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Abstract

Purpose In the search for novel effective compounds to use in thyroid cancer (TC) unresponsive to current treatment,
attention has recently focused on plant-derived compounds with anticancer activity. In this review, we discuss the preclinical
studies demonstrating phytochemical activity against thyroid cancer cells.

Results/Conclusions In particular, we describe their antiproliferative properties or ability to re-induce iodine retention, thus
supporting their potential use as single agents or adjuvants in radioiodine-resistant thyroid cancer treatment.

Keywords Phytochemicals * Thyroid cancer - Combinatory treatment - Preclinical studies

Introduction

The current therapeutic approach to thyroid cancer (TC) is
based on the combination of surgery and radioiodine
administration. This therapeutic approach has a high suc-
cess rate in the majority of differentiated TCs able to con-
centrate radioiodine. However, this approach is not
sufficiently effective for tumors with a poorly differentiated
phenotype that are unable to concentrate radioiodine [1, 2].
For radioactive iodine (RAI)-refractory tumors, the novel
insights provided by molecular investigations have led to
novel therapeutics mainly acting as multikinase inhibitors,
which are currently being tested as antiproliferation or
redifferentiating agents [1, 3, 4]. Some have shown pro-
mising results in reducing disease progression and
increasing overall survival [5-7], though they can have
intolerable side effects, and drug resistance often appears
after long treatment [4].

In the search for more effective and well-tolerated agents,
increased attention has focused on phytochemicals, chemi-
cal compounds with beneficial properties found in the
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edible part of plants commonly present in our alimentation.
Due to their ability to regulate cell proliferation and
angiogenesis, some phytochemicals have also shown
anticancer activity against many types of neoplastic cells
[8, 9]. Since the compounds effective in most tumor cells
act against the same molecular targets or signaling pathways
altered in TC, some plant-derived compounds have been
analyzed in preclinical TC models [10, 11].

In this review, we describe the activity of phytochemicals
tested in experimental TC models, either as antiproliferation
or redifferentiating agents, by analyzing the data of a
selection of articles published in recent years and available
on the PubMed and Google Scholar databases. We critically
analyze the potential use of phytochemicals as single agents
or in combination with other chemotherapeutics in the
treatment of RAl-refractory TC.

Phytochemicals with anti-growth activity
Several phytochemicals have demonstrated anti-growth
activity in preclinical models of various neoplastic dis-
eases. In this chapter, we summarize the main activities of
natural molecules that have been tested as single agents
against TC cells.

Resveratrol

Resveratrol is a natural stilbenoid present in grapes, rasp-
berries, blueberries, peanuts, pomegranates, soybeans, and
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red wine [12]. Resveratrol has been shown to have anti-
proliferative effects in TC cell lines [13], interfering with
several molecular mechanisms involved in human tumor-
igenesis. Growth inhibition of anaplastic TC (ATC) cells was
related to cell cycle arrest [14, 15] or apoptotic death asso-
ciated with modulation of the expression of activated cas-
pase-3, PARP, Notchl, c-fos, and p21 [14-16]. More
recently, it has been reported that stilbenoid blocks the pro-
liferation of ATC cells by affecting the STAT3 signaling
pathway [17] and follicular TC (FTC) cells in vitro and
in vivo by regulating the ST6GAL2-Hippo signaling path-
way [18].

