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Abstract: Numerous studies have reported the pharmacological effects exhibited by Dittrichia viscosa,
(D. viscosa) including antioxidant, cytotoxic, antiproliferative, and anticancer properties. In our
research, our primary objective was to validate a prescreening methodology aimed at identifying the
fraction that demonstrates the most potent antiproliferative and anticancer effects. Specifically, we
investigated the impact of various extract fractions on the cytoskeleton using a screening method
involving transgenic plants. Tumors are inherently heterogeneous, and the components of the
cytoskeleton, particularly tubulin, are considered a strategic target for antitumor agents. To take
heterogeneity into account, we used different lines of colorectal cancer, specifically one of the most
common cancers regardless of gender. In patients with metastasis, the effectiveness of chemotherapy
has been limited by severe side effects and by the development of resistance. Additional therapies
and antiproliferative molecules are therefore needed. In our study, we used colon-like cell lines
characterized by the expression of gastrointestinal differentiation markers (such as the HT-29 cell line)
and undifferentiated cell lines showing the positive regulation of epithelial–mesenchymal transition
and TGFβ signatures (such as the DLD-1, SW480, and SW620 cell lines). We showed that all three
of the D. viscosa extract fractions have an antiproliferative effect but the pre-screening on transgenic
plants anticipated that the methanolic fraction may be the most promising, targeting the cytoskeleton
specifically and possibly resulting in fewer side effects. Here, we show that the preliminary use of
screening in transgenic plants expressing subcellular markers can significantly reduce costs and focus
the advanced characterization only on the most promising therapeutic molecules.

Keywords: D. viscosa; colorectal cancer; extract; antiproliferative effect; cytoskeleton; tubulin;
tonoplast

1. Introduction

Plants are widely recognized for their role as a natural source of remedies for various
diseases, including cancer [1,2]. However, the complex composition of plant extracts can
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sometimes obscure the identification of the most effective compounds, as some may have
lower efficacy or unintended side effects [3,4]. Therefore, it is essential to investigate
each plant extract to uncover compounds with targeted antiproliferative effects while
minimizing off-target cytotoxicity, a challenge shared with conventional chemotherapeutic
agents. Off-target cytotoxic effects may be so severe that they cause serious intoxication [5].

Some chemotherapeutic molecules block signal transduction, inhibit growth-promoting
signals from classic endocrine hormones (hormonal therapies), or inhibit growth-signals
like those associated with receptor tyrosine kinases (targeted therapy). Nonetheless, the
most effective chemotherapeutics inhibit cell division [6] or induce DNA damage [7].
Another promising strategy relies on targeting the cytoskeleton.

Dittrichia viscosa is a perennial plant distributed in the hillsides, waste grounds, and
marshy areas of different regions of the Mediterranean Basin. It has many ethnomedical
uses, including anti-inflammatory, anthelmintic, lung disorders, antipyretic, antiseptic, and
antiphlogistic activities [8,9], in addition to treating gastroduodenal disorders [10]. Many
studies have reported that D. viscosa exhibits pharmacological effects, including antioxidant
effects, cytotoxic effects, antiproliferative, and anticancer effects [11–13].

Colorectal cancer ranks among the most prevalent cancers, affecting both genders.
It ranks second in females, after breast cancer, and third in males, following lung and
prostate cancers. In patients with metastasis, the primary objective of chemotherapy is
to extend survival and maintain a good quality of life. However, its effectiveness has
been limited by severe side effects and by the development of resistance [14]. For this
reason, additional therapies are needed in order to fight the problem of selectivity and drug
resistance. Medicinal plants are highly interesting for this purpose, but the discovery of
candidate molecules rich in phytocomplexes needs to be accelerated and more efficient.
Working in this direction, efficiency can be increased by lowering the cost of preliminary
screening and reducing later characterization efforts.

Here, we show the specific effect of a specific D. viscosa extract fraction on the cytoskele-
ton using a transgenic plant screening method [15,16]. This cytotoxic effect demonstrated
promising antiproliferative activity on colon-like cell lines characterized by the expression
of gastrointestinal differentiation markers (e.g., HT-29 cell line) and undifferentiated cell
lines, showing the positive regulation of epithelial–mesenchymal transition and TGFβ
signatures (e.g., DLD-1, SW480, and SW620 cell lines). These diverse cell lines were selected
to represent the heterogeneity observed in colon tumors. Considering that colorectal cancer
cell lines serve as accurate molecular models of primary carcinomas for preclinical studies,
these different tumor lines can provide valuable insights into varying molecular responses
to cancer treatments. All three D. viscosa extract fractions exhibited antiproliferative effects,
with the prescreening of transgenic plants indicating that the methanolic fraction might be
the most promising due to its potential to preferentially target microtubules, the critical
components of the mitotic bundle in proliferating cell lines.

2. Results
2.1. Chemical Characterization

Three fractions were prepared [17] from D. viscosa phytocomplex, namely hexanic
extract (HE), methanolic extract (ME), and aqueous extract (AE), with each characterized
for the relative content of compounds of general interest.

Soluble phenolic content varied from 11.37 to 168.16 mg of Gallic Acid Equivalent/g of
dried extract (mg GAE/g dw). The highest concentration (168.16± 6.83 mg GAE/g dw) was
found in AE; also, flavonoids were more abundant in AE with a value of 207.54 ± 2.91 mg
of Catechin Equivalent/g of dried extract(mg CE/g dw). Other biomolecules, such as total
vitamin C have the highest values in AE with 15.11 ± 0.19 mg/g, while the higher value of
condensed tannins was in HE with a value of 8.04 ± 0.17 mg CE/g. The methanol extract
was midway between the other two extracts. The content of other biomolecules is shown
in Table 1.
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Table 1. Main classes of molecules found in the three extracts.

Compounds Hexanic (HE) Methanolic (ME) Aqueous (AE)

Soluble phenols (mg GAE/g dw) 11.37 ± 0.36 139.66 ± 7.21 168.16 ± 6.83

Flavonoids (mg CE/g dw) 39.01 ± 0.40 171.37 ± 8.99 207.54 ± 2.91

Condensed tannins (mg CE/g dw) 8.04 ± 0.17 4.08 ± 0.02 0.67 ± 0.05

Ascorbic acid (mg/g dw) 0.96 ± 0.02 4.81 ± 0.07 13.97 ± 0.03

Dehydroxyascorbic acid (mg/g dw) 0.39 ± 0.11 0.24 ± 0.02 1.14 ± 0.16

Total vitamin C (mg/g dw) 1.35 ± 0.13 5.05 ± 0.09 15.11 ± 0.19

Chlorophyll a (mg/g dw) 0.866 ± 0.008 1.384 ± 0.006 0.050 ± 0.000

Chlorophyll b (mg/g dw) 0 0.142 ± 0.008 0.047 ± 0.001

Total carotenoids (mg/g dw) 0.887 ± 0.006 0.239 ± 0.003 0.014 ± 0.000

The three extracts were also tested for their antioxidant capacity with the highest
values in ME and AE 1503.22 ± 18.89 and 2116.76 ± 30.75 µmol Trolox equivalents/g,
respectively (Table 2).

