 uM). Thus, structural homology and proper
arrangement of the 3-nt CGA in tRF3E and M19-24 may explain the comparable binding
affinity of NCL to these RNAs. In this respect, the D2M and M6-11 mutants show a distinct
arrangement of the CGA motif; in D2M, it is located within an RNA bubble, whereas in M6-11,
it lies at the junction between a double-stranded and an unstructured region (Figure 2C,D).
Consistently, the residual binding specificity (Kp > 1500 nM) of D2M, which indicates a
very weak interaction with NCL, and the complete loss of the ability of M6-11 to bind NCL,
could reflect profound modifications in the secondary and tertiary structures of these mutants
compared to tRF3E. Thus, an unfavorable conformation and the lack of exposure of the 3-nt
sequence CGA within a loop may be responsible for abolishing the recognition of M6-11 and
D2M by NCL. Docking predictions, carried out with the M6-11 and D2M mutants, confirmed
that they were not able to fully interact with RBD1-2 or RBD3—4; both mutants marginally
contacted only the RBD2 domain, leaving free RBD3 and RBD4 (Supplementary Figure S2).
For these reasons, M6-11 and D2M were not further investigated in this study.

Figure 2. RNA folding of wt and mutated tRF3E. The secondary structures of tRF3E (A), M19-24 (B),
M6-11 (C) and D2M (D), as predicted by RNAfold (http:/ /rma.tbi.univie.ac.at/cgi-bin/RNAWebSuite /
RNAfold.cgi accessed on 7 June 2023), are shown. Nucleotides corresponding to the minimal nucleolin
recognition element (CGA), localized in a stem-loop context, are circled.
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3.2. NCL Cooperatively Binds tRF3E

Recently, it has been reported that cooperativity among multiple domains of RNA-
binding proteins can markedly enhance their intrinsic affinity for RNA targets with respect
to that determined for individual domains [39]. We have previously shown that the four
RNA-binding domains (RBD1-2 and RBD3—4) can function in pairs, providing evidence
that they can be simultaneously occupied by two tRE3E molecules [26]. However, operating
with an excess of NCL, the experimental conditions used in the EMSA of Figure 1B, only one
of the two RNA binding sites of the protein is bound by tRF3E or M19-24. Indeed, at protein
concentrations ranging from 0.4 to 0.7 pM (6-10 pmol), NCL was able to completely capture
2 pmol of tRF3E or M19-24, causing the progressive disappearance of bands corresponding
to the free radiolabeled (hot) RNA. Under these experimental conditions and according
to previous computational analysis [26], we assumed that only the higher affinity NCL
RBD1-2 participated in tRF3E binding giving rise to the RNA-NCL complex I. A retarded
band having a similar electrophoretic mobility of complex I was formed also with M19-24
(Figure 1B). Importantly, NCL-docked models predicted for the M19-24 showed that this
mutant, unlike the wt tRF3E, was able to sit exclusively in the cleft between RBD3 and
RBD4, leaving the RBD1-2 totally free (Figure 3). These findings suggest that the NCL
sites 1-2 and 3—4 were not functionally equivalent and the formation of the two distinct
complexes, tRF3E-RBD1-2 and M19-24-RBD3—4, is strongly influenced by the presence of
native versus mutated NCL target motifs.

Figure 3. Molecular modelling of NCL with M19-24. The lowest energy models for M19-24 NCL
complexes (A,B) as predicted by HADDOCK 2.4 (see Section 2) are shown. The RBD1 is in yellow, the
RBD2 is in orange, the RBD3 is in cyan, the RBD4 is in cornflower blue and RNAs are in dark blue.

To gain deeper insight into the RNA-NCL interaction, we carried out EMSAs in which
the pre-formed tRF3E-NCL complex was challenged by increasing concentrations of either
wt tRE3E or M19-24. As expected, with an excess of NCL (7 pmol of protein versus 2 pmol
of hot tRF3E) and in the absence of any competitor RNA, only the complex I was formed
(Figure 4A, lane 0). Upon the addition of unlabeled (cold) tRF3E, complex I drastically
dissociated to generate complex II, which represented 60% of total radioactivity at 20 pmol
of cold wt tRF3E as competitor (Figure 4A,C). In detail, according to the proposed model,
increased amounts of cold tRF3E, instead of displacing the hot tRF3E, already bound to
RBD1-2, saturated both RBD1-2 and RBD3—4, originating the NCL complex II. Indeed,
upon the addition of 20 pmol of cold tRF3E, corresponding to a 10-fold higher amount of
hot tRF3E (2 pmol), only 25% of RNA was recovered in its free form. Differently, when the
tRF3E-NCL complex I was challenged with an excess (10 and 20 pmol) of cold M19-24 as
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competitor, it quickly disappeared, giving rise to a low quantity of complex II (24-28%) and
consequently most of the hot probe (58-68%) was released as free RNA (Figure 4A,C). These
results suggest that the mixed complex I, in which tRF3E and M19-24 are respectively
bound to RBD1-2 and RBD3—4, is transient and extremely less stable than the native
complex II, containing two wt tRF3E molecules. Accordingly, molecular dynamics study
(Section 3.3) revealed that the interaction of M19-24 with RBD3—4 leads to a consistent
change in the 3D structure of the overall RNA-NCL complex, which in turn negatively
impacts the binding property also of RBD1-2 for its target RNA. As a result, wt tRF3E
is kicked out from RBD1-2 and the spurious complex II dissociates. In other words, the
M19-24-NCL interaction causes the loss of cooperativity between the two RNA-binding
domains (RBD1-2 and RBD3-4).
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Figure 4. Competitive EMSA of wt tRF3E and M19-24 with NCL. Competitive EMSAs were carried
out essentially as described in Figure 1. After a preincubation of 2 pmol (A) and 20 pmol (B) of [**P]-
labeled wt tRF3E with 7 pmol (0.5 uM) of NCL, the indicated amounts of not-labeled (cold) tRF3E
and M19-24 were added and incubation prolonged. The sample without competition is marked with
“0” whereas “C” represents the control in absence of protein. The electrophoretic migration of free
RNA and RNA-NCL complexes I and II are indicated. Radioactive signals associated to complex I
(blue bars), complex II (red bars) and free RNA (green bars) were quantified by imager and expressed
as a percentage of total radioactivity per each lane (C). Values are means &= SEM obtained from panel
(A) and EMSA reported in Supplementary Figure S3.

Undeniably, RNA molecules within cells are in excess and NCL utilizes at one time
both RBD1-2 and RBD3—4 to interact with NREs on its natural targets, including messenger
RNAs. To more closely mimic this condition, we carried out an EMSA using an overload of
wt tRF3E (20 pmol of RNA versus 7 pmol of protein) that drastically triggers the formation
of the only NCL complex II, rather than both complexes. As seen in Figure 4B, the complex
II, bearing two wt tRE3E molecules bound respectively to NCL sites 1-2 and 3—4 (tRF3E-
RBD1-2-RBD3—4-tRF3E), did not dissociate upon addition of increasing amounts of cold
M19-24 (20 and 50 pmol). Indeed, the intensity of radioactive signals associated with the
retardation band of complex II remained constant as well as the free RNA. Taken together,
these findings indicate that the native tRF3E-NCL complex II is somehow “locked” and the
mutant M19-24, unlike what was observed in complex I, is unable to displace wt tRF3E
even from RBD3—4. Notably, the RNA-NCL complex II exhibited a higher electrophoretic
mobility than complex L. It has been well established that migration of DNA- and RNA-
protein complexes, on native gels under constant-field conditions, is primarily dependent
on the negative charges of nucleic acids. Consequently, complex II in which NCL is bound
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to two tRF3E molecules moves faster than complex I, containing only one RNA molecule.
To definitely prove that both complex I and II arose from the tRF3E-NCL interaction, the
competitive EMSA was subjected to Western blotting and NCL was immunologically
detected. As clearly shown, there is an almost perfect correspondence between the retarded
bands obtained in the EMSA (Figure 5A) and the protein localization revealed by anti-NCL
antibody (Figure 5B).
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Figure 5. Identification of tRF3E-NCL complexes by EMSA-Western blotting analysis. (A). EMSA
was carried out as described in Figure 4A with 2 pmol of [32P]-labeled wt tRF3E and 7 pmol (0.5 uM)
of NCL. “C” represents the control in absence of protein whereas samples from 1 to 5 contain 0,
5,10, 20 and 30 pmol of not-labeled wt tRF3E as competitor, respectively. (B). After running, the
polyacrylamide gel (panel A) was incubated in a 1% SDS denaturing solution for 2 h and blotted
on a PVDF membrane as described in Section 2. The NCL protein in complex I and complex II was
visualized thanks to the peroxidase-conjugated secondary antibody directed against the anti-His tag
primary antibody, recognizing NCL.

3.3. Molecular Dynamics of tRF3E and M19-24 NCL Complexes

Findings obtained with tRF3E allowed us to have an insight into the key determinants
governing the dynamic of RNA-NCL interaction and possibly open the way for a deeper
comprehension of how NCL recognizes its target RNAs and the regulatory implications
of this process. The formulated model predicts that the NCL RBD1-2 and RBD3—4 do not
function in the same manner. RBDs show a high degree of cooperativity only with wt tRF3E
and respond differently to native or mutated NREs present on the tested RNAs. A previous
in silico study revealed that wt tRF3E strongly interacts with NCL RBD1-2, whereas its
binding to RBD3—4 is less favorite. Thus, when two tRE3E molecules simultaneously filled
up both binding sites, the tRF3E-NCL-tRF3E complex II underwent a drastic stabilization,
as validated by a 2.6-fold reduction in the complex binding energy compared to a system
containing only one tRF3E molecule bound to RBD1-2 [26].

Here, in order to better rationalize the experimental results, we compared by
molecular dynamics simulations the stability of a native complex II (tRF3E-RBD1-
2-RBD3-4-tRF3E) with that of a mixed one, containing tRF3E in RBD1-2 and M19-24
in RBD3—4 (tRF3E-RBD1-2-RBD3-4-M19-24) in their predicted bound state. As evi-
dent in Figure 6A,B, the overall 3D structures of the two RNA-NCL complexes differ
significantly, involving modifications of the spatial organization of all four NCL RBDs.
These changes affected the stability of the complex, which was greater for tRF3E-RBD1-
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2-RBD3~4-tRF3E (AGeomplex = —22,000 keal/mol) than for tRF3E-RBD1-2-RBD3-4-M19-24
(AGcomplex = —20,000 kcal/mol) (Table 1). In addition, the spurious complex exhibited a
remarkably positive value of the binding free energy (+361 < AGpjnding (kcal/mol) < +371)
(Figure 6D and Table 1). It is noteworthy that AGpinging €xpresses the difference in free
energy between the bound and completely unbound states and positive values indicate an
unfavorable interaction. Thus, the tRF3E-RBD1-2-RBD3-4-M19-24 complex is destabilized
and prone to suddenly dissociate, releasing both tRF3E and M19-24 from the respective
binding sites as evidenced by the appearance of a very intense band (=270% of total radioac-
tivity) corresponding to free RNA in the EMSA (Figure 4A,C). Conversely, AGpinging for the
tRF3E-RBD1-2-RBD3-4-tRF3E complex was negative (from —32.88 to —41.21 kcal/mol),
suggesting a strong RNA-NCL interaction (Figure 6C and Table 1).
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Figure 6. Molecular modelling of NCL with tRF3E and M19-24. The lowest energy models for
the tRF3E-RBD1-2-RBD3-4-tRF3E complex (A) and for the mixed tRF3E-RBD1-2-RBD3-4-M19-24
complex (B) as predicted by HADDOCK 2.4 (see Section 2) are shown. The RBD1 is in orange, the
RBD2 is in yellow, the RBD3 is in cyan, the RBD4 is in cornflower blue and RNA nucleotides are
represented in Tube/Slab representation using red for A, cyan for U, green for G and yellow for C.
The binding free energy was calculated using the gmx_MMPBSA gromacs tool (see Section 2) for the
tRF3E-RBD1-2-NCL-RBD3—4-tRF3E complex (C) and for the mixed complex tRF3E-RBD1-2-RBD3—4-
M19-24 (D). The simulation time was 100 ns.

Table 1. Computational AG estimation of RNA-NCL complexes.

tRF3E-NCL-tRF3E tRF3E-NCL-M19-24
AGcomplex (complex stability, 100 ns) —22,165 + 135 kcal/mol ~ —20,373 4+ 128 kcal/mol
AGcomplex (complex stability, last 50 ns) ~ —22,224 =+ 105 kcal/mol —20,397 +£ 130 kcal/mol
AGpjinding (100 ns) —32.88 £ 12 kcal/mol 371 % 50 kcal /mol
AGpinding (last 50 ns) —41.21 £ 14 kcal/mol 361 + 66 kcal/mol

Molecular dynamics simulation fully supported the data from band shift assays,
providing precious information on the kinetics of occupancy of the four NCL RBDs, RNA-
protein 3D structures and the binding energies of resulting complexes.

In addition to its identified substrate (NRE) [4,5], NCL has been shown to bind also
with a very high affinity to (G)-rich sequences. These DNA or RNA regions are capable of
folding into highly stable four-stranded secondary structures known as G-quadruplexes
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(G4s), which display specific regulatory roles in different cellular processes [17,40,41].
Given that tRF3E contains five sequential runs of Gs, a canonical feature of G4, its po-
tential to adopt a G-quadruplex conformation was assessed using the G4RNA Screener
tool (http://scottgroup.med.usherbrooke.ca/G4RNA _screener/ accessed on 8 July 2024).
This in silico analysis revealed that the tRF3E molecule has a moderate propensity of
rearranging into a G4 secondary structure as reflected by consistently low predictive scores
(consecutive G over consecutive C ratio (cGcC), 1.4783; G4Hunter (G4H), 0.3438; G4 Neural
Network (G4NN), 0.0644). Notably, when the score was calculated for a well-known DNA
sequence (36-nt oligonucleotide from human telomeres) able to form G-quadruplex [42], the
values were extremely higher than those obtained for tRF3E (cGcC = 1.50, G4H = 600 and
G4NN = 0.9984). Therefore, we cannot exclude that the interaction between NCL and
tRE3E might rely on alternative higher-order RNA configurations, but it does not seem to
be mediated by the canonical G4 formation.

3.4. The Occupancy of Both NCL RBD1-2 and RBD3—4 Is Required for tRF3E Antitumor
Function in Breast Cancer Cells

To clarify the functional role of tRF3E in breast cancer, SK-BR-3 and MCF-7 breast
cancer cell lines were transiently transfected with tRF3E and its ability to reduce cancer cell
viability was assessed by MTT assay (Supplementary Figure S4). To corroborate tRF3E’s
tumor suppressive function, MCF-7 cells were stably transduced with a pLKO-Tet-On
vector properly engineered in order to allow the expression of tRF3E upon doxycycline
induction; they were called MCF-7-tRF3E cells. In parallel, MCF-7 cells were stably trans-
duced with the empty vector and used as a control (MCF-7 control cells). Moreover, a
third MCF-7 transduced cell line was generated using a pLKO-Tet-On vector encoding
the M19-24 mutant (MCF-7-M19-24 cells) that, according to in silico analysis and EMSA
results, binds NCL on RBD3—4 but not on RBD1-2. Because of that, MCF-7-M19-24 cells
permitted evaluation of the functional consequences of the loss of a cooperative interaction
between tRF3E and NCL. MCF-7-tRF3E, MCF-7-M19-24 and MCF-7 control cells expressed
similar levels of NCL, localized mainly in nuclei, as expected (Figure 7A,B). A Northern
blotting analysis was performed to verify the expression of wt tRF3E and its mutated form
M19-24 in MCF-7 cells upon doxycycline induction, and thus to validate this new in vitro
model. As shown in Figure 7C, the expression of wt tRF3E and M19-24 starts to be clearly
detectable after 48 h of doxycycline induction.

Then, the three MCF-7 transduced cell lines were characterized evaluating their
proliferation rate, viability and clonogenicity upon doxycycline treatment. In particular,
to compare the proliferation rates of these cell lines, a growth curve was performed
by plating equal numbers of cells, at low density, in a 6-well plate in the presence of
doxycycline. Cells were then collected and counted after 2, 5 and 7 days. The obtained
growth curves indicate that cells expressing tRF3E exhibit a statistically significant lower
proliferation rate compared to the other two cell lines (Figure 8A). These results are
consistent with previous findings demonstrating the inhibitory effect of tRF3E on cell
proliferation [26]. Moreover, the induction of tRF3E expression by a 72 h treatment with
doxycycline caused a 20% reduction in MCF-7-tRF3E cell viability, as assessed by an MTT
assay. In contrast, the viability of both control and doxycycline-induced MCF-7-M19-24
cells remained unaffected, suggesting that M19-24 lacks the functional properties of wt
tRF3E (Figure 8B). Next, we examined the impact of tRF3E and M19-24 expression on
cell cycle distribution by flow cytometry analysis. As expected, doxycycline treatment
did not alter the percentage of MCF-7 control cells in G0/G1 phase, as well as in S or in
M/G2 phases. On the contrary, induction of tRF3E resulted in a statistically significant
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increase in the percentage of MCF-7-tRF3E cells in the G0/G1 phase (79.2 & 6%) with
respect to uninduced cells (67.6 £ 2.5%), while the proportion of cells in S phase and
M/G2 phase remained largely unchanged. The expression of the mutant M19-24 did
not significantly shift the percentage of MCF-7-M19-24 cells in GO/G1 phase; however,
it seemed to reduce the cell number in S phase and slightly increase the proportion of
cells in G2/M phase (Figure 8C).

Finally, to further evaluate the functional consequence of tRF3E expression, a colony
formation assay was performed by plating cells at low density (600 cells per well in a 6-well
plate). This test permits us to assess the ability of residual tumor cells to form recurrences.
As shown in Figure 8D,E, a statistically significant reduction in colony number was found
in induced MCF-7-tRF3E cells as compared with the control ones. In contrast, no reduction
in clonogenicity was observed in MCF-7 cells expressing the M19-24 mutant. Thus, the
expression of tRF3E impaired MCF-7 cell survival and their ability to form colonies. In
summary, tRF3E is capable of controlling the malignant behavior of breast cancer cells.
Notably, tRE3E tumor-suppressor properties are lost upon disruption of the NCL binding
motif in position 19-24, suggesting that a cooperative binding involving both RBD1-2 and
RBD3—-4 domains is required for NCL-mediated tRF3E antitumor functions. Interestingly,
we found that the functional ability of tRF3E to control cell proliferation is associated
with a significant increase in the level of p27 in MCF-7-tRF3E cells induced for 48 h with
doxycycline (Figure 9). p27, encoded by the CDKN1B gene, is a cyclin-dependent kinase
(CDK) inhibitor of the kinase-inhibitory protein (Kip) family, which mediates cell-cycle
inhibition. In normal cells, p27 levels are tightly regulated across the cell cycle and an
increase in p27 can efficiently inhibit G1-S-phase cyclin-CDKs [43,44].
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Figure 7. NCL expression and tRF3E or M19-24 induction in MCF-7 cell lines. (A). Immuno-
localization of NCL in MCF-7-tRF3E, MCF-7-M19-24 and MCF-7 control cells. Cells were processed
for immunofluorescence with anti-NCL antibody and then observed with a fluorescence microscope
(Carl Zeiss GmbH, Germany). (B). Representative Western blot showing the expression of NCL
and fB-actin (loading control) in MCF-7-tRF3E, MCF-7-M19-24 and MCE-7 control cells. Samples
in duplicate containing 20 pg of proteins/well were loaded. (C). Northern blotting analysis of wt
tRF3E (left gel) and M19-24 (right gel) was performed on total RNA (10 pug and 15 pg), extracted
from MCEF-7-tRF3E cells left untreated (Ctr) or treated with 1 ug/mL doxycycline for the indicated
times to induce tRF3E and M19-24 (marked with asterisks). Total RNA was run on a denaturing
8% PAGE-urea 7M gel and transferred by electroblotting to nylon membranes that were hybridized
with a [32P]-labeled tRF3E probe. As standards, known quantities of synthetic RNAs were loaded as
follows: C1 and C2 contained 0.3 ng and 0.6 ng of tRF3E whereas C3 contained 0.6 ng of M19-24.
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Figure 8. Functional characterization of tRF3E-expressing MCF-7 cells. (A). Growth curve. MCF-7
control cells (empty) and MCF-7-tRF3E cells and MCF-7-M19-24 cells were seeded in 6-well plates
(40,000 cells/well) and treated with 1 ug/mL doxycycline. The cell number was counted on day 2,
day 5 and day 7. The graph shows cell number fold change with respect to day 2 (n = 4). Values are
means + SD. Two-way ANOVA followed by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01,
*** p =0.0001, **** p < 0.0001 (MCE-7-tRF3E versus (vs.) MCF-7 control cells or vs. MCF-7-M19-24
cells). (B). Effect of tRF3E expression on MCF-7 cell viability determined by MTT assay. MCF-7 control
cells (empty) or MCF-7-tRF3E cells or MCF-7-M19-24 cells were left untreated (grey) or induced with
1 ug/mL doxycycline for 72 h, to express tRF3E (green), or M19-24 (red) or any tRF (black). The results
are expressed as percentage of viable cells with respect to control. Values are means + SEM (1 = 20).
Unpaired t test. **** p < 0.0001. (C). Cell cycle analysis by FACS. Histograms show the percentage of
MCE-7 control cells (empty) or MCF-7-tRF3E cells or MCF-7-M19-24 cells in G0/G1, S and G2/M
phases, when they are not induced (grey) or induced with 1 ug/mL doxycycline for 48 h. Data are
presented as the mean + SEM of three repeats. Two-way ANOVA test followed by Sidédk’s multiple
comparisons test. * p < 0.05; ** p < 0.005. (D). Colony assay of MCF-7 control cells (empty; black),
MCE-7-tRE3E cells (green) and MCF-7-M19-24 cells (red) plated at low density (600 cell/well) and left
untreated (control) or induced with 1 pg/mL doxycycline for 2 weeks. Colonies were stained with
crystal violet and counted. Representative images from two independent experiments, performed in
duplicate. (E). Data from panel D are expressed as survival fraction and the mean 4 SEM is shown.
Statistical significance was calculated using the unpaired t test. * p < 0.05 (tRF3E vs. empty); M19-24

vs. Empty: not statistically significant.
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Figure 9. p27 expression increases in tRF3E-expressing MCF-7 cells. (A). Representative Western
blot showing the expression of p27 and f3-actin (loading control) in MCF-7 control cells (empty),
MCEF-7-M19-24 cells and MCF-7-tRF3E cells treated with 1 pg/mL doxycycline for 48 h. A total
of 20 ug of proteins/well were loaded. (B). Densitometric quantifications of p27 expression, nor-
malized on 3-actin, are shown; data are presented as the mean £ SEM of three repeats. ** p < 0.01,
**** p < 0.0001. One-way ANOVA, followed by Tukey’s multiple comparisons test.

4. Conclusions

Breast cancer is the leading cause of cancer-related deaths in women worldwide. A
deeper knowledge of the relevant molecular mechanisms behind the onset and progression
of BC is needed in order to identify new targets and develop more effective therapies.
Nucleolin (NCL) is an RNA-binding protein considered a relevant target in cancer [45].
Indeed, NCL can bind cancer-related mRNAs, controlling their stability and translation,
as well as non-coding RNAs. Among NCL-interacting partners, tRNA fragments (tRFs)
emerge as crucial NCL modulators, displaying functional roles in post-transcriptional
gene regulation [21]. In this study, we analyzed the molecular determinants of RNA-NCL
interaction, focusing on the tRF3E-NCL complex. tRF3E is a tumor-suppressor tRF derived
from mature tRNAC!Y, that operates through a mechanism dependent on its physical
interaction with NCL. We found that cooperativity among multiple NCL RNA-binding
domains (RBD1-2 and RBD3-4) is required for NCL-mediated tRF3E antitumor functions:
two tRF3E molecules can simultaneously occupy RBD1-2 and RBD3—4, leading to a drastic
stabilization of the tRF3E-NCL complex. Reported results shed light on the dynamic of
NCL interaction with its target RNAs and provide crucial information for the development
of an RNA-based drug targeting NCL.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /biom15071054/s1, Figure S1: RNA folding of wild-type and
mutated tRF3E. Figure S2: 3D docked complex between NCL and mutated tRF3E M6-11 and D2M.
Figure S3: Competitive EMSA of wild-type tRF3E and M19-24 with NCL. Figure S4: tRF3E affects
SK-BR-3 and MCEF-7 breast cancer cell viability.
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Abstract: Glioblastoma (GBM) is a difficult disease to treat for different reasons, with the
blood-brain barrier (BBB) preventing therapeutic drugs from reaching the tumor being
one major hurdle. The median overall survival is only 14.6 months after the standard first
line of treatment. At relapse, there is no recognized standard second-line treatment. Our
team uses intra-arterial (IA) chemotherapy as a means to bypass the BBB, hence achieving
an overall median survival of 25 months. However, most patients eventually fail the
treatment and progress. This is why we wish to expand our portfolio of options in terms of
chemotherapy agents available for IA administration. In this study, we tested topotecan,
cytarabine, and new formulations of carboplatin and paclitaxel by IA administration in the
F98-Fischer glioma-bearing rat model as a screening tool for identifying potential candidate
drugs. The topotecan IA group showed increased survival compared to the intravenous
(IV) group (29.0 vs. 23.5), whereas the IV cytarabine group survived longer than the IA
group (26.5 vs. 22.5). The new formulation of carboplatin showed a significant increase in
survival compared to two previous studies with the conventional form (37.5 vs. 26.0 and
30.0). As for paclitaxel, it was too neurotoxic for IA administration. Topotecan and the new
formulation of carboplatin demonstrated significant results, warranting their transition for
consideration in clinical trials.

Keywords: chemotherapeutic agents; topotecan; cytarabine; carboplatin; paclitaxel;
glioblastoma; blood-brain barrier

1. Introduction

Glioblastoma (GBM) is the most aggressive primary malignant brain tumor in adults.
The overall survival is only 14.6 months, and the progression-free survival is 6.9 months
after the first line of treatment, which consists of maximal surgical resection followed
by concomitant radiotherapy and chemotherapy with temozolomide [1]. There is no
consensus on the optimal therapeutic method to use at relapse. Hence, every clinical team
offers treatment at relapse based on their own experience, biases, and resources. GBM
remains challenging to treat due to the limited penetration of therapeutic drugs in the
brain parenchyma, primarily restricted by the blood-brain barrier (BBB). Indeed, the BBB,
a selectively impermeable barrier formed by the microvasculature of the central nervous
system (CNS), safeguards the healthy brain by blocking most blood-borne substances but
also hinders effective treatments of CNS diseases [2,3].

Biomolecules 2025, 15, 421 https:/ /doi.org/10.3390 /biom15030421
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Consequently, most chemotherapeutic agents (CTAs) administered intravenously (IV)
or orally fail to cross the BBB, while others achieve only partial penetration, preventing the
accumulation of therapeutically effective concentrations in tumor cells [4]. To overcome
this limitation, various strategies, such as regional or local therapies, have been proposed
to bypass the BBB and target the bulk of the tumor more effectively [5]. At the Centre
Hospitalier de I’'Université de Sherbrooke (CHUS), our team elected to deliver the CTAs
intra-arterially (IA) to increase the accumulation of therapeutic drugs in the diseased brain.
IA delivery offers benefits that are not found in traditional IV or oral administrations, such
as selective infusion, an increase in drug concentration via the first pass effect, and also
offering the option of manipulating the BBB permeability via different means [6,7]. Clinical
studies conducted by our team on GBM patients (n = 319) have demonstrated that IA
administration has the potential to extend the overall median survival to 25 months [8],
which is quite significant compared to the current standard of care first-line treatment
(overall median survival: 14.6 months) [1]. Moreover, IA drug delivery is a safe procedure
and decreases systemic adverse effects as the entire administration is delivered to the brain
tumor area, comparatively to IV infusions [9-11]. This decreases the systemic recirculation
of the drug by up to 20% [12]. Currently, only five CTAs are used in the clinic by our team,
as each agent needs to be carefully selected and tested for efficacy as well as safety in [A
administration. We intend to improve our drug portfolio for IA administration to increase
options for our patients [8]. This will eventually allow us to use drug sensitivity testing to
construct personalized drug protocol solutions for each patient in the hope of decreasing
drug resistance and improving outcomes.

This study compares four different CTAs (topotecan, cytarabine, carboplatin, and
paclitaxel) in two different administration routes (IA and IV). Topotecan is a topoisomerase
Iinhibitor that has demonstrated a beneficial effect on proliferating glioma cells [13]. It can
also partially penetrate the intact BBB when administered IV [14]. Cytarabine is an S-phase-
specific antimetabolite, classified as a pyrimidine analog, that is commonly used to treat
CNS disorders, such as primary CNS lymphoma [15]. Carboplatin is a platinum alkylating
agent currently used to treat CNS tumors in IA administration by our team, with or without
BBB opening [16,17]. Considering that this agent has already shown a response in IA
administration, we included a new formulation of carboplatin in this study. The carboplatin
used was solubilized in a new confidential vehicle specifically developed and produced
by the company Ingenew BioPharma. Finally, paclitaxel is a microtubule-stabilizing CTA
that represents a great advance in oncology, with clinical responses in a variety of primary
cancers. Unfortunately, this drug presents a poor penetration across the BBB when infused
IV, but localized therapy with nanoparticles has shown promising results [18-20]. Paclitaxel
has previously been tested by IA with Cremophor as a solubilization vehicle, but the
animals did not survive the procedure as the vehicle itself seemed to produce fatal side
effects (data not published). Hence, the use of the new confidential formulation by Ingenew
BioPharma, incorporating an alternative solubilizing agent, was evaluated to determine
whether IA administration would be feasible and beneficial.

The principal aims of this study were to (1) determine the maximal tolerable dose
(MTD) and the innocuity of the previously mentioned CTAs administered IA in a healthy
rat model and (2) evaluate their therapeutic effects in a glioma-bearing rat model.

2. Materials and Methods
2.1. Chemicals

Topotecan (4 mg/mL) and cytarabine (100 mg/mL) were purchased from the oncology
pharmacy of the CHUS (Sherbrooke, Québec, Canada). Paclitaxel (25 mg/mL) and carbo-
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platin (20 mg/mL) were provided by the pharmaceutical industry Ingenew BioPharma
(Laval, Québec, Canada).

2.2. Cell Line and Culture Conditions

The cell line chosen for this project was the F98 glioma cells (American type culture
collection—Manassas, VA, USA; ATCC CRL-2397), as this cell line is syngeneic with the
Fischer rat. Thereby, we avoid variations that could arise from immune responses produced
in non-immunosuppressed animals by other cell lines. The F98-Fischer model was also
chosen since it recreates GBM’s behavior of humans well. Maintenance and preparation for
our experiments were as previously described [21].

2.3. Animals

For the evaluation of the MTD for each chemotherapeutic agent, male Wistar rats were
used. These animals were not implanted with glioma cells, as the goal was to assess toxicity
at different dose levels. For the survival efficacy study, male Fischer rats were used. All rats
were purchased at Charles River Laboratories (Saint-Constant, Québec, Canada). For every
procedure (implantation, chemotherapy infusion, euthanasia), animals were anesthetized
with isoflurane (2-2.5%, O, at 2 L/min). Every experimental protocol conformed to
the regulations set by the Canadian Council on Animal Care and was approved by the
institutional ethical committee of the Université de Sherbrooke (protocols ID: 2022-2856
and 2023-3922).

2.4. Drugs Administration

The IA procedure involved drug delivery through a catheter inserted retrogradely
into the right external carotid artery using PE-10 intramedic tubing, with the catheter tip
positioned right above the bifurcation. This setup allowed for retrograde infusion into
the external carotid artery, transitioning to orthograde flow into the internal carotid artery,
ultimately directing the drug into the right hemisphere of the brain. After the infusion, the
external carotid was condemned, and the animal was closed with sutures (Figure 1). This
procedure was performed as previously described by Fortin et al. [22,23]. The IV infusions
of CTAs were administered via the caudal tail vein. The intra-tumoral (IT) injections of
CTAs were performed over the three-minute duration using the same coordinates as those
employed for the implantation procedure (see below). Since the MTD study was conducted
on tumor-free animals, the IA infusion was the first procedure performed. In contrast,
for the survival study, animals received the treatment 10 days following the F98 glioma
cell implantation.

2.5. Treatment Groups

For the MTD study, there were four independent groups with three Wistar rats each
for every CTA tested. Each group corresponded to a different dose (Figure 2). As for
the efficacy study, a total of eight groups were planned, with four animals in each group.
However, some animals were added to different groups to increase the sample size either
to compensate for the loss of some animals because of events unrelated to the tumor or
to validate drug efficacy (topotecan and carboplatin) or lack thereof (cytarabine). The
final number of animals per group was as follows: (1) Topotecan IA (n = 5), (2) topote-
can IV (n =4), (3) cytarabine IA (n = 6), (4) cytarabine IV (n = 4), (5) control IA (n = 4),
(6) carboplatin IA (n = 8), (7) paclitaxel IT (n = 4), and (8) control IT (n = 4). Note that six
animals were used for IA administration of paclitaxel at different doses, while two received
only the vehicle; however, the route of administration had to be changed due to toxicity.
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external carotid)
Figure 1. Schematic representation of the IA surgery.
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Figure 2. Graphic illustrating the decision chart representing the administered dose for each group.

2.6. MTD Evaluation

The starting dose for the first group was 25% of the maximal IV dose found in the
literature [24,25]. After five days of observation, the animal was euthanized, and the brain,
the heart, a kidney, parts of the spleen, the lungs, and the liver were harvested for histology.
A decision scheme was used to select the subsequent doses (Figure 2). Briefly, if there was
any sign of toxicity, behaviorally or in the organs, the second group received half the dose
of the previous one (12.5% in this case). If no sign of toxicity was detected, the dose was
doubled (50%). This paradigm was followed until the fourth group was reached.

2.7. Implantation

This procedure was only performed for the efficacy study using the F98-Fischer rat
model. Confluent F98 cells were harvested and resuspended in non-supplemented warm
Dulbecco’s Modified Eagle medium (DMEM) at a concentration of 2000 cells/pL. This
procedure was performed as described by Blanchard et al. [21]. Briefly, 10,000 cells (5 nL)
were implanted in the right frontal lobe, 3 mm laterally and 1 mm anteriorly from the
bregma at a depth of 5 mm.
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2.8. Evaluation of Mean Survival Time

Animals were monitored daily. Loss of self-grooming (periocular secretion accumu-
lation), landing ability, coordination, stability, mobility, and weight measurement were
performed. The presence of convulsions was also monitored. The animals were euthanized
if they reached a score of 3/10 or less in 3 categories or if they lost more than 20% of their
initial weight. Euthanasia was performed under anesthesia with isoflurane (2-2.5%, O, at
2 L/min) via a 60 mL intracardiac perfusion of 4% paraformaldehyde (PFA). The brain was
harvested and conserved in 4% PFA before being transferred in 70% ethanol 24 h later and
maintained at 4 °C until preparation for histology.

2.9. Histology

Haemotoxylin and eosin (H&E) staining was performed by the Université de Sher-
brooke’s histology platform on all harvested specimens. For histological examination,
tissue samples were preserved in 10% buffered formalin, embedded in paraffin, and sec-
tioned into 4 pm-thick slices, which were then stained with hematoxylin and eosin (H&E).
High-resolution images of the H&E-stained sections were obtained using a Nanozoomer
2-slide scanner (Olympus) and analyzed with the NDP view 2 imagingsoftware (version
2.6.13) [26]. The H&E staining was used to determine if there was any sign of toxicity in
the MTD study and to identify the necrotic and tumoral areas in the survival study.

2.10. Statistical Analysis

Data for the survival study were analyzed by the Kaplan-Meier survival curves using
a Log-Rank test. P-values under 0.05 were considered statistically significant.

3. Results
3.1. MTD Study

Since carboplatin’s IA dosage had already been determined by our group, only topote-
can, cytarabine, and paclitaxel were tested in this study [27].

Topotecan was obtained from a 1 mg/mL solution. The IV dose of 4 mg/kg was
selected based on the literature [24]. As per the dose decision scheme (Figure 2), the first
IA group received 1 mg/kg (Table 1). There was no treatment-related complication nor
sign of toxicity in the organs in the first group. The other three groups showed a similar
outcome. No abnormal signs in the animals’ behavior were observed. Likewise, no toxicity
was observed in the brain, heart, kidney, spleen, lung, or liver based on the H&E sections
(Figure 3). Therefore, following the dose escalation scheme described above, the selected
treatment dose for IA infusion was 4 mg/kg, representing 100% of the IV dose.

Table 1. First and final dosage used in the MTD and survival study.

Topotecan 1mg/kg 4mg/kg 100% 4mg/kg
Cytarabine 10 mg/kg 8.75mg/kg 21.88% 8.75mg/kg
Paclitaxel 3.3 mg/kg 0.825 mg/kg - Too toxic

Cytarabine’s first tested dose was 10 mg/kg from a 100 mg/mL solution, as the IV
dose was 40 mg/kg (Table 1) [25]. This dosage was considered too toxic as the animals
did not survive the entire procedure. Indeed, they presented heavy tachycardia and died
immediately or soon after the end of the IA infusion. The subsequent dose was, thus,
reduced by half. The second, third, and fourth groups tolerated their dosages well, and
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there were no apparent signs of toxicity (Figure 3). The IA cytarabine MTD was, therefore,
8.75 mg/kg, which represented almost 22% of the maximal IV dose.

Topotecan Cytarabine

Brain

Heart

Kidney

Liver

Lung

Spleen

Figure 3. H&E images of vital organs at the end of treatments showing the non-toxicity of topotecan
and cytarabine when administered IA at 4 mg/kg and 8.75 mg/kg, respectively, which were their
highest doses tested. Magnification: 20 x.

As for paclitaxel, no animals survived the IA infusions. During the first administration
(3.3 mg/kg), animals displayed abnormally irregular and jerky breathing (Table 1). The
second and third doses (1.65 and 0.825 mg/kg) also resulted in mortality of the animals
during the infusions. We repeated this procedure using only the vehicle at a volume
matching the last tested dosage to verify whether this effect was caused by the CTA or not.
Unfortunately, the animals also died during the administration. From that point on, IA
administration was substituted for IT infusions for survival studies using paclitaxel.
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3.2. Efficacy/Survival Study

To evaluate the efficacy of topotecan and cytarabine using IA infusion at selected
doses (Table 1), we conducted survival studies comparing these groups’ survival with IV
and control groups. Topotecan showed a significant increase in survival for the IA group,
with a median of 29.0 days compared to 23.5 days for the IV group (p = 0.015). However,
there was no significant difference between the IA group and the control group (Figure 4,
Table 2). The control group’s median survival (25.5 days) is consistent with our previously
reported standardization experiments, which described a median survival of 26 &+ 2 days
for untreated animals [28].

