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Abstract: Papillary thyroid cancer (PTC) is the 8th most common cancer among women overall.
Licorice contains over 300 active compounds, many of them with anti-cancer properties. Gly-
cyrrhetinic acid (GA) is a major component of licorice. The aim of this study was to investigate
the potential anti-proliferative effects of licorice and GA on PTC cell cultures. Licorice extract (LE)
was produced from the root and tested on BCPAP and K1 cell lines, as well as GA and aldosterone.
We used the MTT test to investigate the anti-proliferative activity, the wound healing test for the
migratory activity, and finally, we analyzed cell cycle distribution, apoptosis, and oxidative stress
after LE, GA, or aldosterone incubation. Both LE and GA reduced cell viability at 48 h and cell
migration at 24 h in both PTC cultures. Aldosterone reduced cell migration only in K1 cells. LE and
GA induced cell cycle arrest in the G0/G1 phase in the BCPAP cell line, while LE and aldosterone
induced it in the K1 culture. GA but not LE increased the apoptosis rate in both cell lines, whereas LE
but not GA increased oxidative stress in both cultures. This study presents the first evidence of the
in vitro anti-proliferative and anti-migratory activity of LE and GA on PTC.

Keywords: thyroid; licorice; mineralocorticoid; glycyrrhetinic acid; thyroid cancer; papillary
thyroid cancer

1. Introduction

Differentiated thyroid cancer includes papillary and follicular histotypes and accounts
for the vast majority (>90%) of all thyroid cancers [1,2]. In the United States, the incidence
of thyroid cancer has tripled, from 4.9 per 100,000 in 1975 to 14.3 per 100,000 in 2009 [3].
Papillary thyroid cancer (PTC) is the major contributor to the steadily increasing incidence
of thyroid cancer. PTC is generally an indolent tumor, with an overall 10-year survival rate
in the range of 85–90% [4–6].

Even nowadays, plants are very important for the development of new drugs. His-
torically, the use of plants in cancer treatment started way back and has been a primary
resource for the discovery of traditional drugs now used in cancer treatment [7]. The use
of the therapeutic effects of plants’ active compounds as potential anti-cancer drugs is a
growing trend. Currently, more than half of the anti-cancer drugs are derived from plants,
microorganisms, and marine organisms [8].

Licorice is one of the oldest and most used plants in traditional Chinese medicine. Gly-
cyrrhiza uralensis Fisch., Glycyrrhiza inflata Bat., and Glycyrrhiza glabra L. are prescribed
as licorice [9]. Licorice contains more than 20 triterpenoids and 300 flavonoids [9].
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In recent years, many studies have proven that the active compounds isolated from
licorice have anti-cancer, anti-microbial, anti-viral, anti-inflammatory, and immunoregula-
tory properties in vitro [9]. Several antitumor compounds isolated from licorice have been
studied with in vitro models. Glycyrrhizin has been found to attenuate tumor necrosis
factor-alpha (TNF-α) levels and induce apoptosis via mitochondrial and caspase-dependent
pathways in colon cancer and leukemia [10,11]. Licochalcone A, an estrogenic flavonoid,
stops cell cycle progression at the G2/M transition and induces apoptosis in gastric can-
cer [12], induces apoptosis via the phospholipase Cγ1-, Ca2+ pathway, and the reactive
oxygen species pathway in human hepatocarcinoma cell cultures [13], and induces apopto-
sis via the Fasl-mediated caspase-dependent receptor pathway in oral cancer cell lines [14].
Glabridin, an estrogen receptor (ER) agonist, inhibits migration, invasion, and angiogene-
sis of human breast adenocarcinoma MDA-MB-231 cells by inhibiting the focal adhesion
kinase/Rho-associated kinase (FAK/Rho) signaling pathway [15]. However, its effect on
breast cancer cell growth is biphasic: at low concentrations, glabridin shows a stimulatory
effect on cell growth dependent on ER binding, while at high concentrations, it has an
ER-independent anti-proliferative effect [16]. Glycyrrhetinic acid (GA) induces apoptosis
and cell cycle arrest in the G2 phase and down-regulates the expression of nuclear factor
kappa-light-chain enhancer of activated B cells (NF-κB), vascular endothelial growth factor,
and matrix metalloproteinase-9 (MMP-9) in prostate and gastric cancer cells [17,18].