Table 2. Antioxidant activity of the three extracts.

Antioxidant Activity (µmol Trolox Equivalents/g dw) ABTS+ Assay IC50 (µg/mL)

Hexanic (HE) 46.75 ± 0.25 256.71 ± 1.37

Methanolic (ME) 1503.22 ± 18.89 7.97 ± 0.10

Aqueous (AE) 2116.76 ± 30.75 5.66 ± 0.08

2.2. 1H-NMR Characterization of Dittrichia Viscosa Extracts Spectra

The HE, ME and AE of D. viscosa were characterized by 600 MHz 1H-NMR spec-
troscopy. The visual inspection of the 1H-NMR spectra revealed the presence of different
metabolites (Figures 1–3). The assessment of the metabolites observed in the 1H-NMR
spectra was also performed on the basis of the 1H−1H COSY and 1H−13C (HSQC and
HMBC) 2D spectra and confirmed with literature data [18–21].

In the HE, characteristic signals ascribable to sesquiterpenes tomentosin and α-costic acid
were identified. These compounds are known to be the main component of D. viscosa [22],
and their properties are well known (Figure 1).

In particular, the spectral information for the sesquiterpene lactone tomentosin:methyl
protons (position 14) appear as a doublet at 1.12 ppm, and the diagnostic singlet at 2.14 was
assigned to the methyl group in position 15. Multiplets at 3.30 and 4.64 ppm were assigned
to the H7 and H8 proton, respectively. The two doublets identified at 6.26 and 5.52 ppm
were ascribed to the H13 protons of lactone ring.
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Figure 1. Expansions of the 1H-NMR D. viscosa hexanic spectrum (CDCl3). Diagnostic peaks of as-

signed metabolites are indicated. FA—fatty acids; PUFA—polyunsaturated fatty acids. Figure 1. Expansions of the 1H-NMR D. viscosa hexanic spectrum (CDCl3). Diagnostic peaks of
assigned metabolites are indicated. FA—fatty acids; PUFA—polyunsaturated fatty acids.
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Figure 2. Expansions of the 1H-NMR D. viscosa methanolic spectrum (CDCl3). Portion of ex-
panded downfield spectral region (10–14 ppm) is shown. Diagnostic peaks of assigned metabolites
are indicated.
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Figure 3. Expansions of the 1H-NMR D. viscosa aqueous spectrum (D2O). Portion of expanded down-
field spectral region (8–8.60 ppm) is shown. Diagnostic peaks of assigned metabolites are indicated.

Moreover, as confirmed by carbon HSQC (125 ppm) and HMBC correlations (40,
146 and 171 ppm), the presence of two intense correlated singlets at 6.32 and 5.69 ppm
was assigned to the two protons (H13α and H13β) of the olefinic methylene group in
eudesmane-type sesquiterpens, α-costic acid. The assignment was confirmed by the pres-
ence of methyl singlets at 0.82 ppm (position 14) and 1.60 ppm (position 15), with respective
couplings observed in the COSY, HSQC, and HMBC bidimensional spectra. The broad
singlet at 5.32 ppm (121 ppm 13C) was assigned to proton in position 3. Among sesquiter-
pene lactones, as already reported in the literature, signals of the inuviscolide trycyclic
skeleton were observed [23]. In particular, the two broad singlets at 5.10 and 4.97 ppm were
ascribed to the exomethylene protons (position 14), as confirmed by HSQC and HMBC
experiments. Indeed, the methyl group at position 15 appeared as a singlet observed
at 1.19 ppm (21 ppm, 13C). Finally, characteristic signals of fatty acids were identified.
Terminal methyl groups (CH3) of all fatty acid chains (SFA, MUFA, and DUFA) and ω3
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PUFA were observed at 0.88 ppm and at 0.98 ppm, respectively, as confirmed by HMBC
assignment (14 ppm). Intense signals in the range 1.26–1.29, 1.65–1.77 and 2.24 ppm were
identified as characteristic for methylene (n-CH2), β-methylene (–CH2CH2COO–), and
α-methylene (–CH2COO–) protons of all fatty acids chains. The unsaturated fatty acids
(UFA) were identified by the diagnostic resonances of allylic (–CH2CH=CH–) and olefinic
(–CH=CH–) protons at 2–2.10 and 5.36 ppm, respectively. The presence of polyunsaturated
fatty acids (PUFA), such as linoleic (C18:2ω6) and linolenic (C18:3ω3), was assessed by the
presence of bis-allylic protons (–CH=CHCH2CH=CH–) at 2.85 ppm, as already described in
the literature [24]. Finally, among several signals between 3.5 and 4.6 ppm, the resonances at
4.17 and 4.35 ppm were assigned to the glycerol 1–3 protons of triacylglycerols. Moreover,
the signals at 8.20 and 8.16 indicate the presence of flavonoid derivatives, as reported in the
literature [25]. Finally, carotenoids and chlorophylls, were identified in the range between
6.4 and 6.6 ppm, and 9.26 and 9.64 ppm, respectively [26].

For ME (Figure 2), signals of metabolites already identified in the hexanic extracts,
such as fatty acid chains and sesquiterpenes, were observed. Diagnostic resonances for
hydroxycinnamic acids were observed in the spectral range of 6.7–7.10 ppm. As already
observed for the hexanic extract, signals from carotenoids and chlorophylls were identi-
fied in the spectral region between 6.4 and6.6 ppm, and 9.26 and 9.64 ppm, respectively
Interestingly, the presence of intense signals in the range of 11 to 13.5 ppm indicate the
protons of a hydroxyl group in position 5 (5-OH), characteristic to flavonoids, as previously
described [27].