Curcumin

Curcumin is a polyphenol present in the rhizomes of Cur-
cuma Longa L. that acts on various signaling pathways
involved in cellular proliferation [19]. Several studies have
described the effects of curcumin on preclinical models of
papillary TC (PTC) cells [20, 21]. Cell cycle arrest and
apoptotic death were attributed to downregulation of the
expression of Bcl-2 and cyclin D1, or p21 and p53 [22-24].
Cell death could be caused by the effect of curcumin on
endoplasmic reticulum stress [25]. In addition, in PTC cells,
curcumin was able to inhibit cell attachment, spread,
migration, invasion [26], and epithelial mesenchymal tran-
sition (EMT) by both upregulating the expression of E-cad-
herin, a molecule that maintains intercellular adhesion
integrity, and inactivating matrix metalloproteinase 9
(MMP9), an enzyme able to degrade the basement membrane
and extracellular matrix [27, 28]. The inhibition of TC cell
invasiveness was also associated with downregulation of the
transforming growth factor-pl1 (TGF-f1)-smad2/3 signaling
pathway [29]. Moreover, curcumin inhibited the migration
and invasion of human FTC cells by suppressing the
expression and activation of MMP-1/7 through down-
regulation of the PI3K/Akt signaling pathway [30].

Genistein

Genistein is an isoflavone present in soybeans and soybean
products. It has been proposed for the treatment of some
neoplasia due to its estrogenic and/or antiestrogenic effects
[31, 32]. Recent studies have highlighted the anti-
proliferative effects of genistein on TC cells through its role
as a specific inhibitor of tyrosine kinases (TKi) [33, 34].
Zhang et al. demonstrated that genistein led to cell cycle
arrest in the G2/M phase by downregulating cyclin B1 and
cyclin A2 and upregulating cyclin D1, which was followed
by apoptotic cell death. Furthermore, genistein suppressed
EMT cell progression by increasing epithelial E-cadherin
and p-catenin expression and decreasing the expression of
N-cadherin, vimentin, and the transcription factor Snail [34].
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Punicalagin

The phenol punicalagin is contained in pomegranate
(Punica granatum) and has been proposed as an anticancer
agent due to its antioxidant properties [35]. In PTC cells,
punicalagin induced senescent growth arrest by triggering
NF-xB activation [36], and caused cell death through the
autophagy process by activating the MAPK pathway and
inhibiting the mTOR signaling pathway [37]. In addition,
punicalagin induced human PTC cell death by acting on
DNA damage response [38]. Punicalagin was also found to
inhibit tumor growth in vivo in TC-bearing mice [39].

Quercetin

Quercetin is a naturally occurring flavone found in a variety
of plants, fruits, and vegetables, such as onion, buckwheat,
and broccoli, with selective antiproliferative and antitumor
effects on many human cancer cell lines [40]. Quercetin
treatment of human PTC cells resulted in decreased cell
proliferation and an increased rate of apoptosis, the latter
related to caspase-3 activation, PARP cleavage, Hsp90
inhibition, and proteasomal degradation [41].

Epigallocatechin gallate

Epigallocatechin-3-gallate (EGCG) is the most abundant
and biologically active catechin of green tea. It is widely
studied for its anticancer properties [42, 43]. In ATC cells,
EGCG inhibited TGF-fl-induced EMT, suppressing
migration and invasion properties [44]. Moreover, EGCG
reduced growth and induced apoptosis of human ATC cells
by suppressing the EGFR/RAS/RAF/MEK/ERK signaling
pathway. EGCC also inhibited human thyroid xenograft
tumor growth in BALB/c nude mice by inducing apoptosis
and downregulating angiogenesis [45].

Baicalein

Baicalein, a bioactive flavone extracted from the root of
Scutellaria baicalensis, is widely used in nutraceuticals and
pharmaceuticals. It has shown inhibitory effects on cell
viability, angiogenesis, and inflammation [46]. More
recently, it has been reported that baicalein reduced cell
viability, arrested the cell cycle, and induced cell death by
apoptosis and autophagy by inhibiting ERK and PI3K/Akt
pathways in undifferentiated TC cells [47].

Apigenin
The flavone apigenin is abundant in vegetables, fruits, and

beverages, such as grapes, apples, chamomile tea, and red
wine. Apigenin inhibited PTC cell viability, promoting a
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significant accumulation of cells in the G2/M phase via the
downregulation of Cdc25C expression. Apigenin led to
autophagic cell death as evidenced by Beclin-1 accumula-
tion and LC3 protein conversion [48].