Licorice has many endocrine effects. Particularly, prolonged consumption of licorice
has been linked to the development of hypertension, a condition known as pseudohyperal-
dosteronism. The main constituent of the root is glycyrrhizic acid, which in the stomach
and intestines is hydrolyzed to GA, which is responsible for pseudohyperaldosteronism
both by blocking the enzyme 11β-Hydroxysteroid dehydrogenase type 2 and by a direct
agonist effect on the mineralocorticoid receptor (MR) [19].

Aldosterone (Aldo) is the main mineralocorticoid hormone responsible for the reg-
ulation of fluid and electrolyte balance and blood pressure [20]. Aldo is secreted by
the glomerulosa zone of the adrenal glands and is controlled by the renin–angiotensin–
aldosterone system. Aldo acts on target cells through binding to its nuclear receptor, the
MR [21]. Aldo exerts its action through genomic (in hours and days) and non-genomic
(in seconds and minutes) effects. Aldo’s main target cells are epithelial cells, particularly
in the kidney [22], but nonepithelial cells such as brain neurons [23], cardiomyocytes [24],
or mononuclear nuclear leukocytes [25] are also considered non-classical targets of Aldo.
Recently, we demonstrated the gene and protein expression of MR in both normal and
cancer thyroid cells, identifying the thyroid as a new non-classical target tissue of mineralo-
corticoids [26]. We showed both gene and protein expression and functional activation of
the MR in two human PTC cell models, the BCPAP and K1 cell lines. MR gene expression
was 10-fold higher in BCPAP than in K1. This difference can be explained by their intrinsic
differences, as the BCPAP cell line derives from a poorly differentiated PTC, while the
K1 cell line derives from metastasis of a well-differentiated PTC [27], which also results
in a different molecular substrate with BCPAP carrying BRAF (V600E) and TP53 (D259Y)
mutations, while the K1 cell line carries BRAF (V600E) and PI3KCA (E542K) mutations [28].

Given that, among the 320 licorice active compounds, the main ones are ER and
MR agonists, both ER and MR are present in PTC, and the in vitro anti-cancer properties
of licorice in other cancer cultures, the aim of this study was to investigate the possible
anti-proliferative role of licorice and GA on PTC cell cultures.

2. Results
2.1. Cell Viability

The effects of LE, GA, and Aldo on BCPAP and K1 cell viability were examined in vitro
at 6, 24, and 48 h (Figure 1).

Compared to the control group, LE alone reduced cell viability to 56.4% in BCPAP
(p < 0.001) and 74.2% in K1 (p = 0.0013) after 48 h. Similarly, after 48 h, the use of GA alone
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reduced cell viability to 81.5% in BCPAP (p = 0.01) and to 88.4% in K1 (not statistically
significant). Aldosterone alone had no effect on the viability of the two cell lines.
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Figure 1. MTT assay for BCPAP and K1 cells treated for 48 h. (A) MTT assay in BCPAP cell
line; (B) MTT assay in K1 cell line. Experiments were performed in triplicate and repeated three
times. Aldo: Aldosterone; GA = Glycyrrhetinic acid; LE = Licorice extract; MTT assay: 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide assay.

2.2. Cell Migration

We examined the migratory potential of PTC cell lines after treatment with LE
0.13 mg/mL, GA 0.01 mg/mL, and Aldo 1 µM. Cell migration was assessed at multi-
ple time points, specifically 4, 8, and 24 h after treatment. We observed a significant
decrease in the area covered by cells in the BCPAP cell line when treated with LE and GA,
compared with untreated cells (Figure 2, p < 0.0001).
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ure 3). In the BCPAP cell line, the percentage of cells in the G0/G1 phase was 65.20%. LE 
treatment increased this percentage to 78.21% and GA treatment to 71.58%. With Aldos-
terone alone, the percentage of cells in G0/G1 remained virtually unchanged (66.95%). In 
the K1 cell line, the percentage of cells in the G0/G1 phase was 71.61%. Again, LE treatment 
increased this percentage to 78.67%, while GA made no difference. With Aldosterone 
alone, the percentage of cells in G0/G1 increased to 74.00%. 