For AE (Figure 3), in the aliphatic region, signals at 1.90–2.00 correlated with carbon,
and those at 39.5 ppm were assigned to the quinic acid moiety of hydroxycinnamic acids.
The signals of the anomeric protons of common sugars α/β glucose and sucrose were
observed at 5.24/4.65 and 5.42, respectively. In the aromatic region characteristic signals for
the caffeoyl moieties of hydroxycinnamic acids were observed. In particular, as reported in
the literature [28], chlorogenic, neo chlorogenic, and dicaffeoylquinic acids were identified
in D. viscosa extracts. For chlorogenic acid: 5.34 (H5, m); 6.39 (H8′, d, J = 15.9); 6.93 (H5′, d,
J = 8.1); 7.12 (H6′, dd J = 8.4, 2.1); 7.19 (H2′, d J = 2.1); 7.65 (H7′, d J = 15.9). Dicaffeoylquinic
acid: 6.48 (H8′′, d J = 15.6); 7.65 (H7′, d J = 16.2). And for neochlorogenic acid: 6.37 (H8′,
d J = 15.9); 7.66 (H7′, d J = 15.9). More deshielded singlets were assigned to nucleotides
derivatives (8.15 and 8.20 ppm) and formate (845 ppm).

2.3. HPLC and GC-MS Analysis

HPLC analysis was performed for the identification and quantification of polyphenols,
tococromanols, and carotenoids. Among the polyphenols that were most abundant in the
AE and ME, chlorogenic acid (22.90 mg/g in AE), di-O-caffeoylquinic acid and its isomer
(99.5 mg/g in ME and 106.67 mg/g in AE), and rosmarinic acid (7.77 mg/g in AE) were
identified. Tococromanols and carotenoids were present at moderate concentration only
in the HE (1764.44 µg/g and 1278.98 µg/g, respectively). The only carotenoid that was
present in the ME was lutein (227.53 µg/g), (Table 3).

A different percentage of fatty acid, characterized with GC-MS, was in the HE and ME
extracts, with both extracts showing a higher concentration of polyunsaturated fatty acids
(PUFA) than saturated fatty acids. This was more accentuated in ME, with 67.03% of PUFA.
Among saturated fatty acids, (SFA) myristic acid was more abundant in the HE (13.14%),
as well as palmitic acid (22.67% in the HE), which also had a high percentage in the ME
(18.59%). Among the polyunsaturated fatty acids (PUFA) the most abundant was linolenic
acid (28.49% in the HE and 49.99% in the ME) (Table 4).
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Table 3. HPLC analysis of polyphenols and isoprenoids (Tocochromanols, carotenoids, and chloro-
phylls); concentration per g of extract.

Bioactive Compounds HE ME AE

Polyphenols (mg/g extracts)

Chlorogenic acid 0.78 4.06 22.90
Di-O-caffeoylquinic acid 3.40 60.38 50.93
Di-O-caffeoylquinic acid

isomer 3.04 38.87 55.74

Rosmarinic acid 0.02 4.05 7.77
Total 7.24 107.36 137.34

Tococromanols (µg/g extract)

α T3 270.06 nd nd
β T 315.66 nd nd
α T 1178.72 nd nd

Total 1764.44 nd nd

Carotenoids (µg/g extract)

Lutein 129.88 227.53 nd
β carotene 993.19 nd nd

9 cis β carotene 155.91 nd nd
Total 1278.98 227.53 nd

Chlorophyll b (µg/g extract) 115.45 708.57 nd

Table 4. Percentage of fatty acids detected in the three extracts through GC-MS analysis.

Fatty Acids (%) HE ME AE

Myristic acid (C14:0) 13.14 1.92 nd
Palmitic acid (C16:0) 22.67 18.59 nd
Stearic acid (C18:0) 0.57 0.66 nd

Arachidic acid (C20:0) 0.37 0.47 nd
Behenic acid (C22:0) 1.67 2.12 nd

Palmitoleic acid (C16:1) 1.31 3.32 nd
Oleic acid (C18:1 n-9c) 8.61 2.39 nd

11-Octadecenoic acid (C18:1 n-7c) 4.47 2.79 nd
cis-13-Eicosenoic acid (C20:1 n-7c) 2.56 0.69 nd

Linoleic acid (C18:2 n-6) 16.15 17.04 nd
Linolenic acid (C18:3 n-3) 28.49 49.99 nd

SFA 39.73 23.69 nd
MUFA 15.64 9.19 nd
PUFA 44.64 67.03 nd

2.4. Screening of Extracts on Transgenic Cells in the Plant Hypocotyl

The effects of extracts on the biology of the cell were investigated on transgenic plants
expressing GFP-tagged proteins evidencing important cellular characteristics GFP-TUA6
to monitor cytoskeleton [15–29] and GFP::SYP51 to monitor the endomembranes of the
secretory system [30,31]. These markers label important subcellular structures that are
differently organized in plant cells but based on molecular processes largely connected
with animal and human cells [15].

GFP-TUA6, a GFP-tagged α-tubulin TUA6 that integrates into endogenous micro-
tubules, labels the distribution of this cytoskeleton component (Figure 4A,B). Normally
microtubules are distributed in a network with a variable angle, but in this case, the ob-
served effect consists of their depolymerization. The negative control DMSO, a plant extract
solvent, did not influence the normal pattern after 18 h application (Figure 4C). AE also
had no evident effect on MTs pattern, even at the highest dose of 3 g/L (Figure 4D).
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Figure 4. Confocal images of hypocotyl cells of A. thaliana stably expressing GFP-TUA6. Normal
distribution of labelled microtubules in controls (A,B) with DMSO (C) and after high-dose AE
treatment for 18 h (D). No effects of HE at low dose after 1 h (E) and collapse of cell after 18 h (F).
Similarly, no effect observed with HE at high dose after 1 h (G), but the cell collapse after 18 h (H).
No effects of ME at low dose after 1 h (I) and evident effects after 18 h (J). Evident effects of ME at
high dose already in 1 h (K), increasing after 18 h (L). In blue the epifluorescence of chlorophyll. Scale
bar: 10 µm.

The HE applied at 350 mg/L had no evident effect after 1 h (Figure 4E) but was lethal
after 18 h (Figure 4F), causing the collapse of cells. Also, when applied at 750 mg/L, the
HE had initially no effect on the cytoskeleton (Figure 4G) but became lethal over time
(Figure 4H).

The ME behaves differently. When applied at 450 mg/L, it had no evident effect
after 1 h (Figure 4I), but it disorganized MTs over time and completely destructured the
cytoskeleton after 18 h (Figure 4J). Increasing the ME concentration to 1 g/L showed
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an immediate effect on the cytoskeleton within 1 h (Figure 4K), which gradually worsened
over time (Figure 4L).