Hydroxytyrosol (HT) and oleuropein (Ole)

HT and Ole are secoiridoids exclusively contained in all
Oleaceae plant species. HT and Ole represent the majority
of bioactive polyphenols in drupes and olive oil [49]. HT
and Ole have several biological effects [50, 51], including
inhibitory effects on TC cell growth in vitro. In particular,
Ole reduced the proliferation of PTC cells by down-
regulating the phosphorylation levels of Akt and Erk [52],
and HT reduced cancer cell viability by promoting apop-
totic cell death via the intrinsic pathway [53].

Fosbretabulin and combretastatin A4 (CA4)

Fosbretabulin is a prodrug derived from the African bush
willow (Combretum caffrum). Its active metabolite, CA4,
acts by binding to tubulin and inhibiting microtubule
polymerization, resulting in endothelial cell apoptosis. This
anti-angiogenetic effect determines tumor necrosis. CA4
inhibited proliferation, migration, and invasion, and pro-
moted TPC-1 cell apoptosis by affecting the PI3K/Akt
signaling pathway [54].

Phytochemicals with redifferentiation
activity

The loss of ability to concentrate iodide in cancer cells is
mainly due to the loss of expression of the sodium—iodide
symporter (NIS), as well as of other components of the
iodine metabolic machinery. Compounds able to reintro-
duce the ability to increase TC cell radioiodine concentra-
tion are being investigated in various TC preclinical models
[5]. In this regard, some plant-derived natural compounds
have shown stimulating effects on the expression of genes
and proteins involved in iodine metabolism and, in some
cases, also on iodide trapping ability.

Curcumin

A radiosensitive effect on TC cells was first described in
2014 [55]. Curcumin showed redifferentiation activity by
increasing thyroglobulin and NIS expression in human TC
cell lines from PTC, FTC, and ATC by downregulating NF-
kB activity [56]. Recently, Allegri et al. [16] analyzed the
effects of some nutraceuticals on the gene expression of
various thyroid differentiation markers in two ATC cell
lines and found that curcumin induced NIS upregulation,

making it a potential candidate to overcome chemotherapy
and radiotherapy resistance in human TC.

Resveratrol

Resveratrol has been found to be a regulator of NIS
expression in various TC cells. In an FTC cell line,
resveratrol increased cell differentiation by enhancing NIS
expression [57]. Yu et al. [14] showed that expression of the
thyroid-specific genes TTFI, TTF2, PAXS, and NIS was
upregulated by resveratrol through Notchl signaling.
Recently, resveratrol has also been found to determine an
increment in NIS and other thyroid-specific genes in ATC
cells [16]. Moreover, it has been found to enhance retinoic
acid effects on ATC cell line differentiation [15].

Genistein

Genistein administration determined increased NIS expres-
sion in FTC cells [57] and an increment in NIS and other
thyroid-specific markers in ATC cell lines [16].

Apigenin

The flavonoid apigenin was found to reverse RAI uptake
reduction in immortalized PCCL3 rat thyroid cells treated
with TGF-p by counteracting TGF-p effect on NIS reduc-
tion. This effect was more evident when apigenin was used
in combination with Akt, PI3K, and MEK inhibitors [58].

Hesperetin

Hesperetin is a natural flavanone found in citrus fruits. Its
antitumor effects have been demonstrated in many cancer
preclinical experimental models [59]. Its redifferentiating
effects were evaluated on ATC cells by Patel et al. [60] by
measuring mRNA levels of thyroid-specific genes. A dose-
dependent increase was found in the mRNA levels of TSH
receptor and NIS, as well as in the transcription factors
TTF1, TTF2, and PAXS8, which was associated with the
functional activation of the Notchl signal transduction
pathway [60].