Figure 2. Wound healing assay in papillary thyroid cancer cultures treated with licorice extract
and glycyrrhetinic acid. (A) Representative photos of the migration of the BCPAP cell line at time
zero and after 24 h; (B) BCPAP relative wound area. Control vs. LE after 24 h * = p < 0.0001; Control
vs. GA after 24 h * = p < 0.0001 (C) Representative photos of the migration of the K1 cell line at time
zero and after 24 h; (D) K1 relative wound area. Control vs. LE after 24 h * = p < 0.0001; Control vs.
GA after 24 h * = p < 0.0001; Control vs. Aldo after 24 h * = p < 0.0001. GA = Glycyrrhetinic acid
0.01 mg/mL; LE = Licorice extract 0.13 mg/mL; Aldo = Aldosterone 1 µM.
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Similarly, in the K1 cell line, tumor cell migration was significantly attenuated in the
presence of LE, GA, and Aldo (p < 0.0001) compared with the control group.

2.3. Cell Cycle Analysis

We used flow cytometry to analyze the cell cycle distribution on the treated cells
(Figure 3). In the BCPAP cell line, the percentage of cells in the G0/G1 phase was 65.20%.
LE treatment increased this percentage to 78.21% and GA treatment to 71.58%. With Aldos-
terone alone, the percentage of cells in G0/G1 remained virtually unchanged (66.95%). In
the K1 cell line, the percentage of cells in the G0/G1 phase was 71.61%. Again, LE treatment
increased this percentage to 78.67%, while GA made no difference. With Aldosterone alone,
the percentage of cells in G0/G1 increased to 74.00%.
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Figure 3. Cell cycle distribution in papillary thyroid cancer cultures treated with licorice extract
and glycyrrhetinic acid. (A) BCPAP Control; (B) BCPAP treated with licorice extract 0.13 mg/mL;
(C) BCPAP treated with glycyrrhetinic acid 0.01 mg/mL; (D) BCPAP treated with Aldosterone 1 µM;
(E) K1 Control; (F) K1 treated with licorice extract 0.13 mg/mL; (G) K1 treated with glycyrrhetinic
acid 0.01 mg/mL; (H) K1 treated with Aldosterone 1 µM.

2.4. Apoptosis Analysis

After 24 h of treatment, apoptosis detected by chemiluminescence assay revealed
similar behavior in the two cell lines (Figure 4). In the BCPAP cell line, treatment with GA
resulted in a significant 1.11-fold increase in apoptosis rate (p < 0.0001), while no significant
effects were observed with LE. Similarly, in the K1 cell line, LE did not affect the level of
caspases, while GA increased the apoptosis rate to 1.12-fold compared with the control
group (p = 0.0012). Aldosterone had no effect on the caspase activity of both cell lines.
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Figure 4. Apoptosis analysis in papillary thyroid cancer cultures treated with licorice extract and
glycyrrhetinic acid. (A) Apoptosis analysis in BCPAP cell line; (B) Apoptosis analysis in K1 cell line.
GA = glycyrrhetinic acid 0.01 mg/mL; LE = licorice extract 0.13 mg/mL; Aldo = Aldosterone 1 µM.
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2.5. Oxidative Stress Analysis

As shown in Figure 5, LE treatment increased oxidative stress levels in both cell
lines: in the BCPAP cell line by 1.16-fold (p = 0.0082) and in the K1 cell line by 1.26-fold
(p = 0.0003), both compared with control. In contrast, GA and Aldo treatments in both cell
lines did not affect reactive oxygen species (ROS) levels.
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0.13 mg/mL; Aldo = Aldosterone 1 µM. Experiments were performed in triplicate. ** = p < 0.01;
*** = p < 0.001.