GFP-tagged AtSYP51, GFP::SYP51, is a TGN and tonoplast marker. It was sorted as
the related QcSNARE without the fluorescent tag and sorted as a transmembrane protein
to the tonoplast. The normal tonoplast pattern shows the large perimeter of the central
vacuole (Figure 5A). This is not altered by DMSO (Figure 5B) nor by the AE applied for
a short time (Figure 5C). The AE is somehow able to induce a strong stress within 18 h, as
evidenced by the distribution of GFP in small dots, which is possibly related to marker
retention in the TGN or in multivesicular compartments (Figure 5D).
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Figure 5. Confocal images of hypocotyl cells of A. thaliana stably expressing GFP::SYP51. The protein
labels the tonoplast normal pattern in controls (A) with DMSO (B) and after high-dose AE treatment
for 1 h (C). AE induced stress after 18 h (D). Immediate effect on the tonoplast of HE at low dosage
within 1 h (E), increasing after 18 h (F). No effect with ME at high dose after 1 h (G) and alteration of
tonoplast after 18 h (H). In blue the epifluorescence of chlorophyll. Scale bar: 10 µm.

The HE affected the tonoplast pattern immediately both at low (Figure 5E) and high
doses, causing the solubilization of GFP in the vacuole in the surviving cells after 18 h
(Figure 5F). This effect is probably due to a strong induction of autophagy and stress
related multivesicular body formation since these are the processes able to internalize and
solubilize a membrane-anchored protein in the vacuoles, such as GFP::SYP51 [30].
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Again ME showed a different behavior. No effect was observed after a short exposure
of cells to low or high doses (Figure 5G) even if the high dose was able to alter the
cytoskeleton in the short period (Figure 4K). A fluorescent pattern alteration was only
observed after longer exposure time (Figure 5H), possibly as the result of traffic impairment
to cytoskeleton disorganization. The relation between microtubules and autophagy in
plants is complex [32], but their disruption induces a cell death with a deep perturbation of
endomembranes.

2.5. Effect on Human Colorectal Cancer Cell Lines

In our study we used colon-like cell lines characterized by the expression of gastroin-
testinal differentiation markers (such as the HT-29 cell line) and undifferentiated cell lines
showing the positive regulation of epithelial–mesenchymal transition and TGFβ signatures
(such as the DLD-1, SW480, and SW620 cell lines). D. viscosa extracts (hexanic, methanolic,
and aqueous extract) have had a qualitatively and quantitatively different effect on the
different cell lines. The extracts in hexane solvent had greater efficacy in all the cell lines
(comparative scale of cell viability and IC50 in Figure 6A–F). The strangest effect and the
most significant differences were observed in the metastatic SW620 line. At 50 µg/mL, the
hexanic extract’s effect over the HT-29 cell culture was statistically higher than the effect
in DLD-1 cells, which were described to be more resistant to these treatments with MSI
(genomic instability phenotypes microsatellite instability), MSH5 down-regulated, and the
up-regulation of the c-kit gene expression. This statistical difference was also observed in
the SW480 line, which is microsatellite stable, or in the HT-29 cell line (Figure 6A,D).
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Figure 6. Colorectal cancer cells exposed to different extracts of D. viscosa. DLD-1, HT-29, SW480, and
SW620 cell lines were exposed to hexanic (A), methanolic (B) and aqueous extracts (C) of D. viscosa
and compared to different concentrations with cell viability assay. Then, another decrease at high
concentrations of the extracts was shown. The presence of a significative different cell viability is
indicated with “+”. Specific p-values of significant differences between the cells lines are reported
in Supplementary Table S1. The IC50 value, valid respectively for (A–C) is reported in (D–F).The
significant differences are indicated as **** p < 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05. Numerical
values are displayed in Supplementary Table S2.
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The methanolic solvent extracts appeared to show fewer differences in the response of
the tumor lines to treatment. Again, a greater effect can be observed in the SW620, HT-29
and DLD-1 lines, as regards decreased proliferation (lower expression of Ki67 Table 5), but
the effect on SW620 was seen particularly early (Figure 6B,E).

Finally, the aqueous extract showed the greatest difference in the effect caused between
lines. DLD-1 and HT-29 were more resistant to the effect of aqueous extracts. Statistically
significant differences were recorded at concentrations of 1 mg/mL of extract and higher.
The SW480 cell line, which is a primary tumor as DLD-1 and HT-29 lines, was also more
resistant to treatment than the SW620 line from a metastasis (Figure 6C,F).

3. Discussion

The chemical analysis of D. viscosa extract aligns with the existing literature, confirming
the presence of high levels of sesquiterpenes and flavonoids. These compounds are believed
to contribute to the extract’s anticancer properties. Numerous studies have highlighted
the biological activities of sesquiterpene lactones, particularly their cytotoxic, anti-tumoral,
and anti-inflammatory properties [33–35]. Tomentosin and inuviscolide were shown to be
present in the hexane extract or in the ethanol and ethyl acetate extracts, showing cytotoxic
effects against cancer cell lines and triggering apoptosis overcoming drug resistance in
tumor cells [14,36,37]. These compounds could inhibit tumor growth through the selective
alkylation of key enzymes, which are regulators of cell division, causing cells apoptosis [38].

Flavonoids and chlorogenic acids, which are typically present in methanol, aque-
ous, and ethanol extracts, have demonstrated antioxidant, antiproliferative, anticancer,
anti-inflammatory, and antimicrobial properties. The methanol extract (ME) consistently
displayed greater effectiveness compared to a water extract [11,39–44].

Molecules normally found in ME, in addition to chlorogenic acids, include nepetin,
hispidulin and methylated quercetins [45], kampferol, quercetin and coumarin [41], cate-
chin, luteolin and ferulic acid [42]. Our methanolic extract also showed higher levels of
flavonoids and higher antioxidant abilities, which are likely attributable to these molecules.

In those cases with no available literature to support the discovery of anticancer
metabolites, it is easy to detect antiproliferative effects of phytocomplexes, but the discovery
of the most effective compounds remains a time-consuming task. Here, we investigate the
specific effect of each D. viscosa extract fraction on the membranous compartmentalization of
the cells and cytoskeleton organization by observing the distribution of GFP-tagged proteins
at a subcellular level, as previously proposed by other studies [15,16]. We selected the
marker GFP-TUA6 [15,29] because it labels the microtubules integrating into endogenous
α-tubulin TUA6, and GFP::SYP51 [30,31] because it labels not only the tonoplast of the
central vacuoles, but also the intermediate compartments of the vacuolar sorting pathway.
GFP-TUA6 thus shows the distribution of microtubules and the immediate cytoskeleton
alterations, while a GFP::SYP51 alteration only occurs after important changes in membrane
traffic and cellular compartmentalization, such as in apoptosis.

These two markers help to evaluate the nature of the cytotoxic effects and of the
antiproliferative effect of a given molecule. An early effect on the cytoskeleton with no
evident effect on endomembranes should indicate an antiproliferative effect due to mitotic
microtubule bundles disruption without strong cytotoxicity on other cellular mechanisms.
On the contrary, GFP::SYP51 redistribution would imply compartmental rearrangement
and a deep alteration of traffic, with strong effects on the cells’ housekeeping activities.