50-5
] Control (n=4)

A B
1004— 100
U =

> 50‘2 50
S 1
T et 04— T 1
3 20 25 30 35 20 25 30
[T,
o
2 C_ —— |A Topotecan (n=5)
% 1oo—;~ —’ —— |V Topotecan (n=4)
-8 —— |A Cytarabine (n=6)
o ] —— |V Cytarabine (n=4)

IT Paclitaxel (n=4)

03— — — + |IT SHAM Paclitaxel (n=4)
25 30 35

Surviving time post-implantation (days)

Figure 4. Kaplan—-Meier survival analysis of F98 glioma-bearing rats following treatment.
(A) Topotecan by IA and IV and its control. (B) Cytarabine by IA and IV and its control. (C) IT
paclitaxel and SHAM.

Table 2. Median survival times of the different groups.

Chemotherapy Agent and Administration Route Median Survival (Days)
Topotecan—IA 29.0
Topotecan—IV 23.5
Cytarabine—IA 22,5
Cytarabine—IV 26.5
Control 25.5
Carboplatin (Ingenew’s formulation)—IA 37.5
Paclitaxel (Ingenew’s formulation)—IT 28.5
Paclitaxel (Ingenew’s formulation) SHAM—IT 29.0

The group receiving IA cytarabine showed a lower survival rate with a median
of 22.5 days compared to the IV and control groups at 26.5 and 25.5 days, respectively
(Figure 4, Table 2). These results demonstrate that IA administration appears more toxic
than IV delivery, suggesting that this approach is not advisable for clinical use.
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Carboplatin was used at a dose previously described by our group (20 mg/kg) from
20 mg/mL [27,29]. This new solution showed interesting results, as the median survival of
the IA group was 37.5 days (n = 8). This CTA was not compared with an IV group since
the goal of this study was to determine if this new formulation was more efficient than the
carboplatin diluted in saline (median survival of 26.0 days, n = 8) or 5% dextrose (median
survival of 30.0 days, n = 9). Table 3 illustrates the results of this study alongside two others
conducted by our group using the same animal model and the other two vehicles [27,29].
The newly tested carboplatin formulation demonstrated improved efficacy in enhancing
the survival of the animals.

Table 3. Median survival times of animals treated with carboplatin in three different studies.

Coté et al. (2013) Charest et al.
Study [29] (2013) [27] Present Study
. Carboplatin
Drug Carboplatin (saline) Coarboplatm (Ingenew’s
(5% dextrose) .
formulation)
Median survival 26,0 #+* 30,0 ** 375

(days)

**p <0.01, ** p <0.001 vs. new carboplatin formulation from Ingenew BioPharma, based on Log-Rank test.

Finally, since paclitaxel could not be administered IA, we tested its effect when ad-
ministered via the IT route (375 pg/kg from a 25 mg/mL solution [30]). A SHAM group,
in which animals received an IT infusion of the vehicle alone, was included. The group
treated with paclitaxel achieved a median survival of 28.5 days, while the SHAM group
survived a median of 29.0 days, showing no statistically significant difference in survival
outcomes (Figure 3, Table 2).

4. Discussion

GBM patients still present a short median survival despite decades of research. One
of the main reasons for this dreadful outcome is the selective impermeability of the BBB,
preventing a significant buildup of therapeutic concentration in the CNS. Even though
IA infusions of CTAs increase survival, most patients who respond eventually recur and
progress while developing chemoresistance [8]. Since IA chemotherapy has proven effective
as a treatment at first relapse, we aim to expand the range of available CTAs that can be
administered via this route.

Hence, to improve our therapeutic portfolio of available CTAs, four distinct drugs
were selected and tested for IA perfusion in the F98-Fischer preclinical syngeneic model of
GBM. These agents were chosen as they either were already used to treat brain tumors IV,
cross partly the BBB, show good potential to treat aggressive tumors, or were presented
under a new formulation that could possibly lead to better results than those already used
in clinical care [8,14,15,18].

In the treatment of GBMs, the administration routes are classically the oral or IV route.
However, these delivery strategies administer the CTAs systemically, thus decreasing
their accumulation in the brain and the tumor. Indeed, the survival results of our IV
studies using topotecan and cytarabine are consistent with those obtained in the control
group, suggesting that they can barely, if at all, cross the BBB (Figure 4). On the other
hand, Charest et al. showed that platinum compounds administered IA would accumulate
significantly more in the tumor compared to IV infusions [27]. IA drug delivery has
also been shown to be safe and efficacious in brain tumors in the clinical setting when
the CTAs were adequately selected [10,11,31,32]. It appears to be as safe as diagnostic
cerebral angiography, as the complications arise mostly from the catheter placement and
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are extremely unusual (0.75%) [11]. This route has also been utilized in children and
was well tolerated [33]. Additionally, CTAs are not the only compounds that can be
administered IA. Many clinical trials have used monoclonal antibodies for different types
of brain diseases [31,33]. Furthermore, BBB disruption (BBBD) prior to IA infusions is a
well-established procedure that can increase up to 300 times the local concentration of CTAs
in the brain compared to IV infusion [7]. Hence, BBBD serves as a valuable adjunct to IA
infusion. Although BBBD was not utilized in this study, it is a strategy worth considering
for future investigations.

Considering that topotecan, cytarabine, and paclitaxel have never been tested IA,
the first step was to determine their maximal tolerable dose with no observable adverse
effects. Our results showed that neither topotecan nor cytarabine produced neurotoxicity
when tested at 4 mg/kg and 8.75 mg/kg, their respective highest tolerated dose. The
same could be said of systemic innocuity, as the heart, the kidneys, the liver, the lungs,
and the spleen were also surveyed to confirm the absence of toxic effects of these drugs.
Our results suggest that these drugs can be safely administered IA at these doses without
causing any adverse effects. However, none of the animals survived the IA administration
of paclitaxel. Preliminary experiments revealed that the vehicle was responsible for the
observed neurotoxicity when infused via the IA route, prompting a switch to IT infusions
for our survival studies.

The IA topotecan group showed an increase in survival compared to the IV group.
Indeed, while the median survival of the IV group was not significantly different from the
controls, the IA group presented a median survival significantly higher with 29 days (p =
0.015). Hence, considering that this drug seems to be well tolerated by the animals and
produced an increase in survival, it would be interesting to do a Phase 0-1 clinical trial
(escalating dose and innocuity assessment) to determine its usefulness in our population of
relapsing GBM patients. This is not the first attempt to use this drug with a regional delivery
strategy. In fact, other research groups have used convention-enhanced delivery (CED)
of topotecan in both small and large animals and reported great results with significantly
higher survival using this method [34]. Our results align with theirs while using a single IA
infusion of the therapeutic agent. Moreover, Spinazzi et al. complemented these previous
findings in a clinical study where they used the same agent and method. While further
studies would be needed to prove favorable outcomes, their small group showed that
CED is a potentially safe and effective treatment for recurrent GBM patients [13]. Hence,
topotecan could be a good option for regional therapy via [A administration in relapsing
GBM patients.

In contrast, the cytarabine groups revealed that the IV-treated rats survived longer than
those treated via IA administration, although the difference was not statistically significant
(p=0.0523). Additionally, the IV group did not exhibit any significant differences in survival
compared to the control group. This suggests that cytarabine is ineffective despite the
treatment being well tolerated by the animals. It is also important to note that the control
group used with topotecan and cytarabine displayed irregularities. More specifically,
four animals were used in this group and had survival times of 21, 25, 26, and 29 days,
respectively, resulting in a median survival of 25.5 days. While this is technically within
the range reported in the literature (26 & 2 days), such variation has never been observed
previously in our lab [28].

The new IA carboplatin formulation (Ingenew BioPharma) showed improved survival
compared to the standard formulation (Novopharm) used in our laboratory in preclinical
and clinical studies, with a median survival of 37.5 days. In the past, certain diverging
results obtained by our laboratory hinted at the fact that the solubilization vehicle might
influence results. Hence, using the same F98-Fischer glioma-bearing rat model, Coté et al.
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described a median survival of 26 days with carboplatin in saline, while Charest et al.
reported a median survival of 30 days when 5% dextrose was used as a vehicle [27,29].
The new carboplatin formulation, submitted for patent by Ingenew BioPharma, appears to
surpass these results and could potentially replace the formulation currently used in our
patients in the clinic, pending confirmation in a clinical comparative study.

The standard vehicle for paclitaxel is Cremophor, as the drug is not soluble in saline.
However, Cremophor itself is a toxic compound when delivered via the IA route. Indeed,
our lab has previously attempted to use the IA route for the delivery of paclitaxel with its
usual vehicle, but severe instances of neurotoxicity occurred and resulted in fatal outcomes.
In fact, Cremophore caused severe convulsions during the infusion (data not published).
Hence, the IA infusion of placlitaxel with this compound was promptly interrupted. In this
study, paclitaxel was dissolved using a new formulation developed by Ingenew BioPharma.
Since Cremophor was identified as the cause of the toxic effect observed previously, testing
this new formulation for IA delivery was of interest. Unfortunately, the new vehicle was
also poorly tolerated by the animals, as none survived the treatment. IT administration
of paclitaxel was, thus, instead implemented to see if better results could be obtained, but
it did not show a significantly higher survival compared to the SHAM group (28.5 vs. 29
days). The results from the SHAM group were unexpected, as these animals received only
the vehicle and were, therefore, expected to exhibit the same median survival as the control
group. Interestingly, all animals that received either the drug or the vehicle via the IT route
showed brain hemorrhage. This could, of course, be attributed to the needle used for the
procedure (23G); however, the same needle size is routinely used for the implantation
procedure without any adverse events. The administration of paclitaxel was performed
on day 10 post-tumor cell implantation. Given that tumors are more highly vascularized
compared to healthy brain parenchyma, it is possible that the needle might have damaged
blood vessels in the tumor, leading to hemorrhages.

In conclusion, two of the four drugs tested in this study showed an increase in median
survival rates, while the other two were either too toxic or unsuitable for IA infusion in
the F98-Fischer glioma-bearing rat model. BBBD could be considered in future studies to
further enhance these efficacy results. Phase 0-1 clinical trials will be planned to evaluate
the new Ingenew BioPharma carboplatin formulation and topotecan.
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Abbreviations

The following abbreviations are used in this manuscript:

BBB Blood-brain barrier

CED Convection-enhanced delivery

CHUS Centre Hospitalier de I'Université de Sherbrooke
CNS Central nervous system

CTA Chemotherapy agent
DMEM  Dulbecco’s modified eagle medium
GBM Glioblastoma multiform

H&E Hematoxylin and eosin

IA Intra-arterial /intra-arterially
IT Intratumoral

v Intravenous

MTD Maximal tolerable dose
BBBD  Blood-brain barrier disruption
PFA Paraformaldehyde
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Abstract: Cancer stem cells (CSCs) play a key role in non-small cell lung cancer (NSCLC) chemore-
sistance and metastasis. In this study, we used two NSCLC cell lines to investigate the regulating
effect of hypoxia in the induction and maintenance of CSC traits. Our study demonstrated hypoxia-
induced stemness and chemoresistance at levels comparable to those in typical CSC sphere culture.
Activation of the NF-«kB pathway (by transfection of NF-kB-p65) plays a key role in NSCLC CSCs and
chemoresistance. Disulfiram (DS), an anti-alcoholism drug, showed a strong in vitro anti-CSC effect.
It blocked cancer cell sphere reformation and clonogenicity, synergistically enhanced the cytotoxic-
ity of four anti-NSCLC drugs (doxorubicin, gemcitabine, oxaliplatin and paclitaxel) and reversed
hypoxia-induced resistance. The effect of DS on CSCs is copper-dependent. A very short half-life in
the bloodstream is the major limitation for the translation of DS into a cancer treatment. Our team
previously developed a poly lactic-co-glycolic acid (PLGA) nanoparticle encapsulated DS (DS-PLGA)
with a long half-life in the bloodstream. Intra venous injection of DS-PLGA in combination with the
oral application of copper gluconate has strong anticancer efficacy in a metastatic NSCLC mouse
model. Further study may be able to translate DS-PLGA into cancer applications.

Keywords: non-small cell lung cancer; cancer stem cells; chemoresistance; disulfiram; copper gluconate;
PLGA nano-delivery

1. Introduction

Lung cancer is the second most common malignancy and the leading cause of cancer-
related deaths worldwide, with an estimated 2.2 million new cases and 1.8 million deaths.
Non-small cell lung cancer (NSCLC) accounts for about 80-85% of all lung cancer cases [1,2].
Despite advances in lung cancer screening, more than 75% of NSCLC patients are diag-
nosed at a locally advanced or metastatic stage [3]. Although the therapeutic outcomes of
NSCLC have been significantly improved in the last two decades, with the development of
treatments against driver mutations and immune check point inhibitors, the 5-year survival
rate of NSCLC patients remains at 26% in all stages and only 8% in distant metastatic
patients [2]. Chemoresistance remains one of the major causes of therapeutic failure in
NSCLC. Therefore, elucidation of underlying resistant mechanisms to currently available
drugs and the development of novel anti-NSCLC drugs to reverse chemoresistance are of
clinical importance and urgency.

Increasing evidence suggests that a small population of cells known as cancer stem
cells (CSCs) plays a pivotal role in de novo and acquired resistance to chemo and targeted
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therapies [4]. NSCLC is a highly heterogeneous tumor with cells expressing putative
stem cell markers such as aldehyde dehydrogenase (ALDH), ABCG2, CD44, CD133 and
embryonic stem cell (ESC) markers, e.g., Sox2, Oct4 and Nanog [5]. These cells are resistant
to all currently available anticancer drugs and are responsible for cancer metastasis, due
to their self-renewal ability, uncontrolled proliferation and genomic instability [4]. There-
fore, targeting CSCs may improve the therapeutic outcomes of NSCLC patients. Recent
studies demonstrate that CSCs are located in hypoxic niches where hypoxic signaling
plays a crucial role in the induction and maintenance of their stemness [6]. CSCs exist
in a transient and reversible CSC-like state rather than a permanent entity and can origi-
nate from the dedifferentiation of cancer cells driven by various factors such as a hypoxic
tumor microenvironment [7]. Hypoxia induces epigenetic alterations which change the
phenotype of the cancer cells and make them acquire CSC characteristics and chemoresis-
tance [8,9]. Elucidation of the molecular links between hypoxia and CSCs may identify
potential targetable CSC-manipulating pathways to overcome chemoresistance in NSCLC.
The cellular response to a hypoxic stimulus activates nuclear factor-«xB (NF-«kB), a principal
transcription factor [10]. The NF-kB pathway is activated by numerous external stimuli,
oncogenic mutations and various crosstalk signals [11,12] and is constitutively activated in
CSCs to promote various survival mechanisms [13-15]. Suppression of the NF-«B path-
way decreases CSC characteristics, sensitizes cancer cells to chemotherapy, inhibits tumor
growth and blocks metastasis [8,16-18].

Therefore, the development of drugs that target the CSC population is key to improv-
ing the therapeutic outcomes for NSCLC patients. New drug discovery and development is
a time-consuming and expensive procedure. Anticancer drug development has a persistent
attrition rate of 95% due to safety issues [19]. Drug repurposing is an ideal process to iden-
tify new uses for FDA-approved drugs outside of the original intended medical use [20].
Disulfiram (DS) is an anti-alcoholism drug used in the clinic for more than 70 years with
excellent safety records [21]. DS has been demonstrated significant anticancer activity in
various cancers in vitro and in vivo [18,22-25]. Previous studies revealed that the cytotoxic-
ity of DS is entirely copper (Cu) dependent [26,27]. The chelation of DS with Cu generates
reactive oxygen species (ROS) which are highly toxic to cancer cells. Both DS plus Cu and
copper-diethyldithiocarbamate (Cu-DDC), the final product of the Cu and DS chelation,
inhibit NF-«kB activity and target CSCs [16,17,22,23]. The sulfhydryl group of DS is essential
for its reaction with Cu and anticancer activity [26]. Only an oral version of DS is currently
available in the clinic [21]. After oral administration, DS is enriched and metabolized in
the liver where the sulfhydryl group of DS is promptly methylated, glucuronidated and
degraded and loses its anticancer efficacy in cancer patients [26]. This explains the discrep-
ancy between the anticancer activities of DS in the laboratory and in cancer clinical trials.
Therefore, the very short half-life of DS in the bloodstream became the bottleneck for the
translation of DS into cancer treatment. In order to apply DS to cancer treatment, we first
suggested using the nano-drug-delivery system to protect the sulthydryl group and deliver
the intact DS into cancer tissues [28]. We have previously shown that encapsulation of DS
into liposome or poly lactic-co-glycolic acid (PLGA) significantly extends the half-life of DS
and improves its in vivo anticancer efficacy in mouse breast, liver cancer and glioblastoma
models [8,18,23].

In this study, we demonstrate that hypoxia-induced CSCs are responsible for chemore-
sistance in NSCLC cell lines. NF-«B plays pivotal roles in hypoxia-induced cancer cell
stemness and chemoresistance. DS/Cu strongly targets CSCs and demonstrated high anti-
NSCLC activity in vitro. In combination with copper, PLGA encapsulated DS (DS-PLGA)
showed very strong in vivo anti-NSCLC efficacy in a mouse metastatic model. Our data
indicated that further study may translate DS-PLGA into NSCLC clinical treatment.

34



Biomolecules 2024, 14, 1651

2. Materials and Methods
2.1. Cell Lines and Reagents

The NSCLC cell lines A549 and NCI-H23 were purchased from ATCC (Teddington,
UK). DS, copper (II) chloride (CuCl,), copper gluconate (CuGlu), doxorubicin (DOX),
gemcitabine (dFdC), oxaliplatin (OXA), paclitaxel (PTX), poly-2-hydroxyethyl methacrylate
(poly-HEMA), propidium iodide (PI) were purchased from Sigma (Dorset, UK). DS-PLGA
was developed and characterized in our lab [23].

2.2. 1-(4,5-. Dimethylthiazol-2-yl)-3,5-Diphenylformazan (MTT) Cytotoxicity Assay and
Cl-Isobologram Analysis

All cell lines were cultured in DMEM (Lonza, Wokingham, UK) supplemented with
FBS (10%), L-glutamine (2 mM), penicillin/streptomycin/amphotericin (1%, v/v) (Lonza,
Slough, UK) and maintained in normoxic conditions at 37 °C and 5% CO,. Hypoxic-
cultured cells were incubated at 37 °C, 5% CO; and 1% O, for 4 days. For cytotoxicity
assay;, cells (2.5 x 10% cells/mL) were cultured in 96-well flat-bottomed microtiter plates
overnight and then exposed to drugs for 72 h in both normoxic and hypoxic conditions
before subjected to a standard MTT assay [29]. CI isobologram was used to determine the
synergistic effect between anticancer drugs and DS/Cu and calculation of Combination
Index (CI). Cells were exposed to various concentrations of anticancer drugs, DS/Cu or in
a combination of anticancer drug and DS/Cu [consistent concentration (10 uM) of CuGlu]
and then subjected to MTT assay. A constant ratio of anticancer drug:DS of 1:1 (DOX, dFdC
and PTX) or 100:1 (OXA) was used. The combined cytotoxicity was determined by CI
isobologram using CalcuSyn software (Biosoft, Cambridge, UK) [30]. Mutually exclusive
equations were used to determine the CI.

All cell lines were cultured in DMEM (Lonza, Wokingham, UK) supplemented with
FBS (10%), L-glutamine (2 mM), penicillin/streptomycin/amphotericin (1%, v/v) (Lonza,
Slough, UK) and maintained in normoxic conditions at 37 °C and 5% CO,. Hypoxic-
cultured cells were incubated at 37 °C, 5% CO; and 1% O, for 4 days. For cytotoxicity
assay;, cells (2.5 x 10* cells/mL) were cultured in 96-well flat-bottomed microtiter plates
overnight and then exposed to drugs for 72 h in both normoxic and hypoxic conditions
before subjected to a standard MTT assay [29]. CI isobologram was used to determine the
synergistic effect between anticancer drugs and DS/Cu and calculation of Combination
Index (CI). Cells were exposed to various concentrations of anticancer drugs, DS/Cu or in
a combination of anticancer drug and DS/Cu [consistent concentration (10 uM) of CuGlu]
and then subjected to MTT assay. A constant ratio of anticancer drug:DS of 1:1 (DOX, dFdC
and PTX) or 100:1 (OXA) was used. The combined cytotoxicity was determined by CI
isobologram using CalcuSyn software (Biosoft, Cambridge, UK) [30]. Mutually exclusive
equations were used to determine the CI.

2.3. Spheroid Culture and Sphere Reformation Assay

The NSCLC cells were cultured as spheres in poly-HEMA-coated ultra-low adherence
flasks containing stem cell medium (SCM) which contains DMEM-F12 supplemented with
2 mM L-glutamine, 1% (v/v) penicillin/streptomycin/amphotericin mix (Lonza), B-27
(Invitrogen, Paisley, UK), 10 ng/mL basic fibroblast growth factor (b-FGF) (R&D system,
Abingdon, UK), 10 ng/mL epidermal growth factor (EGF, Sigma), 20 pug/mL insulin,
20 pg/mL heparin, and 4.5 g/L D-glucose (Sigma). For the sphere reformation assay, the
6-day-cultured spheroid cells were trypsinised and the single cell suspension was exposed
to different drugs for 6 h at 37 °C, 5% CO,. The treated cells were cultured in drug-free
medium at a low cell density (2000 cells/well) in poly-HEMA-coated 24 well plates for
7 days. The total numbers of the reformed spheres were counted and images were taken at
4 x magnification.
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2.4. Clonogenic Assay

Normoxic and hypoxic-cultured cells were exposed to ICsy concentrations of DOX,
dFdC, OXA, PTX, Cu, DS and DS/Cu for 48 h. The drug-treated cells (5 x 103/ well) were
re-seeded in 6-well plates and cultured in drug-free medium under normoxic and hypoxic
conditions, respectively, for 10 days. The cells were fixed and stained with crystal violet.
The colonies containing at least 50 cells were counted.

2.5. Detection of CSC Markers

The activity and expression levels of ALDH, CD133 and ABCG2 were determined
in spheroid, normoxia and hypoxia-cultured A549 and NCI-H23 cells. The CSC markers
in spheroid and hypoxia-cultured cells were also examined after 6 h DS/Cu treatment.
The ALDH-positive population was detected by the ALDEFLUOR kit (StemCell Tech,
Cambridge, UK) following the supplier’s instruction. The specificity of the kit was verified
with diethylaminobenzaldehyde (DEAB) treatment. The CD133 and ABCG2-positive
populations were detected by FITC conjugated anti-CD133 (Macs Miltenyi Biotec, Surrey,
UK) and APC conjugated anti-ABCG2 (BD Biosciences, Berkshire, UK) antibodies.

2.6. Measurement of the Hypoxic Cell Population

The Hypoxyprobe™-1 Plus Kit (Hypoxyprobe, Inc, Massachusetts, USA) was used
to detect and quantify the hypoxic population in A549 and NCI-H23 cell lines. The cells
were incubated overnight in a 100 pM HPP-containing medium. The cells were fixed with
ice-cold ethanol and stained with anti-HPP-FITC antibody (1:1000) in flow buffer in the
dark and then analyzed by flow cytometry. For immunocytochemistry assay, the cells were
fixed using an Image-iT® Fix Perm Kit (Invitrogen, Waltham, MA, USA) and stained with
anti-HPP-FITC antibody (1:100) and counterstained with PI.

2.7. Western Blot Analysis

The expression levels of NF-kB-p65 in whole and nuclear protein were determined us-
ing primary NF-kB-p65 antibody (Abcam, Cambridge, UK) and HRP conjugated secondary
antibody (Sigma). -actin (Sigma) (1:5000) and nucleolin (Santa Cruz, TX, USA) (1:1000)
were used to detect housekeeping proteins in whole and nuclear proteins, respectively. The
Western blotting signal was detected using the EZ-ECL enhanced chemiluminescence kit
(Biological Industries, Cromwell, CT, USA).

2.8. Quantitative Real Time RT-PCR (qRT-PCR)

qRT-PCR was performed using Tagman™ assays according to the manufacturer’s
instructions. RNA was extracted from cultured NSCLC cells using an RNA purification
kit (Norgen Biotek, Thorold, ON, Canada)) following the manufacturer’s instructions, as a
template for cDNA synthesis using Multiscribe Reverse Transcriptase (Applied Biosystems,
Woburn, MA, USA). The following primers/probes were used: Tagman™ gene expression
assay ID P65 Hs01042014_m1, HIF1A Hs00936371_m1, HIF2A Hs01026149_m1, SOX2
Hs01053049_s1, OCT4 Hs00999632_g1, NANOG Hs02387400_g1, HPRT1 Hs99999909_m1.
Gene expression was normalized for control gene expression (HPRT1) and calculated
according to the comparative 2~ AACT method.

2.9. Luciferase Reporter Gene Assay

A dual luciferase assay kit was used for luciferase reporter gene assay in 96-well
plates following the instruction from the supplier (Promega, Southampton, UK). The tran-
scriptional activity of NF-«B and hypoxia response element (HRE) was determined using
pNFkB-Tal-Luc (BD Biosciences) and pGL4.4-LUC2p /HRE (Promega) luciferase vectors,
respectively. pGL3-Basic (BD Biosciences) vector was used as the background control.
All of the luciferase vectors were co-transfected with pSV40-Renilla (BD Biosciences) an
internal control for normalization of the transcriptional activity. The luciferase activity in
each well was normalized to pSV40-Renilla using Ln = L/R (Ln: normalized luciferase unit;

36



Biomolecules 2024, 14, 1651

L: luciferase activity reading; R: Renilla activity reading). The transcriptional specificity
was monitored by the transcriptional activity of the pGL3-Basic. All transfections were
performed in triplicate with at least duplicate independent experiments.

2.10. NSCLC Xenograft and In Vivo DS-PLGA Treatment

Five-week-old female BALB/c Nu/Nu athymic nude mice (Biotechnology and Cell
Biology Shanghai, Shanghai, China) were housed under pathogen-free conditions according
to the animal care guidelines of Fourth Military Medical University (FMMU) China. All
experiments were reviewed and approved by the FMMU Ethical Committee. The A549
NSCLC metastatic xenograft model was used in this study. A549 cells (5 x 106 in 100 uL
of PBS) were injected into the tail vein. Three days after tumor cells injection, the tumor-
bearing mice were randomly subdivided into 2 groups (7 mice/group) and subjected to
the following treatments. 1. Control: no treatment; 2. CuGlu 5 mg/kg p.o and DS-PLGA
5 mg/kgiv (4 h after CuGlu) 2 times per week for 3 weeks. The mouse body weight was
monitored three times per week and all the mice were sacrificed on day 21. The lungs
were dissected, weighted and then formalin-fixed for paraffin embedment, sectioning and
H&E staining.

2.11. Statistical Analysis

The software GraphPad Prism was used for statistical analysis. The statistical signifi-
cance of treatment outcomes was assessed using the Student’s t-test and one-way ANOVA,;
p-value scores of <0.05 (*) and <0.01 (**) were considered statistically significant. Data are
displayed as mean values =+ standard deviation.

3. Results
3.1. Spheroid-Cultured NSCLC Cells Are Hypoxic with CSC Characters and Resistant to
Anti-NSCLC Drugs

In this study, we used spheroid cultures to induce the CSC population in two NSCLC
cell lines. After 6 days of culture in SCM at low attachment condition, A549 and NCI-
H23 cells formed a distinct spheroid morphology (Figure 1a). In comparison with the
attached cells, a significantly larger population of the sphere-cultured cells expresses
ALDH?*, CD133* and ABCG2" (Figure 1b-g). The stemness of the sphere-cultured cells
was further proved by the detection of other ESC markers, e.g., SOX2, OCT4 and NANOG,
using RT-PCR (Figure 1h). Furthermore, the sensitivity of the spheroid-cultured cells to the
four most commonly used NSCLC chemotherapy drugs was examined using the sphere
reformation assay (Figure 1i,j). DOX and dFdC did not inhibit the sphere reformation in
both cell lines and no inhibition by PTX was observed in the A549 cell line. Although the
sphere reformation was inhibited by OXA in both cell lines and PTX in the NCI-H23 cell line,
significant numbers of the reformed spheres were still detected. These results demonstrate
that sphere-cultured CSCs are resistant to anti-NSCLC drugs. The hypoxic status in the
sphere-cultured cells was examined using Hypoxyprobe immunocytochemistry staining
and flow cytometry analysis. In comparison to the attached cells, a significantly higher
proportion of hypoxic cells were detected in the sphere-cultured cells (Figure 1k-m).
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Figure 1. Sphere-cultured NSCLC cells demonstrate CSC and ESC markers, chemoresistance and
contain high proportion of hypoxic cell population. (a) Morphology of the attached and sphere-cultured
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cells (x 10 magnification). (b—g). Flow cytometric analysis of the expression of CD133, ALDH and
ABCG2 CSC markers in attached and sphere-cultured NSCLC cells (mean + SD; n = 3). (h) qRT-PCR
analysis of ESC markers in attached and sphere-cultured cells (mean + SD; n = 3). (i,j) Effect of
four chemotherapy drugs on the sphere reformation ability (x 10 magnification, mean + SD; n = 3).
(k) Morphology of hypoxic cells in the spheres (x 10 magnification). Hypoxic cells were detected
by Hypoxyprobe and FITC-conjugated anti-Hypoxyprobe MAD staining at Exc 492 nm and Emi
520 nm (green, cytoplasm). The nuclei were counterstained by PI (red) Exc 530 nm and Emi 618 nm.
(ILm) Flow cytometry comparison of the proportions of Hypoxyprobe stained hypoxic population in
monolayer and sphere-cultured cells (mean =+ SD; n = 3). ns = non-significant; * p < 0.05 and ** p < 0.01.

3.2. Hypoxia-Cultured NSCLC Cells Show CSC Traits and Are Resistant to Anticancer Drugs

Hypoxia and CSC traits were co-detected in sphere-cultured cells (Figure 1). To deter-
mine the relationship between hypoxia and CSC traits, we grew the monolayer-cultured
cancer cell lines in hypoxic conditions. The hypoxia was confirmed using the Hypoxyprobe
kit. Figure 2a shows the immunocytochemistry image of the hypoxia-cultured mono-
layer cells. Flow cytometric analysis demonstrated a significantly higher percentage of
hypoxic cells after being cultured in hypoxia conditions (Figure 2b,c). In comparison with
normoxia-cultured cells, a significantly higher percentage of CSC markers (ALDH, CD133
and ABCG2) positive cells was detected in hypoxia-cultured cells (Figure 2d—i). Signifi-
cantly higher levels of mRNA for ESC markers (SOX2, OCT4 and NANOG) were detected
in hypoxia-cultured cells (Figure 2j). The cytotoxicity of DOX, dFdC, OXA and PTX after
72 h treatment was analysed using the MTT assay (Figure 2k). The ICsq values of the
anti-NSCLC drugs in normoxia and hypoxia-cultured cancer cell lines are shown in Table 1.
Hypoxia-cultured cells are highly resistant to all of these clinically used drugs. These
results suggest that hypoxia-cultured NSCLC cells developed more chemoresistant CSCs.

Table 1. IC5) values in A549 and NCI-H23 cells treated with drugs.

A549 H23
Drug Normoxia Hypoxia Normoxia Hypoxia
OXA (uM) 14403 >25 9.0+52 >25
DOX (nM) 56.6 £9.3 >1000 292.5+82 >1000
dFdC (nM) 127 £2.7 >100 9.6 £32 >100
PTX (nM) 42+34 >100 8.7+6.1 >100
DS/CunM 1.0+£03 59 £3.0 13.8+23 8.7+1.0

The normoxia and hypoxia-cultured cells were exposed to different drugs for 72 h and
subjected to MTT assay.

3.3. NF-kB Pathway Plays a Pivotal Role in CSC Traits and Chemoresistance

In comparison with normoxia-cultured cells, both hypoxia and sphere-cultured A549
and NCI-H23 cell lines express significantly higher levels of NF-kB-p65 mRNA, the key
player of the canonical NF-«B activation pathway involving in chemoresistance (Figure 3a).
The luciferase reporter gene assay demonstrated significantly higher NF-«B transcriptional
activity in hypoxia-cultured cell lines (Figure 3b). These results are in line with our pre-
vious findings in human glioblastoma cell lines [8] and indicate the relationship between
NEF-«B activation and hypoxia-induced NSCLC CSCs. To investigate the causal relation-
ship between the NF-kB pathway, CSC traits and chemoresistance, we stably transfected
pcDNA3.1/NF-kB-p65 plasmid into the A549 cell line to overexpress NF-kB-p65. The
pcDNAS3.1 empty vector-transfected cells were used as mock control. Compared with a
mock clone, two positive clones (C7 and C13) expressed significantly higher NF-«B-p65
mRNA and protein (whole and nuclear) (Figure 3c,d). Higher NF-«kB activity was also de-
tected by luciferase reporter gene assay (Figure 3e). In comparison with the mock clone, the
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ALDH activity and CD133 expression were significantly induced by NF-kB-p65 transfection
in C7 and C13 clones (Figure 3f-i). There was no significant difference in the expression of
ABCG2 (Figure 3j,k). The RT-PCR results also show an increase in the mRNA levels of the
ESC transcription factors SOX2, OCT4 and NANOG in the NF-kB-p65 transfected clones
(Figure 31). These results strongly indicate the positive causal relationship between NF-kB
activity and CSC traits in NSCLC cells. Chemoresistance is one of the major characteristics
of hypoxia-induced CSCs. To establish the role of NF-«kB in chemoresistance, the cytotox-
icity of anti-NSCLC drugs in NF-kB-p65 transfected A549 cell lines was compared with
that in the mock clone. The NF-kB-p65 transfected clones demonstrate resistance to dFdC,
OXA, PTX and DOX, although it does not reach statistical significance in DOX-treated cells
(Figure 3m and Table 2).
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Figure 2. Hypoxic culture induces expression of CSC and ESC markers and chemoresistance. (a) Im-

ages of Hypoxyprobe-stained monolayer cells cultured in normoxic and hypoxic conditions (x40 mag-
nification). (a) Hypoxic cells were detected by Hypoxyprobe and FITC-conjugated anti-Hypoxyprobe
MAD staining (Exc 492 nm and Emi 520 nm; green, cytoplasm). The nuclei were counterstained by
DAPI (Exc 345 nm and Emi 455 nm; Blue). The cytoplasm was stained with ActinRed 555 (Exc 540 nm
and Emi 565 nm; red, cytoplasm) (b,c) Flow cytometric analysis of Hypoxyprobe-stained cells (mean
+ SD; n = 3). (d—-i) Flow cytometric analysis of the expression of CD133, ALDH and ABCG2 CSC
markers in attached and sphere-cultured cells (mean £ SD; n = 3). (j) qRT-PCR analysis of ESC mark-
ers in attached and sphere-cultured cells (mean + SD; n = 3). (k) Comparison of cytotoxicity of four
chemotherapy drugs in normoxia and hypoxia-cultured cells (mean + SD; n = 3). ns = non-significant;

*p <0.05,* p<0.01.

Table 2. The ICs5j anti-NSCLC drugs in the transfected clones.

NFkB-p65
Drug Mock
Cc7 C13
OXA (uM) 6.7+15 >25 >25
DOX (nM) 453.6 4+ 240.3 585.2 4+ 241.9 706.7 £ 287.9
dFdC (nM) 249 +204 >100 >100
PTX (nM) 24+0.5 23.5+23.3 372+£222

3.4. DS/Cu Targets CSCs and Reverses Chemoresistance in NSCLC Cell Lines

The above data strongly suggest that NF-«B plays a critical role in maintaining CSC
status and chemoresistance. Our previous findings indicate that DS/Cu inhibits NF-«B
activity, targets CSCs and reverses chemoresistance in other types of cancer [8,18,27]. Here,
we examine the cytotoxic effect of DS/Cu on CSCs in A549 and NCI-H23 cell lines. Most of
the sphere- and hypoxia-induced CSC markers in A549 cell lines are significantly inhibited
by DS/Cu. DS/Cu inhibits the expression of ALDH, CD133 and ABCG2 in the sphere and
hypoxia-cultured A549 cells (Figure 4a—f). The expression of ALDH and CD133 in sphere-
cultured NCI-H23 cells is inhibited by DS/Cu (Figure 4a—d). The expression of CD133
and ABCG?2 in hypoxia-cultured NCI-H23 cells is also inhibited by DS/Cu (Figure 4c—f).
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Unexpectedly, the expression of ALDH in NCI-H23 cells was not induced by hypoxic
culture (Figure 2b) and DS/Cu did not show an inhibiting effect on ABCG2 expression
in sphere-cultured NCI-H23 cells (Figure 4e,f). Although hypoxia induces resistance to
four anti-NSCLC drugs, the cytotoxicity of DS/Cu is comparable in normoxia and hypoxia-
cultured cells (Figure 4g). The effect of DS/Cu on sphere reforming ability was examined.
DS and Cu, in combination, completely blocked the sphere reformation ability in A549 and
NCI-H23 cell lines. In contrast, these effects were not observed in DS or Cu singly treated
cells (Figure 4h,i). The clonogenicity is also the character of CSCs. A clonogenic assay was
used to determine the clonogenicity of normoxic and hypoxic NSCLC cells treated with
NSCLC chemotherapy drugs. The clinically used NSCLC chemotherapy drugs inhibited
the clonogenicity in normoxia-cultured cells but the hypoxia-cultured cells were resistant
to the treatment (Figure 4j,1). The combination of DS/Cu completely blocked the colony
formation in both normoxia and hypoxia-cultured cells. Whereas, the inhibiting effect
was not observed in DS or Cu singly treated cells (Figure 4k,1). These results indicate
that DS/Cu targets NSCLC CSCs in which Cu is indispensable. Furthermore, the effect
of DS/Cu on the hypoxia-induced anti-NSCLC drug resistance in A549 and NCI-H23
cell lines was examined. DS/Cu significantly enhances the cytotoxicity of four first-line
anti-NSCLC drugs and completely reverses the hypoxia-induced chemoresistance in both
cell lines (Figure 4m and Table 3). Isobologram analysis shows a synergistic combination
effect between DS/Cu and anticancer drugs at a wide concentration range (Table 3).
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Figure 3. Stable transfection of NFkB-p65 induces the expression of CSC markers and chemoresis-
tance in the A549 cell line. (a,b) Hypoxic culture induces NFkB-p65 mRNA expression and NF«kB
transcriptional activity. (c—e) qRT-PCR and Western blot show that NF«kB-p65 stably transfected
clones express high levels of NF«B-p65 mRNA (c) and protein (d) and demonstrate high NF«xB
transcriptional activity (e). (f-k) Flow cytometry detection of the expression status of CSC markers in
the NF«B-p65 transfected clones. (1) gRT-PCR detection of the mRNA expression of the ESC markers
in NFkB-p65 transfected clones. (m) MTT analysis of the cytotoxicity of four chemotherapy drugs
on the NFkB-p65 transfected clones (mean + SD; n = 3). ns = non-significant; * p < 0.05, ** p < 0.01.
Western blot original images are in the supplementary materials.
Table 3. Synergistic effect of chemotherapy drugs and DS/Cu on NSCLC cell lines.
A549 Hypoxia H23 Hypoxia
Drug IC5 CI Values ICs5p CI Values
Sing Com ED50 ED75 ED90 Sing Com ED50 ED75 EDY90
DOX (nM) >100 3.4+21 0.92 0.86 0.81 >100 10.6 £5.2 0.81 0.79 0.77
dFdC (nM) 59.5+291 1.8%+05 0.66 0.34 0.18 >100 7021 0.64 0.52 0.48
OXA (uM) >10 12+11.1 0.93 0.98 1.02 >10 0.8+0.3 0.84 0.83 0.83
PTX (nM) 8.9+ 3.0 45+07 0.95 0.69 0.78 >100 6.7+ 1.5 0.80 0.63 0.58

Sing: Single drug; Com: Drug in combination with DS/Cu.