3. Discussion

Licorice has garnered significant scientific attention as a potential cancer treatment
due to its ability to impact cancer cell cultures through various intracellular mechanisms,
including apoptosis induction [12,14]. This is because of its numerous active compounds
with anti-tumor activity. Given the high incidence of thyroid cancer in the population and
its significant economic burden, the search for new drug treatments is an ongoing endeavor.
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This study is the first to investigate the potential in vitro anti-tumor effect of licorice
and its main component, GA, on thyroid cancer cells. A 2011 study by Chintharlapalli et al.
demonstrated an anti-proliferative and pro-apoptotic effect of methyl 2-cyano-3,11-dioxo-
18β-olean-1,12-dien-30-oate (CDODA-Me) and the corresponding 2-trifluoromethyl analog
(CF3DODA-Me), two triterpenoids synthetically derived from GA, a major component
of licorice [29]. They took among the various cell lines studied, one human anaplastic
thyroid cancer and one K18 thyroid cancer cell line, and treated them with CDODA-Me
and CF3DODA-Me, observing a reduction in both gene and protein expression of pituitary
tumor-transforming gene-1 (PTTG-1). The downregulation of Sp proteins by CDODA-Me
and CF3DODA-Me targeted PTTG-1, which is a known regulator of c-Myc and fibroblast
growth factor-2 [29–31]. However, this study investigated the effect of two synthetic
molecules derived from GA on thyroid cancer in vitro. Therefore, it did not properly
examine the effect of licorice or its natural chemical constituents. Differently, we directly
used LE and a single active compound naturally occurring in it, the GA. The LE contains up
to 24% GA, primarily as a triterpenoid saponin glycoside of glycyrrhizic acid [32], similar
to the high-performance liquid chromatography (HPLC) analysis of our LE.

In our experiments, overall, both LE and GA were able to inhibit cell survival and
migratory potential in both PTC cultures, in agreement with the studies on other cancer cell
lines. The observed cytotoxic effect of LE confirms the results of the study by Caroline and
coworkers that showed an anti-proliferative effect of LE on oral cancer cells [33]. In addition,
GA has been shown to inhibit cell survival in human gastric carcinoma cell cultures in a
dose- and time-dependent manner [17]. It is not possible to identify a single molecular
mechanism underlying the observed anti-proliferative and anti-migratory effects of LE
and GA on PTC. This is probably the result of the complex interaction of the individual
active components of licorice, mainly ER and MR agonists, with the different genomic (i.e.,
MR-driven) and non-genomic (i.e., non-MR-driven) pathways on BCAP and K1 cell lines.

Estrogen is a powerful growth factor for both benign and malignant thyroid cells,
which could explain the higher prevalence of thyroid nodules and thyroid carcinoma in the
female sex. However, unlike other cancers, the impact of estrogen on thyroid cancer is still
uncertain [34]. The presence of ER has been demonstrated with different percentages in
normal thyroid tissue, thyroid adenomas, multinodular goiter, and differentiated thyroid
cancer [35]. Several studies have demonstrated the presence of ER in PTC, with percentages
ranging from 40–67% [36]. In particular, ERα appears to exacerbate the development of
PTC, while ERβ seems to play a protective role [37]. In the end, the prognostic impact
of the presence of ER in PTC is unclear, with some studies in favor of more aggressive
ER-positive PTC [38,39] and others against it [40]. In BCPAP and K1 cells, both ERα and
ERβ have already been shown to be present, and estrogen has a stimulatory role, worsening
the metastatic potential in vitro [41–43]. Thus, the opposite effect of LE on cell viability and
migration that we observed in BCPAP and K1 cultures is likely attributable to the intricate
interplay, both genomic and non-genomic, of the different multiple chemical constituents
of LE rather than the singular active compounds such as GA, glabridin, and licochalcone
A, which act as MR or ER agonists. Differently, since GA is a known MR agonist, we
can speculate that its anti-proliferative and anti-migratory effect on PTC cultures could
be related to its interaction with MR. However, the natural MR agonist, Aldo, exerted a
migration-reducing effect exclusively in K1 cells. This suggests that the effect is probably not
driven by the MR-driven genomic pathway alone, given that K1 cells possess 10-fold less
MR gene expression than BCPAP, as demonstrated in our previous work [26]. Consequently,
the impact of GA on PTC cells is a consequence of its multiple molecular interactions rather
than solely as an agonist of MR.