Tumors are heterogeneous, and targeting the cytoskeleton offers a promising approach
with fewer off-target effects. Tubulin is a crucial molecular target for antitumor drugs due
to its role in mitotic spindle formation [46]. Inhibiting microtubule formation through
tubulin inhibitors often induces apoptosis [47,48] and is less likely to lead to multi-drug
resistance (MDR) compared to other metabolites [49,50].

Our pre-screening analyzed the three extract fractions at low and high concentrations.
The low dose was chosen because it was able to induce diversified effects on tumor cell
lines, while the high dose was chosen at the limit of practical use, as it was able to eventually
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overcome problems related to the plant cell wall barrier. We found that the ME had a quite
evident effect on microtubules polymerization without significantly affecting cell compart-
mentalization in the short term. The effect on endomembranes derives from cytoskeleton
disruption and required time, leading to cell death in plants, and we hypothesize the same
effect in tumor cells. In other words, when cytoskeleton remodeling is observed first, the
endomembranes alteration is a consequence leading to PCD. This means that the greatest
effect would be on proliferating cells affecting the mitotic bundle. If endomembranes are
altered before or at the same time as the cytoskeleton, the molecular target of the extract is
unpredictable and may easily cause off-target effects in human cells.

High doses of the ME have a clear effect on the cytoskeleton within 1 h (Figure 4K)
without affecting endomembranes (Figure 5G). On the contrary, the HE has no effect on
the cytoskeleton even at high doses (Figure 4G), but it strongly affects endomembranes
(Figure 5E,F).

Tumor heterogenicity is clear, and in all patients, it is influenced by different factors,
such as the microenvironment or epigenetics. Also, colon tumors are molecularly different,
and the colorectal cancer lines we used are representative of this heterogenicity. Based
on the view of CRC cell lines as accurate molecular models of primary carcinomas for
preclinical studies, the different tumor lines can provide information on the different
molecular behavior of response to tumor treatments. In our study we have used colon-like
cell lines characterized by expression of gastrointestinal differentiation markers (such as
the HT-29 cell line) and undifferentiated cell lines showing the positive regulation of the
epithelial–mesenchymal transition and TGFβ signatures (such as the DLD-1, SW480, and
SW620 cell lines). At the DNA level, this includes the genomic instability phenotypes,
microsatellite instability (MSI) (DLD-1 cell line), and the epigenomic CpG island methylator
phenotype (CIMP) (DLD-1 and HT-29 cell lines). About 15% of primary CRCs have MSI,
while the rest are microsatellite stable (MSS) (SW480 and SW620 cell lines), most of which
have the chromosomal instability phenotype (CIN).

D. viscosa extracts (hexanic, methanolic, and aqueous extract) have had a qualitatively
and quantitatively different effect on the different cell lines, possibly due to their differential
mechanisms of resistance to anoxic processes, oxidative stress conditions, and apoptotic
evasion. A pleiotropic effect of the extracts cannot be ruled out, nor, above all, a non-
specific cell-death-inducing effect affecting healthy cells as well as tumor cells, just like the
cytostatics normally used as chemotherapeutics. As with current chemotherapy, this effect
is more damaging to dividing cells, hence the applicability of neoplastic therapies against
rapidly dividing abundant cells characteristic of the tumor mass, and the certain protection
recorded for slower dividing cells. This also applies to our extracts, but pre-screening on
transgenic plants helps to increase the chance to focus research on compounds targeting
the cytoskeleton first.

Greater efficacy was observed in all the cell lines treated with the HE. As for the
molecular mechanisms that may be regulating this different cellular response to treat-
ments, we are faced with the interesting signaling pathway of the epithelial–mesenchymal
transition (EMT) that is active in cells of high tumorigenicity, as it seems to affect our
extracts. This signaling pathway is a great challenge and a great therapeutic target. In
the SW620 line, which is most affected in our assays, there is a decrease in MicroRNA 145
(miR-145) which targets multiple stem cell transcription factors and with an expression
that is inversely correlated to the EMT. miR-145 has been raised as a therapeutic target to
reverse radiation resistance (RT) mediated by the Snail family transcriptional repressor
1 (SNAI1) [51]. Therefore, in future works, we will address the study of the regulation
of the expression of both the SNAI1 factor and its regulator miR-145 to see if this could
be the pathway that is being affected in our cells by the SNAI1 factor. To reiterate the
importance of these data, in two different already-found types of solvents of the same
extract, it is interesting to note that these molecules are more effective in inhibiting the
proliferation and survival of highly tumorigenic and proliferative cells. At 50 µg/mL, the
HE effects over HT-29 cell culture were statistically higher than the effects in DLD-1 cells,
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more resistant to these treatments with MSI (genomic instability phenotypes microsatellite
instability), and described and down-regulated MSH5, with up-regulation of the c-kit gene
expression. The same differences were observed in the microsatellite stable SW480 line as
in the HT-29 cell line. Other differences between these lines are two mutations present only
in DLD-1 cells in the protein PI3KCA that could be involved in their resistance to hexanic
extract components.

The other strong effects caused by the HE may be due to the disruption of a number
of cellular processes that may represent a higher risk of off-target effects on patients cells.
In fact, the HE has been shown to have strong cytotoxic power on tumor cell lines, but in
the screening system with transgenic plants, it was lethal for the cell, causing the collapse
of cells’ endomembranes at low concentrations.

The ME showed less evident differences in the response of the tumor lines to treatment.
But again, greater effects can be observed in the SW620, HT-29, and DLD-1 lines, with
respect to the less proliferative (lower expression of Ki67, Table 5). Moreover, the effect on
SW620 was extremely rapid and at lower doses. Since SW620 cells are the most actively
proliferating, we can hypothesize a correlation between the effect of the ME on plant cell
microtubules organization and the stronger effect on SW620.

Finally, the AE showed the greatest differences in the effect caused between lines, but
doses were high. Cells with extensive methylation in the CpG islands (CIMP), such as
DLD-1 and HT-29, were more resistant to the effect of the aqueous extracts. Statistically
significant differences were recorded at concentrations of 1 mg/mL of extract and higher.
This epigenetic modification may be conditioning a greater resistance and anti-apoptotic
capacity of the transcriptome of these cells. The SW480 cell line is a primary tumor, as are
the DLD-1 and HT-29 lines, which may condition a response to treatments that is more
different from the SW620 line or from a metastasis, as shown in Figure 6. This could have
implications in the applications derived from a future treatment with this type of extract,
which would lead to greater efficacy in advanced metastatic tumors, specifically those
against which we currently lack effective treatments. It would also be very important to
test this type of treatment in the future in cell lines of other types of tumors that are more
resistant to current treatments, such as glioblastoma multiforme, one of the most aggressive
tumor types, since any advances in the treatment of this type of tumor can be considered of
great scientific import and translational advance in clinical practice.