Rutin

Rutin is a flavonol widely consumed in a normal diet. It has
various pharmacological properties, including antitumor
effects [61]. Goncalves et al. [62] demonstrated for the first
time that rutin treatment was able to stimulate thyroid iodide
uptake in Wistar rats by increasing NIS mRNA and protein
levels. In 2018, the same group confirmed these data in vitro
in the rat normal thyroid cell line PCCL3. Rutin increased
the ability to concentrate iodide intracellularly by increasing
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iodide uptake and decreasing iodide efflux, upregulating
NIS mRNA and protein expression and increasing NIS
translocation to the plasma membrane [63]. These findings,
if confirmed in cancer cells, would support rutin as an
adjuvant in radioiodine therapy.

Phytochemicals as adjuvants in combination
therapy

In view of the clinical use of phytochemicals, preclinical stu-
dies were performed to test some natural compounds in
association with other anticancer therapeutics. Here we report
the most interesting results obtained with combination therapy.

Resveratrol

Bian et al. [64] investigated the antitumor effects of the
combined use of resveratrol and rapamycin in two human
PTC cell lines. Treatment with both agents significantly
decreased cell viability and induced apoptosis more efficiently
than cells treated with either compound alone. Invasion and
migration capacity were also reduced. In the same work, a
mouse xenograft tumor induced with TC cell injection was
treated with a combination of resveratrol and rapamycin. The
study found that tumor growth rate was attenuated with
combined treatment more efficiently than with single treat-
ment. In addition, the phosphorylation of Akt and the
mTORCI target p70S6 kinase was significantly inhibited by
combined treatment as compared with rapamycin alone [64].

Curcumin

Some studies have described the effects of curcumin used in
combination with other anticancer agents. Curcumin and
docetaxel co-treatment reduced the viability of two ATC
cell lines compared with separate administration of the two
agents, demonstrating that curcumin may lower the con-
centration of docetaxel required for cell proliferation inhi-
bition. In addition, combination therapy induced the
inhibition of NF-kB activation and the downregulation of
COX-2 protein expression mediated by docetaxel [65]. The
effects of curcumin and TKi sorafenib combined treatment
were evaluated in FTC cells. As compared with either
treatment alone, a significant increase in the percentage of
apoptotic cells, a reduction in invasion and migration
properties, and a decrease in p-ERK and p-Akt protein
levels were observed. Long-term treatment with curcumin
and sorafenib also determined a reduction in cell colony
formation [66]. Recently, Khan et al. demonstrated that
curcumin enhanced the antiproliferative action of cisplatin
in two PTC cell lines. Co-treatment suppressed cell
migration by downregulating the expression of matrix
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metalloproteinases, reduced colony formation, down-
regulated the JAK/STAT3 pathway, and promoted apopto-
sis by enhancing the expression of proapoptotic proteins
and decreasing expression of antiapoptotic markers [24].

Baicalein

Baicalein was tested in combination with docetaxel in ATC
cells by Park et al. [67]. Baicalein enhanced docetaxel-
induced apoptosis by increasing the expression of the
proapoptotic proteins Bax, caspase-3, and cleaved caspase-3
and inhibiting Bcl-2 expression. Furthermore, the expres-
sion of mTOR, ERK, and Akt phosphorylated proteins was
significantly reduced with combined treatment compared
with untreated cells or docetaxel treatment alone [67].

Quercetin

Combined treatment of PTC cells with sorafenib 0.1 uM
and quercetin 25 uM showed a strong inhibiting effect on
cell proliferation and a significant reduction in adhesion and
migration properties in both cell lines. EMT marker
expression was affected by co-treatment, with a synergistic
action revealed by an increase in E-cadherin and a decrease
in N-cadherin expression [68].

Genistein

Ferrari et al. [33] investigated the effects of co-treatment
with genistein and sorafenib in human PTC cells. An anti-
proliferative effect was induced by the highest doses of
genistein, and this effect was synergistically enhanced by
co-treatment with sorafenib. Comet assay also demonstrated
that this combination did not induce any loss of DNA
integrity in PTC cells [33].