Considering the anti-proliferative role of GA and the anti-migratory action of Aldo,
the loss of mineralocorticoid signaling may provide an advantage to thyroid cancer cells.
This is consistent with the observation of a progressive loss in MR expression in the more
aggressive PTC histotypes [26].
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Previous studies have reported that GA induces cell cycle arrest in the G1 phase in
HepG2 cells, prostate cancer cells, and rat osteosarcoma cells [44–46]. This is concordant
with what we observed in BCPAP cells treated with GA. Again, it can be reasonably inferred
that the effect of GA on PTC cells is not due to its conventional action as an MR agonist,
given that Aldo has been demonstrated to induce cell cycle arrest in G0/G1 in K1 cells (with
less MR expression). In contrast, LE, which contains a multitude of active compounds,
induces cell cycle arrest in the G0/G1 phase in both cell lines due to its multifaceted
intracellular actions.

Regarding the induction of apoptosis, only GA showed a pro-apoptotic effect on
both PTC cell lines, while LE did not. The potential apoptotic activity of GA was already
demonstrated in gastric cancer culture [17]. Altogether, these findings suggest that GA may
trigger PTC cell death through the apoptosis pathway. Conversely, only LE appeared to
increase oxidative stress in both PTC cell lines, while GA and Aldo did not. Therefore, the
anti-proliferative effect of LE appears to be at least partly mediated by an increase in ROS.
It can be reasonably presumed that both the effects of GA on apoptosis and LE on oxidative
stress are likely to be mediated by molecular mechanisms that are independent of their MR
agonist action. This is based on the absence of effects being observed after incubation of
PTC cultures with Aldo.

In conclusion, the present study demonstrated that LE and GA could both significantly
inhibit PTC cell proliferation and migration via apoptosis or oxidative stress increase by
molecular mechanisms not exclusively related to their genomic action as MR agonists.

The growing comprehension of the anti-tumor mechanisms of LE and GA suggests a
future potential therapeutic application in thyroid cancer.

4. Materials and Methods
4.1. Cell Cultures and Maintenance

The BCPAP (human PTC cell line, RRID:CVCL_0153) was obtained from the German
Collection of Microorganisms and Cell Cultures (Leibniz Institute DSMZ, Braunschweig,
Germany); the K1 (human PTC cell line, RRID:CVCL_2537) was obtained from the Euro-
pean Collection of Authenticated Cell Cultures (ECACC, Sigma-Aldrich S.r.l., Milan, Italy).
Testing for Mycoplasma infection was carried out on a monthly basis.

The BCPAP and K1 cell lines were cultured in RPMI 1640 (Gibco, Life Technologies,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco), L-glutamine
(2 mM), and penicillin/streptomycin (100 IU/mL and 100 µg/mL, respectively).

Adherent monolayer cultures were maintained in T75 culture flasks and incubated at
37 ◦C with 5% CO2 until they reached 85% confluency. Cells were detached using 0.025%
trypsin (Sigma-Aldrich) and plated into T75 flasks at a density of 2 × 106 cells.

4.2. Plant Material, Crude Extract and LC/MS Analysis

The extraction from the licorice root was performed, starting with a root weighing
7.53 g. The root underwent cryo-grinding to preserve the integrity of its phytoconstituents,
achieved by rapid immersion in liquid nitrogen followed by grinding with a mortar to
obtain a fine powder. The entire sample was collected in a 50 mL Falcon tube. The extraction
process was carried out through maceration: 20 mL of 80% ethanol was added to the licorice
powder, and the mixture was left under slow agitation for 24 h at 4 ◦C. The maceration
product was then filtered in two steps: first, filtration was conducted using Whatman
No. 1 filter paper with the assistance of a vacuum pump, followed by a second filtration
with a 0.22 µm filter (Merck Millipore, Darmstadt, Germany) to sterilize the extract. The
resulting filtrate was aliquoted into 1.5 mL Eppendorf tubes (500 µL per tube), and then
the solvent was removed under reduced pressure using a temperature-controlled rotary
vacuum evaporator (Rotavapor R-210, Flawil, Switzerland) until complete evaporation of
the solvent.