In conclusion, all three extract fractions have antiproliferative effects, but the pre-
screening on transgenic plants anticipated that the ME may be the most promising for
reduced off-target effects. This multidisciplinary study showed that the simple visual
screening of extracts’ effects on plant tissues expressing specific fluorescent markers can be
used to search for interesting natural phytocomplexes, better characterize the subcellular
effects of new drugs, focus research efforts, and reduce the costs of drug discovery. This is
our third use-case validation of the use of transgenic plants as support in the characteri-
zation of subcellular effects of complexes or single molecules [15,16], and we believe the
method [52] is ready for new challenges in real pre-screening.

The next step of this specific work will be the study of synergies combining chemother-
apy with plant extracts in order to study the possibility of improving the response of
patients with treatments by decreasing the dose of chemotherapy, thereby potentially elimi-
nating side effects and maintaining the expected anti-neoplastic effect thanks to the extracts
of D. viscosa. The limitations of the study focus on the pleiotropic effect that plant extracts
can have, which must be studied on the basis of effective doses and combinations that
allow for effective synergies. On another front, we can consider a wider range of eluents
that improve the extractions of D. viscosa or provide new properties not yet highlighted,
such as NADES (natural eutectic solvents that can optimize the extraction of polyphenols
and antioxidant power in plant preparations).
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4. Materials and Methods
4.1. Plant Extracts

D. viscosa plants were collected from population DI3 present at Campus Ecotekne
(40◦20′00.18′′ N 18◦07′02.33′′ E). The aerial parts of the non-flowering plants were frozen,
freeze-dried, ground in a mill, and extracted with different solvents of increasing polar-
ity, namely n-hexane, methanol, and water, following the procedure described by [17].
Three fractions were obtained identified as follows: hexanic extract (HE), methanolic ex-
tract (ME), and aqueous extract (AE). 50 mg of each extract were solubilized in 5 mL of
the corresponding solvent used for the extraction. From each solution, 1 mL was taken
and dried on a rotavapor. The dry residue of each sample was resuspended in 1 mL of the
specific solvent for the chemical analysis to be carried out. All samples were centrifuged at
3000 rpm for 2 min, and the supernatant was recovered to prepare three diluted replicates
for each sample to perform chemical tests.

4.2. Determination of Soluble Phenols

The total phenol content of the three extracts was measured using the Folin–Ciocalteu
method described by [53] with some modifications. The extracts were resuspended in 1 mL
of 80% ethanol. 450 µL of distilled H2O and 50 µL of Folin–Ciocalteu reagent were added
to 50 µL of each sample or 50 µL of 80% ethanol for the blank. After five minutes, 500 µL
of a 7% sodium carbonate solution and 200 µL of distilled H2O were added, bringing
each sample to a final volume of 1250 µL. After 90 min in the dark at room temperature,
the samples were transferred into cuvettes to be read in the UV-VIS spectrophotometer
(UV-2600 Shimadzu, Columbia, MD, USA) at a wavelength of 750 nm. To determine the
amount of phenols present in the samples, a calibration curve was constructed using known
concentrations (1–2–4–8–10–12 µg/100 µL) of gallic acid (Sigma-Aldrich, St. Louis, MO,
USA) in 80% ethanol. The soluble phenol content was expressed as mg of gallic acid
equivalents/g of dry plant weight (mg GAE/g dw).

4.3. Total Flavonoid Content (TFC)

The quantification of TFC was carried out according to the method described by [54].
The dry residue of extract was resuspended in 1 mL of 100% methanol. 50 µL of each
sample and 50 µL of 100% methanol for the blank were diluted with 450 µL of distilled H2O.
Then, 30 µL of 5% NaNO2 was added, followed by 60 µL of 10% AlCl3 after 5 min. After
incubation for another 6 min, 200 µL of NaOH 1M and 210 µL of distilled H2O were added.
Subsequently, the samples were vortexed and transferred into cuvettes to be read using
the spectrophotometer at a wavelength of 510 nm. To determine the amount of flavonoids
present in the samples, a calibration curve was constructed using known concentrations
(400–200–100–50–25–12.5–6.25–3.125 µg/mL) of catechin (Sigma-Aldrich, St. Louis, MO,
USA) in 100% methanol. The results were expressed in mg catechin equivalents/g of dry
plant weight (mg CE/g dw).

4.4. Total Tannins Content (TTC)

The TTC was determined using the method of vanillin in an acid medium described
by [55].

600 µL of a 4% vanillin (Thermo Fisher Scientific, Waltham, MA, USA) solution in
methanol was added to 100 µL of sample (resuspended in 1 mL of 100% methanol) and
100 µL of 100% methanol for the blank. Then, 300 µL of concentrated HCl were added and
left to stand for 15 min at room temperature in the dark. Finally, samples were transferred to
cuvettes and read using a spectrophotometer at a wavelength of 500 nm. To determine the
amount of condensed tannins, present in the samples, a calibration curve was constructed
using known concentrations (250–125–62.5–31.25–15.62–7.81–3.90 µg/mL) of catechin in
100% methanol. The results were expressed in mg catechin equivalents/g of dry plant
matter (mg CE/g dw).
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4.5. Total Vitamin C Content

Ascorbic acid (AsA) and dehydroascorbic acid (DAsA) were determined by the method
of [56], with slight modifications. The dry residue of each sample was resuspended in
1 mL of 6% TCA. The assay involved the use of a series of reagents added to 50 µL of
sample or blank (6% TCA). For AsA content: 150 µL of phosphate buffer 0,2 M pH 7.4,
50 µL of distilled H2O, 250 µL of 10% TCA, 200 µL of 42% orthophosphoric acid, 200 µL
of 4% 2,2’-dipyridyl (Sigma-Aldrich, St. Louis, MO, USA) in 70% ethanol and 100 µL of
3% FeCl3. For AsA + DAsA: 50 µL of DTT 10 mM buffer, 100 µL of phosphate buffer 0.2 M
pH 7.4, 50 µL of 0.5% NEM (Sigma-Aldrich, St. Louis, MO, USA), 250 µL of 10% TCA,
200 µL of 42% orthophosphoric acid, 200 µL of 4% 2,2’-dipyridyl in 70% ethanol and 100 µL
of 3% FeCl3. At the end of the reactions, the samples were transferred into cuvettes and
were read using the spectrophotometer at a wavelength of 525 nm. The standard curve for
the determination of vitamin C was constructed using solutions at known concentrations
(600–500–400–300–200–100 µM) of ascorbic acid in 6% TCA.