Apigenin

The ability of apigenin to restore RAI uptake was more evi-
dent when apigenin was used in combination with the PI3K
inhibitor GDC-0941. The ability of apigenin to retain RAI
was demonstrated in metastatic thyroid cells through increased
NIS expression and a decreased rate of iodide efflux [58].

Table 1 summarizes the preclinical studies with com-
bined treatments of phytochemicals and other antitumor
compounds.

Phytochemicals in mouse models of thyroid
cancer

Only few studies evaluated the impact of phytochemicals
on in vivo experimental models of thyroid carcinogenesis.
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Table 1 Effects of combining

. . . Compounds Model Molecular target References
phytochemicals with antitumoral
drugs in preclinical models of Baicalein + docetaxel ATC cells | Bcl-2, mTOR, ERK, p-Akt [67]
human thyroid carcinoma 1 Caspase-3, cleaved Caspase-3, Bax
Curcumin + cisplatin PTC cells 1 Caspase-3/9, cleaved Caspase-3/9 [24]
| P-CXCR4, MMP9/2; JAK/STAT3
Curcumin + docetaxel ATC cells | NF-kB, Cox-2 [65]
1 cleaved Caspase-3/9
Curcumin + sorafenib FTC cells | p-ERK, p-Akt [66]
Genistein + sorafenib Primary PTC cells n.d. [33]
Quercetin + sorafenib PTC cells | N-cadherin [68]
1E-cadherin
Resveratrol + rapamycin PTC cells 1 Caspase-3/8, Bax [64]

| Bcl-2, Mcl-1
| p-Akt, p70S6K

ATC anaplastic thyroid cancer, Bax BCL2-associated X protein, Bcl-2 B-cell lymphoma 2, Cox-2
cyclooxygenase 2, ERK extracellular regulated kinases, JAK/STAT3 Janus kinase/signal transducer and
activator of transcription 3, Mcl-1 myeloid cell leukemia 1, MMP9/2 matrix metalloproteinase 9/2, MTC
medullary thyroid cancer, mTOR mammalian target of rapamycin, NF-kB nuclear factor kappa B, n.d. not
described, p-Akt phospho-protein kinase B, P-CXCR4 C-X-C chemokine receptor type 4, p-ERK phospho-
extracellular regulated kinase, PTC papillary thyroid cancer, p70S6K p70 ribosomal protein S6 kinase

Table 2 Effects of phytochemicals in thyroid carcinoma xenografts

Compound Model Mechanism References
EGCG TPC-1 cells in | Ki-67, CD31, p- [45]
BALB/c nude mice ERKI1/2
1 cleaved PARP
Punicalagin BCPAP cells in 1 cleaved Caspase-3 [39]
BALB/c nude mice | Ki-67, MMP9
Resveratrol KTC-1 and TPC-1 | p-Akt, p70S6K [64]

cells in BALB/c
nude mice

FTC238 cells in 1 p-MST1/2, p- [18]
athymic nude mice LATSI, p-YAP
|l YAP, TAZ

BCPAP human papillary thyroid carcinoma, CD3[ cluster of
differentiation 31, EGCG epigallocatechin-3-gallate, F7C238 human
follicular thyroid carcinoma, KTC-/ human papillary thyroid carci-
noma, MMP9 matrix metalloproteinase 9, p-Akt phospho-protein
kinase B, p-MST1/2 phospho-mammalian sterile 20-like 1/2, p-ERK1/2
phospho-extracellular regulated kinase 1/2, p-LATSI phospho-large
tumor suppressor gene 1, p70S6K p70 ribosomal protein S6 kinase,
p-YAP phospho-yes-associated protein, PARP poly(ADP-ribose)
polymerase, TAZ transcriptional co-activator with PDZ-binding motif,
TPC-1 human papillary thyroid carcinoma, YAP yes-associated protein

The compounds that were tested also in vivo and their
molecular targets involved are reported in Table 2 and
discussed below.