The crude licorice extract (LE) was subsequently weighed and dissolved in dimethyl
sulfoxide (DMSO, Sigma-Merck, Darmstadt, Germany) at a 1:10 weight/volume ratio for
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the complete product solubility. This LE was used for all experiments, divided into aliquots,
and stored at −80 ◦C. After thawing, each aliquot was used only once.

The working concentration was determined through dose–response curves by 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay, using increasing doses
of the LE at 24 h treatment time. The minimum dose that did not have an effect on viability
was chosen (0.13 mg/mL), compared to the untreated control in both cell lines.

For the liquid chromatography–mass spectrometry (LC/MS) analysis, the following
protocol was used: A total of 5 mg of powder was weighed and extracted with 2 mL of
methanol. The solution was sonicated for 15 min and centrifuged for 10 min to deposit the
non-solubilized parts. The supernatant was taken for chromatographic analysis. An Agilent
Eclipse XDB C8 150 × 3 mm 3.5 µm column was used as the stationary phase, with a flow
rate of 0.4 mL/min. The flow after the chromatographic column was split equally, with one
part directed to the DAD and the other to the MS 500 mass spectrometer (Agilent/Varian),
operating in negative mode and performing fragmentation. Several peaks showing UV
spectra attributable to triterpenic saponins were detected in the LC-DAD chromatogram.
Based on a comparison of fragmentation spectra, the literature, and reference standards, the
species reported in Table 1 were identified and quantified. Supplementary Figure S1 shows
the liquid chromatography–diode array detector (LC-DAD) chromatogram, the LC-MS
chromatograms of the analyzed samples, the corresponding chromatographic traces, and
some mass spectra related to m/z derivatives.

Table 1. High-performance liquid chromatography analysis of the main active compounds of licorice
extract.

Retention Time
(min) Identification [M-H]- Fragmentation Licorice Extract

(mg/g)

14.3 Licorice saponine
G2 isomer 1 837 775 661 351 0.80 ± 0.01

15 Licorice saponine
G2 isomer 2 837 745 631 351 0.22 ± 0.01

15.6 Glycyrrhizin 821 759 645 351 5.51 ± 0.02

15.9 Licorice saponine B2 807 745 631 351 2.65 ± 0.02

16.4 Glycyrrhizinic acid
isomer 1 821 759 645 351 0.09 ± 0.01

16.7 Licorice saponine B2
isomer 807 745 631 351 1.91 ± 0.01

4.3. Drugs

18β-Glycyrrhetinic acid (GA, cat. no. G8503) and Aldosterone (Aldo, cat. no. A9477-
5MG) were purchased from MERCK. The powders were dissolved in 10 mM stock solution
in DMSO and stored at −80 ◦C. Given that many active compounds of licorice and thus
GA are MR agonists, we decided to use Aldo to test whether the effect observed for LE and
GA was somehow mediated by MR.

In our study, we chose the concentration of 0.01 mg/mL of GA and 1 µM of Aldo. As
for the LE, the working concentration was determined through dose–response curves by
MTT assay, using increasing doses of the compounds after 24 h of treatment. The minimum
dose that did not have an effect on viability was chosen, compared to the untreated control
in both cell lines.

4.4. Cell Viability

Cells were plated on 96-well tissue-culture microtiter plates at a density of 5 × 103 cells
per well. The next day, the cells were treated with LE, GA, and Aldo (LE 0.13 mg/mL, GA
0.01 mg/mL, Aldo 1 µM). We measured the effects on viability at different time points,
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from 6 to 48 h, using 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT)
assay (Sigma-Aldrich).

The MTT solution was directly added to the plate wells. After a 2-h incubation period,
the culture media was removed, and 100 µL of DMSO was added to dissolve the formazan
crystals. Absorbance was subsequently measured at 595 nm using a Viktor 3 Perkin-Elmer
spectrophotometer. The signal intensity was then expressed as a percentage relative to the
control. Experiments were conducted in triplicate and repeated three times.