4.6. Total Chlorophylls and Carotenoids Content

The total content of chlorophylls and carotenoids was carried out following the method
of [57]. The dry residue of each sample was resuspended in 5 mL of 100% acetone.

The quantification of the different pigments, expressed in µg/mL, was carried out,
reading at wavelengths of 661.6 nm, 644.8 nm and 470 nm using the spectrophotometer
and using the following mathematical formulas:

Chlorophyll a = 12.25 A661.6 − 2.79 A644.8
Chlorophyll b = 21.5 A644.8 − 5.1 A661.6
Total carotenoids = (1000 A470 − 1.82 Ca − 85.02 Cb)/198
Where A = absorbance, Ca = chlorophyll a concentration, and Cb = chlorophyll b

concentration.

4.7. Evaluation of Antioxidant Activity

The TEAC method (Trolox Equivalent Antioxidant Capacity) described by [58] was
used to determine the antioxidant activity. For this assay, the monocationic radical ABTS·+

was produced starting from a solution of ABTS (diammonium salt of 2,2′-azinobis-3-
ethylbenzothiazolin-6-sulphonic acid) (Sigma-Aldrich, St. Louis, MO, USA) 7 mM to which
was added potassium persulphate K2S2O8 2.45 mM. The solution was left under stirring in
the dark at room temperature for 16 h. To test the activity of the water-soluble antioxidants
in the methanolic and aqueous extracts, to 10 µL of sample we added 1 mL of ABTS·+

diluted in PBS 5 mM pH 7.4 (1:90, v/v). The blank consisted of 1 mL of PBS 5 mM pH 7.4,
while the Trolox solution consisted of 1 mL of ABTS·+ diluted in PBS 5 mM pH 7.4 + 10 µL
of methanol or 10 µL of water. To test the activity of fat-soluble antioxidants, 10 µL of the
Hexanic extract was added to 1 mL of ABTS·+ diluted in ethanol (1:90, v/v). The blank
consisted of 1 mL of ethanol, while the Trolox solution 0 µM consisted of 1 mL of ABTS·+

diluted in ethanol + 10 µL of hexane.
The samples were left at room temperature for 15 min, then were read spectrophoto-

metrically at a wavelength of 734 nm. Two calibration curves were constructed using known
concentrations (15–10–7.5–5–2.5–0 µM) of Trolox (6-hydroxy-2,5,7,8-tetramethylcroman-2-
carboxylic acid) (Sigma-Aldrich, St. Louis, MO, USA) in PBS (Phosphate-Buffered Saline)
5 mM pH 7.4 (to determine the activity of water-soluble antioxidants) and in ethanol (to
determine the activity of fat-soluble antioxidants). The antioxidants activity was expressed
as µmol Trolox equivalents/g of dry plant matter.

4.8. 1H-NMR Spectroscopy

Spectra acquisition was performed at 300 K using a Bruker Avance III 600 Ascend NMR
spectrometer (Bruker, Ettlingen, Germany) operating at 600.13 MHz for 1H observation
and equipped with a TCI cryoprobe incorporating a z-axis gradient coil and automatic
tuning matching (ATM).
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For D. viscosa hexanic and methanolic extracts: a total of 600 µL of deuterated chlo-
roform (CDCl3) containing 0.03 v/v% TMS (sodium salt of trimethylsilyl propionic acid)
as a chemical shift reference was added to (5 mg) of the dry extract and transferred to
a 5 mm NMR tube. A one-dimensional experiment (zg Bruker pulse program) was run
with 64 scans, 64 K time domain, spectral width 20.0276 ppm (12,019.230 Hz), 2 s delay, p1
8 µs, and 2.73 s acquisition time.

For D. viscosa aqueous extract: a total of 600 µL of deuterium oxide (D2O) containing
0.05% w/v TSP-d4 (sodium salt of trimethylsilyl propionic acid) as a chemical shift reference
was added to (5 mg) of the dry extract and transferred to a 5 mm NMR tube.

A one-dimensional experiment with pre-saturation and composite pulse for selection
(zgcppr Bruker standard pulse sequence) was acquired, with 128 scans, 16 dummy scans,
5 s relaxation delay, a size of fid of 64 K data points, a spectral width of 12,019.230 Hz
(20.0276 ppm), and an acquisition time of 2.73 s.

The resulting FIDs were multiplied by an exponential weighting function correspond-
ing to a line broadening of 0.3 Hz before Fourier transformation, automated phasing, and
baseline correction. Metabolite identifications were based on 1H and 13C assignment by 1D
and 2D homo- and heteronuclear experiments (2D 1H Jres, 1H COSY, 1H-13C HSQC, and
HMBC) and by comparison with the literature data [20,23–27,59]. NMR data processing
was performed by using TopSpin 3.6.1 (Bruker, Biospin, Milano, Italy).

4.9. HPLC Analysis of Polyphenols

Extracts were analyzed for polyphenol content, as reported in [60], using an Agilent
1100 Series HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with
a Phenomenex-luna 5 µm C18 (2) 100 Å column (250 × 4.6 mm), (Phenomenex, Torrance,
CA, USA), and the temperature of the column was set at 30 ◦C. The flow rate of the
mobile phase was 1.0 mL/min, and the injection volume was 20 µL. A gradient elution
program was utilized with a mobile phase consisting of acetonitrile (solution A) and water
solution H3PO4 (10 mL/L) (solution B) as follows: isocratic elution, 100% B, 0–30 min;
linear gradient from 100% B to 85% B, 30–55 min; linear gradient from 85% B to 50% B,
55–80 min; linear gradient from 50% B to 30% B, 80–82 min; post time, 10 min before the
next injection. The wavelengths used for quantification of phenolic compounds were 280,
295, and 320 nm. Peaks were identified by comparing their retention times and UV–Vis
spectra to that of standards.

4.10. HPLC Analysis of Isoprenoids (Tocochromanols, Carotenoids, and Chlorophylls)

The dried extracts were suspended in 100 µL ethyl acetate and assayed, qualitatively
and quantitatively as in [61] using an Agilent 1100 Series HPLC system equipped with
a reverse-phase C30 column (5 µm, 250 # 4.6 mm) (YMC Inc., Wilmington, NC, USA). To
record the HPLC runs, the Agilent ChemStation Rev A 10.02 software was used. The mobile
phases were methanol (A), 0.2% ammonium acetate aqueous solution/methanol (20/80,
v/v) (B), and tert-methyl butyl ether (C). The gradient elution was as follows: 0 min, 95%
A and 5% B; 0–12 min, 80% A, 5% B, and 15% C; 12–42 min, 30% A, 5% B, and 65% C;
42–60 min, 30% A, 5% B, and 65% C; and 60–62 min, 95% A and 5% B. The column was
re-equilibrated for 10 min between runs. The flow rate was 1.0 mL/min, and the column
temperature was maintained at 25 ◦C. The injection volume was 10 µL. Absorbance was
registered at 290 nm for tocopherols, 475 nm for carotenoids, and 675 nm for chlorophylls.
Peaks were identified by comparing their retention times and UV–Vis spectra to those of
authentic isoprenoid standards.