3.5. DS-PLGA/Cu Targets Cancer Xenografts in a Metastatic NSCLC Mouse Model

To develop an injectable DS, we invented a PLGA-encapsulated DS (DS-PLGA) [23].
Our previous studies show that DS-PLGA significantly improved the half-life of DS in
serum [23]. In combination with oral CuGlu, intravenous administration of DS-PLGA
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ssc

demonstrated significant anticancer efficacy in liver cancer and glioblastoma mouse mod-
els [8,23]. In this study, the same DS-PLGA formulation was used to assess the anti-NSCLC
efficacy in a metastatic A549 NSCLC mouse model. Two mice in the control group (n =7)
died on days 15 and 18. All the mice in the treated group (n = 7) tolerated the treatment very
well and survived to the end of the experiment (day 21). No body weight loss was observed
in DS-PLGA /CuGlu-treated mice. The lung macro morphologies in both groups are shown
in Figure 5a. Tumor nodules were identified in the lung of the control mice, especially
around the edge (arrows in Figure 5a). Due to the cancer cell infiltration, the average lung
weight in the control mice is significantly heavier than that in the treated mice (Figure 5b).
In comparison with the treated mice, massive cancer cell infiltration (arrows) was observed
in the lung, especially around the edge, of the control mice (Figure 5c). Figure 5d shows
the typical histological images of the lung in the control and treated groups. Cancer cells
were observed in the lung of the control group (arrows).
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Figure 4. DS/Cu targets the CSC population and reverses chemoresistance in vitro. (a—f) DS/Cu

inhibits the expression of CSC markers in sphere and hypoxia-cultured cells (mean & SD; n = 3).

(g) MTT analysis of DS/Cu on normoxia and hypoxia-cultured cell lines. (h,i) DS/Cu blocks sphere
reformation ability in NSCLC cell lines (mean =+ SD; n = 3). (j-1) Clonogenic assay: The chemotherapy
drugs inhibit clonogenicity in normoxia-cultured cells but not in hypoxia-cultured cells (j). The

clonogenicity in both cell lines was blocked by DS/Cu in both normoxic and hypoxic conditions in a

copper-dependent manner (k). The colony numbers were counted and analyzed (mean + SD; n = 3)
(). ns = non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001.
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Figure 5. Anti-NSCLC efficacy of DS-PLGA/Cu in mouse NSCLC metastatic xenograft model.
(a) The macro-morphology of the lungs from control and treated mice. Yellow arrows show tumor
nodules. (b) The weight of the lungs from control and treated groups. (c) The micro-morphology
shows multiple tumor nodules in the lung sections of the control mice. No or very few nodules
were detected in the sections of the lungs from the treated group (x4 magnification). (d) Typical
pathological images of the H&E stained lung sections showing cancer cell clusters (yellow arrows) in
the lungs of control mice (%100 magnification). *** p < 0.001.
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4. Discussion

In combination with immunotherapy and targeted therapy, cytotoxic chemotherapy is
currently still the first-line therapeutic arm for advanced /metastatic NSCLC patients [31].
Neoadjuvant or adjuvant chemotherapy often achieves good initial therapeutic outcomes.
Due to the acquired chemoresistance, most NSCLC patients will relapse [32]. NSCLC is
highly heterogenous containing a very small population of CSCs with increased capacity
for invasion, metastasis and chemoresistance [8,17,18,33-35]. The first identification of
human lung CSCs was reported 40 years ago [36]. Due to the genotypic and histological
varieties of lung cancer, lung CSCs have been studied much less than in other types of
cancer [34]. In this study, we investigated the chemosensitivity of NSCLC CSCs to the
four most used chemotherapeutic agents (PTX, DOX, dFdC and OXA). A classical in vitro
spheroid suspension CSC culture from two NSCLC cell lines was examined (Figure 1a).
In comparison with the attached culture counterparts, the sphere-cultured cells express
high levels of CSC markers (CD133, ALDH and ABCG2) (Figure 1b—g). Significantly
higher mRNA expression of the embryonic stem cell markers (SOX2, OCT4 and NANOG)
was also detected in the sphere-cultured cells (Figure 1h). These results are in line with
previous reports [37—40] indicating that NSCLC CSCs were enriched by spheroid culture.
Furthermore, the anti-CSC activity of the four anti-NSCLC chemotherapy drugs was
examined using a sphere reformation assay (Figure 1i,j). No inhibition of sphere reformation
was observed in both cell lines after treatment with DOX and dFdC as well as the PTX-
treated A549 cell line. Although the sphere number was significantly reduced after OXA
treatment in both cell lines and PTX in the NCI-H23 cell line, a considerable number of
spheres was still reformed in all treated cells. This result is consistent with our previous
data derived from other types of cancers [8,16-18,22,23] indicating that the chemoresistant
NSCLC CSC population is the source of cancer recurrence.

It is widely accepted that both CSCs and somatic stem cells are harboured in a spe-
cific microenvironment named stem cell niches [41]. Unlike somatic stem cells of which
the differentiation is irreversible, CSC is a dynamically reversible state rather than an
entity [8,42]. The molecular and cellular characters of CSCs are modified by microenviron-
mental factors and the lack of blood vasculature in rapidly expanded solid cancer mass
results in the formation of a hypoxic CSC niche [43] which is identified as a hallmark of
the tumor microenvironment (TME) [44]. The hypoxic niche plays a pivotal role in the
induction and maintenance of the status of CSCs [44]. In line with our previous studies on
other types of cancer [8,18], sphere-cultured NSCLC cells showed a hypoxic core region
with a high population of hypoxic cells detected (Figure 1k-m). This finding indicates
that hypoxia may also play a key role in the maintenance of stemness in NSCLC CSCs.
Hypoxia-monolayer-cultured cells expressed high levels of CSC markers and embryonic
stem cell markers (Figure 2d—j). In contrast, ALDH and SOX2 were not induced by hypoxic
culture. This further indicates that no single marker is completely reliable for NSCLC CSC
detection [37]. Consistent with sphere reformation assay results, the hypoxia-cultured cells
demonstrated strong resistance to all four chemotherapy drugs (Table 1 and Figure 2k) and
showed significantly higher invasive activity (Figure 4i,k).

The activation of the NF-«B pathway plays a central role in the development, survival
and proliferation of CSCs in many types of cancers [8,16,18,22,23]. Figure 3a and b show
that both sphere and hypoxia-cultured NSCLC cell lines expressed high levels of NF-kB-p65
mRNA. To examine the effect of the NF-«kB pathway on NSCLC CSC traits, A549 cells
were stably transfected with NF-«kB-p65. The transfected clones showed high expression
of NF-kB-p65 mRNA, protein expression and NF-«B activity (Figure 3c—e). These clones
expressed high levels of ALDH, CD133 and embryonic stem cell markers (Figure 3f-1). The
transfected clones are also significantly resistant to all four tested chemotherapy drugs
(Table 3 and Figure 3m). These results indicate that the NF-«B pathway plays a key role in
the maintenance of stemness in NSCLC CSCs.

DS is a medicine that has been used in alcoholism treatment for over 70 years [45],
and it shows very strong anticancer potential [46,47]. Our previous studies indicate that

47



Biomolecules 2024, 14, 1651

it is a strong NF-«B pathway inhibitor and anti-CSC agent in multiple types of can-
cer [8,16-18,22,23,27,48,49]. In this study, we demonstrated that DS reverses hypoxia-
induced stemness in NSCLC cell lines (Figure 4a—f). DS completely blocked the sphere
reformation ability in both cell lines (Figure 4g,h). Hypoxia induced significantly higher
clonogenic activity in both cell lines which could not be reversed by the clinically used
chemotherapeutic drugs (Figure 4i,k). In contrast, the sphere reformation and hypoxia-
induced clonogenicity were completely blocked by DS/Cu (Figure 4g—k). In line with our
previous reports [26,27], the effect of DS on NSCLC sphere reformation and clonogenicity
is copper-dependent. In combination with copper, DS reverses hypoxia-induced chemore-
sistance to four tested drugs (Figure 41). Isobologram indicates a synergistic effect between
DS/Cu and the anticancer drugs (Table 3). These results are highly consistent with our
previous studies in other types of cancer [8,16-18,22,23,27,48,49].

Although DS shows strong cytotoxicity in vitro, the clinical application of DS in cancer
therapeutics has been limited by its very short half-life in the bloodstream [23,50]. To
overcome this bottleneck, our team developed a PLGA-nanoparticle encapsulated DS to
protect DS from degradation in the bloodstream which shows very optimistic efficacy in
mouse GBM and liver cancer models [8,23]. In this study, we examined the efficacy of
DS-PLGA in a metastatic NSCLC mouse model. After intravenous injection of A549 cells,
multiple cancer nodules were observed in the lungs of the control mice, especially on the
edge of the lung (Figure 5a). The micrographic images show solid infiltration of cancer
cells in the lungs of the control mice (Figure 5c,d). This observation was further supported
by the heavier lung weight of the control mice (Figure 5b). In comparison with the control
group, very few cancer nodules were observed in the lungs of the DS-PLGA /Cu treated
mice (Figure 5a,c,d). In line with our previous studies [8,23], all the mice in the treated
group tolerated the treatment very well and no body weight loss was observed.

5. Conclusions

Our findings revealed that hypoxia is the key regulator of the stemness in NSCLC
cells. The hypoxia-induced NSCLC CSCs are highly resistant to the clinically used anti-
NSCLC chemotherapy drugs. Disulfiram, an anti-alcoholism medicine, demonstrated
strong anti-CSC activity and reversed hypoxia-induced chemoresistance. The promising
in vivo anticancer efficacy indicates that further investigation might translate DS-PLGA
into NSCLC clinical application.
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Abstract: Inonotus obliquus (Chaga) is a medicinal mushroom with several pharmacological properties
that is used as a tea in traditional Chinese medicine. In this study, Chaga water extract was digested
in vitro to mimic the natural processing and absorption of its biocomponents when it is consumed
as functional beverage, and its anticancer activities were evaluated in breast cancer (BC) cell lines,
representing HER2-positive and triple-negative subtypes. After chemical characterization by liquid
chromatography/mass spectrometry (HR-QTOF) analysis, the effect of Chaga biocomponents on
cell viability and cell cycle progression was assessed by MTT assay, FACS analysis, and Western blot.
Dihydrofolate reductase (DHFR) activity was measured by an enzymatic assay. Four highly bioactive
triterpenoids (inotodiol, trametenolic acid, 3-hydroxy-lanosta-8,24-dien-21-al, and betulin) were
identified as the main components, able to decrease BC cell viability and block the cell cycle in GO/G1
by inducing the downregulation of cyclin D1, CDK4, cyclin E, and phosphorylated retinoblastoma
protein. DHFR was identified as their crucial target. Moreover, bioactive Chaga components exerted
a synergistic action with cisplatin and with trastuzumab in SK-BR-3 cells by inhibiting both HER2
and HERI activation and displayed an immunomodulatory effect. Thus, Inonotus obliquus represents
a source of triterpenoids that are effective against aggressive BC subtypes and display properties of
targeted drugs.

Keywords: Chaga mushroom (Inonotus obliquus); triterpenoids; breast cancer; DHFR; cell cycle
regulation

Biomolecules 2024, 14, 1454. https:/ /doi.org/10.3390 /biom14111454 51 https://www.mdpi.com/journal /biomolecules



Biomolecules 2024, 14, 1454

1. Introduction

Breast cancer (BC) can be classified into four main molecular subtypes based on the
expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) [1,2]. Among them, HER2-positive and triple-negative
(ER-negative, PR-negative, and HER2-negative) BCs are associated with the poorest patient
survival [3]. Triple-negative BC has the worst prognosis and cannot benefit from targeted
therapies, while HER2-positive BC has aggressive behavior, but it can be treated with
HER2-targeted therapies such as trastuzumab. However, HER2-targeted therapies have
limitations such as intrinsic or acquired drug resistance [4]. Traditional Chinese medicine
(TCM) may represent a source of new anticancer compounds, potentially more effective
and less toxic than conventional cancer drugs [5,6]. Chinese people have been using TCM
for more than 5000 years, and a wealth of information on natural compounds used for the
treatment of a variety of diseases including cancer was recorded in ancient medical books.
Fungi (sporophores or fruiting bodies) are traditionally used in Chinese medicine as antitu-
mor remedies [7], but the underlying pharmacological mechanisms are not yet completely
understood. Recently, many studies have revealed promising anticancer activities of some
mushrooms and their active compounds, but there are still no fungal products approved as
anticancer therapeutics [8]. Thus, to better exploit their antitumor potential, it is crucial to
understand the mechanisms of action of fungal extracts on cancer cells and identify the
molecular targets of specific therapeutic components. Inonotus obliquus, commonly known
as Chaga due to its irregularly formed sterile conk with a burnt charcoal-like appearance,
is an edible mushroom belonging to the Hymenochaetaceae family of Basidiomycetes. The
presence of Chaga mushrooms is restricted to cold habitats at latitudes of 45° N-50° N,
including North America, Central and Northern Europe, Russia (West Siberia), northeast
China, and Japan [9]. Chaga mushroom is a parasitic fungus that grows on the bark of
various boreal deciduous angiosperms such as birch (Betula spp.) and beech (Fagus spp.),
and it has been used as a folk remedy to treat various diseases such as cancer, cardiovas-
cular diseases, diabetes, and gastrointestinal disorders since the 12th century [10]. Many
bioactive constituents, including triterpenoids, polysaccharides, and polyphenols, have
been identified in Chaga extracts, and their antitumor, anti-inflammatory, antioxidant,
hypoglycemic, and immunomodulatory properties have been described [9,11,12]. Chaga
has been reported to exert cytotoxic effects against various types of cancer, including
sarcoma [13], lung adenocarcinoma [14], colon cancer [15], melanoma [16], and hepato-
cellular carcinoma [17]. In this study, we investigated the anti-neoplastic action and the
underlying molecular mechanisms of Inonotus obliquus extracts against HER2-positive and
triple-negative BC. The traditional preparation to consume this fungus is a functional
beverage (tea) obtained by the infusion with water of pulverized fungal material to obtain
a Chaga water extract. In our work, Chaga water extracts were first treated to simulate
human digestion. Bioactive triterpenoids were identified as the main components. Digested
Chaga extract was able to block the cell cycle in GO/G1 and exert a synergistic action when
administered in combination with trastuzumab in SK-BR-3 (ER-/PR-/HER2+) cells and
with cisplatin in both SK-BR-3 and MDA-MB-231 (ER-/PR-/HER2-) cells.

Dihydrofolate reductase (DHFR), a key enzyme in the amino acids, purines and
nucleotide biosynthesis, was identified as a crucial target of Inonotus obliquus extract compo-
nents. Betulinic acid (33, hydroxyl-lup-20(29)-en-28-oic acid, BA), a pentacyclic triterpene,
which is formed by the oxidation of the triterpenoid betulin, one of the major components
of digested Chaga extract, was found to affect DHFR activity in both the SK-BR-3 and
MDA-MB-231 cell lines.

2. Materials and Methods
2.1. Inonotus Obliquus Extract

The dried Chaga mushroom (Inonotus obliquus) used in this study was purchased in
Changchun, Jilin province, China. To obtain an aqueous extract, 10 g of Chaga mushroom
was powdered and heated in water at 65 °C for 2 and a half hours with continuous stirring,
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imitating the traditional preparation system. Subsequently, the solution was filtered, frozen
at —20 °C, and eventually lyophilized. The next step involved the in vitro digestion of
the lyophilized powder. In vitro digestion helps in understanding and predicting the
behavior of food components in the gastrointestinal tract, mimicking what happens in our
bodies every time we ingest food or liquids. The simulated digestion method used in this
study was described by Minekus et al. and includes the oral, gastric, and small intestinal
phases [18]. This method tries to mimic physiological conditions in vivo, considering
the presence of digestive enzymes and their concentrations, pH, digestion time, and salt
concentrations. The digested solution was then dialyzed using a membrane with a 3500 Da
cut-off and placed against water for 12 h to simulate small intestinal absorption. At the end
of the incubation process, two solutions were obtained: the one flowing outside dialysis
tubing represented the serum-available portion, or in other words, the one absorbed (IN),
while the other represented the colon-available solution, which is the non-absorbable
sample (OUT). Both solutions, IN and OUT, corresponding to MW < 3500 Da and a
MW > 3500 Da extracts of Chaga mushroom, respectively, were collected and lyophilized
for further analysis.

2.2. Chaga Chemical Characterization

The analysis of Chaga samples was performed by combining the data from High-
Resolution Quadrupole Time of Flight (HR-QTOF) analysis for qualitative approaches and
two different liquid-chromatography-mass-spectrometry (LC-MS) methods: one using
Electrospray Ion Source (ESI), for the quantification of hydrophilic constituents as sugar
derivatives and phenolics, and one using the liquid chromatography atmospheric pressure
chemical ionization (LC-APCI) method for the analysis of triterpene and inotodiol related
compounds. To perform a qualitative analysis of phytocomplex by LC-QTOF and by
LC-ESI-Ion trap, lyophilized samples (100 mg) were suspended in methanol and sonicated
for 5 min (15 mL) and then centrifuged. Liquids were used for the analysis. LC-MS
analysis was performed in different conditions, and several compounds were identified
combining the QTOF-MS and ion trap multiple-stage mass spectrometry (MSn) approaches.
Furthermore, ESI and APCI sources have been used to obtain the maximum opportunity
to detect and identify constituents. To perform an analysis of terpenoids by LC-APCI-
MS, 100 mg of powder was weighed in a flask, and 5 mL of ethyl acetate was added.
Flask was sonicated for 10 min and centrifuged for 5 min. Supernatant was removed
and collected separately, and the procedure was repeated three times. At the end, the
supernatant was pooled, and the ethyl acetate fraction was dried under vacuum with a
rotary evaporator. The residual material from the extraction was extracted again with
methanol (5 mL three times), and the supernatant was dried under vacuum. Then, the
residual material was transferred to a round-bottom flask and dried under vacuum to
obtain a dried powder. Five milligrams of powder was weighed and diluted with 1.5 mL of
water and sonicated and prepared for the analysis of polysaccharides. Yields for each step
were calculated (Supplementary Table S1). Ethyl acetate extracts and methanol extracts
were dissolved in methanol (1 mL) and analyzed by LC-APCI-MS. LC was performed
using an Agilent 1260 chromatograph equipped with a 1260 diode array (DAD) and an
Agilent/Varian MS-500 ion trap (Santa Clara, CA, USA) as detectors. An SB-Aq C18
4.6 x 50 mm 1.8 um (Agilent, Santa Clara, CA, USA) column was used as a stationary
phase and acetonitrile (A), methanol (B), and 0.1% formic acid (FA) in water (C) were
used as mobile phases. The elution gradient was set as follows: from 65/1/34% A/B/C
to 70/30/0% A/B/C, 0—4 min; isocratic elution for 4-13 min; re-equilibration with the
initial solvent ratio for 3 min. The flow rate was 0.6 mL/min, and the injection volume
was 10 pL. At the end of the column, a T connector split the flow rate to the DAD and
MS detector. MS spectra were recorded in negative ion mode in 50-2000 Da range using
an APCI ion source. The turbo data-dependent scanning (TDDS) function allowed us to
obtain the fragmentation of the main ionic species. The identification of compounds was
based on the fragmentation spectra, as well as the comparison of the fragmentation pattern
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with the literature and the injection of reference compounds, when available. The DAD
chromatograms were monitored at A = 350, 330, 280, and 254 nm. MS parameters: corona
current 5 Amp, neb gas pressure 45 psi, drying gas pressure 15 psi, vaporizing gas pressure
20 psi, drying gas temperature from 320 to 285 °C in 10 min, vaporizing temperature
350, RF loading 81%, capillary 95, and positive ion mode. To establish the presence
and the distribution of molecular weight of polysaccharides, we used LC Size-Exclusion
Chromatography (SEC) analysis. Water extracts were filtered, and for the analysis, an
Agilent 1100 equipped with an Evaporative Light-Scattering Detector (Sedex LX60) was
used. As the stationary phase, a Tosohas G3000 was used, and water 0.1% formic acid
was used as the mobile phase. This method allows the separation of polymers, and the
standards used were dextran 270 KDa, 12 KDa, and 1 KDa. The water extract of each
sample was analyzed. All the samples presented a complex chemical composition with
compounds with MW < 1 KDa; thus, in the extraction condition, there was poor or no
extraction of large-molecular-weight carbohydrates.

2.3. Cell Cultures

Human MDA-MB-231, SK-BR-3, CCD 841 CoN (ATCC CRL-1790), and HEK-293 cells
were cultured in Dulbecco’s Modified Essential Medium (DMEM, CORNING, Mediatech,
New York, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Life Tech-
nologies, Carlsbad, CA, USA) and 1% penicillin—streptomycin (Gibco, Life Technologies).
MCF10A cells were cultured in mammary epithelial cell growth medium (PromoCell, Hei-
delberg, Germany) and 1% penicillin—streptomycin. Cells were cultured at 37 °C under
humidified atmosphere with 5% CO,. The HEK-293 cell line comprises immortalized
human embryonic kidney cells, and they were used as a non-cancerous control cell line, as
well as the MCF10A cells, which are a non-tumorigenic mammary epithelial cell line. CCD
841 CoN cells were isolated from normal human colon tissue, and they can be considered
as normal colon epithelial cells. Cell lines were kindly provided by the laboratory of Dr. B.
Belletti (Division of Molecular Oncology, CRO of Aviano, IRCCS, National Cancer Institute,
Aviano, Italy) and tested for mycoplasma contamination with negative results.

2.4. Cell Viability Assay

Cell viability was evaluated by seeding MDA-MB-231 cells (7000 cells/well) or SK-BR-
3 cells (1 x 10* cells/well), or HEK-293 cells (1 x 10* cells/well) in 96-well plates using
complete medium (DMEM supplemented with 10% FBS and 1% penicillin-streptomycin).
The day after, fresh medium containing appropriate concentrations of Chaga extract (non-
digested or digested), ranging from 0.1 to 5 mg/mL, was added; to evaluate synergistic
effects, Chaga extract was administered in combination with trastuzumab (Herceptin,
Genentech, San Francisco, CA, USA) or platinum drugs (cisplatin and its derivative
RJY13 [19], kindly provided by Prof. Jamal Mahajna and Prof. Sanaa Musa, Galilee
Research Institute, Kiryat Shmona, Israel). Betulinic acid (Sigma Aldrich, St. Louis, MO,
USA) was tested in a range from 0 to 60 uM. Cell viability was determined, after 24 h, 48 h
or 72 h, using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
Sigma Aldrich, St. Louis, MO] assay, which is based on the conversion of MTT to formazan
by mitochondrial enzymes [20]. The formazan deposits were dissolved in DMSO, and
the absorbance of each well was measured at 540 nm in Multiskan Ascent 96/384 Plate
Reader. Each drug concentration was evaluated with six replicates, and the experiments
were repeated three times. ICs) values were calculated for each of the cell lines tested
by fitting the concentration—effect curve data obtained in the three experiments with the
sigmoid-Emax model using nonlinear regression, weighted by the reciprocal of the square
of the predicted effect.

To evaluate drug interaction, the Bliss Independence model was considered using the
equation E (x, y) = Ex + Ey — (Ex * Ey), where E is the fractional effect (between 0 and 1),
and x and y are the doses (or concentrations) of drugs in the combination. Observed effects
greater than E(x, y) indicated synergistic interactions [21].
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2.5. Western Blot Analysis

Cells were homogenized in RIPA buffer (0.1% SDS, 1% NP40, 0.5% CHAPS) sup-
plemented with protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA). For Western
blot analysis, an equal amount of protein lysates was separated onto Criterion™ TGX™
precast gels (Bio-Rad, Hercules, CA, USA) and transferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore, Burlington, MA, USA) using Criterion™ Blotter (Bio-Rad).
Membranes were blocked with EveryBlot Blocking Buffer (Bio-Rad, Hercules, CA, USA)
and then incubated overnight with primary antibodies at 4 °C. Primary antibodies to Src
(cat. #2109s, lot 4), p-Src (cat. #2101s, lot 20), and pHERT1 (cat. #3777s, lot 10) were from Cell
Signaling Technology (1:1000). Primary antibodies to (3-actin (sc-47778, lot #K1607), HER2
(sc-284, lot #10507), p-HER2 (sc-12352-R, lot #D2512), pRb (Ser780) (rabbit sc-12901), p53
(mouse sc-126), Cyclin E2 (mouse sc-28351), and CDK4 (mouse sc-260) were from Santa
Cruz Biotechnology. Primary antibody to Cyclin D1(mouse cc12) and secondary antibodies
conjugated with peroxidase were from Sigma-Aldrich (Sigma-Aldrich/Merck, Darmstadt,
Germany). Secondary antibody binding was performed at room temperature for 1 h. After
TBS-T washing, membranes were incubated with PierceTM ECL Western Blotting Substrate
(Thermo Scientific, Boston, MA, USA), and the immunoreactive proteins were detected
with ChemiDoc™ XRS-System (Bio-Rad, Hercules, CA, USA). Densitometry analysis was
performed through Image] software (Version: 2.1.0/1.53C).

2.6. Cell Cycle Analysis

A total of 5 x 10° SK-BR-3 and MDA-MB-231 cells per well were seeded onto 6-well
tissue culture plates. The day after, fresh medium containing 0.5 mg/mL or 1 mg/mL
Chaga extract (MW < 3500 Da) was added. After 24 h incubation, the cells were harvested
and fixed with ice-cold 70% ethanol, 1 h at 4 °C. RNA was digested by 1 mg/mL bovine
RNase (Sigma) 30 min at 37 °C with shaking. Cells were then labeled with 15 mg/mL
propidium iodide (PI) 30 min at 37 °C in the dark. Samples were analyzed by fluorescence
activated cell sorting (FACS) (BD FACScalibur™, BD Biosciences, San Jose, CA, USA), and
data were elaborated via BD CellQuest software (Becton Dickinson and company, Franklin
Lakes, NJ, USA, v 8.7).

2.7. DHFR Enzymatic Assay

SK-BR-3 and MDA-MB-231 cells were plated onto 25 cm? flasks (2 x 10° cells/flask).
The day after, cells were treated with 0.5 mg/mL or 1 mg/mL digested Chaga extract
(MW < 3500 Da) in DMEM supplemented with 2% FBS (Invitrogen, Carlsbad, CA, USA)
for 4-6 h. Cell lysates were obtained using Cell Culture Lysis Reagent (Promega, Madison,
WI, USA). DHEFR activity was assessed by both spectrophotometric assay and discontinu-
ous HPLC assay. In the spectrophotometric assay, the activity of the DHFR was followed by
recording the absorbance with a Shimadzu UV-2450 (UV-vis) spectrophotometer. The en-
zyme assays were carried out in a quartz cuvette by using similar experimental conditions:
100—200 pnL of the cell lysate, NADPH 60—80 uM, and dihydrofolate (DHF) 50 uM. After
the mixture was stored for 5 min at 37 °C, DHF was added. The decreasing absorbance at
340 nm, due to the oxidation of NADPH to NADP+, was detected after the DHF was added,
and expressed in U mL~! using the equation U mL~! = Aabs/At/11.8 x dilution factor,
where 11.8 is the mMolar extinction coefficient when NADPH and DHF are simultaneously
present in solution. In the discontinuous HPLC enzymatic assay, performed as previously
described [22], an Agilent 1100 system was used to detect and quantify NADP®, as one
of the products of DHFR-catalyzed reaction, in cell lysates. Enzyme activities were nor-
malized by the protein content determined by Bradford assay [23]. Betulinic acid (Merck,
Rome, Italy) was prepared as a 2 mM stock solution in 100% methanol and used in the
24 h timespan.
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2.8. Measurements of Cytokines in Conditioned Medium

The pro- and anti-inflammatory cytokines IL-1«, IL-1f3, IL-2, IL-4, IL -5, IL-6, IL-8, IL-
10, IL-12, IL-13, IL-15, IL-17, IL-23, IENYy, TNF-«, and TNF-3 were estimated in the culture-
conditioned medium of MDA-MB-231 and SK-BR-3 cells by using multiplex immunoassay
(Q-Plex Human Cytokine—Screen 16-plex, Quansys Biosciences, Technogenetics Srl., Milan,
Italy), Q-View Imager LS, Q-View software Version 3.11, and following the manufacturer’s
instructions. The culture medium was obtained by seeding 0.5 x 10° cells in 6-well plates
containing complete growing cell culture medium. On the following day, the medium in
each well was replaced with 2 mL serum-free medium, and the cells were incubated with
or without 0.5 mg/mL Chaga extract MW < 3500 Da, each condition in triplicate for an
additional 24 h. Then, the cell culture conditioned medium was collected and centrifuged
to remove all dead cells and debris and stored at —80 °C until further analysis.

2.9. Statistical Analysis

Quantitative data are presented as either means + SD or means + SE from three
independent experiments. The significance of differences was evaluated with an unpaired
Student ¢ test when two groups were compared, while one-way ANOVA test followed
by Tukey’s or Dunnett’s post-test was used to compare three or more groups. Statistical
analysis was carried out with GraphPad Prism 8.

2.10. Molecular Modeling

The crystal structure of the human DHEFR (pdb code: 1U72; 1.90 A resolution) [24] was
imported into Molecular Operating Environment (MOE) software (version 2022.02) [25]
and added to hydrogen atoms. The orientation of the hydrogen atoms was then optimized
with energy minimization using the AMBER14 force field and keeping the coordinates
of the heavy atoms fixed. The minimizations were performed by steepest descent steps
followed by conjugate gradient minimization until the RMS gradient of the potential
energy was less than 0.05 k] mol~! A~1. The betulinic acid’s molecular structure was
docked into the binding site of the DHFR using the MOE docking tool by setting the Alpha
Triangle placement method and the Alpha HB scoring function with the generation of
50 docking poses. Each pose was then locally energetically minimized (by keeping fixed
the target coordinates—Rigid Receptor refinement protocol) and then rescored with Alpha
HB scoring function.

3. Results and Discussion
3.1. Chemical Characterization of Chaga Extract’s Components

High-Performance Liquid Chromatography (HPLC) analysis provided insights into
the Chaga mushroom’s major components. Among them, phenolic acids, terpenes, and
carbohydrates proved to be the most abundant. Some other classes of compounds such
as coumarins, iridoids, and chalcones were also detected in smaller amounts. Table 1
summarizes the most abundant species in the Chaga samples, identified before in vitro
digestion (non-digested), using an untargeted QTOF-HR-ESI-MS approach.

Under these analytical conditions, the peaks ascribable to inotodiol and its derivatives
are detectable but suffer interference due to other compounds and the matrix; thus, a more
specific targeted instrumental analysis was adopted to obtain quantitative data about the
most important terpenoids in the samples. As an example of terpenoid identification, the
chromatogram of the ion at m/z 425 in positive ion mode ascribable to inotodiol (retention
time 6.5 min), in agreement with Kim J.H. et al. [26], is reported in Figure 1B, while the MS
fragmentation pathway of betulin in positive ion mode showing the species at m/z 425,
and fragment ions at m/z 407 and 191, in agreement with the work of Zhang et al. [27],
is shown in Figure 1D. The most important identified terpenoids (inotodiol, trametenolic
acid, 3-hydroxy-lanosta-8,24-dien-21-al, and betulin) are shown in Figure 1A. Triterpenoids
can also be considered the main components of digested Chaga water extract.
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Table 1. Qualitative analysis of the compounds detected in Chaga.

RT (min) m/z Tentative Identification Adduct Ion Chemical Class

417 177.0532 4-Methoxycinnamic acid [M-H]~ Phenolic acid

3-(4-Hydroxy-3-methoxyphenyl)-1,2-

451 511.144 propanediol 2-O-(galloyl-glucoside) [M-H]~ Phenolic acid
3.38 179.0327 Caffeic acid [M-H]~ Phenolic acid
4.68 535.1082 Lyoniresinol 9'-sulfate [M+CI]~ Phenolic acid
44 539.1753 Orientaloside [M-H]~ Phenolic acid
4.61 197.0428 Syringic acid [M-H]~ Phenolic acid
3.88 285.0595 Uralenneoside [M-H]~ Phenolic acid
5.14 735.213 Feruloylquinic acid [2M-H]~ Phenolic acid
3.91 555.1705 Cassitoroside [M-H]~ Phenolic acid
3.25 311.0385 Caftaric acid [M-H]~ Phenolic acid
4.99 649.2119 Egonol gentiobioside [M-H]™ Phenolic acid
4.49 423.1283 Gibberellin A32 [M+FA-H]~ Terpene
6.42 533.3084 Ganoderic acid L [M-H]~ Terpene
4.99 737.229 Polyporusterone B/C [M+FA-H]~ Terpene
6.96 549.3419 Protobassic acid [M+FA-H]~ Terpene
7.71 533.3464 Ganoderiol D [M+FA-H]~ Terpene
485 5091291 ~ D-Galactop yraa‘figl)'_(ﬁ_';?lﬁfjeladolc’ yranosyl- [M+Cl]~ Carbohydrate
4.61 391.1012 Galactopinitol A [M+Cl1]~ Carbohydrate
427 449.1071 a'L'Arabin"fura?lo_iyi)'_(llj';?lg?'Xylopyranosyl' [M+CI]~ Carbohydrate
391 449.1068 ajailﬁgﬁf;:;f)‘sl;?r(‘;’fg’;]%;f;b[lfu}se [M+CI]~ Carbohydrate
491 391.1008 Galactopinitol B [M+CI]~ Carbohydrate
451 369.0804 5-Hydroxy-6-methoxycoumarin 7-glucoside [M-H]~ Coumarin
4.17 383.0959 Eleutheroside B1 [M-H]~ Coumarin
4.76 537.1604 Lippioside I [M-H]~ Iridoid

43 553.1552 Lippioside I [M-H]~ Iridoid
491 421112 2! 4 ,3,4,alpha—P;rlt’?fz}jZ(;ZSihydrochalcone [M-H]~ Chalcone
3.83 273.0381 1,3,6-Trihydroxy-5-methoxyxanthone [M-H]~ Xanthone
7.66 505.3156 2-deoxy-20-hydroxy-5alpha-ecdysone 3-acetate [M-H]~ Ecdysteroid
7.34 549.3422 Desglucocoroloside [M+FA-H]~ Cardenolide
4.02 245.0064 Glucaric acid [M+Cl]— Polyol
3.82 251.0531 Methionyl-Cysteine [M-H]~ Dipeptide
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Figure 1. HPLC/MS identification of the terpenoid components of Chaga extract: (A) chromatogram
with the identified peaks; (B) chromatogram recorded in positive mode in which a peak at 6.5 min,
425, can be identified as inotodiol; (C) MS fragmentation pathway of betulin in pos-
itive ion mode showing the species at m/z 425 and fragment ions at m/z 407 and 191; (D) MS
fragmentation pathway of inotodiol in positive ion mode 425 m/z and fragment ions at m/z 407

with m/z of

and 247.
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3.2. Digested Chaga Extract Decreased the Cell Viability of Breast Cancer Cells

To evaluate the anticancer effect of Chaga against HER2-positive BC, SK-BR-3 cell
viability was analyzed upon treatment with increasing concentrations of Chaga water
extract (non-digested) for 24 h, 48 h, or 72 h. As shown in Supplementary Figure S1A,
Chaga treatment decreased SK-BR-3 cell viability in a dose- and time-dependent manner,
with ICsp values of 0.946 mg/mL after 48 h and 0.671 mg/mL after 72 h. Similar results
were obtained by treating triple-negative BC cells with Chaga. Indeed, MDA-MB-231 cell
viability was reduced in a dose- and time-dependent fashion by increasing concentrations
of Chaga water extract (non-digested) administered for 24 h, 48 h, or 72 h, reaching an ICs
value of 0.537 mg/mL at 72 h (Supplementary Figure S1B).

Considering that Inonotus obliquus is used as a functional beverage, Chaga water
extracts were treated to simulate human digestion in the gastro-intestinal tract, as described
by Minekus et al. [18]. After dialysis, two molecular fractions, a high-molecular-weight
fraction (MW > 3500 Da) and a low-molecular-weight fraction (MW < 3500 Da), were
obtained, and their anticancer effect was tested on both SK-BR-3 (HER2+) and MDA-MB-
231 (HER2-) cells. As shown in Figure 2A, the high-molecular-weight digested Chaga
extract (MW > 3500 Da) was able to decrease SK-BR-3 cell viability only at the highest
tested concentrations (ICs( values of 2.59 mg/mL after 48 h and 2 mg/mL after 72 h). Of
note, the low-molecular-weight digested Chaga extract (MW < 3500 Da), instead, induced
a strong reduction in SK-BR-3 cells’ viability already after 24 h incubation, showing an
ICs( value of 0.858 mg/mL, which was further reduced to about 0.46 mg/mL after 48 h

(Figure 2B).
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Figure 2. Effect of digested Chaga extract on SK-BR-3 cell viability. SK-BR-3 cells were left untreated
(control) or incubated for 24 h, 48 h, or 72 h in the presence of increasing concentrations of the high-
molecular-weight fraction (MW > 3500 Da) (A) or the low-molecular-weight fraction (MW < 3500 Da)
(B) of digested Chaga water extract; cell viability was determined by MTT assay. The results are
expressed as the percentage of living cells with respect to control. Columns: mean of three separate
experiments wherein each treatment was repeated in 6 wells. Bars: SE. * p < 0.05, ** p < 0.01,
*** p < 0.001, #*** p < 0.0001. One-way ANOVA followed by Dunnett’s multiple comparison test.