EGCG

The administration of EGCG reduced in a dose-dependent
manner the growth of human thyroid carcinoma xenograft
in BALB/c nude mice accompanied with a reduction of the
expression levels of Ki-67, CD31, and p-ERK1/2 and an
increase of cleaved PARP [45].

Punicalagin

The anticancer activity of punicalagin in vivo was examined
by Li et al. [39] in BALB/c athymic mice. The adminis-
tration of punicalagin significantly inhibited tumor growth
in the BCPAP-bearing mice model by reducing cell pro-
liferation, blocking metastasis and inducing apoptosis.
Accordingly, immunohistochemical analysis of the tumors
showed a significant reduction of the levels of Ki-67 as well
as MMP9 and an increase of cleaved Caspase-3 [39].

Resveratrol

The effects of resveratrol on tumorigenesis of FTC in vivo
were investigated by Xu et al. [18] in an athymic nude
mouse subcutaneous xenograft model. After resveratrol
treatment, tumor tissues showed the activation of the Hippo
signaling pathway, as revealed by the modulation of the
expression of its several components. In fact, western
blotting analysis showed an increase of expression levels
of p-MST1/2, p-LATSI1, and p-YAP, and a reduction of
YAP and TAZ levels [18]. In another work, the effects
of resveratrol were evaluated in a mouse xenograft model of
cancer originating from the implantation of TC cells. It was
observed an inhibition of tumor growth and a reduction of
the phosphorylation of Akt and p70S6 kinase [64].

Phytochemicals in clinical trials
In contrast to the abundant preclinical studies showing the

anticancer effects of various phytochemicals, only a few
clinical studies have been conducted to evaluate the
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safety, maximum tolerated dose, and pharmacokinetic
characteristics of these compounds before proposing
clinical use. In phase I/II clinical trials, administration of
several cycles of fosbretabulin, either alone or in combi-
nation with carboplatin and paclitaxel, was found to be
effective against ATC in a few patients. In 26 patients
with advanced ATC, the median survival of seven patients
with no disease progression was 12.3 months, and stable
disease at 20 months of therapy was observed in one
patient. Moreover, one-third of ATC patients survived
more than 6 months [69]. In another phase II clinical trial
conducted on 80 patients with advanced ATC using
doublet carboplatin-paclitaxel chemotherapy with or
without fosbretabulin, the 1-year survival of the carbo-
platin/fosbretabulin arm increased by 17% versus the
carboplatin arm, although there was no significant
improvement in progression-free survival with the addi-
tion of fosbretabulin [70, 71].

Conclusions

Recent molecular studies have led to advancements in
defining the alterations occurring in TC pathogenesis,
suggesting useful novel molecular biomarkers for early
diagnostics, individual management, and targeted therapy
[72-75]. However, there is still a need to explore new mild
strategies to prevent and treat TCs that are refractory to
current treatments. Phytochemicals have received much
attention over the last decades as potential sources of
chemoprevention and treatment for many tumors, includ-
ing thyroid neoplasia. The redifferentiation effects of some
compounds and the synergistic antitumor action when
used in combination with other therapeutics (Table 1) have
supported their application as novel potential tools for the
treatment of more aggressive thyroid neoplasia. However,
although preclinical studies have clearly demonstrated that
many phytochemicals have all the characteristics neces-
sary for clinical testing as adjuvants in TC treatment, the
mechanisms underlying their anticancer action and their
direct molecular targets, necessary to predict an efficient
action against human tumors in vivo, have not yet been
fully elucidated. In addition, data are lacking on bioa-
vailability, toxicology, and eventual drug resistance. Fur-
thermore, only a few studies have tested their impact
in vivo in mice models (Table 2). Finally, since no clinical
trials have been conducted to prove their effectiveness on
human TCs, further studies on phytochemicals selected by
more extensive preclinical studies are necessary before
encouraging their clinical use.
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