4.5. Wound Healing

Cells were plated in six-well plates at a density of 1.2 × 105 cells per well. The following
day, the medium was removed, and a scratch wound was introduced using a pipette tip.
The cells were then exposed to the drugs (LE at 0.13 mg/mL, GA at 0.01 mg/mL, and Aldo
at 1 µM) for 24 h. Cell migration was observed over the subsequent 24 h using a Leica
DMI6000CS microscope (Leica Microsystems, Wetzlar, Germany). The movement of cells
into the wound area was recorded, and the average migration distance was measured using
Leica Application Suite (LAS-AF) 3.1.1. software (Leica Microsystems, Buccinasco, Milan,
Italy) and analyzed with ImageJ software (version 1.53e; Java 8 [64-bit]). All experiments
were conducted in triplicate.

4.6. Cell Cycle Analysis

Cells were cultured in 12-well plates at a concentration of 1 × 106 cells per well and
exposed to the drugs for 24 h. Following treatment, cells were harvested using trypsin,
rinsed with PBS, and fixed in 100% ethanol at 4 ◦C. After another wash with cold PBS
(4 ◦C), the cells were treated with RNAse (1 mg/mL final concentration), resuspended in
a propidium iodide (PI) solution (0.1 µg/mL in PBS), and incubated in the dark at 37 ◦C
for 1 h. Subsequently, they were centrifuged, washed with PBS, and analyzed using a
flow cytometer. The cell cycle was assessed with CytoFLEX (Beckman Coulter, Milan,
Italy), and data files were exported and processed with CytExpert Software (Version 2.3,
Beckman Coulter).

4.7. Apoptosis Analysis

Apoptosis was evaluated using the Caspase-Glo® 3/7 assay, a luminescent and homo-
geneous method designed to detect caspase-3 and -7 activity, which are central enzymes
in the apoptosis pathway. When the Caspase-Glo reagent is added, it induces cell lysis,
allowing the caspases to cleave the provided substrate, leading to a luminescent signal
produced by luciferase. The intensity of the luminescence correlates with the amount of
active caspase present. Cells were cultured in a 96-well white plate and treated with the
compounds as previously described. On the day of the experiment, the Caspase-Glo® 3/7
reagent was prepared as per the manufacturer’s instructions and applied after 24 h of
treatment. The plate was shaken at 500 rpm for 30 s, then incubated in darkness at room
temperature for 90 min to stabilize the signal before luminescence was measured using
a Viktor 3 Perkin-Elmer luminometer. The experiments were conducted in triplicate and
repeated three times for consistency.

4.8. Reactive Oxygen Species-Glo H2O2 Assay

The evaluation of oxidative stress induced by our treatments was made through the
Reactive Oxygen Species (ROS)-Glo™ H2O2 Assay (Promega, Madison, WI, USA; Cat. No.
G8820) following the manufacturer’s instructions. Briefly, cells were seeded and treated
for 1 h, as described before. Then, the H2O2 substrate was added to a final concentration
of 25 µM. The plate was incubated for 90 min, and then 100 µL of ROS Glo detection
solution was added. After 20 min at room temperature, luminescence was recorded using
a luminometer (Viktor 3 Perkin-Elmer). Experiments were performed in triplicate and
repeated three times.
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4.9. Statistical Analysis

All statistical analyses were performed using the MedCalc® Statistical Software (Med-
Calc Software Ltd., 2022, version 22.017, Ostend, Belgium) and GraphPad Prism (version
9.5.0). The Kolmogorov–Smirnov test was used to assess the normal distribution of all
variables. Variables were compared by using Student’s t-test or two-way ANOVA. All
results were considered statistically significant at p < 0.05.

5. Conclusions

This study presents the first evidence in the literature of the in vitro anti-proliferative
and anti-migratory activity of LE and GA on PTC cultures. In the future, a better under-
standing of the molecular pathways associated with LE and GA action on cancer cells will
provide new molecular targets, especially in thyroid cancer treatment.
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