Analogously, the high-molecular-weight fraction of Chaga digested water extract
(MW > 3500 Da) decreased MDA-MB-231 cell viability in a time-dependent and dose-
dependent fashion (Figure 3A), but the most efficient fraction was shown to be the one with
MW < 3500 Da. Indeed, the low-molecular-weight digested Chaga extract (MW < 3500 Da)
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induced a strong reduction in MDA-MB-231 cells’ viability already after 24 h incubation,
showing an ICs value of 1.112 mg/mL, which was further reduced to about 0.626 mg/mL
after 48 h and to 0.545 mg/mL after 72 h incubation (Figure 3B). Digestion fluid (without
Chaga), after dialysis, was also tested on both SK-BR-3 and MDA-MB-231 cells, and
the results obtained by MTT assay confirmed that it did not affect cell viability per se
(Supplementary Figure S2). However, digested Chaga extract (MW < 3500 Da) also inhibited
the viability of HEK-293 cells (ICsp = 0.85 4 0.08 mg/mL at 24 h) and MCF-10A human
breast epithelial cells (ICsg = 0.086 &= 0.009 mg/mL at 24 h) (Supplementary Figure S3A,B);
thus, it seems not to show any apparent selective cytotoxicity to tested cancer cell lines
with respect to non-cancer ones. Recently, in contrast to our findings, it has been reported
that Chaga extracts were selectively cytotoxic to the MCF-7 breast cancer cell line while
sparing the corresponding healthy cell lines (MCF-10A cells). However, when tested at
the same concentrations on other non-cancer cell lines, they inhibited their viability [28].
Thus, further investigation is required to assess the selective cytotoxicity of digested Chaga
extract to cancer cell lines, extending the study to other healthy cell lines besides HEK-
293 and MCF-10A cells. Of note, CCD 841 CoN normal colon epithelial cells appeared
much less sensitive to digested Chaga extract (MW < 3500 Da) than the other cells used in
this study, showing an ICsg of 2.03 4= 0.72 mg/mL after 72 h incubation (Supplementary
Figure S3C).
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Figure 3. Effect of digested Chaga extract on MDA-MB-231 cell viability. MDA-MB-231 cells were left
untreated (control) or incubated for 24 h, 48 h, or 72 h in the presence of increasing concentrations
of the high-molecular-weight fraction (MW > 3500 Da) (A) or the low-molecular-weight fraction
(MW < 3500 Da) (B) of digested Chaga water extract; cell viability was determined by MTT assay.
The results are expressed as the percentage of living cells with respect to the control. Columns: mean
of three separate experiments wherein each treatment was repeated in 6 wells. Bars: SE. * p < 0.05,
**p <0.001, *** p < 0.0001. One-way ANOVA followed by Dunnett’s multiple comparison test.

3.3. Digested Chaga Extract Induced GO/G1 Cell Cycle Arrest in Breast Cancer Cells

Next, we investigated the effect of digested Chaga extract (MW < 3500 Da) on SK-BR-3
cells’ distribution in the cell cycle phases by flow cytometry analysis. As shown in Figure 4A,
the treatment of SK-BR-3 cells with 0.5 mg/mL of digested Chaga extract (MW < 3500 Da)
for 24 h resulted in a higher number of cells in the G0/G1 phase (76.1 & 1.76%, on average)
compared to the control (56.5 £ 1.53%, on average). This increase was coupled with a
decreased percentage of digested Chaga-treated SK-BR-3 cells in the S phase (8.85 & 1.29%,
on average) with respect to untreated control cells (24.6 + 1.68%, on average). Similar
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results were obtained by treating the SK-BR-3 cells with 1 mg/mL of digested Chaga
extract (MW < 3500 Da) for 24 h (Supplementary Table S2). These results suggest that
digested Chaga extract induced a GO/G1 arrest of SK-BR-3 cells. To analyze the underlying
biochemical mechanisms involved in the GO/G1 cell cycle arrest, we investigated the levels
of G0/GI1 regulatory cyclins and cyclin-dependent kinases (CDKs) in SK-BR-3 cells treated
with digested Chaga extract (MW < 3500 Da) by Western blot (Figure 4, panels B, C).
Complexes containing cyclins D and E, the regulatory units, and CDK2, CDK4, or CDK®6,
the catalytic units, play important roles in the progression of cells through the G0/G1
phase of the cell cycle. Indeed, CDK4/cyclin D complexes phosphorylate retinoblastoma
protein (pRb) in mid G1, while CDK2/cyclin E complexes phosphorylate pRb at the G1-
to-S transition. The status of pRb phosphorylation is crucial for E2F activity because
only the hypophosphorylated form of pRb is associated with E2F transcription factors,
which are key regulators of genes required for cell cycle progression. In other words, pRb
has a growth-suppressive role (it is active) only when hypophosphorylated, whereas the
hyperphosphorylation of Rb protein by cyclins/CDKs results in its inactivation, causing
the release of the transcription factor E2F and thus determining cell proliferation [29].
Western blot results showed a significant time-dependent decrease in the levels of cyclin
D1, cyclin E2, and CDK4 in SK-BR-3 cells treated with 0.5 mg/mL digested Chaga extract
(MW < 3500 Da) for 24 h and 48 h. A further reduction in the levels of the analyzed proteins
was observed by increasing the Chaga concentration to 1 mg/mL. Of note, Rb protein
was hyperphosphorylated (Ser 780) in untreated cells, whereas digested Chaga extract
was effective at reactivating Rb function by decreasing protein phosphorylation in a dose-
and-time dependent way, confirming the ability of digested Chaga extract to block the cell
cycle progression (Figure 4, panels B, C).

Treatment with 0.5 mg/mL digested Chaga extract (MW < 3500 Da) for 24 h resulted
also in the G0/G1 arrest of MDA-MB-231 cells. Indeed, the percentage of MDA-MB-231
cells in the G0/G1 phase upon Chaga treatment was 78.3 £ 2.12%, on average, whereas
it was 62.2 £ 1.63% in the control condition. This increase was associated with the de-
creased percentage of treated cells in the S phase and in the G2 phase. In particular, the
percentage of MDA-MB-231 cells in the S phase was almost double in the control condition
(11.88 & 0.51%) with respect to cells treated with digested Chaga (5.98 £ 0.7%), while
25.9 £ 1.14% of control cells were in the G2 phase versus 15.6 &= 1.9% of digested Chaga-
extract-treated MDA-MB-231 cells (Figure 5A). Thus, the expression of two key player
proteins involved in the control of cell cycle progression, p53 protein and phosphorylated
pRb, was analyzed by Western blotting in MDA-MB-231 cells untreated or treated with
0.5 mg/mL of digested Chaga extract (MW < 3500 Da) for 24 h or 48 h or with 1 mg/mL
for 24 h. As shown in Figure 5 (panels B, C), Rb protein was hyperphosphorylated (Ser
780) in untreated cells, whereas digested Chaga extract was effective at reactivating the Rb
function by decreasing protein phosphorylation in a dose- and time-dependent way, likely
reducing MDA-MB-231 cell proliferation. A similar trend was observed for p53, although
a significant decrease in the level of p53 protein was obtained only upon treatment with
1 mg/mL Chaga extract for 24 h (Figure 5, panels B, C). Of note, MDA-MB-231 cells express
high levels of a mutant form of p53 (R280K) (mt-p53), which loses the ability to bind re-
sponsive elements on DNA, thus becoming defective for oncosuppressor functions. Indeed,
accumulating evidence underscores the role of mutant p53 in promoting transformation
and metastasis [30]. Thus, the obtained results indicate that digested Chaga extract not
only prevented the hyperphosphorylation of pRb in MDA-MB-231 cells, blocking cell cycle
progression, but also lowered mt-p53 levels by either stimulating degradation or downreg-
ulating the expression of mt-p53. Considering that the tyrosine kinase Src is overexpressed
in triple-negative BC and its activation induces tumor cell growth and metastasis [31],
we investigated the ability of digested Chaga extract (MW < 3500 Da) to downregulate
Src activation. As shown in Figure 5 (panels D, E), Src phosphorylation decreased in a
time-dependent way upon the treatment of MDA-MB-231 cells.
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Figure 4. Digested Chaga extract (MW < 3500 Da) induced cell cycle arrest in the GO/G1 phase
in SK-BR-3 cells. (A) Histograms showing the percentage of SK-BR-3 cells in the G0/G1, S, and
G2/M phases in control condition or following 24 h treatment with 0.5 mg/mL of digested Chaga
extract (MW < 3500 Da) as assessed by FACS cell cycle analysis. Data are presented as the mean + SD
of three repeats. **** p < 0.0001 vs. control. ANOVA followed by Sidak’s multiple comparison
test. (B) Representative Western blotting showing the expression of CDK4, cyclin D1, cyclin E2,
phosphorylated Rb protein (Ser 780), and B-actin (loading control) in SK-BR-3 cells left untreated
(Ctrl) or treated with 0.5 mg/mL or 1 mg/mL of digested Chaga extract (MW < 3500 Da) for 24 h or
48 h. Twenty micrograms of proteins/well were loaded. (C) Densitometric analysis of each assessed
protein. Data are presented as the mean + SE of three repeats. * p < 0.05, ** p < 0.01, *** p < 0.001,
** p < 0.0001. ns: not significant. One-way ANOVA followed by Dunnet’s multiple comparison test.

A B Ctrl  0.5mg/mL24h 0.5 mgmL48h1 mgmL 24 h
MDA-MB-231 cells

— L

2

. 8
g I 0.5 mg/mL digested Chaga V"'V"V'm 53
z 6 (M.W. < 3500 Da) for 24 h [P W & P
S
2
T 4 B-Actin
3
& C
25- PRb/-Actin L PS3/p-Actin
GO/G1 s M/G2 g ol ll & 2
HE el e
210 z
E o5
<& 0.5-
ool 8 0,
S a3 g 4% s > o> o
E cy 1;) S O.g RS @faj
K & &

Fold changes

& ¢
Chaga extract (M.W. <3500 Da)

Figure 5. Digested Chaga extract (MW < 3500 Da) induced cell cycle arrest in the GO/G1 phase in
MDA-MB-231 cells. (A) Histograms showing the percentage of MDA-MB-231 cells in the G0/G1, S,
and G2/M phases, in the control condition or following 24 h treatment with 0.5 mg/mL of digested
Chaga extract (MW < 3500 Da) assessed by FACS cell cycle analysis. Data are presented as the
mean £ SD of three repeats. ** p < 0.01, **** p < 0.0001 vs. control. ANOVA followed by Sidak’s multiple
comparison test. (B) Representative Western blotting showing the expression of phosphorylated Rb
protein (Ser 780), p53, and B-actin (loading control) in MDA-MB-231 cells, left untreated (Ctrl) or
treated with 0.5 mg/mL or 1 mg/mL of digested Chaga extract (MW < 3500 Da) for 24 h or 48 h.
Twenty micrograms of proteins/well were loaded. (C) Densitometric quantifications of pRb and p53
expression, normalized on {3-actin, are shown; data are presented as the mean + SD of three repeats.
*** p <0.001, *** p < 0.0001. ns: not significant. One-way Anova, followed by Dunnet’s multiple
comparison test. (D) Representative Western blotting showing the expression of phosphorylated
Src protein (pSrc), Src, and B-actin (loading control) in MDA-MB-231 cells left untreated (Ctrl) or
treated with digested Chaga extract (MW < 3500 Da) at the indicated time and concentrations.
(E) Densitometric quantifications of pSrc/Src from three independent experiments are shown; data
are presented as the mean + SE of three repeats. ** p < 0.01, **** p < 0.0001. One-way ANOVA,
followed by Dunnet’s multiple comparison test.
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3.4. Digested Chaga Extract Decreased DHFR Enzymatic Activity in Breast Cancer Cells

Due to the central role of the enzyme dihydrofolate reductase (DHFR) in regulating
cell viability and proliferation, the effects of Chaga on DHFR activity were also investigated.
The enzymatic activity of DHFR was significantly inhibited by Chaga in both SK-BR-3
and MDA-MB-231 cells. In Figure 6, it is possible to observe that the specific activity of
DHER (expressed in enzymatic units/mg of proteins) is strongly affected by low-molecular-
weight components of Chaga extract; in particular, 1 mg/mL of digested Chaga in culture
medium reduced the residual activity of DHFR to about 50% in both SK-BR-3 and MDA-
MB-231 cells. In Figure 6C, the residual enzymatic activity of DHER (as % of the control)
is reported in the presence of Chaga extract 1 mg/mL in comparison with the residual
activity obtained in the presence of the mixture of digestive fluids used to prepare the
Chaga extract at 1 mg/mlL, as described in Materials and Methods. The results show a
non-significant effect of digestive fluids in both SK-BR-3 and MDA-MB-231 cells differently
from the significant effect exerted by Chaga extract in accordance with the data reported in
Figure 6A,B. This result is consistent with the observed effect of the tested Chaga extract
on the cell cycle arrest in the GO/G1 phase, as the DHFR enzyme expression levels are
known to increase in the G1/S boundary [32]. Furthermore, we can also hypothesize that
some of the components of the extract can directly inhibit DHFR enzymatic activity, as
observed by pre-incubating the BC cell lysates with 0.1 mg/mL of a low-molecular-weight
fraction (MW < 3500 Da) of digested Chaga water extract directly in the reaction mixture
(Supplementary Figure S6).
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Figure 6. Digested Chaga extract inhibited DHFR enzymatic activity in BC cells. Residual enzymatic
activity of DHFR was analyzed in SK-BR-3 (A) and MDA-MB-231 (B) cells after a 4-6 h treatment with
0.5 mg/mL or 1 mg/mL digested Chaga extract (MW < 3500 Da). (C) The residual enzymatic activity
of DHER (as % of the control) is reported in the presence of Chaga extract 1 mg/mL in comparison
with the residual activity obtained in the presence of the mixture of digestive fluids used to prepare
the Chaga extract at 1 mg/mL. Data are reported as the average of three replicates & SE, ** p < 0.01;
2+ p < 0.001; *** p < 0.0001. ns: not significant. One-way ANOVA followed by Tukey’s multiple
comparison test.

3.5. Digested Chaga Displayed a Synergistic Activity When Combined with Trastuzumab and
Cisplatin in Breast Cancer Cells

The molecular mechanisms underlying the Chaga anticancer effect were further
investigated in SK-BR-3 cells, with a focus on the impact of digested Chaga extract
(MW <3500 Da) on HER2 expression and activation. Considering that growth factor
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receptors do not act as single proteins but as homo- or hetero-dimers, the level of activation
of HER1 was also evaluated. Chaga was able to significantly decrease in a time-dependent
manner the activation of both HER2 and HER1, as indicated by the downregulation of their
phosphorylated forms (Figure 7A). This result provided the rationale for evaluating the
synergistic anticancer effect of digested Chaga extract and trastuzumab, a well-established
HER?2 directed monoclonal antibody used as targeted therapy in HER2-positive BC pa-
tients. As shown in Figure 7B, the combination of 0.25 mg/mL digested Chaga extract
(MW < 3500 Da) with trastuzumab shows a synergistic antitumor activity, significantly
reducing SK-BR-3 cell viability with respect to trastuzumab treatment alone after 24 h
incubation. Interestingly, Chaga was also able to synergistically enhance the action of
cisplatin, a conventional chemotherapeutic agent, in both SK-BR-3 and MDA-MB-231 cells
(Figure 7C,D, Supplementary Figure S3). Indeed, the cell viability of SK-BR-3 and MDA-
MB-231 cells decreased significantly only upon treatment with the combination of 0.25
mg/mL Chaga and 0.5 uM or 1 uM cisplatin, whereas cisplatin alone was not effective at
all when given at 0.5 uM or exerted a low inhibition at 1 uM. Similar results were obtained
using the cisplatin derivative RJY13 [19], a platinum (IV)-fatty acid conjugate ((cis, cis,
trans-[diamminedichloro-bisoctanoatoplatinum (IV)]) (Supplementary Figures S4 and S5).
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Figure 7. Digested Chaga extract impaired HER2 activation and acted synergistically with
trastuzumab and cisplatin. (A) Representative Western blotting showing the expression of HER2,
phospho-HER?2, phospho-HER1, and (-actin (loading control) in SK-BR-3 cells, left untreated (Ctrl) or
treated with 1 mg/mL of digested Chaga extract (MW < 3500 Da) for 2 h, 6 h, or 24 h. Twenty micro-
grams of proteins/well were loaded. (B) SK-BR-3 cells were plated onto 96-well plates, treated with
increasing concentrations of trastuzumab alone or in combination with a fixed, sub-toxic concentra-
tion (0.25 mg/mL) of digested Chaga extract (MW < 3500 Da); cell viability was determined by MTT
assay. (C) SK-BR-3 cells and (D) MDA-MB-231 cells were treated with the indicated concentrations
of cisplatin alone or in combination with 0.25 mg/mL digested Chaga extract (MW < 3500 Da); cell
viability was determined by MTT assay. Drug interaction was evaluated by the Bliss Independence
model; the observed effects of the drug combination indicated synergistic interaction (calculations
are reported in Table S3). Bars: SE. * p < 0.05, ** p < 0.01, ** p < 0.0001. ns: not significant. One-
way ANOVA followed by Dunnett’s multiple comparison test. Data show a representative of three
independent experiments.
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Drug interaction was evaluated by Bliss Independence model, which provided ev-
idence that the observed effects of drug combinations were greater than the sum of the
individual effects of each drug, indicating synergistic interactions (Table S3). The synergis-
tic effect between cisplatin and Chaga extract observed in MDA-MB-231 cells is particularly
important, considering that platinum-containing regimens are recommended in the treat-
ment of early and advanced triple-negative BC [33]. Thus, the combination of cisplatin
with Chaga extract has the potential to improve chemotherapy efficacy, to decrease the risk
of cancer treatment resistance, and to reduce drug side effects thanks to the lowering of its
doses [34].

In SK-BR-3 cells, the synergistic action between Chaga and platinum-based com-
pounds was associated with a statistically significant reduction in the level of phosphory-
lated HER1 and phosphorylated HER2, as well as with a lower level of phosphorylated Rb
(Figure 8A). In MDA-MB-231 cells, sub-toxic concentrations of cisplatin alone (1 uM) or
its RJY13 derivative (0.01 uM) were not able to affect the activation of Src, the hyperphos-
phorylation of Rb, or the expression of mt-p53, but the expression of these key molecules
governing cell proliferation and survival significantly decreased when platinum drugs
were administered in combination with Chaga extract (Figure 8B). However, in this case,
the combination of cisplatin and Chaga extract was no more effective than Chaga extract

alone.
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Figure 8. Oncogenic pathways in SK-BR-3 and MDA-MB-231 cells treated with Chaga extract in
combination with platinum-based chemotherapeutics. (A) Left panel: representative Western blotting
showing the expression of phosphorylated (p) HER1, pHER?2, pRb protein (Ser 780), and [3-actin
(loading control) in SK-BR-3 cells left untreated (Ctrl) or treated with 0.25 mg/mL of digested
Chaga extract (MW < 3500 Da) alone, 1uM cisplatin or its derivative 0.01 uM RJY13 alone, or their
combination for 72 h. Twenty micrograms of proteins/well were loaded. Right panel: densitometric
quantifications of pHER1, pHER?2, and pRb expression, normalized on 3-actin, are shown; data are
presented as the mean + SE of three repeats. (B) Left panel: representative Western blotting showing
the expression of phosphorylated (p) Src, pRb protein (Ser 780), p53, and B-actin (loading control)
in MDA-MB-231 cells left untreated (Ctrl) or treated with 0.25 mg/mL of digested Chaga extract
(MW < 3500 Da) alone, 1 uM cisplatin or its derivative 0.01 uM RJY13 alone, or their combination for
72 h. Twenty micrograms of proteins/well were loaded. Right panel: densitometric quantifications
of pSrc, pRb, and p53 expression, normalized on (3-actin, are shown; data are presented as the
mean =+ SE of three repeats. * p < 0.05, ** p < 0.01, *** p < 0.001. ns: not significant. One-way ANOVA,
followed by Dunnet’s multiple comparison test.

65



Biomolecules 2024, 14, 1454

3.6. Betulinic Acid Exerts Anticancer Effects on SK-BR-3 and MDA-MB-231 Cancer Cells and
Impairs DHFR Enzymatic Activity

The terpenoid betulinic acid was administered to the SK-BR-3 and MDA-MB-231
cancer cell lines to evaluate the anticancer effect over a 48-h time course at concentrations
ranging from 5 to 60 uM. As shown in Figure 9A, in the two cell lines, the IC5y was very
similar and was shown to be 25.15 + 1.21 uM in SK-BR-3 and 27.24 + 2.58 uM in MDA-MB-
231 cells. These values of ICsq are in good agreement with data reported elsewhere [35].
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Figure 9. Sensitivity of breast cancer cells SK-BR-3 and MDA-MB-231 to betulinic acid in terms
of (A) cell viability and (B) DHFR enzymatic activity. Data are reported as the average of
three replicates & SE, * p < 0.05, **** p < 0.0001. One-way ANOVA followed by Tukey’s multiple
comparison test.

Based on the ICs values, SK-BR-3 and MDA-MB-231cancer cells were treated with
25 uM of betulinic acid, and the DHFR enzymatic activity was assayed in the cell lysates,
as described in the Materials Methods, under saturating concentrations of both NADPH
and dihydrofolic acid.

In Figure 9B, it is possible to observe how the SKBR3 and MDA-MB-231 cancer cells
respond to the treatment with 25 uM betulinic acid by reducing the enzymatic activity of
DHER of about 40-50% in both cell lines.

A docking study was performed to simulate and analyze the binding mode of the
betulinic acid molecule within the DHFR binding cavity. Hence, the crystal structure of the
human enzyme in complex with methotrexate and the NADPH co-factor was downloaded
from the PDB database (pdb code: 1U72; 1.90 A resolution) [24] and added to hydrogen
atoms that were energetically minimized within the Molecular Operating Environment
(MOE) [25]. Docking experiments were also performed within MOE, with a Rigid Receptor
refinement protocol aimed at energetically minimizing the generated docking poses.

The docking result for betulinic acid is shown in Figure 10. The top-score docking
pose presents the ligand inserted in the binding side with its isopropenyl group in the
depth of the cavity. The interaction with the enzyme is largely non-polar, given by contacts
between the ligand scaffold and hydrophobic residues like Phe31, Phe34, and Pro61. Polar
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interactions are present between the carboxyl function of betulinic acid and Ser 59 and
between the hydroxyl group of the same molecule and the DHFR residues GIn35 and Arg?70.

F~ \
| *AIaS Leu22

Figure 10. (Above): simulated binding mode of the betulinic acid (green) at the binding cavity of
the DHFR; the key residues for ligand-target interaction are shown. (Below): schematic plot of
ligand-target interaction.

3.7. Digested Chaga Displayed Immunomodulatory Properties in Breast Cancer Cells

To evaluate the ability of digested Chaga extract (MW < 3500 Da) to modulate the
pro- and anti-inflammatory cytokine secretion by SK-BR-3 and MDA-MB-231 cells, the
concentration of a panel of 16 cytokines (IL-1cx, IL-1§3, IL-2, 4, IL-5, IL-6, IL-8, IL-10, IL-12,
IL-13, IL-15, IL-17, IL-23, IFNy, TNF-«, and TNF-3) was measured in culture supernatants
by a multiplex ELISA assay. IL-2 and IL-8 were the only cytokines detectable in the culture
medium of 0.5 mg/mL Chaga-treated SK-BR-3 cells, whereas all the other cytokines were
below the detection level. The treatment of MDA-MB-231 cells with 0.5 mg/mL Chaga
induced not only an increase in the levels of IL-2 and IL-8 in the culture medium but also
an elevation of IL-1«, IL-5, IL-6, IL-12, and TNF, as well as IL-6 and IL-8 (both out of kit’s
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scale in Chaga-treated MDA-MB-231 cells), although these last two cytokines were already
detectable in control samples (Figure 11).

MDA-MB-231
8000~
SK-BR-3
70004
- 6000+ )
2009 l 50004
150 000
100+ . - I
o §,, 3000+
E L L 2 4007 ...
E
2 15T 300-
10- 200- Fkkk ”
5 |_| 100 I'I . III
0 L) T L] ﬁ J
NN NN oyl S L1 L
&
¥ (S DT A A AP A S S8
D7 OP? R (NP7 R O
\‘v"\' ;.Vo (V,% '%o \‘}i@o\;’, o :%\:o ’,%\y ?q:@o 'CRCQ &
¥ ¥ GV

Figure 11. Digested Chaga extract (MW < 3500 Da) induced cytokine release in the culture medium
of both SK-BR-3 and MDA-MB-231 cultures but differently according to the cell line. Cytokines
were quantified by using a multiplex immunoassay, as described in Materials and Methods section.
Data were analyzed by Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.0001, with respect to the
corresponding Ctrl supernatant cytokine concentration.

The production of cytokines by different tumor cell lines, although cultivated under
identical conditions, can considerably vary [36]. Our results are consistent with the data
obtained from Hartman et al. [37], which indicate that the MDA-MB-231 cell line expresses
high amounts of IL-6, and both pro- and anti-apoptotic functions of this cytokine have been
reported [38]. Although it is known that the aqueous extract of Inonotus obliquus exerts
anti-inflammatory effects by down-regulating the expression of pro-inflammatory medi-
ators [39], in the present study, depending on the cell line considered, the Chaga-treated
cells over-secreted these mediators (IL-1, IL-2, IL-5, IL-6, IL-8, and TNF-«). However,
accumulating data have nowadays shown that cytokines play an important role in both
induction and protection in BC [40]. On the one hand, the IL-2 induces the expansion of
CD4* and CD8* T lymphocytes and thus could reinforce the anticancer immune responses;
on the other hand, the role of IL-8 in antitumor immune responses is more controversial.
Indeed, although IL-8 has been reported to favor cancer progression and metastases [41],
it was also shown to be responsible for recruiting neutrophils and macrophages, which
in turn can kill antibody-opsonized cancer cells by a mechanism of cytotoxicity called
trogoptosis [42]. Of interest also is the increased level of IL-5 in the supernatant of MDA-
MB-231 cells treated with Chaga. High levels of IL-5 were found in tumor interstitial fluid
samples and were associated with a worse BC prognosis [43]. Nevertheless, an increased
IL-5 production was recently found to be crucial for systemic eosinophil expansion and
tumor infiltration in patients with metastatic triple-negative BC responding to immune
checkpoint blockade treatment [44]. These results demonstrate that digested Chaga extract
has immunomodulatory properties, in agreement with other studies reporting that medici-
nal mushroom components can modulate the immune system via a variety of molecular
processes, including cytokine induction [45]. In particular, Chaga has been found to activate
innate immunity, enhancing the phagocytosis of macrophages [46] and the maturation of
dendritic cells [47].

4. Conclusions

Chaga mushrooms (Inonotus obliquus) are commonly used as traditional treatments
in Asia due to their diverse pharmacological effects and in some cases are claimed to
some anti-tumor effects. Considering that Chaga is usually consumed as a functional
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beverage (tea), we investigated the anticancer properties of “digested” Chaga water extracts
against BC. Triterpenoids were identified as the main components of digested Chaga
water extract, which was able to reduce cancer cell viability, to interfere with oncogenic
signaling pathways and to induce a cell cycle GO/G1-phase arrest in both triple-negative
(MDA-MB-231) and HER2-positive (SK-BR-3) BC cell lines. These data are consistent with
previous investigations reporting the anti-tumor potential of triterpenoids, among Chaga
phytochemical constituents [8,12]. These effects were associated with immunomodulatory
actions and with the inhibition of the enzymatic activity of the enzyme dihydrofolate
reductase (DHFR), which has a key role in the de novo synthesis of purines and thymidylate
and thus regulates cell viability and proliferation. Moreover, digested Chaga treatment
was able to act synergistically with trastuzumab and cisplatin.

In addition, we could identify in the triterpene betulinic acid that originates from
betulin, as one of the putative bioactive components of Chaga extract able to impair breast
cancer cell viability and inhibit DHFR activity at micromolar concentrations.

In conclusion, the present study provides evidence that digested Chaga extract is
effective against aggressive BC subtypes, targeting key molecules associated with the
malignant phenotype, and demonstrates that [nonotus obliquus can represent a good source
of alternative antitumor drugs or a remedy that, in combination with conventional drugs,
may increase their effectiveness or reduce their dosage.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/biom14111454/s1. Table S1: Yields of Chaga extracts with ethyl
acetate, methanol, and water. Figure S1: Chaga water extract decreased breast cancer cell viability.
Figure S2: Digested fluid (without Chaga) did not affect SK-BR-3 and MDA-MB-231 cell viability.
Table S2: Digested Chaga extract (MW < 3500 Da) induced cell cycle arrest in the G0/G1 phase in
SK-BR-3 cells. Figure S3: Effect of digested Chaga extract on cell viability of non-cancerous cell
lines. Figure S4: Effect of cisplatin treatment on SK-BR-3 and MDA-MB-231 cell viability. Figure
S5: Synergistic effect between Chaga and RJY13 (cisplatin derivative) treatment on SK-BR-3 and
MDA-MB-231 cell viability. Table S3: Drug interaction evaluated by the Bliss Independence model.
Figure S6: Digested Chaga extract inhibited DHFR enzymatic activity in BC cells lysates. The original
images of Western blot can be found in Supplementary Materials.
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Abstract

Defibrotide, which is approved for treating hepatic veno-occlusive disease (VOD)/sinusoidal
obstruction syndrome (SOS), exhibits pleiotropic anti-inflammatory, anti-thrombotic, and
fibrinolytic properties, conferring broad endothelial protective effects. Given these mecha-
nisms, defibrotide has potential utility in various conditions involving endothelial injury
or activation. In this review we outline the endothelial-protective mechanisms of defi-
brotide and comprehensively summarize current evidence supporting its applications in
hematologic malignancies, including the prevention and treatment of hepatic VOD/SOS,
graft-versus-host disease, and transplant-associated thrombotic microangiopathy. Addi-
tionally, we discuss its role in mitigating key toxicities linked to chimeric antigen receptor
(CAR) T-cell therapies and bispecific antibodies, such as cytokine release syndrome (CRS)
and immune effector cell-associated neurotoxicity syndrome (ICANS). We also explore
emerging evidence on defibrotide’s potential in SARS-CoV-2 infection-associated endothe-
liopathies, including acute COVID-19 and post-acute sequelae of SARS-CoV-2 infection
(“long-COVID”), and the endothelial protective activity of defibrotide in these settings. Fi-
nally, we highlight potential future applications of defibrotide in hematologic malignancies
and viral infections, emphasizing its multimodal mechanism of action.

Biomolecules 2025, 15, 1004 72 https://doi.org/10.3390/biom15071004
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1. Introduction

Defibrotide (DF), a polydisperse oligonucleotide mixture derived from controlled
depolymerization of porcine gut mucosa, comprises approximately 90% single-stranded
and 10% double-stranded phosphodiester oligonucleotides [1,2]. DF has a broad range of
anti-inflammatory, anti-thrombotic, and fibrinolytic properties. Through these mechanisms,
DF provides protective effects in multiple settings of endothelial injury or activation. DF
is approved in the US and the EU for the treatment of hepatic veno-occlusive disease
(VOD)/sinusoidal obstruction syndrome (SOS) [1-3]. DF’s range of endothelial protective
mechanisms nonetheless extends its utility to other conditions mediated by endothelial
dysfunction. These include managing common toxicities associated with immune effector
cell therapies—chimeric antigen receptor (CAR) T-cell therapies and bispecific antibodies—
used for the treatment of multiple myeloma (MM) and other hematologic malignancies.
SARS-CoV-2 infection—acute COVID-19 and post-acute sequelae of SARS-CoV-2 infection
(PASC, or “long COVID”)—also features endothelial disruption as a central process of
pathobiology, and DF may offer benefits in potentially reversing endotheliitis in these
diseases. Here, we review the effects of defibrotide on the endothelium, its protective
activity, and potential roles in managing and preventing endothelial damage in patients
with hematologic malignancies, COVID-19, and/or PASC.

2. Mechanisms of Endothelial Protection with Defibrotide
2.1. Functions of the Endothelium and Impacts of Injury/Activation

The endothelium and endothelial cells have a variety of functions that may differ
according to tissue location [4-7]; in the context of this review, the key roles addressed
are as follows. The endothelium is critical for the regulation of host defense and in-
flammation through the expression of adhesion molecules including intercellular cell
adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), E-selectin,
and P-selectin, as well as through cytokine expression, including tumor necrosis factor
alpha (TNF«) and interleukin (IL) 1. Endothelial cells produce and respond to vascu-
lar endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF)/FGF2, and
angiopoietin-2 (Ang-2) to undergo angiogenesis, the formation of novel vessels from ex-
isting ones [8]. The endothelium also contributes to vascular homeostasis through the
expression of angiopoietin-1 and 2 (Ang-1/Ang-2) and the receptor tyrosine kinase Tie-
2. These mechanisms impact vascular permeability through tight junction modulation,
claudin 14, and junctional adhesion molecule (JAM) expression [4,9]. The integrity of the
vascular endothelium maintains a selective barrier between the bloodstream and tissues,
including the blood-brain barrier protecting the central nervous system (CNS). An addi-
tional key role of the endothelium is in hemostasis, as endothelial cells directly regulate
coagulation, thrombogenesis, and fibrinolysis; specifically, endothelial cells maintain the in-
tricate balance between the expression/release of procoagulant factors, such as tissue factor
(TF), von Willebrand factor (vWF), platelet-activating mediators (e.g., ADP, thromboxane
A2), thrombin, and factors VII, VIII, and X, and anticoagulant factors, such as prostacyclin,
nitric oxide (NO), protein C receptor, TF pathway inhibitor (TFPI), thrombomodulin (TM),
and plasminogen activator inhibitor-1 (PAI-1) [4].
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Endothelial activation can occur through various mechanisms, and endothelial dys-
function may occur in the presence of multiple stimuli or noxae [10]. Pathogens, disease
states, and drugs (e.g., conditioning regimens, immunotherapeutics) can activate the com-
plement system, which subsequently drives endothelial injury and activates inflammatory
and microthrombotic pathways [10]. Repeated exposure to multiple noxae results in dys-
regulated immune responses and pathologic endothelial activation, owing to dysregulated
expression of cellular and soluble signaling mediators [11]. Endothelial dysfunction is
effectively a functional imbalance reflected by changes in a number of biomarkers, includ-
ing increases in markers of inflammation (such as ICAM-1, VCAM-1, E-selectin, TNF«,
IL-1, IL-6), changes in markers of vascular tone and homeostatic balance (e.g., increased
Ang-2/Ang-1 ratio, VEGF, fibroblast growth factor 2 (FGF2); reduced NO and prostacy-
clin), and increases in procoagulant/prothrombogenic markers (including TM, vWEF, TE,
neutrophil extracellular traps [NETs]). These specific changes differ according to the source
of endothelial injury.

Indices for determining endothelial activation, such as the Endothelial Activation and
Stress Index (EASIX) and the modified EASIX (mEASIX) [12-18], use related clinical and
laboratory parameters including lactate dehydrogenase (LDH), creatinine, platelet count,
and C-reactive protein (CRP). These indices and other markers of endothelial damage
have been associated with various different endothelial-related toxicities and sequelae [12],
including VOD, transplant-associated thrombotic microangiopathy (TA-TMA), grade 2—4
acute graft-versus-host disease (GvHD) [13,14], cardiac adverse events [15], as well as with
non-relapse mortality (NRM) and overall survival (OS) following allogeneic HCT [13,16].
Notably, in an abstract presented at the American Society of Hematology (ASH) 2024
meeting, a Spanish study of 110 patients with lymphoma and MM receiving CAR T-cell
therapy showed a positive correlation between both EASIX and mEASIX and biomarkers
of endothelial dysfunction, Ang-2 and suppression of tumorigenicity 2 (5T2). Moreover,
the study showed significantly higher mEASIX scores in patients with sepsis compared to
cytokine release syndrome (CRS) due to CAR T-cell therapy, a distinction that represents a
common diagnostic challenge in clinical practice [18].

2.2. Mechanisms of Action of Defibrotide

DF has been shown to modulate multiple markers of endothelial dysfunction and
thereby offer treatment of endotheliopathies in a range of scenarios, as reviewed previously
(Figure 1) [19,20]. Cellular effects include decreased inflammation through reductions in
proinflammatory cytokines such as IL-6, IL-12, TNF«, and thromboxane A2, and increases
in anti-inflammatory cytokines including IL-10 and TNFf. DF reduces cell adhesion by
decreasing ICAM-1, VCAM-1, and P/E-selectin expression and increasing prostaglandin 12
and prostaglandin E2; DF also restores thrombo-fibrinolytic balance by reducing vWEF, TF,
and PAI-1 levels and increasing levels of thrombomodulin and t-PA, as well as enhancing
the activity of plasmin [21]. Furthermore, DF reduces endothelial cell activation (reduced
PI3K/AKT, vascular E-cadherin [VE-cadherin], p38 MAPK; increased bFGF, VEGF) and
maintains vascular tone through the induction of endothelin-1 and increased production
of NOS.

DF has been shown to have a protective effect against the proinflammatory and
prothrombotic effects of cyclosporine A and tacrolimus plus sirolimus on microvascular
endothelial cells, attenuating the increased expression of ICAM-1 and elevated extracel-
lular matrix reactivity [22]. It has also been shown to modulate pathway activation in
lipopolysaccharide-activated endothelial cells associated with leukocyte migration and ac-
tivation, vasculogenesis, and inflammatory responses [23]. Furthermore, through its effects
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on the PI3K/Akt signaling pathway, DF prevented the upregulation of histone deacetylase
expression in human umbilical cord vein endothelial cells following exposure to sera from
patients with end-stage renal disease on hemodialysis; DF also inhibited upregulation of
endothelial activation markers, including ICAM-1, vVWEF, and ROS [24].

Related findings from recent studies support and extend these mechanisms of action of
DF [25-27]. For example, DF has been shown to be effective at suppressing NET formation
and venous thrombosis in a mouse model of antiphospholipid syndrome [28,29]. In an
abstract presented at the ASH 2024 meeting, it was also shown to increase fibrinolytic
activity, as demonstrated by elevated levels of tissue plasminogen activator (tPA) and
prostacyclin (PGIy), in patients with acute chest syndrome related to sickle cell disease,
highlighting its ability to reduce hypercoagulability [30].
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Figure 1. Defibrotide endothelial protective mechanisms in the settings of hematopoietic stem cell
transplant, SARS-CoV-2 infection/PASC, and CAR T-cell therapy or bispecific antibody therapy in
RRMM. Created in BioRender. Richardson, E. (2025) https:/ /BioRender.com/hh7w5kb. Adapted
and updated from Mo CC, et al. Blood Rev;2024;66:101218 [31] and Richardson PG, et al. Bone
Marrow Transplant; 2021;56(12):2889-96 [19], under Creative Commons Attribution 4.0 Interna-
tional license (CC BY 4.0; https:/ /creativecommons.org/licenses /by /4.0/, accessed on 19 June 2025).
CAR, chimeric antigen receptor; DF, defibrotide; ICAM-1, intercellular adhesion molecule; IL, inter-
leukin; MAPK, mitogen-activated protein kinase; PASC, post-acute sequelae of SARS-CoV-2 infection;
RRMM, relapsed/refractory multiple myeloma; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; VCAM-1, vascular cell adhesion molecule-1; vWF von Willebrand factor.

3. Defibrotide for Managing and Protecting Against Endothelial Injury
in Hematologic Malignancies

MM and other hematologic malignancies, such as lymphomas and leukemias, are
associated with direct endothelial damage. For example, MM is characterized by ele-
vated markers of inflammation and thrombosis/coagulopathy [32], increased cytokine
signaling [31], and dysregulated signaling between MM cells and the bone marrow (BM)
microenvironment [33]. Furthermore, several standard-of-care treatment modalities, includ-
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ing hematopoietic cell transplantation (HCT) and certain pharmacotherapies, are linked to
the development of endotheliopathies [34,35], for which DF may be utilized as treatment
or prophylaxis.

3.1. Hepatic VOD/SOS

VOD/SOS is a potentially life-threatening complication of HCT with an overall inci-
dence of 2-14% and up to 60% in high-risk patients [36-40]. The pathophysiology involves
primary injury to sinusoidal endothelial cells, hepatocytes, and stellate cells, giving rise
to venular microthrombosis, fibrin deposition, ischemia, and fibrogenesis, with major
systemic complications including portal hypertension, hepatorenal syndrome, multi-organ
dysfunction (MOD), and potentially death [41,42]. The vascular endothelium is the pri-
mary target of therapeutic strategies in VOD/SOS, as toxic metabolites from high-dose
chemotherapy conditioning directly affect the endothelium, resulting in increased adhesion
molecule expression, cytokine signaling, and expression of procoagulant factors such as
vWEF [43-45].

3.1.1. Mechanism of Action of Defibrotide in Hepatic VOD/SOS

DF has demonstrated a range of effects in the setting of hepatic VOD/SOS. It provides
endothelial protection through the maintenance of sinusoidal vascular integrity and the
reduction in heparanase expression [45,46], and exerts anti-inflammatory effects via reduc-
tions in TNFa, VCAM-1, and p38 mitogen-activated protein kinase (MAPK) as well as
Akt phosphorylation [45,47-49]. Additionally, DF helps restore the thrombotic—fibrinolytic
balance through reductions in TF and PAI-1 and augmented t-PA activity [45,50-52]. DF
(but not low-molecular-weight heparin [LMWH]) has also been shown to prolong survival
in a rat model of monocrotaline (pyrrolizidine alkaloid)-induced SOS and to reduce levels
of TNFo and PAI-1 [53].

3.1.2. Defibrotide for Managing Hepatic VOD/SOS

Multiple clinical studies and real-world analyses have demonstrated the efficacy of DF
for the management of hepatic VOD/SOS (Table 1) [39,54-81]. The severity of VOD/SOS
is variable; however, historical mortality in severe cases with MOD prior to DF treatment
exceeded 80% [36]. As outlined below, numerous studies of DF in VOD/SOS present a
marked reduction in this figure. Based on its demonstrated efficacy, DF is a cost-effective
option for treating severe VOD/SOS with MOD [82].

A previous systematic review included findings from 17 prospective and retrospective
studies for a total of 2598 patients with hepatic VOD/SOS treated with DF [83]. The analysis
yielded a pooled day +100 survival rate of 54% overall and 56% in patients receiving
standard DF dose of approximately 25 mg/kg/day. Overall, 1260 of the 2598 patients had
MOD. The day +100 survival rates were 44% and 71% in patients who received the standard
DF dose, with or without MOD, respectively. Respective rates in pediatric and adult patients
treated with the standard DF dose were 68% and 48% [83]. A second systematic review
and meta-analysis involving 3002 patients treated with DF also showed the efficacy of
DF in this setting, with a complete resolution (CR) rate and a day +100 survival rate in
the whole cohort of 57% and 58% and in the group with severe VOD of 39% and 44%,
respectively [84].
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These findings were mirrored in a separate pooled analysis of three studies involving
651 patients with MOD post-HCT, including 233 (36%) with ventilator and/or dialysis
dependence [85]. The data showed that, while the overall day +100 survival rate was 44%
in this population (n = 651), survival rates were higher in those with less severe MOD: 48%
in patients without ventilator or dialysis dependence (1 = 418) versus 40% in those with
one dependence (1 = 137), 33% in patients with one or both (i.e., ventilator and/or dialysis)
dependencies (1 = 233), and 28% in those with both ventilator and dialysis dependence
(n =96). Nevertheless, these day +100 survival rates were higher than those in a historical
control population with VOD/SOS and MOD, in which the overall rate was 25% and
the rates were 28% and 14%, respectively, in patients with no dependence versus one
dependence [85].

A further pooled analysis from the same three studies (incorporating 1176 patients),
demonstrated the importance of continuing DF until VOD/SOS resolution [86]. Among all
390 patients who achieved CR and had data available, the median time to DF discontinua-
tion due to CR was 22-24.5 days, and discontinuation beyond 28 days occurred in 15-40%
of patients, highlighting the benefit of continuing DF treatment past the recommended
minimum of 21 days. Importantly, day +100 survival was significantly higher in those who
discontinued DF due to a CR compared to those who did not (92.5% vs. 37.3%), further
emphasizing the value of treatment continuation to achieve CR [86].

As well as these meta-analyses and pooled analyses, the efficacy and effectiveness of
DF have been shown in multiple key individual clinical studies and real-world evaluations.
For example, in the pivotal phase 3 trial of DF versus historical controls in patients with post-
HCT severe VOD/SOS with renal and /or pulmonary failure (MOF) [54], 102 patients were
enrolled to the DF arm and compared with 32 matched contemporaneous and validated
historical controls; 43% and 44% were pediatric patients, and 88% and 84% had received an
allogeneic HCT. The study illustrated the challenges of undertaking a comparative trial
in a rare and complex disease state, with the contemporaneous control group requiring
review of 6867 patient medical charts to obtain 32 patients with an unequivocal diagnosis of
VOD/SOS with MOF; with the originally planned sample size of 80 patients in the control
group proving to be not feasible, statistical analysis adjustment was required. Compared
to historical controls, patients receiving DF showed a significant improvement in day
+100 survival rate (38.2% vs. 25.0%), the primary endpoint of the study. The estimated
between-group difference (stratified by propensity score quintile via the Koch method) was
23% (95% C15.2-40.8, p = 0.0109). The observed rate of CR at day +100 was also significantly
greater, at 25.5% vs. 12.5%. Notably, toxicity was generally manageable with DF, with lower
rates of diarrhea, hemorrhagic adverse events (AEs), hypotensive AEs, and coagulopathy
than in historical controls, and with only 11% of patients discontinuing due to possible
DF-related AEs [54]; indeed, while the DF prescribing information includes a warning
to monitor patients for bleeding and a contraindication for concomitant administration
with systemic anticoagulant or fibrinolytic therapy [1], DF does not appear to significantly
increase overall rates of hemorrhage in VOD/SOS [19,87], and a meta-analysis of DF
studies in the non-VOD/SOS setting has demonstrated a reduced risk of bleeding events
compared with controls (risk ratio 0.36) [88]. Results from an expanded-access study of DF
in 1000 patients who had post-HCT VOD/SOS, including 512 with MOD, were supportive
of the phase 3 trial findings [55]; overall day +100 survival rate was 58.9%, including 49.5%
in patients with MOD and 68.9% in those without, and 47.1% and 67.9% in adult and
pediatric patients, respectively.

Among the real-world studies demonstrating the effectiveness of DF for VOD/
SOS [56,57,68], the Dana-Farber Cancer Institute (DFCI)/Brigham and Women’s Hospital
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(BWH) experience in 28 patients with VOD/SOS post-allogeneic HCT showed complete
resolution of VOD/SOS in 75% and a day +100 survival rate of 64%, including 57% in
patients with MOD [57]. Similarly, a DEFIFrance registry study in 251 patients with se-
vere/very severe VOD/SOS demonstrated a CR rate of 55%, including 84% and 46% in
pediatric and adult patients, respectively, a day +100 CR rate of 74%, 84% in severe and
63% in very severe VOD/SOS cases, and a day +100 survival rate of 61% [56].

An important element of DF treatment for VOD/SOS is prompt diagnosis and initia-
tion of therapy [38,89,90], which has been shown to offer improved outcomes compared
with delayed DF treatment [91,92]. In an analysis of data from 573 patients on the DF
expanded access protocol, 31.9% received DF on the day of VOD/SOS diagnosis and
93.0% had started DF by day +7 [92]. Day +100 survival rate differences were 8.8% be-
tween patients starting DF on day 0/1 versus >1, 22.1% between patients starting DF on
day <2 versus >2, and 20.3%, 20.2%, and 20.9% for subsequent cut-offs of day <3, <4, and
<7, respectively. Similar findings were seen in patients with MOD. Supportive findings
were seen in a multivariate analysis of a retrospective multicenter study, in which early
DF intervention was the only factor associated with a CR [62] and in a single-center anal-
ysis of 111 pediatric patients who underwent HCT, in which early versus non-early DF
intervention significantly reduced the peak grade of VOD/SOS [91]. Further, in a Korean
retrospective real-world analysis, DF intervention within 2 days of VOD/SOS diagnosis
resulted in a higher CR rate (55.6% vs. 30.4%) and better day +100 survival (37.0% vs.
26.1%) [79].

3.1.3. Defibrotide Prophylaxis Against Hepatic VOD/SOS

DF has also been evaluated as prophylaxis in HCT recipients for preventing hepatic
VOD/SOS (Table 2) [66,80,81,93-107]. Of particular note, in a phase 3 trial of DF versus
controls in 356 pediatric patients who had received myeloablative conditioning (MAC) for
autologous or allogeneic HCT [93], the primary analysis demonstrated a rate of VOD/SOS
at day +30 of 12.2% vs. 19.9%, a reduction of 7.7 percentage points (95% CI for risk
difference, —15.3% to —0.1%, p = 0.049). This risk difference was -5.9% to —13.0% when
evaluated separately in infants, children, and adolescents. Importantly, the safety profile
showed no increase in cumulative hemorrhagic incidence and numerically lower rates of
TA-TMA (3% vs. 4%) and fatal infections/infestations (3% vs. 6%) in patients receiving DF
prophylaxis. Supportive findings were provided by a meta-analysis of 20 studies of DF as
VOD/SOS prophylaxis [94]; in an analysis of 3005 patients, incidence of VOD/SOS with DF
prophylaxis was 5% (5% in adults, 8% in pediatric patients), whereas incidence in controls
(from comparative studies) was 16%, showing a risk ratio for developing VOD/SOS of
0.30 (95% C10.12-0.71, p = 0.006). Similarly, a network meta-analysis of primary prophylaxis
options for VOD/SOS in patients receiving cell-based therapies showed an odds ratio of
0.64 for the development of VOD/SOS in those receiving DF prophylaxis, with a greater
magnitude of benefit (odds ratio 0.51) in a subgroup analysis of patients receiving allogeneic
HCT [107].
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In contrast, the phase 3 HARMONY trial of DF versus best supportive care (BSC) in
372 adult and pediatric patients receiving SCT showed no difference in day +30 VOD/SOS-
free survival (67% vs. 73%), and rates of VOD/SOS occurrence at any time of 14% versus
18% [95]. Interestingly, in an abstract presented at the ASH 2024 meeting, a retrospective
analysis of prophylactic DF that stratified high-risk pediatric patients according to the
HARMONY trial criteria similarly found no benefit in VOD/SOS prevention [108]. How-
ever, several potential issues were identified with regard to the HARMONY trial that could
have contributed to the failure to demonstrate efficacy of DF as prophylaxis [109]. First,
HARMONY included a broad patient population, with a limited representation of very
high-risk pediatric patients. Second, with regard to the study design, the power calculation
and sample size were insufficient based on an overestimate of VOD/SOS incidence in
the enrolled population; for the primary endpoint of VOD/SOS-free survival at Day 30,
only 7% of the trial population were at risk for this composite endpoint. Furthermore, the
study design allowed for DF use for emergent VOD/SOS in the BSC group. Finally, there
were discrepancies in VOD/SOS diagnosis between investigators and central adjudication
employed in the trial. HARMONY thus provides further illustration of the challenges of
designing and conducting comparative trials with appropriate statistical powering in a
complex disease state such as VOD/SOS that is a relatively uncommon outcome. Never-
theless, despite findings from the HARMONY trial, collective evidence suggests that DF
may have a beneficial impact when used as prophylaxis against VOD/SOS.

3.2. Graft-Versus-Host Disease

Acute GvHD is a complication of allogeneic HCT mediated by alloreactive T cells in
the donor graft, which recognize mismatched HLA antigens on endothelial cells, leading
to endothelial damage, a key component of the pathophysiology of the condition [110].
High-dose chemotherapy conditioning induces systemic inflammation and endothelial
cell damage, and endothelial cells are activated by inflammatory cytokines and damage-
associated molecular patterns (DAMPs) through toll-like receptor (TLR) signaling. This
activation promotes the expression of adhesion molecules, facilitating the recruitment of
innate and adaptive immune cells to sites of inflammation. In the lymph nodes, host den-
dritic cells (DCs) present allogeneic peptides, leading to the activation of CD8+ and CD4+ T
cells. Cytotoxic CD8+ T cells directly damage endothelial cells, while CD4+ T cells release
inflammatory cytokines, such as TNFo and interferon-y, further activating endothelial cells.
TLR signaling via MAPKSs upregulates the expression of adhesion molecules (selectins,
integrins), enhancing leukocyte transmigration. Simultaneously, TNF« receptor signal-
ing on endothelial cells increases Ang-2 expression and permeability. These mechanisms
collectively contribute to the progression of GvHD in target organs.

Defibrotide for Treating or Preventing GvHD

Evidence from preclinical studies supports the potential of DF for the prevention
of GvHD as well as the mechanistic rationale underlying its effects [111]. Notably, in
mice receiving fully MHC-mismatched allogeneic HCT, prophylactic or therapeutic ad-
ministration of DF was effective in preventing T cell and neutrophil infiltration as well
as acute GvHD-related tissue-specific damage in the skin, liver, colon, and tongue. Ad-
ditionally, DF treatment restored the balance of inflammatory cytokines. These effects
resulted in a reduction in the incidence and severity of acute GvHD, significantly improv-
ing animal survival [111]. Furthermore, mice with acute GVHD exhibited elevated levels
of proinflammatory cytokines—including interferon-y, TNFe, IL-6, and IL-12—alongside
decreased concentrations of anti-inflammatory cytokines such as TGFf and IL-10 on day
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+10 post-HCT. In contrast, mice receiving prophylactic DF showed significant reductions in
pro-inflammatory mediators and increased levels of anti-inflammatory cytokines compared
to untreated controls [111]. Similarly, in a recently published study using a murine model
of allogeneic HCT, DF treatment improved survival and reduced clinical GvHD by exerting
anti-inflammatory and endothelial protective effects, as evidenced by lower levels of TNF«,
IL-6, VCAM-1, ICAM-1, and Ang-2 [112]. Moreover, in vitro studies using endothelial cell
lines exposed to sera from patients with acute GvHD showed that DF suppressed markers
of vascular angiogenesis and endothelial activation driven by GvHD-associated patient
sera [113].

Clinical studies have also demonstrated the efficacy of DF for the prevention of GvHD.
In a prespecified secondary /exploratory analysis of DF for the prevention of GvHD, as part
of the phase 3 pediatric VOD/SOS prophylaxis study, DF significantly reduced the rate of
acute GvHD by day +30 (34% vs. 52%) and by day +100 (47% vs. 65%), with significantly
lower incidence and severity (grades 1-4) compared with controls (incidence p = 0.0057
and severity p = 0.0062 at 30 days; incidence p = 0.0046 and severity p = 0.0034 at 100 days),
even when grade 1 acute disease was excluded [93]. Similarly, in a phase 2 study of DF plus
standard-of-care treatment versus standard-of-care treatment alone for GvHD prophylaxis
in 152 patients receiving allogeneic HCT, the cumulative incidence of grade B-D acute
GvHD by day +100 post-transplant was 38.4% vs. 47.1% (37.0% vs. 45.7% in a sensitivity
analysis using disease relapse as a competing risk) [114].

A retrospective analysis in 38 adult patients receiving allogeneic HCT showed that DF
in combination with other immunosuppressive agents (rabbit anti-T lymphocyte globulin,
post-transplant cyclophosphamide, cyclosporine) may decrease the risk of GvHD—the 1-
year cumulative incidence of grade III-IV acute GvHD and moderate/severe chronic GvHD
were 20.6% and 5.3%, respectively [115]. These findings suggest DF might complement
other prophylactic strategies, such as post-transplant abatacept. Further, a retrospective
analysis of 47 vs. 44 pediatric allogeneic HCT recipients who did versus did not receive DF
prophylaxis showed a significantly lower rate of acute GvHD (23% vs. 50%, including 4%
vs. 39% grade II-1V); the odds ratio for developing acute GvHD with DF prophylaxis was
0.31 overall and 0.11 for moderate/severe GvHD [116]. Notably, levels of proinflammatory
cytokines were significantly lower in the DF prophylaxis versus control group. Similarly,
rates of acute GvHD were lowered with the use of DF in a Turkish analysis of 195 con-
secutive adult patients receiving allogeneic HCT [117]; in patients receiving DF prior to
HCT (concurrently with conditioning), DF post HCT, or no DF, the overall rate of acute
GvHD was 25.5%, 40%, and 46.5%, respectively, and the rate of grade III-IV acute GvHD
was 0%, 11.2%, and 15.5%. Conversely, however, there have been other studies that have
not demonstrated a benefit from DF prophylaxis on the occurrence of acute GvHD [118].

3.3. Transplant-Associated Thrombotic Microangiopathy

TA-TMA is associated with abnormal endothelial cell activation, complement acti-
vation, platelet-rich thrombi formation, and microvascular hemolytic anemia, ultimately
leading to end-organ dysfunction [119]. It occurs following both autologous and allogeneic
stem cell transplantation but is frequently observed after allogeneic transplantation. En-
dothelial injury caused by high-dose conditioning regimens and calcineurin/mammalian
target of rapamycin (mTOR) inhibitors for GvHD prophylaxis results in elevated levels of
proinflammatory cytokines (e.g., IL-2, TNFa), procoagulant factors (e.g., vVWE, TF, factor
VIla), and soluble adhesion molecules, which perpetuates the activation of the comple-
ment cascade. Development of NETs following endothelial cell damage may represent a
specific mechanism of complement activation in TA-TMA. Additionally, nitric oxide (NO)

85



Biomolecules 2025, 15, 1004

depletion impairs vasodilation, promoting platelet aggregation and the development of
microthrombi. Of note, in the context of MM treatment, TMA has also been associated
with the use of the proteasome inhibitor (PI) carfilzomib, although the precise mechanisms
underlying Pl-induced TMA have not been fully elucidated [120].

Defibrotide for Treating or Preventing TA-TMA

Data from a few small studies or retrospective analyses suggest that DF has activity as
a treatment for or prophylaxis against TA-TMA [121,122]. In a European Society of Blood
and Marrow Transplantation retrospective study of 17 adults and 22 pediatric patients with
TA-TMA who received DF, TA-TMA resolved in 77% of cases, with earlier diagnosis and
treatment with DF associated with higher resolution rates [123]. An Indian retrospective
case series of three patients who had TA-TMA after allogeneic HCT for AML, CML-AP,
or Pro-B ALL demonstrated that low-dose DF administered for 7-19 days resulted in
resolution or improvement of TA-TMA in all cases [124]. A pilot study of DF prophylaxis
in 25 high-risk pediatric patients, 14 of whom were receiving tandem autologous HCT
for neuroblastoma and 11 of whom were undergoing allogeneic HCT, identified only
one case (4%) of non-severe TA-TMA, occurring 12 days post-HCT. This incidence was
significantly lower than the historical rate of TA-TMA of 18-40% in autologous/allogeneic
HCT patients [125]. Additionally, a retrospective analysis of 31 patients with TA-TMA who
were treated with DF & plasmapheresis & rituximab showed a 61% overall response rate
(100% in low-risk, 25% in high-risk patients), although outcomes were poor [126].

3.4. Defibrotide for Treating or Preventing Idiopathic Pneumonia Syndrome (IPS)

IPS is a non-infectious acute lung injury condition occurring post-HCT [127]. Pul-
monary dysfunction in IPS and acute respiratory distress syndrome (ARDS) is mediated,
at least in part, by pulmonary endothelial cell injury and activation. In mouse models of
IPS and lipopolysaccharide-induced ARDS, DF has been shown to substantially modu-
late endothelial cell injury, with reduced expression of TNFa, Ang-2, E-/P-selectin, and
IL-6 [127]. Further clinical studies are warranted to investigate a potential clinical role in
IPS treatment or prophylaxis.

3.5. Immune Effector Cell Therapy-Associated Cytokine Release Syndrome and Neurotoxicity

CAR T-cell therapies are among the standard-of-care (SOC) therapies for relapsed/
refractory multiple myeloma (RRMM), as well as for leukemias and lymphomas [128].
For RRMM, the BCMA-directed therapy idecabtagene vicleucel (ide-cel) is approved for
use after >2 prior lines, including a PI, an immunomodulatory drug (IMiD), and a CD38
monoclonal antibody (mAb) [129], while ciltacabtagene autoleucel (cilta-cel, also target-
ing BCMA) is approved for patients who have received >1 prior line, including a PI
and an IMiD, and who are refractory to lenalidomide [130]. There are also several US
FDA-approved CD19-directed CAR T-cell therapies for leukemia and lymphoma [131].
For large B-cell lymphoma (LBCL)/diffuse LBCL (DLBCL), axicabtagene ciloleucel (axi-
cel) is approved for patients who are refractory or relapsed within 12 months of first-
line chemoimmunotherapy [132], and tisagenlecleucel (tisa-cel) is approved for patients
who have received >2 prior lines [133]. Axi-cel and tisa-cel are also approved for the
treatment of patients with relapsed or refractory follicular lymphoma (FL) after >2
lines of therapy [134,135]. Brexucabtagene autoleucel (brexu-cel) is approved for the
treatment of relapsed or refractory mantle cell lymphoma (MCL) [136], while lisocabta-
gene maraleucel is approved for the treatment of relapsed or refractory FL, LBCL, and
MCL [137]. Additionally, tisa-cel and brexu-cel have received approval for the treatment of
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relapsed /refractory B-cell precursor acute lymphoblastic leukemia (ALL) in patients aged
<25 years and adults, respectively [138,139]. Obecabtagene autoleucel is also approved
for relapsed /refractory adult B-cell precursor ALL [140], and lisocabtagene maraleucel
is approved for relapsed/refractory chronic lymphocytic leukemia [137]. An important
element of treatment with autologous CAR T-cell therapies is that they typically require
a manufacturing time of approximately 4-10 weeks. During this period patients receive
bridging therapy to control or reduce their disease, followed by lymphodepleting therapy
with, for example, fludarabine [141]. This may result in additional endothelial injury and
predispose patients to subsequent adverse effects.

A number of bispecific antibodies/T-cell engagers are also approved for the treat-
ment of later-relapse RRMM, including the BCMA-targeted agents teclistamab [142] and
elranatamab [143] and the GPRC5D-targeted agent talquetamab [144], with several others
with similar, different, or multiple targets under investigation. These dual-specific antibod-
ies facilitate cell-to-cell interactions between MM cells expressing tumor-specific antigens
and patients’ T cells via engagement of CD3 (xCD3), leading to selective cell lysis [145].
Additionally, several bispecific antibodies are approved for the treatment of non-Hodgkin’s
lymphoma and leukemia [146,147]; these include the CD20-targeted agents epcoritamab
for DLBCL and FL, glofitamab for DLBCL and LBCL arising from FL, and mosunetuzumab
for FL, as well as the CD19xCD3 agent blinatumomab for B-cell precursor ALL.

Among the common AEs associated with these immune effector cell therapies are the
endotheliopathy-related toxicities of CRS and immune effector cell-associated neurotoxicity
syndrome (ICANS) [31,148]. The pathogenesis of CRS involves the interaction of CAR T
cells with MM cells, or the engagement of MM cells and T cells by the bispecific antibody,
which results in T-cell cytokine production, as well as macrophage activation and further
production of proinflammatory cytokines [149]. The cytokine storm results in endothelial
activation, with major inflammatory effects mediated by TNFe, IL-6, IL-1f3, interferon-y,
and potentially through NET formation, as well as increases in coagulation markers such
as Ang-2 and vWF. With CAR T-cell therapy, more severe CRS has been associated with
fludarabine exposure prior to CAR T-cell infusion, which potentially augments endothelial
injury. The pathophysiology of ICANS is similarly driven by CAR T-cell/T-cell interaction
with MM cells, with endothelial activation following CAR T-cell activation and cytokine
release likely increasing blood-brain barrier permeability [149]. This can lead to elevated
cytokine levels in the cerebrospinal fluid and CNS, thereby driving neuroinflammation
and associated neurotoxicity. Notably, a range of studies have shown that these toxicities
are associated with markers of endothelial activation at baseline or during treatment [31].
The recommended management of CRS and ICANS includes anti-cytokine agents such
as tocilizumab (IL-6 receptor antagonist), anakinra (IL-1 receptor antagonist), siltuximab
(anti-IL-6 mAD), etanercept (TNFo inhibitor), and infliximab (anti-TNFax mAb) [150,151].
Hemophagocytic lymphohistiocytosis (HLH) is another CAR T-cell therapy-related severe
adverse effect and is associated with endothelial dysfunction leading to uncontrolled
endotheliitis, likely a result of a high-cytokine milieu (primarily interferon-y). Treatment
options for HLH overlap with those for CRS and ICANS and additionally may include
agents such as emapalumab (anti-interferon-y mAb) [152].

Defibrotide for Treating or Preventing Immune Effector Cell Therapy-Associated CRS
and Neurotoxicity

A phase 2 study has evaluated DF for preventing CAR T-cell therapy-associated
neurotoxicity in 25 patients receiving axi-cel for relapsed/refractory diffuse large B-cell
lymphoma (DLBCL) [153]. Patients received DF for 3 days in tandem with lymphodepletion
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therapy and then from day 0 to day +7 after axi-cel. For the primary endpoint of the day
+30 rate of neurotoxicity, DF demonstrated a numerically (but not statistically significantly)
lower incidence of any-grade neurotoxicity of 50% (25% grade > 3), compared with the
reference rate of 64% seen in the ZUMA-1 trial of axi-cel in B-cell lymphoma. DF as a poten-
tial preventive strategy for CRS/ICANS warrants further exploration (Figure 1), including
the potential benefit of combining DF with IL-6 or IL-1 blockade in more severe cases.

4. Defibrotide for Managing and Protecting Against Endotheliopathies
Associated with COVID-19

4.1. Endotheliopathies Associated with SARS-CoV-2 Infection Resulting in COVID-19 and PASC

Endothelial dysfunction is a hallmark of the pathobiology of SARS-CoV-2 infection,
driving COVID-19 morbidity and mortality via cytokine release, coagulopathy, and mi-
crovascular injury [154-157]. Direct infection of endothelial cells with SARS-CoV-2 occurs
through ACE-2 endothelial receptors, and infection can cause endotheliitis resulting in
apoptosis, with endothelial dysfunction propagated by cytokine release following infection,
leading to the activation of coagulation and inflammation. Subsequent effects include
increased P-selectin and vWEF expression leading to platelet activation, accumulation, and
production, followed by VEGF and TF release, and complement activation and increased
expression of leukocyte adhesion molecules (ICAM-1, VCAM-1, E-selectin) promoting
inflammation and amplifying pathologic cytokine production. Excess cytokines subse-
quently impair endothelial barrier functions, as IL-13 and TNFa expression promotes the
loosening of inter-endothelial junctions and associated vascular leakage. Increased IL-6,
IL-8, and TNF« also drive the production and release of vasoactive molecules such as
thrombin, thromboxane A2, and VEGF. Following the acute phase, viral dissemination into
tissue reservoirs can result in persistent residual inflammation and prolonged endothelial
activation, as seen with PASC [31,158].

For patients with hematologic malignancies, there are multiple potential sources of
endothelial injury in the context of endemic COVID-19 and ongoing waves of SARS-CoV-2
infections [31], including: from the malignancy itself, as in MM-associated endotheliopa-
thy; from injury associated with commonly used treatments, such as autologous HCT in
transplant-eligible newly diagnosed MM patients, CAR T-cell therapies in the early-relapse
setting, and bispecific antibodies in the later-relapse setting; and from new or previous
SARS-CoV-2 infections, for which patients with hematologic malignancies are at elevated
risk. Indeed, one retrospective study has suggested that patients who underwent HCT fol-
lowing a SARS-CoV-2 infection had a significantly higher rate of TA-TMA, and a trend for
higher rates of VOD/SOS and engraftment syndrome, compared with historical controls,
indicating an elevated risk for endothelial-related complications post-infection [159].

4.2. Defibrotide for Endothelial Protection in the Setting of COVID-19

There are a number of proposed mechanisms for the potential endothelial protective
activity of DF in acute COVID-19 [20,157,160-162] and in PASC [158] (Figure 1). DF may
counteract the endothelial effects of SARS-CoV-2 infection through increased t-PA and
TM expression, decreased vWEF and PAI-1 expression, and platelet adhesion inhibition
via increases in NO, prostaglandin I2 (PGI2), and prostaglandin E2 (PGE2). DF may also
offer anti-inflammatory properties via inhibition of the p38 MAPK pathway, attenuat-
ing release of inflammatory mediators including IL-6, thromboxane A2, leukotriene B4,
TNF-alpha, and ROS. DF may also inhibit expression and activity of heparanase, mod-
ulate endothelial cell injury by downregulating expression of endothelial cell adhesion
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molecules such as E-selectin, VCAM-1, and ICAM-1, and increase endothelial cell release
of anti-inflammatory cytokines.

Preclinical findings support these proposed mechanisms and the role of DF in revers-
ing the endotheliitis of COVID-19. As noted previously, DF results in significant decreases
in proinflammatory cytokines in mice undergoing allogeneic HCT. DF has also been shown
to significantly reduce the levels of adhesion molecules, including E/P-selectin, VCAM-1,
and ICAM-1 [111]. Additionally, in an analysis of human dermal microvascular endothe-
lial cells exposed to plasma from patients with acute COVID-19, DF suppressed cellular
pathways associated with endothelial activation by COVID-19 plasma, including TNFo
signaling, IL-17 signaling, endothelin activity, and fibrosis [9]. Further exploration of DF
and other commonly used anti-inflammatory modalities for COVID-19, such as steroids
and IL-6 inhibition, is warranted to determine whether their mechanisms of action may
be complementary.

4.3. Clinical Findings Demonstrating the Role of Defibrotide for Endothelial Protection in the
Setting of COVID-19

A safety study at the University of Michigan investigating the role of DF in the
management of SARS-CoV-2-related acute respiratory distress syndrome (ARDS) suggested
beneficial effects from a 7-day course of DF [163]. Among 12 patients, 10 of whom required
mechanical ventilation and 6 vasopressor support at study entry, a pulmonary response at
day 7 was seen in 4 patients, with D-dimer levels decreased within the first 72 h of receiving
DF. For example, one patient requiring mechanical ventilation at study entry was extubated
on study day 4 following DF treatment, with subsequent removal of all supplemental
oxygen on day 7. Day 30 all-cause mortality was 17%, and nine patients remained alive at
64-174 days after starting DF, indicating a 75% survivorship; for context, historical 28-day
mortality rates at the time for patients with SARS-CoV-2 ARDS were 26-61.5% [163]. No
hemorrhagic or thrombotic complications occurred during therapy.

A phase 2 study in Italy evaluated DF in 48 patients with COVID-19 pneumonia
receiving non-invasive ventilation and compared the outcomes with 153 matched case-
controls [164]. All 48 patients had a WHO score of 5 on day 1. No significant hemorrhagic
or bleeding episodes occurred during the study therapy. There was a trend towards longer
OS and respiratory failure-free survival in the DF vs. case-control cohort on adjusted
analysis and in a survival prediction model versus SOC management. DF also resulted in a
significantly greater mean number of post-recovery days; i.e., in the number of COVID-19-
free days out of a predefined 28-day window: 11.60 days with DF, compared with 5.29 days
in the case-control observational cohort and 7.99 days predicted for SOC management.

Similarly, in an abstract presented at the 15th Congress of the European Association
for Clinical Pharmacology and Therapeutics in 2022, a Spanish phase 1/2 study of DF in
150 patients with WHO grade 4-5 (72%) or 6 (28%) COVID-19 reported data consistent with
the known favorable safety profile of DF in VOD/SOS and a preliminary mortality rate due
to severe COVID-19 of 27%, which compares with expected mortality of >50% in historical
controls [165]. An ongoing DFCI/BWH study in 39 patients (including 6 with MM) to date
also confirmed the safety of DF in this setting, and preliminary analysis indicated a favor-
able impact of DF on cytokine markers and markers of endothelial stress (NCT04652115;
Richardson PG, personal communication). In a report on two patients with pediatric inflam-
matory multisystem syndrome temporally associated with severe SARS-CoV-2 infection
(PIMS-TA), DF was shown to be an effective treatment for the syndrome, reducing inflam-
mation and restoring the thrombo-fibrinolytic balance [166]. Additionally, a pilot study of
home-administered thromboprophylaxis in patients with COVID-19 and mild-to-moderate
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symptoms demonstrated that DF and LMWH were equally effective at preventing DVT
and thrombotic disease and delivered similarly improved outcomes compared to a control
group receiving standard management [167].

Furthermore, a recent report demonstrated the benefit of DF in two patients with
RRMM and severe COVID-19 after CAR T-cell therapy [168]. Both patients had severe
COVID-19 shortly after receiving CAR T-cell therapy, and experienced prolonged stays
in the intensive care unit, with progressive, worsening disease despite maximal standard
of care. Both patients experienced rapid improvements in their clinical condition after
starting DF for 7-14 days, with intubation avoided; DF resulted in the suppression of
SARS-CoV-2-induced non-specific inflammatory response and related CRS, no negative
impact on adaptive virus-specific antibody and/or T-cell responses, and no negative
impact on persistence of CAR T cells. In both patients, their MM remains in deep and
sustained remission.

5. Conclusions and Next Steps for Defibrotide

DF’s pleiotropic mechanisms of action—spanning anti-inflammatory, antithrombotic,
and fibrinolytic effects—support its role as a versatile endothelial protectant across multi-
ple pathologies. DF is active in modulating and reversing the inflammatory and throm-
botic/coagulation pathways that are activated following endothelial injury. DF has also
shown endothelial protective effects via these mechanisms of action, through prevention
of the cytokine storm that can arise following endothelial exposure to various noxae and
maintenance of the thrombotic—fibrinolytic balance.

DF is approved for the management of VOD/SOS in the US and Europe and has also
shown efficacy in numerous other conditions associated with endothelial injury following
autologous or allogeneic HCT. Despite findings from the phase 3 HARMONY trial, DF
may offer benefit as prophylaxis for VOD/SOS, particularly in high-risk cases. DF has
demonstrated activity in preventing GvHD following allogeneic HCT and potentially in
treating or preventing TA-TMA. Furthermore, DF has shown potential in protecting against
the progressive endothelial damage that occurs in sepsis-associated organ dysfunction [169]
and for reducing hypercoagulability due to loss of endothelial integrity in patients with
sickle cell disease-related acute chest syndrome [30]; recently, DF has generated interest,
based on its mechanisms of action, as a novel therapeutic for the key toxicities—CRS and
ICANS—associated with CAR T-cell therapy and bispecific antibody therapy, and also for
treating endothelial dysfunction associated with SARS-CoV-2 infection.

Based on the effects demonstrated in several small studies/case series, further evalu-
ation of DF is warranted in multiple clinical settings. DF should be further investigated
as prophylaxis against or as treatment for CRS and ICANS in high-risk patients with MM,
lymphoma [148], and leukemia [12] receiving CAR T-cell or bispecific antibody therapy.
Attention should be paid to the timing of DF initiation, as greater efficacy has been ob-
served with earlier vs. later DF initiation in the treatment of VOD/SOS; additionally,
combination therapies, such as with anti-IL-6 mAbs, may be beneficial in more severe
cases. DF is also being studied as a treatment option for severe COVID-19, in patients with
ARDS (NCT04652115), and as prophylaxis against, and treatment of, PASC, and warrants
investigation in other conditions characterized by endothelial injury or dysfunction as a
central component of pathobiology, as originally proposed in peripheral blood and marrow
stem cell transplantation [170]. These settings might include the following:

e  Other viral or infectious causes of severe acute lung injury, e.g., serious influenza;
e Inflammatory lung conditions such as IPS or other non-HCT-related lung injury;
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e  Prevention of microvascular ischemia and thrombosis in ischemic diseases (cardiovas-
cular, neurological);

e Immune-mediated endothelial injury, including autoimmune diseases and antiphos-
pholipid syndrome;

e  Solid organ transplant-associated endothelial dysfunction, including ischemia-reperfusion
injury and chronic allograft vasculopathy.

Treatment options that offer endothelial protection in these settings will become
increasingly important for patients at risk of endothelial injury from multiple sources.
This is particularly relevant given the expanding use of CAR T-cell therapy and bispecific
antibodies in MM and other hematologic malignancies, the ongoing potential effects of
endemic COVID-19 and possible serial waves of SARS-CoV-2 infections as well as other
viruses, the growing number of patients with PASC, and the potential threats from emerging
viral illnesses.
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Abstract: Polyphenols, naturally occurring compounds found exclusively in plants, have
gained significant attention for their potential in cancer prevention and treatment. These
compounds are known for their antioxidant properties and are abundant in various plant-
based foods, such as vegetables, fruits, grains, and beverages. Recent studies have high-
lighted the broad spectrum of health benefits of polyphenols, including their antiviral,
anti-inflammatory, and anticancer properties. In addition, these naturally derived com-
pounds are increasingly important for drug discovery due to their high molecular diversity
and novel biofunctionalities. This review provides an in-depth analysis of the current re-
search and knowledge on the potential use of dietary polyphenols as bioactive compounds
for the prevention and treatment of various cancers. This review aims to provide valuable
insights into the mechanisms underlying the anticancer properties of phenolic compounds
in both laboratory and clinical settings. Furthermore, this review highlights the positive
clinical outcomes associated with the use of polyphenols as anticancer agents and offers
guidance for future research to advance this promising field.
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1. Introduction

Cancer is a broad category of illnesses in which aberrant cells multiply uncontrollably,
starting in nearly any body part and possibly moving to adjacent or distant regions. It is
one of the leading causes of death globally, and its prevalence is continuously increasing.
According to research by the World Health Organization (WHO), cancer is a major cause
of mortality, contributing to almost 10 million deaths in 2020, or about one out of every
six deaths.

Maintaining wellness and preventing illness requires a suitable diet and lifestyle.
Polyphenols are naturally occurring chemicals produced exclusively by plants and possess
potent antioxidant properties [1]. Owing to their prevalence in plant-based foods such as
vegetables, fruits, and grains and their antioxidant action, polyphenols have been exten-
sively researched in recent years as adjuvants in reducing the risk factors for debilitating
diseases such as diabetes, cancer and cardiovascular disease (CVD) [2]. Examining the
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role of polyphenols in important signalling pathways could help clarify how a diet rich in
polyphenols affects cancer outcomes [3].

Numerous studies have shown that the consumption of polyphenols yields various
health benefits, including antiviral, antioxidant, anti-inflammatory, anti-thrombogenic,
anti-allergic, antihyperlipidemic, anti-diabetic, anti-asthma, and anticancer effects [4].
Therefore, in response to the growing need for the development of new natural-based
therapies, polyphenols have garnered significant scientific attention and have been the
subject of substantial investigation in recent years [5].

These molecules exert anticancer effects by targeting different checkpoints in ma-
lignant cells and have a high specificity for inducing cell cycle arrest, autophagy, and
apoptosis [6]. They exert these anticancer effects by inhibiting telomere expression, an-
giogenesis, and metastasis, in addition to lowering the expression of transcription factors
that regulate the expression of cytoprotective genes, lowering p53 activation, reducing
Bcl-2 expression and mitochondrial membrane potential, and decreasing the expression of
HIF-1a while increasing cellular apoptosis via downregulation of p-Akt expression [7,8].

The objective of this review is to provide an overview of the current research and
knowledge regarding the potential use of dietary polyphenols as naturally occurring
bioactive compounds for the prevention and treatment of various malignancies. In addition
to offering guidance for future research, this review also sheds light on the mechanisms
underlying the possible anticancer properties of phenolic compounds in both clinical and
laboratory contexts, as well as the ensuing positive clinical benefits of polyphenols as
anticancer compounds.

2. Classification of Polyphenols

Natural polyphenols refer to a large group of phenylpropanoids synthesised by plants
as secondary metabolites, ranging from small molecules to highly polymerised compounds,
mostly in the form of glycosides. At least 10,000 distinct chemicals with one or more
aromatic rings and one or more hydroxyl groups are collectively referred to as polyphe-
nols [9]. Polyphenols can be divided into flavonoids and non-flavonoids. Flavonoids can
exist as glycosides or aglycones despite their fundamental structures being aglycones (the
non-sugar portion of the corresponding glycoside). Anthocyanins, flavonols, flavan-3-ols,
flavones, isoflavones, flavanones, and stilbenes are examples of flavonoids typically found
in food [10].

3. The Dietary Sources of Different Polyphenol Compounds

Most fruits and vegetables are rich in polyphenols. Certain fruits and vegetables
contain higher levels of some polyphenols than others; therefore, identifying the primary
dietary sources of each natural polyphenol is important. For example, sources of flavanols
include onions and black tea. Moreover, flavanones are sourced from oranges and lemons.
Epigallocatechin-3-gallate is predominantly found in green tea. Genistein is an isoflavone
primarily found in soybeans. Quercetin is primarily found in onions, specifically red
and yellow onions and citrus fruits. Phenolic acids, such as hydroxybenzoic acids, hy-
droxycinnamic acid, gallic acid, and caffeic acid, are found in nuts, pineapples, green
tea, basil, olives, and other common natural substances. Curcumin, the most common
source of curcuminoids, is found in turmeric. Resveratrol, a Stilbene, is primarily found
in red grapes and red wine. Lignans, which are commonly found in flaxseeds, sesame
seeds, and legumes, are present in a wide variety of foods. The general sources of these
natural polyphenols (Figure 1) show that they can be easily and are most likely already
incorporated into our daily diets.
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4. Nutraceuticals and Pharmaceuticals Derived from Dietary
Phenolic Compounds

High quantities of polyphenols have been partially linked to the anticancer properties
of fruits and vegetables [11]. The well-studied polyphenols present in plants include
stilbenes, lignans, phenolic acids, and flavonoids. The consumption of polyphenolic
compounds has been linked to several health benefits (Table 1). Polyphenols influence
cellular and molecular processes that impede several stages of carcinogenesis, including
initiation, promotion, and progression [12]. The antiproliferative properties of polyphenols
on various malignant tumours, both in vivo and in vitro, have been the subject of numerous
investigations over the past few years [13]. These compounds selectively trigger cell cycle
arrest, autophagy, and apoptosis and exert antiproliferative effects on a variety of human
cancer cell types both in vivo and in vitro [6].

Table 1. Medicinal properties of natural phenolic compounds.

Class Compound Property(s) Citation
1. Flavonoids Anthocyanins Antioxidant and Anticancer [14]
Flavanols Ant.1-d1-abet1c, Anti-inflammatory and [15]
Antioxidant
Anti-inflammatory, Antioxidant,
. Antimicrobial, Anticancer,
Flavonols: Quercetin Antihypertensive, vasodilator, [16]
Antiobesity, Antiatherosclerosis
o . Antioxidant Anti-angiogenesis,
Flavonols: Epigallocatechin-3-gallate Antisinflammation and Anticancer [17]
Anti-Inflammatory, Antioxidant,
Flavones; Luteolin Antiallergy, Anticancer and [18]
Antibacterial
) . Anti-inflammatory, Antioxidant,
Flavanones; Hesperetin Antibacterial and Anticancer [18]
Isoflavones; Genistein Anti-inflammatory [19]
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Table 1. Cont.

Class Compound Property(s) Citation
2. Phenolic acids Caffeic acid and its derivative caffeic Antioxidant, anti-inflammatory and 20]
acid phenethyl ester anticancer
Callic acids Ant.lc.ancer, Antioxidant, and [21]
Anti-inflammatory
Anti-inflammatory, Antiviral,
Rosmarinic acid Antibacterial, Antidepressant and [22]
Anticancer
Antioxidant, Antimicrobial,
Sinapic acid Anti-inflammatory, Anticancer, [23]
Antianxiety
Hydroxy benzoic acid Antimicrobial [24]
Hydroxycinnamic acid Antioxidant [25]
Protocatechuic acid Anti-inflammatory and Antimicrobial [26]
Antioxidant, antimicrobial,
Syringic acid anti-inflammatory, antiendotoxic, [27]
neuro and hepatoprotective
Protocatechoic acid Anti-inflammatory and Antimicrobial [26]
Antioxidant, antimicrobial,
Synergic acid anti-inflammatory, antiendotoxic, [27]
neuro and hepatoprotective
Vanillic acid Antioxidant, Antl—mﬂammatory and 28]
Neuroprotective
3. Curcuminoids . Anti-inflammatory, Antioxidant and
Curcumin . [29]
Anticancer
4. Stilbenes Antioxidant, Anti-inflammatory,
Resveratrol Immgnomodulatory, Neuroprotectlve, [30]
Cardiovascular protective and
Anticancer
5. Lignans ioxi ivi
& Dibenzocyclooctadiene lignans Antioxidant, Antiviral, [31]

Anti-inflammatory and Anticancer

5. Polyphenols and Their Anticancer Properties with Insights into Their
Molecular Mechanisms, Preclinical Studies, and Clinical Applications

Naturally occurring anticancer chemicals found in dietary phenolic compounds pro-
vide a variety of treatment and preventive alternatives for different cancer types. As
these compounds can target different checkpoints in malignant cells, investigating their
mechanisms of action may increase the effectiveness of treatment [11].

5.1. Flavonoids
5.1.1. Anthocyanins

The most significant class of flavonoids found in plants is anthocyanins (Figure 2),
which are water-soluble pigments that have shown antioxidant activity [32]. It has been
reported that black elderberries, black chokeberries, and black currants are the richest
sources of anthocyanins [33]. However, the bioavailability of anthocyanins is quite poor;
only 1-2% of them retain their original structure after consumption [14]. PH, temperature,
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and solvents are some of the variables that affect the structures and characteristics of
anthocyanins and should be managed when conducting investigations on their antioxidant
activity [34].
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Figure 2. Chemical structures of different classes of flavonoids.

The antimutagenic activity, suppression of oxidative DNA damage and carcinogens,
cell cycle arrest, apoptosis, induction of phase II enzymes for detoxification, inhibition of
cyclooxygenase-2 enzymes, and anti-angiogenesis are some of the potential mechanisms
responsible for the anticancer activity of anthocyanins that have been described in various
studies [35]. The downregulation of the pro-survival Sirtl/survivin and Akt/mTOR path-
ways, anti-proliferation, apoptosis, and decrease in the metastatic markers Sp1, Sp4, and
VCAM-1 were confirmed in a variety of cell lines, including MDA-MB-231, MDA-MB-453,
BT474, A17, N202/1A, and N202/1E [36]. Another study emphasised the induction of
apoptosis via the p38/Fas/FasL/caspase eight and p38/p53/Bax signalling pathways [37].
Moreover, anthocyanins are known to exert strong anti-invasive and antimetastatic proper-
ties [14]. For instance, delphinidin treatment causes cell cycle arrest and apoptosis in several
cancer types. By specifically inhibiting NF-kB-dependent MMP-9 (matrix metalloproteinase-
9) gene expression, delphinidin can function as a potential antimetastatic drug that inhibits
PMA-induced cancer cell invasion [38]. In addition, cyanidin-3-glucoside and cyanidin-3-
rutinoside, which are extracted from mulberries, inhibited the migration and invasion of
Ab549 lung cancer cells. Moreover, Peonidin-3-glucoside therapy also considerably inhib-
ited lung cancer cell metastasis by downregulating matrix metalloproteinase (MMP) [39].
Furthermore, the growth and proliferation of 22Rv1, PC-3, and C4-2 prostate cancer cell
lines were inhibited by anthocyanins [40]. Certain anthocyanins, such as cyanidin and
delphinidin, have been shown to be cytotoxicity to colorectal cancer cells through oxidative
stress [41].

Laboratory experiments using cell lines from several types of cancer (such as breast,
colon, and prostate cancer) have revealed that anthocyanins can strongly inhibit the growth
of cancer cells, in addition to inducing apoptosis. Additionally, anthocyanin supple-
mentation decreased the size of tumours and suppressed tumour metastasis in animal
experiments using mice [42]. Table 2 summarises the antitumor properties of anthocyanins
reported in various malignancies in published studies.
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Table 2. The anticancer properties of anthocyanins in different malignancies.

Anticancer Effect of Anthocyanins Cancer Type Citation

Anti-invasiveness and inhibition of the proliferation of Breast cancer [43]
MDA-MB-231 breast cancer cell lines.

Reduction of the viability of breast cancer cell lines MCF-7, Breast cancer [44]
MDA-MB-231, and MDA-MB-453, in addition to induction

of apoptosis in MDA-MB-453 cells via the intrinsic pathway

(caspase cascade activation PARP cleavage and cytochrome

C release) and suppression of tumour growth and

angiogenesis via inhibiting MMP-9, MMP-2, and uPA

expression in BALB/c naked mice with MDA-MB-453 cell

xenografts.

Inhibition of c-Jun N-terminal kinase, mitogen-activated Breast cancer [45]
protein kinase, and fibrosarcoma activation,

downregulation of matrix metalloproteinase 2 secretion,

and inhibition of cell migration and invasion in

MDA-MB-453 breast cancer cells (HER2+).

Inhibition of the development of abnormal crypt foci of Colon cancer [46]
colon in CF-1 mice.

Induction of apoptosis in benign prostatic hyperplasia in Benign prostate [47]
rats. hyperplasia

Triggering apoptotic factors such as TRAIL in cancer Leukaemia [48]

systems and suppression of Akt-mTOR signalling leading to
maturation of acute myeloid leukaemia cells.

5.1.2. Flavanols

Dark chocolate and cocoa are the primary sources of flavanols [49], which are
also found in berries, black chokeberries, blueberries, and blackcurrants. Other signif-
icant sources include strawberries, apples, hazelnuts, pecan nuts, pistachios, almonds,
red wine, green tea, and black tea [50]. The positive outcomes were mostly linked to
monomers/epicatechin/catechin and dimers/procyanidin B2/procyanidin. The bioavail-
ability of procyanidins is approximately 100 times lower than that of their monomers.
The monomers created following stomach breakdown that can be quickly absorbed in the
gut are typically responsible for the biological effects. The metabolite production process,
which is also attributed to the gut microbiota, may have a variety of biological impacts [10].
Isorhamnetin, a derivative of quercetin, exhibits impressive pharmacological properties,
such as antioxidant and anti-inflammatory properties [51]. Moreover, the antioxidant
properties of epicatechin (EPI), a naturally occurring flavonol, may facilitate the positive
effects of natural products like cocoa [52].

5.1.3. Flavonols

Flavonols are mostly found in fruits and vegetables such as cranberries and onions
and in some drinks (such as tea and red wine), for which the estimated daily intake ranges
from 18 (USA) to 58 mg (Japan) [53]. Nevertheless, these consumption thresholds often
only address three main flavonols: kaempferol, myricetin, and quercetin [54]. Studies have
investigated the health benefits of flavonol intake, with a focus on antioxidant activity,
inflammatory biomarkers, and CVD risk factor reduction, in addition to the effect of
quercetin, which has been enzymatically modified, on cognitive function [55].
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Quercetin

Quercetin (3,3’,4,5,7-Pentahydroxyflavone) (Figure 2) is a flavonol [54] with a va-
riety of therapeutic uses [56,57], including cardiovascular protection and antiviral, anti-
inflammatory, anti-allergic, and anticancer properties. Additionally, it has been discovered
that quercetin is essential for plants [58] as it contributes to photosynthesis, growth, and
seed germination due to its antibacterial and antioxidant properties. Moreover, quercetin’s
presence in different brain regions aids in protection against several neurological disorders,
including Parkinson’s and Alzheimer’s diseases [59].

In vitro studies have demonstrated quercetin’s antitumor effect against melanoma [60]
and pancreatic [61], breast [62], liver [63,64], and prostate [65,66] cancers. Quercetin’s
anticancer effect is associated with its ability to control certain enzymatic processes, oxida-
tive stress, and cellular pathways. When applied to tumours with multidrug resistance,
quercetin has shown synergistic effects by suppressing the ejection of drugs facilitated by
transporter proteins [54]. Furthermore, quercetin has the potential to induce autophagy and
is effective in treating breast cancer by inhibiting the Akt-mTOR pathway in glycolysis and
cell motility. Moreover, quercetin inhibited the growth and metastasis of breast cancer in
mice with MCF-7 tumours. Additionally, it decreased the expression levels of VEGF, p-AKT,
and PKM2 in the tumour tissues [67]. Quercetin’s antiproliferative effect can be primarily
attributed to cell cycle arrest at the G1 phase, which occurs due to the downregulation of
cyclin-dependent kinase 1 (CDK1) and cyclin B1 (Figure 3), which are essential components
for the progression of the G2/M cell cycle, and the activation of phosphorylation for the
retinoblastoma tumour suppressor protein, pRb [68]. In addition, the tumour-suppressing
molecules Bax, p21Cip1, p27Kipl, cyt-c, caspase 3, caspase 8, and p53 are upregulated in
prostate cancer after treatment with quercetin. Moreover, quercetin inhibited IL-6 and IL-10
cytokine production, resulting in the cytotoxicity of primary effusion lymphoma (PEL). In
addition, it downregulated cell survival proteins, such as c-FLIP, cyclin D1, and cMyc, in
PEL cells by inhibiting the PI3K/AKT/mTOR and STAT3 pathways [69] (Table 3).

Cell Growth &
preparation for
cell division

G2

.« Prophase
Metaphase
DNA Sl g
Replication M ?l;ﬂ l]llaSe
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‘ ,

{-CpK1 G1
Cell Growth

{LCyclin B1
Figure 3. Quercetin induces cell cycle arrest in the G1 phase.

Quercetin

When combined with other drugs, quercetin can increase the apoptotic effect of
midkine, elevate caspase 3, and decrease the expression of the survivin gene. It decreased
the number of S phase cells and induced G1-phase cell cycle arrest. Furthermore, quercetin
increased the expression of PTEN while downregulating the phosphorylation of PI3K, Akt,
ERK1/2, p38, NF-«kB, and survivin proteins [65]. Using the human gastric cancer cell line
AGS, Lei et al. investigated the potential therapeutic benefits of quercetin in combination
with irinotecan/SN-38. Quercetin combined with SN-38 synergistically increased apoptosis
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and anti-proliferation, with alterations in GSK3f /3-catenin signalling. Treatment with
quercetin either alone (twice weekly) or combined with irinotecan (10 mg/kg once weekly)
resulted in significant inhibition of tumour growth, with lowered levels of COX-2 gene,
and downregulation of tumour VEGF-R and VEGF-A [70].

One advantage of quercetin is its low toxicity; however, its shortcomings are low solu-
bility and poor bioavailability, suggesting that nanoparticle encapsulation might improve
its efficacy. Polymeric nanoparticles, stimuli-responsive polymeric nanoparticles, and non-
responsive polymeric nanoparticles are a few examples. Additionally, quercetin-containing
inorganic nanoparticles, including metal oxides, silica, and gold nanoparticles, have been
studied [71].

Epigallocatechin-3-Gallate (EGCG)

One of the phenolic components of green tea (Camellia sinensis) is epigallocatechin-3-
gallate (EGCG) [72]. It is also present in a wide variety of food herbs and plants, including
strawberries, blackberries, cranberries, cherries, kiwis, pears, avocados, peaches, apples,
pecans, pistachios, and hazelnuts [17]. EGCG, an ester of epigallocatechin and gallic
acid, exhibits different biological and pharmacological actions, such as pro-apoptotic, anti-
inflammatory, antiangiogenic, antioxidant, and antimetastatic properties [73], and has been
used in clinical trials [74]. In addition, EGCG has been reported to have protective potential
against neurodegenerative disorders, such as Parkinson’s and Alzheimer’s diseases [72].

Numerous health benefits, such as reduced circulating cholesterol, weight loss, cardio-
vascular protection, and inflammatory attenuation, have been demonstrated in different
studies [75]. In addition, EGCG’s inhibitory effects on the initiation, development, and
progression of several tumour types have been shown in several in vitro research using
various cancer cell lines, as well as in vivo studies [76-78] (Table 3). Moreover, EGCG has
been reported to decrease the side effects linked to chemotherapy and improve the thera-
peutic efficiency of existing treatments. EGCG has the potential to be a versatile anticancer
drug by preventing cell cycle progression, triggering apoptosis, preventing invasion and
metastasis, and modifying the tumour microenvironment (TME) [79]. Studies conducted on
animals and cells have confirmed these effects and suggested several mechanisms through
which EGCG acts as an anticancer agent. The mechanism by which EGCG functions as a
potent antioxidant is mediated by reactive oxygen species (ROS). EGCG may also function
as a pro-oxidant under specific conditions [80,81]. Despite its natural origin, safety, and
affordability, its limited bioavailability is a significant challenge that is being addressed by
encapsulating it in nanoparticles for further delivery [79].

In human hepatocellular liver cancer cells (HepG2), EGCG functions as a strong antiox-
idant that reduces oxidative stress by preventing the generation of ROS and increasing the
activity of the antioxidant enzymes glutathione peroxidase and superoxide dismutase. [82].
Moreover, numerous studies have shown that EGCG downregulates MMP1 expression [83].
Considering that MMP1 plays a role in the migration, invasion, and metastasis of cancer
cells [84], the anticancer effect of EGCG may be partly attributed to its suppression of
MMP1 expression [81]. Furthermore, EGCG’s downregulation of MMP2 was suggested to
decrease the phosphorylation of PI3K and ERK [81]. Moreover, EGCG inhibits cell division,
migration, and Matrigel invasion in TW01 and NA nasopharyngeal cancer cells [85].

In a human pancreatic cancer xenograft model using AsPC-1 cells, EGCG suppressed
human umbilical vein endothelial cell (HUVECs’) migration, capillary tube formation, and
cell proliferation, and these suppressive effects were amplified in the presence of an ERK
inhibitor. In addition, EGCG-treated mice tumour samples showed increased p38 and JNK
activity and decreased ERK activity. EGCG and catechin gallate inhibited the induction
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of ConA-mediated MT1-MMP in U87 glioblastoma cells, while EGCG and gallocatechin
gallate inhibited the induction of the endoplasmic reticulum stress (ERS) biomarker GRP78
and proMMP?2 activation [86].

In cervical cancer HeLa cells, EGCG inhibited proliferation, induced apoptosis, and sup-
pressed cell invasion and migration. Additionally, EGCG decreased MMP9 gene expression
while upregulating TIMP1 gene expression [87]. Furthermore, EGCG induced apoptosis in
HCT116 cells with wild-type p53 and HT-29 cells with mutant p53 in a manner indepen-
dent of p53. Regardless of p53 status, EGCG inhibited MMP9 and VEGF expression [88].
HTLV-1-infected cells express Tax oncogenes. In ATL HuT-102 and C91-PL cells that were
HTLV-1 positive, EGCG caused cytotoxicity and decreased Tax expression. In these cells,
EGCG reduced MMP9 activity, NF-«B activity, and MMP9 mRNA and protein levels [89].

In bladder cancer SW780 cells, EGCG prevented the invasion, migration, and prolifer-
ation of cancer cells. Additionally, by activating caspases-§, -9, and -3, Bax, and poly-ADP
ribose polymerase, EGCG induced apoptosis in these cells. When EGCG was injected into
mice with SW780 tumours, both tumour weight and volume decreased. In SW780 tumours
and cells, EGCG suppressed the expression of MMP9 and NF-«B at the protein and mRNA
levels. The inhibitory effects of EGCG on the migration and proliferation of SW780 cells
were cancelled by the addition of the NF-«B inhibitor SC75741 [90]. According to research
about the effects of oral EGCG administration on patients with breast cancer receiving
radiation therapy, EGCG decreased the activation of MMP2 and MMP?9 in patient sera and
decreased serum levels of VEGF and hepatocyte growth factor (HGF) in comparison to
patients who were not receiving treatment [91].

Regarding clinical trials, oral delivery of EGCG was safe, practical, and efficient in a
phase I clinical trial in unresectable stage III lung cancer when EGCG was combined with
standard chemoradiotherapy, with a suggested dose of 440 umol/L in a phase II clinical
trial [92]. Despite the crucial significance of EGCG in cancer prevention, as demonstrated in
different phase I and II clinical trials, additional trials are still required to fully comprehend
the efficacy of EGCG in cancer treatment [11].

Table 3. The anticancer properties of flavonols in different types of cancer.

Flavonols Anticancer Effect Cancer Type Citation
Quercetin Increase the expression of PTEN while downregulation of the Prostate cancer [65]
phosphorylation of PI3K, Akt, ERK1/2, p38, NF-«kB, and
survivin proteins.
Induction of autophagy, inhibition of the Akt-mTOR pathway’s Breast cancer [67]
role in glycolysis and cell motility and reduction of the
expression levels of VEGF, p-AKT, and PKM2 in tumour tissue.
Cell cycle arrest at the G1 phase that occurs due to the Prostate cancer [68]
downregulation of cyclin-dependent kinase 1 (CDK1) and
cyclin Bland Upregulation of Bax, Bcl-2, p21Cip1, p27Kipl,
cyt-c, caspase 3, caspase 8, and p53.
Inhibition of IL-6 and IL-10 cytokine production, resulting in Primary Effusion [69]
cytotoxicity, in addition to downregulation of cell survival Lymphoma
proteins, such as ¢-FLIP, cyclin D1, and cMyc via inhibiting the
PI3K/AKT/mTOR and STAT3 pathways.
Induction of apoptosis and anti-proliferation, with alteration of =~ Human gastric cancer [70]

GSK3p /3-catenin signalling, in addition to reduction of COX-2 cell line AGS
level, and downregulation of tumours” VEGF-R and VEGF-A.
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Table 3. Cont.

Flavonols Anticancer Effect Cancer Type Citation
Epigallocatechin-3- Decreased cell adhesion and downregulated the expression of Breast cancer [93]
Gallate VEGF, NF-«B, FAK, and MT1-MMP. MCEF-7 cells
(BGCG) Inhibition of cell division, migration, and Matrigel invasion. TWO01 and NA [85]

nasopharyngeal cancer
cells
Suppression of human umbilical vein endothelial cells Pancreatic cancer [94]
(HUVECs’) migration, capillary tube formation, and cell xenograft AsPC-1
proliferation and downregulation of MMP2, MMP7, MMP9,
and MMP12 and reduction of the volume, angiogenesis, and
metastasis of tumour, in addition to increased p38 and JNK
activity and decreased ERK activity.
Inhibition of cells proliferation, induction of apoptosis, Cervical cancer HeLa [87]
suppression of cell invasion and migration, in addition to cells
suppression of MMP9 gene expression while upregulation of
TIMP1 gene expression.
Inhibition of the levels of MMP9 and VEGF expression. Colon cancer HCT116 [88]
cells
Induction of cytotoxicity, decrease Tax oncogene expression, ATL HuT-102 and [89]
and reduction of MMP?9 activity, NF-«B activity, and MMP9 C91-PL cells
mRNA and protein levels.
Prevention of cell invasion, migration, and proliferation, in Bladder cancer SW780 [90]
addition to activation of caspases-8, -9, and -3, Bax and cells
poly-ADP ribose.
Reduction of the activation of MMP2 and MMP?9 in patient sera Patients with [91]

in addition to lowering the serum levels of VEGF and
hepatocyte growth factor (HGF).

breast cancer

5.1.4. Flavones: Luteolin

Luteolin (3,4,5,7-tetrahydroxy flavone), a naturally occurring flavone, is found in fruits

and vegetables like celery, sweet bell peppers, chrysanthemum flowers, carrots, onion

leaves, parsley, and broccoli [94]. It acts as an antioxidant or pro-oxidant biochemically

and has a variety of biological effects, including anti-inflammatory, anti-allergic, and

anticancer properties. It is an essential chemopreventive agent for the treatment of different

cancers [95]. It can inhibit the proliferation of different types of tumour cells in vitro, with an

ICsp ranging from roughly 3 to 50 uM [94]. Through a variety of mechanisms, such as kinase

suppression, cell cycle regulation, induction of apoptosis, and reduction of transcription

factors, luteolin has been shown to impede the progression of carcinogenesis, including cell

transformation, metastasis, invasion, and angiogenesis (Table 4). The anticancer properties

of luteolin also include DNA damage, redox regulation, and inhibition of cancer cell

proliferation, which are linked to apoptosis induction [95].

Luteolin demonstrated cell cycle arrest during the G1 phase in a variety of human

cancer cell lines, including gastric, prostate, and melanoma. The induced G1 cell cycle

arrest was associated with the inhibition of CDK2 activity in colorectal cancer HT-29 and

melanoma OCM-1 cells. In MCF-7 breast cancer cells induced by EGF, luteolin showed

significant suppression of the expression of p-STAT3, p-EGFR, p-Akt, and p-Erk1/2 and

inhibited cell proliferation. Additionally, it was able to inhibit the EGFR signalling pathway

in human breast cancer cell lines. Moreover, previous studies have shown that a moderate

dose of luteolin (10 mg/kg) can prevent the establishment of large tumours in a 7,12-
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dimethylbenz (a)anthracene-induced tumour model and can dramatically reduce the levels
of vascular endothelial growth factor (VEGF) in Sprague-Dawley rats. In addition, luteolin
suppressed the growth of MPA-dependent human breast cancer cell xenograft tumours,
progestin-dependent VEGF release from breast cancer cells, and tumour cell survival.
Furthermore, it reduced blood vessel density and prevented T47-D and BT-474 breast
cancer cells from acquiring stem cell-like characteristics [94].

Luteolin inhibited progression of MCF-7 breast cancer cells in the G1 phase and in-
duced sub-G1 cell population, altered the morphology of the nucleus, raised the mRNA
levels of death receptors such as DR5 and caspase and inhibited poly-ADP ribose poly-
merase, a key indicator that helps a cancer cell heal itself in a dose-dependent manner, and
increased caspase-9/-8/-3 activity. Furthermore, luteolin induced the release of cytochrome
c after impairing the potential of the mitochondrial membrane. As a result, Bcl-2 expres-
sion was suppressed, and Bax expression increased [96]. Similarly, by inducing apoptosis,
regulating the cell cycle, and inhibiting proliferation, luteolin exhibited anticancer activity
against MDA-MB-543 cells. In MDA-MB-231 cells, luteolin caused cell cycle arrest in
the S phase by lowering telomerase levels and preventing the phosphorylation of NF-«B
inhibitor o. As a result, it lowered the mRNA levels of human telomerase reverse transcrip-
tase, which encodes the catalytic portion of telomerase. Additionally, luteolin inhibits the
growth of malignant breast cells and triggers apoptosis, leading to the inhibition of cancer
spread [97]. The synergistic effects of luteolin and celecoxib treatment were observed in
MCF-7 and MCF7/HER18 cells through Akt inactivation and extracellular signal-regulated
kinase (ERK) signalling inhibition [98].

It has been shown that luteolin mono-acylated derivatives exhibit anticancer and
antioxidant properties against HCT116 colon cancer cells. The resulting compounds become
more lipophilic upon acylation of the -OH groups, increasing their bioavailability [99].
Luteolin inhibited the G2/M phase of the cell cycle and caused colon cancer cells to undergo
apoptosis. In a dose- and time-dependent manner, luteolin had an inhibitory effect on cell
proliferation in LoVo human colon cells by triggering cell cycle arrest at the G2/M phase and
inhibition of cyclin B1/CDC2. Apoptotic protease-activating factor 1 (APAF1) is stimulated
by deoxyadenosine triphosphate, which controls these processes [100]. You and colleagues
documented how luteolin inhibits colon tumours through apoptosis and autophagy. After
treatment with luteolin, HCT116 cells displayed increased p53 phosphorylation and p53
target gene expression, which leads to cell cycle arrest and apoptosis. Thus, luteolin-
induced p53 wild-type cells to undergo autophagy. This suggests that autophagy induced
by the compound depends on p53 [101].

Through the increased Nrf2 transcription induced by DNA demethylation of its
promoter, luteolin exerts anticancer effects on colorectal cancer cells. Furthermore, by
strengthening the interaction between Nrf2 and p53, luteolin increases the expression of
antioxidant enzymes and apoptotic proteins [102]. Additionally, Lutein has been demon-
strated to inhibit the proliferation of colorectal malignant cells, interrupt the cell cycle,
damage DNA, and accelerate apoptosis by targeting the MAPK pathway. These findings
suggest that luteolin may be a useful adjuvant for the treatment of colorectal cancer in the
future [103].

Luteolin has been reported to exert its pharmacological effects by inhibiting the expres-
sion of cyclin E, MMP-2, cyclin D1, vimentin, Bcl2, and N-cadherin while promoting the
expression of E-cadherin, Bax, and p21. In gastric tumour cells, luteolin’s anticancer prop-
erties are confirmed by a decrease in the expression of p-PI3K, p-mTOR, p-AKT, p-STAT3,
and Notchl, and an increase in the amount of p-P38 signal transduction [104]. Accordingly,
luteolin (40 mg/kg) effectively inhibited the growth of cancer in BGC-823 gastric tumour
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xenografts in experimental mice. According to published studies, luteolin inhibits the
activation of the immune system and the expression of MMP-9 and VEGF-A, which pre-
vents cancer growth. Furthermore, in a c-Met-overexpressing individual-derived xenograft
model, luteolin significantly suppressed the growth of cancer and decreased the expression
of c-Met, ki-67, and MMP-9 in malignant tissues. Moreover, luteolin promoted apoptosis
and suppressed invasiveness and proliferation in gastric tumour cells that overexpressed
c-Met (SGC7901 and MKN45). Additionally, it downregulated MMP-9 and enhanced the
activation of apoptosis-related proteins, such as multi (ADP-ribose) polymerase-1 and
caspase-3. Furthermore, luteolin decreased c-Met expression and phosphorylation while
knocking down ERK and Akt phosphorylation. It was also found that c-Met was not
necessary for the downstream phosphorylated levels of Akt [105].

Luteolin-induced apoptosis in vitro suppressed the growth of tumour cells in vivo by
significantly inhibiting the invasion, migration, and proliferation of stomach tumour cells in
a time- and dose-dependent manner. In this regard, luteolin therapy caused EMT reversion
by shrinking the cytoskeleton and increasing the expression of E-cadherin downstream of
mesenchymal markers, such as vimentin, N-cadherin, and Snail. Additionally, it prevents
the transduction of Notchl signals [106]. Moreover, Lutein treatment of GC cells reduced
the expression of the target genes Mcl-1 and Bcl-xI and survival while also inhibiting STAT3
phosphorylation. Furthermore, in vivo, research validated luteolin’s inhibitory effects on
tumour growth and progression [107].

In lung malignant cells, luteolin promotes the production of ROS, which in turn
mediates the expression of the tumour necrosis factor-activated cascade. By upregulating c-
Jun N-terminal kinase expression and downregulating NF-«B expression, luteolin promoted
tumour necrosis factor-induced apoptosis in lung cancer cells. Luteolin also targets a variety
of cancer pathways, such as redox stress, ROS formation, cell cycle arrest, autophagy
induction, apoptosis initiation, and suppression of cell proliferation, all of which lead to
the death of tumour cells [108].

Cai and colleagues suggested that luteolin inhibits the cell cycle and promotes apop-
tosis by increasing the synthesis of Bax, JNK activation, and enhancing the cleavage of
caspase-3 and procaspase-9 in lung cancer cells (A549). Additionally, it inhibits trans-
nuclear translocation controlled by TNF-& and NF-kB [109]. Luteolin inhibited cell growth
and triggered apoptosis by increasing caspase-9 and -3 activation, decreasing Bcl-2, increas-
ing Bax expression, phosphorylating MEK and its downstream kinase ERK, and activating
Akt. Moreover, suppression of MEK-ERK signalling suggests that the pro-apoptotic and
anti-migration effects of luteolin are significantly mediated by the MEK-ERK signalling
pathway [110].

Through the regulation of both intrinsic and extrinsic cascades, which were suppressed
by z-Val-Ala-Asp fluoromethyl ketone, luteolin-induced apoptosis in NCI-H460 human
non-small cell lung cancer cells. This suggests that luteolin promotes caspase-dependent
apoptosis. Additionally, luteolin-induced autophagy has been discovered to be a mech-
anism of cell death [111]. Another study showed that luteolin has anticancer effects by
increasing Sirtl-regulated apoptotic cell death in NCI-H460 cells [112,113]. Moreover, it in-
creased cleaved caspase-3 levels and reduced cyclin D1 expression by decreasing the mRNA
levels of LIM domain kinase signalling-related targets, such as p-cofilin and phosphory-
lated LIM domain kinase. Furthermore, luteolin reduced phosphorylated LIM domain
kinase, Ki-67, and p-cofilin levels, all of which inhibited the development of tumours in a
xenograft model of lung tumour patients [113].

Macrophages linked to tumours are essential for the development of cancer [114].
According to Choi et al., luteolin lowers the mRNA levels of M2-associated genes and
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prevents the attachment of a phosphate group to STATS6, a significant IL-4 downstream
signal. Additionally, they found that luteolin inhibited the migration of Lewis lung cancer
cell lines in a manner dependent on chemokine (C-C motif) ligand 2 [115].

Ionising radiation and luteolin combination therapy increased programmed cell death
in lung cancer cells by downregulating Bcl-2, which in turn stimulated caspase-9, -8, and
-3. Additionally, luteolin led to the accumulation of ROS and the addition of phosphate to
p38 MAPK. Moreover, in the NCI-H460 cell xenograft mouse model, combined therapy
with luteolin and ionising radiation increased programmed cell death and suppressed the
progression of cancer. This substance may act as a radiosensitiser, promoting programmed
cell death by activating the p38/ROS/cascade pathway [116].

In contrast, luteolin has been reported to significantly reduce the proliferation of oral
cancer stem cell lines and the activities of acetaldehyde dehydrogenase and CD44-positive
cells. It has also been suggested that luteolin reverses the radiosensitivity of oral tumour
cells, as the combined therapy of luteolin and radiation significantly decreases the invasion
and spread of oral cancer [117]. Moreover, luteolin demonstrated cytotoxicity against
human immortalised keratinocytes (HaCaT) and human melanoma (A375) cells in skin
cancer. Furthermore, HaCaT cell lines accumulated cells in the G2/M phase, and A375 cell
lines accumulated cells in the G0/G1 phase when luteolin is incubated with cancer cell
lines [118].

By reducing miR-301-3p, luteolin decreased the proliferation of pancreatic ductal
adenocarcinoma (PDAC) cells and enhanced the antiproliferative effect of TRAIL on tumour
cells [119]. In female Syrian golden hamsters, luteolin (100 ppm) reduced carcinogenesis by
increasing amylase activity and reducing PDAC incidence and multiplicity, Ki-67 labelling
index, pSTAT3 signal transduction, and neoplastic lesion development [120]. Additionally,
luteolin (150 and 75 mg/kg) prevented tumour growth in xenografted SCID mice [121].

By inducing apoptosis, decreasing extracellular matrix contraction, and inhibiting
growth, luteolin exerts chemopreventive therapeutic effects against prostate cancer. MDM2
was suppressed by luteolin, and luteolin-induced E-cadherin expression decreased due
to active Akt overexpression. Therefore, in prostate cancer, luteolin affects E-cadherin
expression through the Akt/MDM?2 pathway. Furthermore, by suppressing the expression
of androgen receptors, luteolin reduced the expression of prostate-specific antigens. It
reduced the mRNA levels of numerous genes involved in the cell cycle and epidermal
growth factor receptor signal transduction cascades. Luteolin significantly promoted cell
cycle arrest at the G2/M phase and triggered the production of p21 RNA and c-FOS.
Different studies have revealed that c-FOS or p21 silencing RNAs significantly reduce the
expression of RNA of their respective targets, but they have no effect on cell proliferation,
and neither double silencing RNA nor single silencing RNA can stop the proliferation of
prostate cancer cells [94].

According to Cao et al., luteolin decreased the viability of SMMC-7721 liver cancer cells
in a manner that is dependent on both time and dose. Moreover, luteolin decreased Bcl-2
expression at the mRNA and protein levels, increased caspase 8 expression, and caused
GO0-/G1-phase arrest. Lastly, co-administration of the autophagy inhibitor chloroquine
reduced the impact of luteolin on cell death [122].

Nazim and Park [123] showed how luteolin and TRAIL therapy work together, as
well as how they affect TRAIL-resistant Huh? cells. The synergetic effect of luteolin and
VV-IL-24 (oncolytic vaccinia virus) to decrease tumour growth through single therapy was
validated by Wang et al. [124]. They reported that luteolin inhibited the activation of the
PI3K/ Akt and NF-kB signalling pathways, which are implicated in the growth and survival
of cancer cells. Additionally, it increased the cytotoxicity of chemotherapeutic drugs in
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kidney cancer cells, indicating that it may be used along with conventional medications to
boost their effects. Moreover, luteolin reduces the negative effects of chemotherapy, which
makes it a desirable drug for the treatment of kidney cancer.

Nanotechnology is a novel chemoprevention technique for delivering luteolin. To
explore its anticancer capabilities against head, neck, and lung cancers, hydrophobic
luteolin was synthesised to produce water-soluble polymer-encapsulated nano-luteolin.
Nano-luteolin, like luteolin, has been demonstrated to inhibit the growth of lung cancer
cells (H292 cell line) and squamous cell carcinoma of the head and neck (SCCHN) cells
(Tu212 cell line) in vitro. Using a tumour xenograft mouse model, in vivo experiments
comparing nano-luteolin to luteolin revealed that the latter greatly suppressed the growth
of SCCHN cancer. This suggests that luteolin may be used for chemoprevention in clinical

settings [125].

Table 4. The anticancer properties of luteolin in different tumour cells.

Anticancer Effect of Luteolin Cancer Type Citation

Inhibition of CDK?2 activity and induction of induced G1 cell cycle arrest. ~ Colorectal cancer HT-29 and melanoma [94]
OCM-1 cells

Suppression of the expression of p-STAT3, p-EGFR, p-Akt, and p-Erk1/2, MCEF-7 breast cancer cells [94]
as well as inhibition of cell proliferation.
Increase of the mRNA levels of death receptors such as DR5 and MCF-7 breast cancer cells [96]
caspase-9/-8/-3 activity, in addition to inhibition of poly-ADP ribose
polymerase. Moreover, the induction of the release of cytochrome c after
impairing the potential of the mitochondrial membrane. As a result,
Bcl-2 expression was suppressed, and Bax expression rose.
Induction of cell cycle arrest in the S phase by lowering telomerase levels MDA-MB-231 breast cancer cells [97]
and preventing the phosphorylation of NF-«B inhibitor «, in addition to
inhibition of the growth of breast malignant cells and induction of
apoptosis.
Akt inactivation and extracellular signal-regulated kinase (ERK) MCEF7/HERI18 breast cancer cells [98]
signalling inhibition.
Induction of cell cycle arrest at the G2/M phase and inhibition of cyclin LoVo human colon cells [100]
B1/CDC2.
Increased p53 phosphorylation and p53 target gene expression, which HCT116 colon cells [101]
leads to cell cycle arrest, apoptosis, and autophagy.
Increased Nrf2 transcription by the DNA demethylation of its promoter, Colorectal cancer cells [102]
in addition to strengthening the interaction between Nrf2 and p53 that
results in increased expression of antioxidant enzymes and apoptotic
proteins.
Inhibition of the proliferation of colorectal malignant cells, interruption Colorectal cancer cells [103]
of the cell cycle, damaged DNA and accelerated apoptosis through
targeting the MAPK pathway.
Decrease in the expression of p-PI3K, p-mTOR, p-AKT, p-STAT3, and Gastric tumour cells [104]
Notch1, and an increase in the amount of p-P38 signal transduction.
Inhibition of the immune system and the expression of MMP-9 and Gastric tumour cells [105]

VEGF-A, which stops cancer from growing, in addition to suppression of
the expression of c-Met, ki-67, and MMP-9 that results in inhibition of
tumour cells invasiveness and proliferation and induction of apoptosis.
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Table 4. Cont.

Anticancer Effect of Luteolin

Cancer Type

Citation

EMT reversion by shrinking the cytoskeleton and increasing the
expression of E-cadherin downstream of mesenchymal markers such as
vimentin, N-cadherin, and Snail, in addition to prevention of the
transduction of Notch1 signals.

Gastric tumour cells

[106]

Reduction of the expression of the target genes Mcl-1 and Bel-xl and
survival, in addition to inhibition of STAT3 phosphorylation.

Gastric cancer cells

[107]

Induction of ROS production, which in turn mediates the expression of
tumour necrosis factor-activated cascade, in addition to upregulation of
c-Jun N-terminal kinase expression and downregulation of NF-«B
expression that results in promotion of tumour necrosis factor-induced
apoptosis.

Lung cancer cells

[108]

Increase the synthesis of Bax, activation of JNK, and enhancing the
cleavage of caspase-3 and procaspase-9, in addition to inhibition of
trans-nuclear translocation controlled by TNF-oc and NF-kB.

Lung cancer cells (A549)

[109]

Activation of caspase-9 and -3, inhibition of Bcl-2, increasing Bax
expressions, phosphorylation of MEK and its downstream kinase ERK,
activation of Akt, inhibition of cell growth, and induction of apoptosis.

Lung cancer cells (A549)

[110]

Increased cleaved caspase-3 levels and reduced cyclin D1 expression by
decreasing the mRNA levels of LIM domain kinase signalling-related
targets, such as p-cofilin and phosphorylated LIM domain kinase, that
results into inhibition of tumour development.

Lung tumour xenograft

[111]

Reduction of miR-301-3p level results in inhibition of tumour cells
proliferation and enhancing the antiproliferative effect of TRAIL on
tumour cells.

Pancreatic ductal adenocarcinoma cells
(PDAC)

[119]

Suppression of the expression of androgen receptors and
prostate-specific antigen, in addition to the reduction of the mRNA levels
of numerous genes involved in the cell cycle, cascades and the epidermal
growth factor receptor signal transduction cascade that significantly
promoted cell cycle arrest at the G2/M phase and triggered the
production of p21 RNA and ¢-FOS.

Prostate cancer cells

[94]

Decreased Bcl-2 at the mRNA and protein levels, increased caspase 8,
and caused GO0-/G1-phase arrest. Additionally, it increased Beclin 1
expression, expedited the conversion of LC3B-I to LC3B-II, and
increased the number of intracellular autophagosomes.

SMMC-7721 liver cancer cells

[122]

Inhibition of the activation of the PI3K/Akt and NF-«B signalling
pathways, which are implicated in the growth and survival of cancer
cells.

Kidney malignant cells

[124]

5.1.5. Flavanones

The 40-methoxy derivative of the flavanone eriodictyol is called hesperetin (HSP), and

its IUPAC name is 5,7-dihydroxy-2-(3-hydroxy-4 methoxyphenyl)-2,3-dihydrochromen-4-

one [126]. HSP, a naturally occurring flavonoid with a variety of pharmacological charac-

teristics, is mostly present in citrus fruits such as Citrus aurantinum, Citrus sinensis, and

Citrus limon [127].

HSP may be a promising cancer treatment candidate (Table 5) because it demonstrates

a cytotoxic mechanism against a variety of cancer cells, including breast [128], pancre-
atic [129], prostate [130], glioblastoma [131], liver [132], kidney [133], colon [134], lung [135],
oral [136], [137], osteosarcoma [138], ovarian [139], thyroid [140], leukaemia [141], and
other cancers [126]. HSP has been shown in numerous studies to be a promising treatment

for breast cancer. HSP may promote DNA damage and apoptosis while inhibiting the
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growth, viability, migration, invasion, mammosphere formation, and colony formation of
cancer cells. In MCF-7 breast cancer cells, it increased the mRNA levels of p53, NOTCH1,
and PPARG and decreased [(-catenin, leading to apoptosis and cell cycle arrest in the
GO0/G1 phase [142].

In breast cancer, tumour suppressor genes that regulate cell cycle progression are
upregulated by HSP. HSP induces both intrinsic and extrinsic pathways that lead to cell
death. In addition, HSP can inhibit certain tumor-related growth factors, which will prevent
metastasis, inhibit MMP-9 production, and arrest the cell cycle in the Sub G1 phase [126].
According to a recent study, when MCEFE-7 breast cancer cells were treated with HSP
(1-20 uM), aryl hydrocarbon receptor (Ahr) was inhibited, and the expression of CYP1A1,
1A2, and 1B1 was downregulated [143]. Furthermore, HSP inhibited the activity of the
aromatase enzyme, cyclin D1, CDK4, Bcl-xL, and pS2, and it increased the expression
of CCAAT/C/EBP, pERK-1&-2, and p57Kip2. These actions helped decrease tumour
growth in MCF-7 breast cancer cells and female athymic mouse models, both in vitro
and in vivo [144]. At a concentration of 95 uM, HSP reduced HER2, MMP-9, and Racl
expression, lamellipodia formation, and arrested the cell cycle at the G2/M phase, thereby
lowering cell viability, invasion and migration, and promoting apoptosis, according to
research conducted on HER?2 overexpressed breast cancer cells (MCF-7/HER2) and MCF-
7/EV cells [145]. In MCF-7, MCF-10A, HMEC, and MDA-MB 231 breast cancer cells,
HSP (20-200uM) was found to increase ROS production, cyto-C release, Bax/Bcl-2 ratio,
PARP cleavage, caspase-9, -3, -7, JNK, and skl activation, in addition to the activation
of the ASK1/JNK pathway [146]. In MDA-MB-231 breast cancer cells, HSP suppressed
insulin receptor-beta subunit (IR-beta) phosphorylation and Akt, which lowered glucose
absorption, leading to decreased cell proliferation [147]. HSP reduced the growth of MDA-
MB-231 breast cancer cells by inhibiting HER2-tyrosine Kinase (HER2-TK) activity, causing
MMP loss, chromatin condensation, and activating of caspase-8 and-3 [148]. This resulted in
cell cycle arrest in the G2 phase and lowered SKBR3. Furthermore, HSP was able to induce
apoptosis and prevent metastasis in 4T1 murine breast cancer cells by downregulating
MMP-9 production and stopping the cell cycle at the Sub G1 phase [149].

HSP has been known to play a significant role in reducing the risk of prostate cancer
and successfully treating it [136]. GO/G1 phase arrest was observed after HSP treatment
via increased phosphorylation of the signal transducer and activator of transcription 3
(STAT 3), extracellular signal-regulated kinase % (ERK1/2), and AKT signalling pathways,
as well as IL-6 gene expression [150]. HSP is also linked to cell cycle arrest at the G1/S
phase and elevated mitochondrial membrane depolarisation, leading to apoptosis and
decreased cell viability [151].

In H522 lung cancer cells, HSP induced apoptosis by initiating the Fas death recep-
tor/extrinsic pathway, which led to the dose-dependent upregulation of Bax, caspase-3, and
caspase-9 [135]. Similarly, by blocking transforming growth factor 3 and decreasing glucose
uptake in cancer cells by downregulating glucose transporter expression, HSP demon-
strated strong antiproliferative effects in H441 lung cancer cells [152]. When used with
copper, HSP was able to inhibit angiogenesis via the mitochondria-mediated pathway by
activating the TRIAL cytotoxic protein, which triggers many mechanisms of apoptosis [153].
Additionally, HSP inhibits IL-1(3, which reduces COX-2 expression and PGE2 generation in
A549 lung cancer cells [154]. By reducing LPO and altering antioxidant enzymes such as
NF-kB, PCNA, and CYP1A1, HSP was able to inhibit the development of cancer in Swiss al-
bino mice. This investigation demonstrates that HSP’s free radical-scavenging, antioxidant,
anti-inflammatory, and antiproliferative properties of HSPs have the potential to prevent
B[a] P-induced lung cancer [155]. Through the activation of mitochondrial-mediated path-
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ways, HSP suppresses cell viability and proliferation while enhancing apoptosis. In a HSP
dose-dependent manner, Bcl2 was downregulated while ROS, ATP, Ca?t, Cyto-C, AIF, and
Apaf-1 were increased [156].

In the human cancer cell line HCT-116, HSP therapy activates the c-Jun-N-Terminal
kinase (JNK) pathway, which reduced cell viability and induced apoptosis [157]. By
elevating Bax and Caspase 3 levels and concurrently downregulating the anti-apoptotic
protein BCL-2, HSP demonstrated an inhibitory effect on human cancer cell HT-29 through
the induction of mitochondrial-mediated apoptosis [158].

HSP has the potential to treat liver cancer by inducing apoptosis and damage to cancer
cells and reducing liver injury, liver enlargement, and hepatic fibrosis [126]. Miler et al. [159]
found that oral administration of HSP at a dose of 15 mg/kg enhanced the death of cancer
cells in male Wistar rats. It also increased the activity of antioxidant enzymes like catalase
(CAT), glutathione reductase (GR), and superoxide dismutase (SOD). In Sprague-Dawley
rats, HSP (50 mg/kg/day) induced apoptosis and controlled oxidative stress by increasing
the expression of Fas/FasL and caspase-8, -3, and albumin levels while decreasing the
levels of hepatic glutathione (GSH), hepatic malondialdehyde (MDA), and Bcl-2 [132].
Furthermore, Kong et al. discovered that HSP reduced liver fibrosis and induced apoptosis
in HSC-T6 cells and male C57 mice. It inhibited the TGF-31/Smad pathway and reduced
the levels of AST, ALT, hydroxyproline (Hyp), HA, LN, TNF-«, IL-6, extracellular matrix
(ECM) production, and Smad2/3 phosphorylation. In Littermate male C57BL /6] mice, HSP
derivative reduced the levels of ALP, ALT, AST, TGF-f1, HA, Hyp, F4/80p macrophage
infiltration, MCP-1, TNF-¢, IL-1f3, IL-6, TNF-«, and IL-1§3, Gli-1, and Shh expression at
concentrations ranging from 25 to 100 mg/kg [160]. Additionally, HSP induced apoptosis
in LX-2 liver cells by decreasing the expression of «-SMA, Collx1, Col3x1, TIMP-1, PAI-1,
and Gli-1 and increasing the levels of Bax and Caspase-3 [161]. In addition, HSP decreases
Bcl-2, mitochondrial AIF, mitochondrial Apaf-1, and mitochondrial cyt-c, which drive
cancer cell apoptosis, while upregulating a few intracellular ROS, ATP, Ca?*, and cytosolic
components such as AIF, Apaf-1, cyt-c, caspase-3, caspase-9, and Bax [156].

In recent years, HSP have shown promise in the treatment of pancreatic cancer [126].
In a study using Miapaca-2, Panc-1, and SNU-213 cell lines at different doses, Lee and
his colleagues discovered that HSP (0-20 pM) inhibited the migration of the treated cells.
Furthermore, HSP treatment at a dosage of 2.5 uM significantly decreased the viability of
Panc-1 pancreatic cancer cells. Additionally, apoptosis was induced because HSP obstructed
intracellular signalling, including focal adhesion kinase (FAK), p38 phosphorylation, and
caspase-3 activation. Furthermore, HSP at 30 mg/kg exhibited anti-growth properties
through the activation of caspase-3 in a Panc-1 xenograft model in BALB/c nude mice [129].

Additionally, HSP may be used to treat renal cancer [126]. HSP decreased oxidative
stress, lipid peroxidation, MDA, TNF-«, IL-1§3, and IL-6 levels, thereby reducing cisplatin-
induced nephrotoxicity in rats [162]. Moreover, HSP reduced renal fibrosis, normalised
renal function in the (NRK)-52E cell line and UUO-mouse model, and decreased the ex-
pression of fibronectin (FN), Collagen I, x-SMA, EMT, Shh, Gli-1, and E-cadherin [163].
Furthermore, HSP control signalling pathways, metastasis, and some inflammatory indica-
tors, in addition to activating genes linked to antioxidant enzymes. Thus, HSP may exhibit
anticancer activity in kidney cancer [126].

In vitro and in xenograft tumours, HSP inhibited the proliferation of gastric cancer
cells by inducing apoptosis through a dose-dependent increase in the Bax/Bcl-2 ratio, cyt-c,
caspase-3, caspase-9, AlF, and Apaf-1 via a mitochondrial-dependent mechanism [156].
Moreover, HSP reduces cell migration and invasion in gastric cancer cells by inhibiting the
expression of genes linked to metastasis and lowering disruptor of telemetric silencing 1-
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like (DOT1L) and histone H3K79 methylation by controlling CBP activity [164]. In addition,
HSP can elevate the production of ROS to induce apoptosis in SK-OV-3 ovarian cancer
cells [139]. By changing the endoplasmic reticulum stress signalling pathway, hesperidin
(the aglycone form of HSP) inhibits the growth of (A2780) ovarian cancer cells and triggers
apoptosis [165]. HSP also demonstrated cytotoxicity against ovarian cancer cells. These
phytochemicals activate cleaved caspase-3 in ovarian cancer cells, promoting antioxidant
activity and inducing apoptosis [166].

In U251 and U87 glioblastoma cells, HSP reduced cell viability by decreasing Bcl-2 and
increasing Bax protein expression, thus inducing apoptosis in a dose-dependent manner.
Moreover, it also caused cell cycle arrest by decreasing cyclin B1 CDK1 and enhancing
tumour suppressor gene p21 activation via p38 MAPK, which arrests the G2/M phase [167].
Moreover, HSP controls apoptosis and cell division by generating ROS and activating the
SOD enzyme [168]. When C6 glioma cells were implanted in Wistar rats, HSP prevented
tumour growth by activating caspase-3 and -9, raising the Bax/Bcl-2 ratio, which caused
apoptosis, and downregulating the HIF-1x, VEGF, and VEGFR?2 signalling pathways.
It also decreased the expression of cyclin Bl and D1 while increasing the expression of
Claudin-1 and ZO-1, which decreased the growth of cancer cells [169].

HSP exhibited an anticancer effect on leukaemia HL60 cell lines by inducing apop-
tosis via increasing caspase-3 activity, MMP loss, and cell cycle arrest in the G2/M and
GO0/G1 phases [141]. In K562 leukaemia cells, HSP induced apoptosis, arrested the G0/G1
phase, and increased the expression of the DUSP1 (dual specificity phosphatase 1), DUSP3,
DUSP5, CDK1A, CDK1B, GADD45B, SPRR2D, MT1F, MT1A, p27Kip1, CASP4, and NFK-
BIA genes [170]. Furthermore, HSP increased the production of BAD, caspase-3, luciferase
activity, PARP cleavage, and Notch 1 signalling [140]. Additionally, HSP increased ROS
generation and JNK1/2, p38, Bax, and p21 expression in A431 human cancer cells while
suppressing ERK1/2, cyclin B1, D1, D3, and E1 expression, which resulted in apoptosis
and decreased cell viability [171].

By stimulating PI3K-Akt signalling, cytotoxic T lymphocytes, and the tolerogenic
T cell response, HSP can suppress melanogenic tumour growth [172]. HSP caused oe-
sophageal Eca-109 cancer cells to undergo apoptosis both in vitro (Eca-109) and in vivo
(female BALB/c nude mice). Furthermore, the HSP-treated Eca-109 cell line showed de-
creased PI3K/AKT signalling pathway, cyclin D1, MMP-2,9, and PI3K-p85 expression, as
well as increased PTEN phosphorylation and p21 expression, which results in cell cycle
arrest at the G0/G1 phase [173].

Hyperplasia, dysplasia, and increased cell proliferation in squamous cell carcinoma
(SCC) are abnormalities induced by DMBA-induced oral tumour development in the buccal
pouches. HSP treatment has been linked to anticancer effects by mediating apoptotic and
antiproliferative effects. HSP inhibits cell proliferation in the buccal mucosa of DMBA-
treated animals by downregulating vascular endothelial growth factor (VGEF) in DMBA-
treated tissue [174].

It was reported that Hesperetin and Naringenin (Nar), two flavanones, target the
mitochondrial fission pathway to exert anticancer effects. They correct abnormal mito-
chondrial dynamics and lipid metabolism by targeting Drp1, which causes ER stress and
apoptosis [175]. The combination of these natural compounds decreased the adverse effects
of several medications and showed great benefits against cancer [126]. Phosphorylation of
FAK and the p38 signalling pathway were downregulated when HSP was administered
in combination with naringin and naringenin, although this was not the case with either
of the two treatments [176]. In a xenograft model, Wang et al. found that co-treatment
of HSP with platinum caused apoptosis-related cell death by downregulating UGT1A3
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and concurrently increasing ROS [177]. Moreover, HSP and luteolin together enhanced
the death of MCF-7 breast cancer cells [178]. Dextran and HSP combination enhanced the
HSP’s antioxidant activity and had a greater cytotoxic effect on MCF and AGS than when
HSP was used alone [179]. Additionally, the combination of HSP and doxorubicin arrested
the cell cycle in the G2/M phase and prevented metastasis by suppressing the production of
MMP-9 in 4T1 cells [149]. Moreover, HSP and 5-FU (fluorouracil) together suppressed cell
proliferation in oesophageal cancer Eca-109 cells by downregulating Bcl-2 and increasing
cleaved caspase-3 and caspase-9 more efficiently than either drug alone [173].

HSP can also be used as an adjuvant treatment for multidrug resistance. Excessive
doxorubicin use results in drug resistance by increasing drug efflux and overexpressing
P-glycoprotein (P-gp). However, by reducing the optimum concentrations of both HSP
and doxorubicin, HSP combined with doxorubicin therapy inhibits P-gp expression in
MCEF-7 and MCEF-7/DOX cells [180]. Additionally, certain anticancer medications increase

the sensitivity of resistant cell lines when NF-«B and IGFIR expressions are inhibited [181].

When HSP was administered to A549/DDP cells, P-gp-mediated MDR was reversed by
lowering P-gp expression, which was directly associated with the suppression of the
transcription factor NF-«B signalling pathway [182].

Interestingly, Eudragit-E nanoparticles loaded with HSP (HETNPs) showed anticancer
efficacy in oral carcinoma (KB) cells. HETNPs more successfully demonstrate elevated ROS
levels, loss of mitochondrial membrane potential, and apoptotic morphological alterations
than native HSP [183]. Moreover, collagen, nicotinamide adenine dinucleotide (NAD), and
flavin adenine dinucleotide (FAD) emissions were reduced in oral carcinoma caused by
7,12-Dimethylbenz[a]anthracene (DMBA); however, oral administration of HSP and its
nanoparticles restored the endogenous fluorophore emission and increased the redox ratio
in the buccal mucosa of DMBA animals [184].

Table 5. Anticancer effects of hesperetin in different tumour cells.

Anticancer Effect of Hesperetin (HSP) Cancer Type Citation
Increased the mRNA levels of p53, NOTCH1, and PPARG and MCE-7 breast cancer cells [142]
decreased (3-catenin, leading to apoptosis and cell cycle arrest in the
GO0/G1 phase.
Upregulation of tumour suppressor genes that can regulate cell cycle Breast cancer cells [126]
progression, induction of both intrinsic and extrinsic pathways that
lead to cell death, inhibition of certain tumour-related growth factors
which will prevent metastases, inhibition of MMP-9 production and
induction of cell cycle arrest in the Sub G1 phase.
Inhibition of the aryl hydrocarbon receptor (Ahr) and downregulation MCE-7 breast cancer cells [143]
of the expression of CYP1A1, 1A2, and 1B1.
Inhibition of the activity of the aromatase enzyme, cyclin D1, CDK4, MCE-7 breast cancer cells and [144]
Bcl-xL, and pS2, while increasing the expression of CCAAT/C/EBP, female athymic mice models
PERK-1&-2, and p57Kip2 that results in decrease the tumour growth.
Reduction of HER2, MMP-9, Racl expression, lamellipodia formation, =~ HER?2 overexpressed breast [145]

and induction of cell cycle at the G2/M phase, thereby lowering cell
viability, invasion, migration, and promoting apoptosis.

cancer cells (MCF-7/HER?2)
and MCF-7/EV cells
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Table 5. Cont.

Anticancer Effect of Hesperetin (HSP) Cancer Type Citation
Increase ROS production, cyto-C release, the Bax/Bcl-2 ratio, PARP MCEF-7, MCF-10A, HMEC, and [146]
cleavage, caspase-9, -3, -7, INK, and activation of skl and the MDA-MB 231 breast
ASK1/JNK pathway. cancer cells
Suppression of insulin receptor-beta subunit (IR-beta) phosphorylation MDA-MB-231 breast [147]
and Akt, which lowers glucose absorption, leading to decreased cell cancer cells
proliferation.
Inhibition of HER2 Tyrosine Kinase (HER2-TK) activity, leading to MDA-MB-231 breast [148]
MMP loss, chromatin condensation, and activating caspase-8 and-3 cancer cells
that resulted in cell cycle arrest at the G2 phase and lowered SKBR3.
Induction of apoptosis and prevention of metastasis of tumour cells by ~ 4T1 murine breast cancer cells [149]
downregulating MMP-9 production and stopping the cell cycle at the
Sub G1 phase.
G0/G1 phase arrest via increasing phosphorylation of the signal PC-3 cells [150]

transducer and activator of transcription 3 (STAT 3), extracellular
signal-regulated kinase % (ERK1/2), and AKT signalling pathways, as
well as IL-6 gene expression.

Induction of apoptosis via initiating the Fas death receptor/extrinsic H522 lung cancer cells [151]
pathway, which led to the dose-dependent upregulation of Bax,
caspase-3, and caspase-9.

Blocking transforming growth factor 3 and decreasing glucose uptake H441 lung cancer cells [152]
in a cancer cell by downregulating glucose transporter expression.

Activation of the c-Jun-N-Terminal kinase (JNK) pathway, leading to Human cancer cell line [157]
reduction of cell viability and induction of apoptosis. HCT-116

Elevation of Bax and caspase3, downregulation of the anti-apoptotic Human cancer cell HT-29 [158]
protein BCL-2, and induction of mitochondrial-mediated apoptosis.

Repression of the TGF-31/Smad pathway and reduction of the levels HSC-T6 cells and male [160]
of AST, ALT, hydroxyproline (Hyp), HA, LN, TNF-«, IL-6, extracellular C57 mice

matrix (ECM) production, and Smad2/3 phosphorylation.

Reduction of the expression levels of ALP, ALT, AST, TGF-31, HA, Littermate male [160]
Hyp, F4/80p macrophage infiltration, MCP-1, TNF-«, IL-1f3, IL-6, C57BL/6] mice

TNF-«, and IL-13, Gli-1, and Shh.

Decreasing the expression of a-SMA, Coll«1, Col3«x1, TIMP-1, PAI-1, LX-2 liver cells [161]
and Gli-1 and increasing the levels of Bax and Caspase-3 that results in

apoptosis.

Inhibition of cells migration, decrease cell viability, and induction of Miapaca-2, Panc-1, and [129]
apoptosis via obstructing the intracellular signalling, including focal SNU-213 pancreatic cancer

adhesion kinase (FAK), p38 phosphorylation, and caspase-3 activation. cell lines

Reduction of renal fibrosis, normalising renal function, and decreasing Renal cancer [163]
the expression of fibronectin (FN), Collagen I, «-SMA, EMT, Shh, Gli-1, (NRK)-52E cell line and

and E-cadherin. UUO-mouse model

Induction of apoptosis through a dose-dependent increase in the Gastric cancer cells [156]

Bax/Bcl-2 ratio, cyt-c, caspase-3, caspase-9, AIF, and Apaf-1 via a
mitochondrial-dependent mechanism.

Reduction of cell migration and invasion by inhibiting the expression Gastric cancer cells [164]
of genes linked to the metastasis and lowering disruptor of telemetric

silencing 1-like (DOT1L) and histone H3K79 methylation by

controlling CBP activity.
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Table 5. Cont.

Anticancer Effect of Hesperetin (HSP) Cancer Type Citation
Reduction of cell viability by decreasing Bcl-2 and raising Bax protein U251 and U87 [131]
expression, thus inducing apoptosis, in addition to cell cycle arrest by glioblastoma cells

decreasing cyclin B1 CDK1 and enhancing tumour suppressor gene
p21 activation p38 MAPK, which arrests the G2/M phase.

Prevention of tumour growth via activating caspase-3 and -9, raising C6 glioma cells implanted in [169]
the Bax/Bcl-2 ratio, which caused apoptosis, and downregulation of Wister rats

the HIF-1x, VEGF, and VEGFR?2 signalling pathway. In addition,

decreasing the expression of cyclin Bl and D1 while increasing the

expression of Claudin-1 and ZO-1 decreased the growth of cancer cells.

Induction of apoptosis via raising caspase-3 activity, MMP loss, and HL60 leukaemia cell lines [141]
cell cycle arrest in the G2/M and G0/G1 phases.
Induction of apoptosis and cell cycle arrest at the G0/G1 phase, in K562 leukaemia cells [140,170]

addition to increasing the expression of the DUSP1 (dual specificity
phosphatase 1), DUSP3, DUSP5, CDK1A, CDK1B GADD45B, SPRR2D,
MT1E MT1A, p27Kip1, CASP4, and NFKBIA genes. Moreover,
elevation of the production of BAD, caspase-3, luciferase activity,
PARP cleavage, and Notch 1 signalling.

Increasing ROS generation, JNK1/2, p38, Bax, and p21 expression, A431 human cancer cells [171]
while suppressing ERK1/2, cyclin B1, D1, D3, and E1 expression,
which resulted in apoptosis and decreased cell viability.

Reduction of the expression of GSH, Bcl-2, and survivin while Oesophageal Eca-109 [173]
increasing the generation of ROS, cyt-c, caspase-9, -3, Apaf-1, Bax, and cancer cells

Sufu (suppressor of fused protein), in addition to decreasing

PI3K/AKT signalling pathway, cyclin D1, MMP-2,9, and PI3K-p85

expression, as well as increased PTEN phosphorylation and p21

expression, which results in cell cycle arrest at the GO/G1 phase.

5.1.6. Isoflavones

Isoflavones are among the most prevalent categories of phytoestrogens. It is mostly
found in the Fabaceae family. These secondary plant metabolites are structurally identical
to 173-estradiol and are typically conjugated to it. They are hydrolysed into aglycones
before being metabolised by the enzymes of the gastrointestinal tract or the microbiota
found in the digestive tracts of humans and animals. Soy and its derived products are
the primary sources of isoflavones [185]. Chickpeas and beans are additional dietary
sources of isoflavones, and other plant products, such as fruits, vegetables, and nuts,
also contain trace levels of isoflavones [186]. Genistein (Figure 2) is a naturally occurring
phytoestrogen and isoflavone found in soybeans. Genistein has been shown to have
numerous biological effects, including anti-oxidation, anti-proliferation, and tumoricidal
properties [187] (Table 6). Isoflavones have significant antioxidant activity in addition to
their oestrogenic activity. Two hydroxyl groups, such as those found in daidzein, must
be present for antioxidant activity to occur (in the C-4 and C-7 positions). Compared
to glycosides, aglycon molecules have higher activity [188]. Genistein exhibits strong
antiproliferative properties against different cancer cells in vitro, inhibits the growth of
tumours and shows an antimetastatic effect in vivo [189,190].

Compared to Western countries, where the average daily consumption of isoflavones
is less than 2 mg, the incidence of breast cancer is lower in Asia, where the average daily
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intake of isoflavones approaches 25-50 mg [190]. Increased soy intake is associated with a
lower risk of breast cancer [191].

Genistein inhibits breast cancer cell growth by promoting apoptosis [192,193]. Genis-
tein is a prospective treatment for breast cancer since it acts as a weak oestrogen by binding
to the oestrogen receptor. This could prevent the effects of natural oestrogens and slow the
growth of breast cancer without causing any noticeable adverse effects [192-194]. x-ER
activation promotes cell proliferation in breast tissue, whereas 3-ER induces apoptosis and
inhibits of cell proliferation. The precise ratio of x-ER to (3-ER in cells determines how
isoflavones affect the suppression or activation of cell growth [195].

In MDA-MB-231 cells, genistein has been shown to have antiproliferative properties,
including the inhibition of NF-kB pathways and the subsequent inhibition of NF-«B [196].
Modification of the EGFR/Akt/NFkB pathway contributes to cell differentiation, ultimately
resulting in the death of cancer cells. Genistein suppresses Akt activity, which encourages
the deactivation of downstream signalling pathways such as NF-kB [197]. Moreover, it has
been observed that genistein therapy reduces the expression of MMPs 2, 3, 3, and 15 in
T47D cells, inhibiting angiogenesis and metastasis [198].

Genistein treatment of MCF-7-C3 and T47D breast cancer cells resulted in dysregula-
tion of the human oncoprotein known as the carcinogenic inhibitor of protein phosphatase
2A (CIP2A), suggesting that CIP2A is a target of genistein responsible for inducing apopto-
sis and growth suppression [192].

In LNCaP and DU145 prostate cancer cell lines, both genistein and daidzein reduced
cell growth and triggered apoptosis. The cuprous chelator neocuproine and other ROS
scavengers, such as superoxide dismutase, catalase, and thiourea, dramatically reduced cell
death induced by isoflavone. Copper chelation suppressed ROS production, supporting
the idea that isoflavone-induced intracellular copper mobilisation leads to the production
of ROS, which causes pro-oxidant cell death [199].

Phase I and II clinical trials on different cancers, including prostate cancer revealed
that genistein inhibits metastasis of malignancies [200]. In addition, a significant decrease
in serum PSA levels was observed in a prostate cancer trial [201].

Table 6. The anticancer effect of genistein in different tumour cells.

Anticancer Effect of Genistein Cancer Type Citation
Inhibition of NF-kB pathways and cell proliferation. MDA-MB-231 [196]
Suppression of Akt activity, which encourages the deactivation of MDA-MB-231 [197]
downstream signalling pathways, such as NF-«B.
Reduction of the expression of MMPs 2, 3, 3, and 15, in addition to T47D cells [198]
inhibition of angiogenesis and metastasis.
Dysregulation of the human oncoprotein, known as the carcinogenic MCF-7-C3 and T47D breast [192]
inhibitor of protein phosphatase 2A (CIP2A), results in the induction cancer cells
of apoptosis and growth suppression.
Induction of intracellular copper mobilisation leads to the production Prostate cancer cell lines [199]
of ROS, which causes pro-oxidant cell death. LNCaP and DU145
Reduction of serum levels of prostate-specific antigen (PSA). Prostate cancer cell lines [201]

5.2. Phenolic Acids

One of the most prevalent non-flavonoid plant phenolic components is phenolic acid
(Figure 4), which can be found as glycosides or aglycones (free form) [202]. Phenolic acids
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are secondary metabolites that are widely distributed in plants [203] and are also present
in oilseeds, grains, legumes, fruits, vegetables, herbs, and drinks [202]. Based on the C1-C6
and C3-C6 skeletons, phenolic acids are classified into two classes: hydroxybenzoic and
hydroxycinnamic acids [204]. Gallic, Protocatechuic, p-Hydroxybenzoic, Syringic, and
Vanillic acids are examples of hydroxybenzoic acids [202]. They mostly occur as conjugates.
The Apiaceae family of spices and herbs has been found to have the highest concentration
(fresh weight) of benzoic acids: anise (730-1080 mg kg~ !), cumin (42 mg kg~ !), fennel
(106 mg kg~ '), and parsley (30 mg kg~!) [203]. In contrast, P-coumaric, ferulic, caffeic,
cinnamic, chlorogenic, and sinapic acids are examples of hydroxycinnamic acids. Plants
contain large amounts of cinnamic acid in the form of amides or esters. Cereals, coffee, tea,
wine, chocolate, fruits, and vegetables contain high levels of cinnamic acid. Wild blueberries
(1470 mg kg~ !), coffee (870 mg kg~ 1), carrots (260 mg kg~ '), plums (234 mg kg~ '), and
eggplant (210 mg kg~!) are among the most significant sources of caffeic acid. Caftaric
acid, a characteristic polyphenol found in wine, is one of the most significant derivatives
of caffeic acid, and coffee contains significant amounts of chlorogenic acid [205,206]. By
modulating several signalling pathways, hydroxycinnamic and hydroxybenzoic acids, as
well as their derivatives, exhibit strong antioxidant and antiproliferative properties both
in vitro and in vivo [207,208].
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Figure 4. Structural identification of phenolic acids.

5.2.1. Gallic Acid

Gallic acid (GA) (3,4,5-Trihydroxybenzoic acid) is a phenol obtained from plants that
can inhibit the development and progression of different malignancies [209]. The strong
anticancer effect of gallic acid may be due to its remarkable antioxidant activity. In addition,
GA inhibits cancer cell invasion by inducing apoptosis in cancer cells [210]. Because of
its antioxidant properties, GA exerts strong anticancer effects. It has been reported it
improved the anticancer efficacy of docetaxel, cisplatin, doxorubicin, 5-FU, and paclitaxel
in combination with gamma irradiation in vitro in a recent study using oral squamous cell
carcinoma (FaDu and Cal33) cell lines. This was achieved through the superoxide-mediated
apoptosis pathway, which is powered by lipophagy inhibition via the NRF2-dependent
signalling pathway [211]. In a dose- and time-dependent manner, GA suppressed the
growth and induction of non-small cell lung carcinoma (NSCLC) A549 cell line, which
was linked to downregulated B-cell lymphoma 2 (Bcl-2) and increased (Bcl-2)-associated X
protein (Bax) [212]. Upregulation of p53 (tumour suppressor protein) caused suppression
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of the PI3K/ Akt pathway. This, in turn, regulated intrinsic apoptotic proteins like Bcl-2
and Bax and cleaved caspase-3 and cell cycle-related proteins like p27, p21, Cyclin E1, and
Cyclin D1.

One of the main bioactive compounds in Dovyalis caffra (D. caffra) is GA. Specifically, it
was discovered that at 1000 ug/mL, the plant’s methanol extract had 58.90% toxicity against
HepG2 cells, suggesting potential anticancer properties [213]. Interestingly, GA played a
crucial role in inducing ferroptosis in HepG2 cells. By preventing (3-catenin transport from
the nucleus to the cytoplasm, GA inhibits the production of ferroptosis-related proteins
SLC7A11 and GPX4 in HepG2 cells. Thus, GA is a novel HC ferroptosis inducer, implying
that GA may be a good candidate for the clinical treatment of hepatocellular carcinoma
(HCC) [209]. By interacting with G-quadruplexes, GA has the potential to be a promising
agent for cancer prevention, as demonstrated by Sanchez-Martin et al. [214]. Moreover,
the findings demonstrated that nucleolar stress and the downregulation of G4-containing
genes were caused by GA-induced cell cycle arrest in the S and G2/M phases.

However, GA has limited therapeutic utility because of its low oral permeability.
4-methoxybenzenesulfonamide (MBS), 3,4-dimethoxybenzenesulfonamide (DMBS), and
3,4,5-trimethoxybenzenesulfonamide (TMBS) were synthesised as GA analogues. To im-
prove oral permeability and hydrophobicity, different quantities of methoxy groups, which
are stronger electron-donating groups, were substituted for hydroxyl groups in these new
compounds. Furthermore, a sulfonyl group, a more potent electron-withdrawing group,
was substituted for the carboxylic group to boost the molecular polarity and antioxidative
properties of the compounds. Compared to GA, TMBS was more successful in reducing
DNA damage in lung cancer patients and PBMCs (peripheral blood mononuclear cells)
healthy donors. Moreover, TMBS was more cytotoxic to A549 cells, while it did not cause
cytotoxicity in healthy PBMCs, indicating that TMBS may have therapeutic value in cancer
treatment [210].

5.2.2. Caffeic Acid

It is commonly known that natural caffeic acid (E)-3-(3,4-Dihydroxyphenyl) prop-2-
enoic acid has several biological characteristics, including anticancer effects. Min et al.
found that caffeic acid (CA) causes apoptosis, which dramatically reduces the proliferation
of H1299 NSCLC cells [215]. When CA and paclitaxel (PTX) were combined, they exhibited
a synergistic anticancer effect on H1299 cells. This combination inhibited the proliferation
of H1299 NSCLC cells. CA administration enhanced H1299 cell apoptosis, caspase-3, and
caspase-9 activity, and sub-G1 phase arrest. It also enhanced PTX-induced activation of
Bid, Bax, and downstream of PARP cleavage. Moreover, it elevated the phosphorylation
of kinasel/2 and c-Jun NH2-terminal protein kinasel/2. Lipid hydroperoxides, reactive
thiobarbituric acid substances, and connective dienes are indicators of lipid peroxidation
that are elevated by CA. Additionally, it enhanced morphological alterations, changed the
potential of the mitochondrial membrane, and increased ROS levels in cells treated with
CA, indicating that CA has anticancer activity because of its pro-oxidant function [216]. A
study conducted by Rosendahl et al. revealed that CA mimics anti-oestrogen action and
modifies important growth regulatory signals, including ER/cyclin D1 and IGF-IR/p-Akt,
resulting in cell cycle damage and reduced cell proliferation [217].

To assess the effect of CA on the toll-like receptor 4 (TLR4) signalling pathway,
Chen et al. conducted research that showed that CA lowered the production of IL-12
and NF-«B activation. However, by changing the TLR4/MD2 complex, the TLR4 pathway
was hindered. These findings demonstrated that apoptosis in breast tumours is caused by
the downregulation of TLR4, TRIF, and IRAK4 expression [218].
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Furthermore, by inhibiting ERK phosphorylation, CA dramatically reduced lung
metastasis caused by CT-26 colon cancer cells. Additionally, CA is directly bound to MEK1
or TOPK and significantly suppresses mitogen-activated MEK1 and TOPK activities. CA
inhibited the neoplastic transformation of JB6 P+ cells, AP-1 and NF-«B transactivation, and
ERK phosphorylation induced by EGF and H-Ras [219]. Moreover, Yang et al. reported that
both in vitro and in vivo models showed that CA efficiently decreases tumour incidence
and volume as well as colony formation. The CA-treated mouse skin cancer xenograft
model showed a reduction in MAPK phosphorylation. Furthermore, CA directly interfered
with ERK1/2 and inhibited ERK1/2 activity in vitro. It also interacts with ERK2 at the
Q105, D106, and M108 amino acid residues [220]. High chemopreventive effects against
Ab549 lung adenocarcinoma cells were shown for CA phenethyl ester, a CA derivative that
represents a naturally occurring phenolic chemical that is found abundantly in plants and
propolis extract, in the context of lung cancer. It was extremely important in reducing TGF-
B-promoted cell motility and changing the growth factor-f3 (TGF-f3)-induced activation
of Akt (protein kinase 3) and blocking the phosphatidyl inositol 3-kinase (PI3K)/Akt
pathway.

Research on prostate cancer has revealed that CA phenethyl ester can prevent NF-
kB activation in prostate cancer-3 (PC-3) cells by preventing TNF-« and Paclitaxel from
activating NF-kB. Nevertheless, this action is also associated with decreased levels of
apoptosis-inhibiting proteins (cIAP1, cIAP-2, and XIAP) in cells, as well as the downregula-
tion of elevated levels of spontaneous apoptosis and cIAP-1 expression [221]. Moreover,
by controlling Skp2, p53, p21Cipl, and p27Kip1, CA phenethyl ester has been reported
to cause cell cycle arrest and growth suppression in castration-resistant prostate cancer
cells [222].

Amorim et al. showed that while ROS elimination was unsuccessful, AntiOxCING6 (a
mitochondria-targeted antioxidant) enhanced the antioxidant defence system in HepG2
cells. AntiOXxCIN6 markedly affected mitochondrial structure and function, which led
to a reduced ability to produce complex I-driven ATP without affecting cell viability.
Glycolytic flux increases in tandem with these changes [223]. They also mentioned that
AntiOxCING6 appears to produce metabolic alterations or redox pre-conditioning in lung
MRC-5 fibroblasts, protecting cisplatin, while it sensitises A549 adenocarcinoma cells for
CIS-induced apoptotic cell death. They suggested that the length and hydrophobicity of the
C10-TPP+ alkyl linker are important factors in causing cellular and mitochondrial toxicity,
whereas the antioxidant caffeic acid seems to oversee triggering cytoprotective mechanisms.

When paired with anticancer medications, caffeic acid increased apoptosis and sup-
pressed the growth and clonogenicity of acid-adapted cancer cells by inhibiting the hy-
peractivation of the PI3K/Akt and ERK1/2 signalling pathways linked to drug resistance.
Thus, its potential for overcoming drug resistance in cancer therapy is highlighted by
its capacity to suppress proliferation, sensitise cells to apoptosis, and alter the signalling
pathways [224].

In contrast, a combination of gamma-cyclodextrin (yCD) with CA phenethyl ester
was also found to exert cytotoxic effects on several cancer cells [225]. The strong anticancer
and antimetastatic effects of this complex were suggested to occur via the disruption of
mortalin-p53 complexes, resulting in p53 nuclear translocation and activation, leading to
the growth arrest of cancer cells [226].

Further research was performed on pancreatic ductal adenocarcinoma (PDAC) cell
lines to investigate the pre-sensitising effects of CA in combination with several medi-
cations. In Panc-1 and Mia-PaCa-2 PDAC cell lines, CA pre-sensitisation decreased the
doxorubicin IC50 concentration, which also caused ROS production. Following CA treat-
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ment, differential gene expression analysis revealed that distinct genes were affected in
both cell lines, including p53 and Pi3K/Akt/mTOR in Mia-PaCa-2 cells and N-Cad and
Caspase-9 in Panc-1 cells [227].

Comparing the effect of CA phenethyl ester (IC25 = 1.3 uM/IC50 = 2.7 uM) to CA
alone (IC25 =91.0 pM/IC50 = 120.0 uM), it was found that CA phenethyl ester reduced
mitochondrial ROS generation, cell migration, and cell survival in murine osteosarcoma
UMR-106 [228].

All proposed derivatives of caffeic acid were subjected to molecular docking inves-
tigation, which focused on the three-dimensional coordinates of human DHFR (PDB ID
1U72) co-crystallised with methotrexate (MTX). In addition to their anticancer and antibac-
terial properties, a new series of 1,2,4-triazole analogues of caffeic acid were developed,
synthesised, characterised, and evaluated for their ability to inhibit DHFR [229].

5.2.3. Rosmarinic Acid

Rosmarinic acid (RA) is present in 39 plant families [230]. It is particularly present in
many species of the Nepetoideae subfamily of the Lamiaceae family and the Boraginaceae
family [231,232]. Despite being widely found in the plant kingdom, rosmarinic acid is
the only significant chemotaxonomic marker of the Lamiaceae family [233]. Plants in
the Lamiaceae family, including rosemary, produce rosmarinic acid (RA) as a secondary
metabolite. Rosmarinic Acid (2R)-3-(3,4-Dihydroxyphenyl)-2-{[(E)-3-(3,4-dihydroxypheny]l)
prop-2- enoyl]oxy} propanoic acid is one of the esters of caffeic acid [234].

Numerous pharmacological properties of RA have been identified, including antibac-
terial, antiviral, antimutagenic, antioxidant, and anti-inflammatory activities [232,235].
Furthermore, RA functions as a neuroprotective and immunomodulatory factor [236]. Ad-
ditionally, its ability to inhibit tumour growth has been observed in a variety of cancer
types, including colon, breast, liver, stomach, lung, melanoma, and leukaemia [233,237].

In human oral cancer cells, reduction of cancer cell migratory capacity, activated of
apoptosis, induced cell cycle arrest at the G2/M phase, and inhibiting of cell proliferation
in a dose-dependent manner [238]. In gastric adenocarcinoma cells, RA reduced the activity
of MMP-9, which is crucial for cancer spread because it breaks down collagen and other
extracellular matrix proteins [239]. In the WiDr colon cancer cell line, apoptosis was
activated, and RA showed antiproliferative effects. Caspase 1 and Caspase 7, which are
essential for apoptotic pathways, were upregulated, while BCL2 was downregulated [240].
Additionally, through the regulation of the Nrf2/Keapl pathway and modulation of
miR-1225-5p, RA was able to prevent the migration and invasion of HT-29 colorectal
cancer cells. Cellular defence against oxidative stress (OS) is significantly influenced by
this pathway, and RA’s capacity of RA to inhibit p38/AP-1 signalling through IL-17RA
targeting offers more proof of its anticancer potential [241]. Through its suppression of
TLR4-mediated NF-kB-STAT3 signalling, which is essential for colon carcinogenesis and
inflammation, RA decreased tumour incidence and inflammation in a mouse model [242].
In addition, by suppressing miR-155 and inhibiting hypoxia-inducible factor-1 alpha (HIF-
1a), RA influences the IL-6/STAT3 pathway, reducing inflammation and encouraging
cancer cell death [243]. In OC3 and DU145 prostate cancer cell lines, RA suppressed
colony and spheroid formation, as well as cell proliferation. Moreover, RA therapy was
able to successfully inhibit a histone deacetylase enzyme that controls the expression
of mitochondrial intrinsic apoptotic pathway genes, such as Bcl-2, Bax, caspase-3, and
poly (ADP-ribose) polymerase-1 (PARP-1). When RA downregulates HDAC2, a tumour
suppressor protein called p53 is activated, which causes prostate cancer cells to undergo
apoptosis. In addition, RA upregulates p21 expression and downregulates proliferating
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cell nuclear antigen, cyclin D1, and cyclin E1, resulting in apoptosis [244]. In addition to
inducing apoptosis, RA dramatically reduced cell invasion, migration, and proliferation in
DU-145 prostate cancer cell lines. RA shows promise in preventing the spread of cancer to
other organs and improving patient outcomes in advanced prostate cancer by preventing
the migration and invasion of cancer cells [245].

In contrast, RA is considered one of the important polyphenolic elements of Glechoma
hederacea L.’s ethyl acetate fractionated extract (EAFE), which has been shown to preventing
HepG2 cell proliferation, leading to apoptosis and cell arrest in the S phase. This EAFE’s
apoptogenic activity involves Ca?* buildup, ROS generation, MMP disruption, caspase 3,
9 activation, elevated Bax/Bcl-2 ratio, and glutathione depletion [246]. Under the same
conditions, RA significantly inhibited the proliferation of SMMC-7721 cells and increased
G1 arrest and apoptosis in a concentration-dependent manner. Furthermore, RA was able
to inhibit cell invasion by controlling epithelial-mesenchymal transition and suppressing
the PI3K/AKT/mTOR signalling cascade [247].

In U20S and MG63 osteosarcoma cells, RA was able to inhibit DJ-1 expression by reg-
ulating the PTEN/PI3K/ Akt signalling pathway. Moreover, DJ-1 has been suggested to be
a biological target of RA in osteosarcoma cells. RA induced apoptosis by upregulating the
cleavage rates of caspase-8, caspase-9, and caspase-3, thus enhancing the Bax/Bcl-2 ratio,
which resulted in ROS generation and decreased matrix metalloproteinase (MMP) [248].
Due to its ability to alter many signalling pathways that result in the growth of tumour
tissue, there is compelling evidence that RA may be a potential therapy for several BC
types [230,249]. Potent antiproliferative effects and cytotoxicity of RA have been reported
in a dose- and time-dependent manner in breast cancer cell lines. MDA-MB-231 cell
underwent apoptosis and cell cycle arrest in the G0/G1 phase after RA treatment. RA
significantly upregulated the expression of tumour necrosis factor receptor superfamily
25 (TNFRSE25), harakiri (HRK), and BCL-2 interacting protein 3 (BNIP3) while inhibiting
the expression of TNF superfamily 11B receptor (TNFRSF11B). Moreover, RA was able
to markedly activate TNF transcription and cause growth inhibition and DNA damage-
inducible 45 alpha (GADD45A) and BNIP3 [236]. Furthermore, in MDA-MB-231 breast
cancer cells, RA suppressed MARK4 (microtubule affinity-regulating kinase 4) activity,
which led to dose-dependent apoptosis. RA successfully targeted MARK4, a kinase impli-
cated in the progression of cancer, indicating that it may be a suitable therapeutic target
for breast cancer. The MARK4 protein, which is closely linked to breast cancer, has a high
affinity for RA. Their 500 ns all-atom simulations and molecular docking showed that
RA forms stable non-covalent interactions with important residues in the MARK4 active
site, indicating that RA may prevent MARK4 from playing a role in the development of
cancer [235]. Additionally, RA has been reported to induce both apoptosis and autophagy
and to show dose-dependent suppression of breast cancer cell proliferation, especially in
oestrogen-dependent MCEF?7 cells [250]. Moreover, RA promotes apoptosis by upregulating
Bax and downregulating Bcl-2 expression. This lends more credence to the theory that
important apoptotic proteins, like Bcl-2 and Bax, are regulated by RA to cause apoptotic
effects in breast cancer cells [251]. In addition, by decreasing matrix metalloproteinase-9
(MMP-9) activity, RA successfully prevented the invasion and migration of cancer cells.
MMP-9 is a proteolytic enzyme essential for the disintegration of the extracellular matrix,
which promotes the spread of cancer [252].

In contrast, the RA-loaded microemulsions exhibited superior antioxidant activity
compared to free RA in breast cancer cells (T47D and MDA-MB-231). Furthermore, they
induced cell cycle arrest apoptosis, and inhibited cell growth. The greater bioavailability
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and stability of RA when administered via microemulsions have been credited with this
increased therapeutic efficacy [253].

Regarding in vivo research on breast cancer models in mice has shown that RA exhibits
antitumor activity alone or in combination with paclitaxel. VEGF, TNF-«, and NF-kB were
repressed after RA treatment, while Bcl-2, p53, Bax, and caspase-3 were restored, leading to
apoptosis. In addition, inhibition of tumour growth with elevated p53 and caspase-3 and
repressed Bcl2/Bax ratio was observed in Ehrlich tumours in mice after RA administration,
either alone or in combination with paclitaxel [254].

By blocking the ADAM17/EGFR/AKT/GSK3[ pathway, RA prevents invasive prolif-
eration and migration of human melanoma A375 cells, induces apoptosis, and increases the
susceptibility of melanoma cells to cisplatin [255]. In pancreatic cancer cell lines (Panc-1 and
SW1990), RA promoted apoptosis and inhibited cell viability, motility, and invasion. The
study found that RA suppresses epithelial-mesenchymal transition (EMT), a crucial step
in cancer metastasis, by upregulating miR-506 and suppressing MMP2 and MMP16 [256].
According to Zhou et al., RA was able to inhibit Glil nuclear translocation and induce Glil
degradation by proteasomes. By blocking MMP-9 and E-cadherin, RA prevents cell inva-
sion and migration [257]. Through the regulation of matrix metalloproteinases (MMP-2 and
MMP-9) and the upregulation of E-cadherin expression, while downregulating N-cadherin
and vimentin, RA also prevented the growth, invasion, and metastasis of hepatocellular
carcinoma (HCC) cells in male BALB/c nude mice. By blocking the PI3K/AKT/mTOR sig-
nalling pathway, which is necessary for cancer cell survival and proliferation, RA decreases
tumour volume and increases apoptosis rates [247].

In liver tumours, RA inhibits NF-«B signalling, thereby decreasing inflammation-
related cytokines and angiogenesis. This suggests that RA acts similarly to how it inhibits
HSP90AA1 in liver cancer [258].

A crucial chaperone protein, heat shock protein 90 (HSP90) interacts with oncogenic
client proteins and co-chaperones to regulate signaling cascades and fix misfolded proteins
in cancer cells [259]. The relationship between RA and HSP90A A1, a protein essential for the
survival and growth of cancer cells in liver cancer, was examined using molecular docking
and dynamics simulations. According to this study, RA generates strong hydrogen bonds
at the active site of HSP90AA1 and binds to it with high affinity. This implies that RA may
reduce cancer cell survival by blocking HSP90AA1’s carcinogenic activity [15]. Furthermore,
RA therapy targeted genes implicated in tumour progression and aberrant cell proliferation
and downregulated the oncogenic transcription factor forkhead box M1 (FOXM1). FOXM1
was also inhibited in ovarian cancer cells after treatment with a combination of cisplatin and
RA methyl ester, which reversed cisplatin resistance [260]. In A549 lung adenocarcinoma
cells, RA decreased OS, inflammation, and metastasis, involving pathways such as Akt,
P-65-NF-kB, and c-Jun [261]. By inhibiting NF-«B activation and ROS production, RA made
human leukaemia U937 cells more sensitive to TNF-a-induced apoptosis. In addition to
reducing ROS levels, RA’s suppression of NF-«kB increases caspase-dependent apoptosis
activation, which lowers cancer cell survival [262]. By activating MAPK and inhibiting the
expression of P-gp and MDR1, RA can inhibit the growth and cell colony formation, induce
apoptosis and cell cycle arrest of non-small cell lung cancer (NSCLC) in a dose-dependent
manner, in addition to elevating the sensitivity of cisplatin-resistant cells [263]. In non-small
cell lung cancer (NSCLC), RA targets focal adhesion kinase (FAK). RA can bind to FAK to
form stable complexes that block the signalling pathways linked to metastasis [264].

Bone metastases can be inhibited by RA. Therefore, RA could be a promising option
for a new therapeutic approach for breast cancer bone metastases [265]. Additionally,
ST-2 murine bone marrow stromal cells cultured with RA showed a significant and dose-
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dependent increase in alkaline phosphatase activity, in addition to an increase in the
quantity and size of mineralised nodules. RA may prevent bone metastasis from breast
cancer by simultaneously reducing the synthesis of interleukin-8 and the receptor activator
of NF kappaB ligand (RANKL/RANK/ osteoprotegerin) pathway [266]. As osteoprote-
gerin is a pro-angiogenic factor, its inhibition may help stop the spread of cancer cells.
Moreover, increased IL-8 expression by breast cancer cells has been associated with osteoly-
sis in metastatic breast cancer [254]. Furthermore, the decrease in human umbilical vein
endothelial cell proliferation, adhesion, migration, and tube formation has demonstrated
that RA has antiangiogenic properties, which aid in preventing cancer development and
metastasis [267]. In human HaCaT keratinocytes, a model for UV-induced skin cancer, RA
in conjunction with fucoxanthin showed that by upregulating Nrf2 and HO-1 and down-
regulating inflammasome components such as NLRP3 and Caspase-1, RA and fucoxanthin
decreased UVB-induced apoptosis and inflammation. These results suggest that RA may
have a preventive function against skin cancer, especially by reducing the negative effects
of UV exposure [268]. RA reduces oxidative imbalance and mitochondrial fragmentation
caused by UVB rays, which are two major factors in the development of skin cancer. By
modifying mitochondrial dynamics and ROS levels, RA appears to shield skin cells from
the harmful effects of UV radiation, suggesting a possible protective role for RA against
sun-induced skin cancer [269]. Additionally, by activating the Nrf2 pathway, a crucial
regulator of the cellular antioxidant response, RA increases the activity of antioxidant
enzymes like SOD, CAT, and heme oxygenase-1 (HO-1) [270].

5.2.4. Sinapic Acid

Sinapic acid (5-dimethoxy-4-hydroxycinnamic acid) can be extracted from differ-
ent vegetables, fruits, cereals, spices, and oilseed crops [271]. Sinapic acid (SA) has
anti-inflammatory and anti-apoptotic effects, neuroprotective, anti-inflammatory, anti-
nociceptive, anti-allergic, and antioxidant properties [272], and the ability to scav-
enge free radicals [273]. Additionally, SA reduced intestinal inflammation in a mouse
model of colitis, attenuated chemical reagent-induced clinical symptoms such as 2,4,6-
trinitrobenzenesulfonic acid (TNBS) and DSS [274,275], and exhibited potent efficacy
against bleomycin-induced pulmonary fibrosis in rats [276]. Furthermore, SA preserves ep-
ithelial homeostasis in lipopolysaccharide-induced Caco-2 cells and prevents inflammation-
induced intercellular hyperpermeability [272].

SA was reported to inhibit histone deacetylase (HDAC), which resulted in ROS release,
oxidative stress, apoptosis, cell cycle arrest, and autophagy [277]. Moreover, by down-
regulating the AKT/Gsk-33 pathway, SA was able to inhibit the proliferation, migration,
and invasion of pancreatic malignant cells [278]. Furthermore, in vitro studies on lung
cancer cells revealed elevated ROS and caspase-3 levels by SA, resulting in cytotoxicity
and apoptosis, while lung cancer in vivo studies exhibited a reduction in IgG and IgM,
leucocytic count, and tumour markers, with improved phagocytic activity and enzymes
involved in antioxidant defence [279]. In addition, elevated ROS production, apoptosis,
and cell cycle arrest at the GO/G1 phase were observed after exposure of the HEp-2 human
laryngeal carcinoma cell line to SA [280].

Exposure of prostate cancer cell lines to SA revealed its antiproliferative and cytotoxic
effects. LNCap cells showed significantly elevated levels of caspase-3, caspase-9, CYCS,
and Bax, with a marked reduction in CDH2, MMP-2, and MMP-9. PC-3 cells exhibited
caspase-3, caspase-8, Bax, CYCS, TMP-1, FAS, and CDH1 expression after SA treatment,
with a significantly lower level of MMP-9 [281]. In vivo, research on DMH-induced colon

129



Biomolecules 2025, 15, 629

carcinogenesis showed an increase in antioxidant defence through elevated superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) [282].

In contrast, the combination of SA with cisplatin strongly inhibited the migration and
proliferation of hepatocellular carcinoma cells by inducing apoptosis and autophagy [283].
The complex of SA with CYP3A4, CYP1A1, and SIRT1 proteins was studied using molecular
dynamic simulations and MMPBSA, which showed a stable complex over the course of
the simulations. According to these predictions, the mechanism of SA in breast cancer
may involve the regulation of several proteins, including cytochrome enzymes (CYP1A1l
and CYP3A4), PRKCA, CASPS8, SIRT1, and CTNNBI. Interestingly, MDA levels were
significantly elevated, SOD activities were significantly reduced, and reduced glutathione
(GSH) and catalase levels were elevated in MCEF-7 cells treated with sinapic acid-loaded
poly (lactic-co-glycolic acid) (PLGA) nanoparticles (SaNPs) at concentrations of 150 and
200 pug/mL for 24 h compared to the control groups [284].

5.3. Curcuminoids: Curcumin

Curcumin (Figure 5) is the active ingredient in turmeric. Demethoxycurcumin and
Bis-demethoxycurcumin, two curcuminoids found in the yellow-pigmented fraction of
Curcuma longa, are chemically related to curcumin, the plant’s main ingredient. In aqueous
solutions, curcumin (CUR) dissolves very little or not at all; nevertheless, it dissolves in
organic solvents such as acetone, ethanol, methanol, and dimethyl sulfoxide (DMSO) [285].
Curcumin has a symmetrical structure with four chemical entities: aryl side chains joined
by a linker, two double bonds, an active methylene moiety, and a diketo functional group.
Each of these sites has been studied to identify possible locations for appropriate changes
to enhance the solubility, bioavailability, and effectiveness of curcumin [286].

OCH; OCH,

Figure 5. Chemical structure of curcumin.

Curcumin exhibits potent antiproliferative and antimetastatic properties, in addition to
its antioxidant and pro-apoptotic activities, in various cancer cell lines [287]. Several in vitro
studies have repeatedly demonstrated curcumin’s strong antioxidant properties [288-290].
By scavenging free radicals and boosting endogenous antioxidant defences, it can reduce
oxidative stress [290]. Additionally, curcumin’s anti-inflammatory properties have been
clarified by in vitro research, which has shown that it inhibits the generation of proinflam-
matory mediators and modifies important inflammatory pathways. Curcumin and its
analogues have demonstrated therapeutic potential in numerous preclinical models of
inflammation-associated diseases, such as arthritis, colitis, and neuroinflammatory disor-
ders [285]. Furthermore, curcumin’s anticancer properties have been supported by both
in vitro and in vivo research. These effects include inhibition of angiogenesis, induction of
apoptosis, suppression of tumour growth, and modification of several signalling pathways
implicated in carcinogenesis [291,292]. Furthermore, curcumin exhibits synergistic effects
with some anticancer medications, providing a promising approach to treating cancer [293].

It has been reported that curcumin exerts an anticancer effect in human and mouse
MM cells in a dose- and time-dependent manner by increasing ROS production, inducing
DNA damage and apoptosis, and inhibiting cell survival and growth. PARP-1 cleavage,
p53, Caspase-9, and Bax/Bcl-2 ratios were also elevated. Moreover, it stimulated ERK1/2
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and P38 MAPK phosphorylation and increased c-Jun expression and phosphorylation while
inhibiting P54]NK and AKT phosphorylation and the nuclear translocation of NF-kB [294].
In addition, curcumin can reduce the activity of IkB kinase, thus retarding the degradation
of IkBx, which leads to the inhibition of the nuclear translocation of NF-kB [295].

In contrast, curcumin was able to suppress different inflammatory cytokines, includ-
ing TNF-«, IL-6, IL-8, and IKKf kinase in head and neck squamous cell carcinoma, in
addition to its ability to inhibit protein kinases such as PKA, mTOR, PhK, and MAPK
that are essential for regulating cell survival, proliferation, and growth [296]. Moreover,
curcumin was able to induce oxidative stress, apoptosis, autophagy, and cell cycle arrest in
human glioblastoma by modulating different pathways [297]. In a dose-dependent manner,
curcumin inhibited the transcription factor NF-kB in GBM8401 cells via the induction of
caspase and mitochondrial-dependent apoptosis [298].

Gefitinib’s antitumor activity in the xenografted NSCLC cell lines and mouse model
was enhanced by curcumin, which suppressed NSCLC proliferation, EGFR phosphoryla-
tion, EGFR ubiquitination, and induced apoptosis [299]. Furthermore, curcumin inhibited
JAK2 activity in A549 human lung cancer cell lines, downregulating NF-«B activity and
acting on the JAK2/STATS3 signalling pathway. Curcumin is effective in treating lung
cancer [300].

Curcumin was able to suppress clonogenicity cell proliferation and induce cell cycle
arrest at the G2/M phase in leukaemic cell lines via dose-dependent inhibition of Wilms
tumour protein 1 (WT1). Furthermore, by inhibiting EZH2 expression in RPMI18226 and
U266 cell lines, curcumin potently suppressed MM cell growth by inducing apoptosis in a
time- and dose-dependent manner [301].

Many signalling pathways linked to breast cancer, such as JAK-STA, Hedgehog,
Notch, PI3K/mTOR, and Wnt/ 3-Catenin, were successfully targeted by curcumin [302].
Moreover, it can inhibit the growth of breast cancer cells via DNA methylation and epi-
genetic changes [303]. Curcumin inhibited the proliferation of MCFE-7 breast cancer cells
by arresting them in the G1 phase of the cell cycle. This cell cycle arrest was due to the
overexpression of CDK inhibitors p21, p53, and p27, as well as increased cyclin E pro-
teasomal degradation [304]. Moreover, by suppressing EZH2 and re-establishing DLC1
expression, CUR suppressed the growth of TNBC and enhanced apoptosis in MDA-MB-231
cells during the G2 phase [305].

Curcumin enhanced the cytoprotective effect and stability against HepG2 cell death
induced by tert-butyl hydroperoxide (t-BHP) and facilitated the nuclear translocation
of transcription factor Nrf-2, which regulates the antioxidant signalling pathway [306].
Curcumin also targeted and disrupted the intracellular Notch domain of the Notch-1
signalling pathway in HEP3B, SK-Hep-1, and SNU449 cell lines. Additionally, curcumin
prevents diethylnitrosamine (DENA)-induced hyperplasia and HCC in animals by lowering
the expression of p53, NF-kB, and p21-Ras [307]. A combination of arabinogalactan and
curcumin significantly inhibited the proliferation of breast cancer cells without affecting
normal cells. This combination induces cell apoptosis by altering membrane potential,
increasing ROS levels, and lowering glutathione levels. Additionally, by overexpressing
P53 in mice, the combination of curcumin and arabinogalactan prevented the growth of
breast tumours [308]. Interestingly, several studies have suggested that the co-treatment of
CUR with conventional chemotherapy drugs produces varying levels of efficacy in BC cells
compared to normal epithelial cells [309]. In MDA-MB-231, MCE-7, and MCF10A cells,
CUR and doxorubicin (DOX) treatments caused G2/M arrest; however, in MCF10A cells,
CUR caused S phase arrest [310].
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Luo et al. investigated the antiproliferative effects of four curcumin analogues on
human gliomas. Curcumin (IC50 = 4.19 uM), bisdemethoxycurcumin (IC50 = 29.15 uM),
demethoxycurcumin (IC50 = 30.03 uM), and dimethoxycurcumin (IC50 = 29.55 uM) were
the four analogues that were most promising in promoting sub-G1 phase, G2/M arrest,
apoptosis, and ROS production in human glioma cells. Dimethoxycurcumin inhibited
migration, colony formation, and cell viability; it enhanced LC3B-II expression to trigger
autophagy, a natural process that preserves cellular health by dissolving and recycling
damaged or unnecessary components; and it caused sub-G1, G2/M arrest, apoptosis, and
ROS production. They also examined several curcumin analogues for antitumor properties
against the human breast cancer cell (Bcap-37), prostate cancer cells (PC3), and gastric
cancer cell line (MGC-803). One of the chemicals was less harmful to NIH3T3 normal cells,
while dramatically reducing the development of cancer cells and inducing apoptosis in
MGC-803 cells [311].

Due to their high methylation, unsaturated diketone moiety, and low hydrogena-
tion, several curcumin derivatives have demonstrated improved anticancer and anti-
inflammatory properties compared to curcumin. Furthermore, numerous analogues of
hydrogenated curcumin have also demonstrated strong antioxidant activity [312]. More-
over, novel drug delivery systems have been investigated to improve the stability of
curcumin by increasing its absorption and bioavailability. These systems include nanopar-
ticles, metal complexes, liposomes, solid dispersion, microemulsion, micelles, nanogels,
and dendrimers [313]. Curcumin-containing catanionic lipid nanosystems (CLNs) have
been observed to exhibit improved cytotoxicity against Lewis lung cancer cells [314].

It has been proposed that curcumin and its derivatives enhance BC cells’ defence
mechanisms by stopping the cell cycle. Every phase contributes to the development of
cancer; however, because of its beginning position and function—cell duplication—the
G1 phase is frequently seen as being especially important in fostering the development
of cancer. Solid lipid nanoparticles (SLNs) loaded with CUR stop the cell cycle at G1/S
and reduce the production of CDK4 and cyclin D1 (CCND1), which potently triggers ROS
responses and apoptosis [315]. Moreover, the CUR analogue B14 modifies the expression
of cyclin D1 (CCD1), cyclin E1, and cyclin-dependent kinase 2 (CDK2), causing G1 phase
cell cycle arrest and initiating the mitochondrial apoptotic pathway [316]. Nonetheless, the
G2/M phase is where most CUR combinations stop the cell cycle. When CUR was combined
with a layered polyelectrolyte capsule, the number of cells in G2 increased significantly.
Consequently, the proportion of apoptotic cells increased noticeably [317]. Additionally,
MCEF7 cells were more significantly affected by CUR, berberine, and a combination of
5-FU loaded into nano micellar particles at lower doses [318]. Moreover, gemcitabine and
CUR can be combined as a nanosuspension to increase their anticancer potentiality in a
synergistic manner [319].

Disruption of microtubule assembly by mesoporous silica nanoparticles can affect
the cell cycle. CUR-MSN-polyethyleneimine (PEI)-FA was more successful in causing the
G2/M phase cell cycle arrest by comparing the efficiency of CUR-MSN-HA and CUR-MSN-
PEI-FA in MDA-MB-231 and MCEF-7 cell lines [320]. In MCEF-7 cells, it was demonstrated
that the CUR analogue (2E,6E)-2,6-bis-(4-hydroxy-3 methoxybenzylidene)-cyclohexanone
(BHMC) stimulates apoptosis and G2/M cell cycle arrest [321].

Co-encapsulation of doxorubicin and curcumin in chitosanpoly (butyl cyanoacrylate)
nanoparticles has been shown to reverse multidrug resistance (MDR) [322]. Solid lipid
nanoparticles (SLNs) loaded with CUR avoided P-pg MDR in TNBC cells [323]. To re-
verse multidrug resistance in breast cancer, doxorubicin, and curcumin were delivered
using amphiphilic copolymeric micelles [324]. Curcumin reduces doxorubicin resistance in
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doxorubicin-resistant breast cancer cells by blocking ABCB4’s efflux activity [325]. More-
over, the combination of CUR with DOX markedly enhanced apoptosis in proliferative
MCEF?7 cells compared to DOX treatment alone [326].

According to Liu et al., curcumin has been shown to have beneficial effects in clinical
trials; nevertheless, it may also have adverse effects on the heart, liver, kidneys, blood,
reproductive system, and immune system [327]. Curcumin’s efficacy in treating a variety
of malignancies, including colorectal cancer, myeloma, oral submucosal fibrosis, and skin
lesions, has been investigated in clinical trials [285]. Salehi et al. reported histological
improvements and clinical alleviation in individuals with skin lesions and oral submucosal
fibrosis after curcumin treatment. Additionally, in individuals with various malignan-
cies, curcumin showed tumour growth reduction and downregulation of inflammatory
markers; nevertheless, its effectiveness in treating advanced pancreatic cancer remains
restricted [328].

Preclinical research on curcumin’s antioxidant, anti-inflammatory, and anticancer
properties, as well as those of its analogues, has yielded intriguing therapeutic prospects
for a range of diseases. However, further clinical research is required to validate curcumin’s
toxicity, bioavailability, and effectiveness [285].

5.4. Stilbenes

Resveratrol (RSV) (Figure 6) is a naturally occurring phytoalexin produced by plants
to defend against pathogenic invasion and environmental stress, and it may help treat
cancer and signal advances in cancer treatment. Although it can be found in over 70 plant
species, the most significant sources are grapes and wines [329].
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Figure 6. Chemical structure of resveratrol.

There are two isomers of resveratrol. Due to its instability, the cis-isomer is not
marketed. Although its trans-isomer is more stable, it degrades more quickly when exposed
to high pH or UV light, changing into the cis-isomer. The trans-isomer is thought to be
the cause of resveratrol’s anticancer and health effects [330]. Resveratrol is crucial for
increasing immunity, delaying the ageing process, and imitating the effect that prevents
or lessens diseases such as diabetes, in addition to cardiovascular and neurodegenerative
diseases [331]. Resveratrol’s direct antitumor, anti-inflammatory, and antioxidant properties
make it a promising agent for conventional chemotherapy [332].

It has demonstrated effectiveness against lung, skin, and haematological cancers, as
well as obesity-related cancers like hepatic, pancreatic, postmenopausal breast, prostate,
and colorectal cancers [333].

It has been demonstrated that resveratrol inhibits the plasma levels of insulin-like
growth factor-1 (IGF-1) and insulin-like growth factor-binding protein-3 (IGFBP-3), two
proteins involved in the insulin signalling pathway that cause carcinogenesis [334]. Addi-
tionally, its therapy decreased prostaglandin-E2 (PGE2) production and Ras-association
domain family-1a (RASSF-1a) methylation, both of which are associated with antiprolifera-
tive and anti-inflammatory effects [335]. Moreover, when resveratrol was administered, im-
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munomodulatory T cell levels were significantly upregulated, proinflammatory cytokines
like monocyte chemoattractant protein-1 (MCP1) and tumour necrosis factor-alpha (TNF-x)
were downregulated, and plasma antioxidant activity was higher than the baseline [336].
Furthermore, resveratrol demonstrated an antiproliferative effect by blocking wingless-
related integration site (Wnt)signalling [337]. Overall, low dosages of resveratrolseem to
have chemopreventive ability based on its effects on specific tumour markers [330].

In contrast, pterostilbene (PTE), a naturally occurring resveratrol analogue [338], is
abundant in blueberries [339]. Pterostilbene has attracted considerable interest because of
its potential medical applications in the treatment of cancer and inflammatory diseases [338].
In vitro and in vivo studies have demonstrated that PTE can inhibit the growth of tumour
cells and induce apoptosis by affecting several signalling pathways, such as the PI3K/Akt,
MAPK, and NFkB pathways [340-342]. Leukaemia cells undergo apoptosis via the MAPK
pathway [341].

Lung cancer has been associated with increased cyclooxygenase-2 (COX-2) activity,
and PTE has been shown to control NSCLC cell proliferation and apoptosis by target-
ing COX-2 [343]. By altering the PTEN/ Akt pathway, PTE prevents prostate cancer cells
from proliferating [344]. Furthermore, PTE works by increasing the tumour suppres-
sor gene PTEN’s acetylation and reactivation. This effect is achieved by suppressing
the MTA1/HDAC complex, which usually deacetylates proteins, thereby altering their
function. PTE maintains PTEN activity by blocking this complex, which is crucial for
controlling the Akt pathway. The Akt pathway is involved in cell growth and survival,
and its overactivity can lead to cancer. Therefore, Pterostilbene’s capacity to reactivate
PTEN and control the Akt pathway shows its promise as a therapeutic agent in cancer treat-
ment [338]. PTE contributes to the anticancer effect of endoplasmic reticulum stress (ERS) in
human oesophageal cancer cells by inducing the ROS-mitochondrial-dependent apoptosis
mechanism, which inhibits cell adhesion, invasion, and proliferation [345]. Additionally,
recent studies have revealed that PTE improves the sensitivity of triple-negative breast
cancer cells to TRAIL-driven apoptosis by triggering the ROS/ERS signalling pathway
and boosting DR4 and DR5 expression [346]. It exhibits anticancer effectiveness by induc-
ing autophagy; thus, it may be a promising anticancer drug, as highlighted by its safety
profile [347]. Additionally, PTE has been reported to reduce mitochondrial membrane
potential, induce cell apoptosis, and suppress cancer cell proliferation in a dose-dependent
manner [348,349]. Additionally, PTE showed a dose-dependent suppression of cancer stem
cell gene expression and self-renewal capabilities in lung cancer cells co-cultured with
M2-TAMs (tumour-associated macrophages with the M2 phenotype). According to Huang
et al., this impact seems to be mediated by the downregulation of the cancer-promoting
gene MUC1, which inhibits polarisation towards M2 and reduces the accumulation of
cancer stem cells (CSCs) [350]. RSV and PTE can target CSCs in a variety of cancers, such
as breast cancer colorectal cancer, via a variety of signalling pathways [351].

Furthermore, when combined with sunitinib (SUN), PTE exhibits synergistic anti-
tumor activity against gastric cancer (GC) cell lines [352]. SUN causes mitochondrial
iron (II) (mtFe) deposition by suppressing the expression of PDZ domain-containing 8
(PDZD8) [353]. As an iron-sulfur complex, mitochondrial iron is crucial for energy produc-
tion and other functions; however, it also contributes to cell death through ferroptosis [354].
Inhibiting the recruitment of the iron transporters mtNEET and ABCBS8 to PDZDS8 by
DOX in combination with PTE led to the accumulation of mtFe and an increase in mito-
chondrial ROS generation, which in turn activated HIF1«, further inducing ER stress and
apoptosis [355]. The mechanisms include activation of c-Jun N-terminal kinase and p38
pathways [356,357] with elevated BAX and lower BCL2 expression levels [358,359].
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Pterostilbene exhibits greater absorption and corresponding plasma levels than its par-
ent compound, resveratrol [360]. Its anticancer effect has been demonstrated to surpass that
of resveratrol in vivo [361], and its additional methyl groups reduce its susceptibility to con-
jugation metabolism [362]. Through a unique mechanism, trans-3,5,4’-trimethoxystilbene
promotes cell cycle arrest and apoptosis with improved potency [363,364], with IC50 values
100-200 times lower than those of resveratrol. Greater pharmacokinetic and tumour-
suppressive qualities are possessed by trans-3,4,5,4'-tetramethoxystilbene (DMU212/TMS),
and its metabolite has demonstrated increased preclinical cytotoxicity in prostate and
ovarian cancers [365]. Moreover, trans-2,4,3 4’ 5'-pentamethoxystilbene was more effective
than resveratrol in preventing the growth of breast [366] cancer cells.

Piceatannol, the hydroxylated counterpart, demonstrated direct pro-apoptotic, an-
timetastatic [367], and tyrosine kinase-inhibiting properties [368] along with equipotency
for anti-inflammatory, immunomodulatory, and antiproliferative effects [367].

Lowering the levels of circulating cancer biomarkers, such as insulin-like growth factor
1 and insulin-like growth factor-binding protein 3, was detected [334]. Administration
of 0.5 g and 1.0 g of resveratrol resulted in significant inhibition of colorectal cancer cell
proliferation [369]. Furthermore, elevated caspase-3 levels were recorded in a phase I
clinical trial of hepatic malignancy after administration of resveratrol [370]. A trial of the
derivative resveratrol-triphosphatase demonstrated that the compound evoked a better
reduction in oxidative stress in obese participants [371].

5.5. Lignans

The genus Schisandra (family Schisandraceae) contains a significant group of chemi-
cals known as dibenzocyclooctadiene lignans (DBCLS) (Figure 7), which are distinguished
by their distinct chemical structures and wide range of biological activities. This category
comprises 40 identified secondary metabolites with hepatoprotective and hepatoregener-
ative properties, including gomisin A, schisandrin B, schisandrin C, and &5-schisandrin.
Additionally, it has been confirmed that deoxyschisandrin and ®-schisandrin have antivi-
ral properties, that schisandrin and