4.11. GC-MS Analysis of Fatty Acids

Five of each extracts were evaporated to dryness under a stream of nitrogen. The
derivatization of fatty acids was carried out according to [62]. Three mL of 0.5 M NaOH
(dissolved in methanol) was added to dried extracts. The mixture was incubated at 100 ◦C
for 5 min in a water bath to dissolve lipids. After cooling at room temperature, 2.0 mL of
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boron trifluoride in methanol (12% w/v) was added, and the sample incubated at 100 ◦C
for 30 min in a water bath and then rapidly cooled in an ice bath before the addition of 1 mL
of hexane for extraction. The sample was vigorously stirred for 30 s before the addition
of 1 mL of a 0.6% w/v sodium chloride solution. After centrifugation (6000× g, 2 min
at 4 ◦C), the organic upper phase was recovered and analyzed by GC/MS analysis, as
described in Durante et al. (2016), using an Agilent 5977E GC/MS system equipped with
a DB-WAX column (60 m, 0.25 mm i.d., 0.25 mm film thickness) (Agilent Technologies,
Santa Clara, CA, USA). The GC parameters were as follows: the temperature of the column
was 50 ◦C after injection for 1 min, then programmed at 25 ◦C/min to 200 ◦C, at 3 ◦C/min
to 230 ◦C, and maintained at constant temperature of 230 ◦C for 23 min. Split injection was
conducted with a split ratio of 5:1, the flow-rate was 1.0 mL/min, the carrier gas used was
99.999% pure helium, the injector temperature was 250 ◦C, and the column head pressure
was 40 psi for 0.4 min, with a constant pressure of 20 psi. The MS detection conditions
were as follows: transfer line temperature 250 ◦C, mode Scan, source and quadrupole
temperature 230 ◦C and 150 ◦C, respectively. The scanning method of acquisition, ranging
from 46 to 500 for mass/charge (m/z), was optimized. Spectrum data were collected at
0.5 s intervals. Solvent cut time was set at 2 min, and the retention time was set at 40 min,
which is sufficient for separating all the fatty acids. Compounds were identified by using
the online NIST-library spectra and published MS data. Moreover, fatty acids standard was
used to confirm MS data.

4.12. Cell Lines and Cell Culture

Colorectal cancer cells (DLD-1, HT-29, SW480, and SW620) were procured from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Table 5 shows the main
differential characteristics of the colon cancer lines used in this study.

Table 5. Morphological and molecular characteristics of the different cell types used in this work,
including the consensus molecular subtype (CMS) in which they are usually classified. The principal
proteins are shown in the wild-type (wt), over-expressed (up), down-expressed (down), and the
specific mutations.

DLD-1 HT29 SW480 SW620

CMS CMS1 CMS3 CMS4 CMS4

Morphology undifferentiated colon-like cells undifferentiated undifferentiated

Appearance mesenchymal epithelial-like mesenchymal mesenchymal

MSI MSI MSS MSS MSS

CIMP CIMP+ CIMP+ CIMP- CIMP-

CIN >>> < < <

TP53 p.S241F p.R273H p.R273H; p.P309S p.R273H; p.P309S

KRAS p.G13D wt p.G12V p.G12V

BRAF wt p.V600E; p.T119Sc wt wt

PIK3CA p.E545K; p.D549N wt wt wt

SNAI1 normal normal normal up

MSH5 down wt wt wt

KI67 up up down up

CDH1/E cadherin normal normal normal down

Cells lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM-High Glu-
cose, Dominique Dutscher, Bernolsheim, France), 10% fetal bovine serum (FBS, PAN
Biotech, Aidenbach, Germany), 2 mM L-glutamine (FBS, PAN Biotech, Germany), and 1%



Int. J. Mol. Sci. 2023, 24, 14920 19 of 22

penicillin/streptomycin (Corning, New York, NY, USA) at 37 ◦C in a humidified incubator
(Series II water Jacker, Thermo Scientific, Waltham, MA, USA) with 5% CO2.

4.13. Dose–Response Tests

Cells were seeded on 96-well plates (p-96) (Deltalab S.L, Barcelona, Spain) at a concen-
tration of 200,000 cells/mL and were left in the incubator for 24 h at 37 ◦C with 5% CO2.
After, the compounds to be evaluated were added at 400, 500, 600, 1000, 1500, 2000, 2500,
and 3000 µg/mL, along with the negative control, to the aqueous extract; 30, 60, 90, 180,
360 µg/mL, along with the negative control, to the hexanic extract; and 50, 100, 150, 200,
300, 375, 450, 500, 600 µg/mL, along with the negative control, to the methanolic extract
over the cells, and were left to incubate for 72 h at 37 ◦C with 5% CO2. Each experiment
has four replicates per condition in each plate, with four independent experiments in total.

4.14. Cell Viability Assay

A thiazolyl blue tetrazolium bromide assay (MTT, BioChem, PanreacApplichem,
Barcelona, Spain) was used to detect the viability after 72 h. The reactive was added in each
well to 0.5 mg/mL MTT solution.

The plate was incubated for 4 h at 37 ◦C with 5% CO2. After, it was emptied, and
DMSO was added to solubilize tiazol precipitations (Labbox Labware, S.L., Barcelona,
Spain). The detection of absorbance was read using the spectrophotometer BIOBASE-
EL10A (Biobase, Jinan, China) at 546 nm.

4.15. Transgenic Plants and Confocal Microscopy

Chimerical GFP-tagged markers were stably expressed in A. thaliana, as previously
described. GFP-tagged α-tubulin TUA6 (GFP-TUA6)-integrating [15,29] microtubules
and GFP-tagged AtSYP51 [30,31] sorted as transmembrane protein to the tonoplast were
expressed in transgenic Arabidopsis ecotype Columbia under the control of the CaMV
35S promoter.

Transgenic plantlets were grown from T2 seeds on sterile solid Murashige and Skoog
basal medium (MS 1/2, 0.5% sucrose, 0.8% agar) under continuous light (about 120 uE
m-2 sec-1) at 24 ◦C. Observed samples consisted of plantlets transferred to liquid medium,
supplemented with extracts dissolved in DMSO at the concentrations equivalent to those
able to generate diversified effects on human cancer cells in vitro. In the case of low doses,
the concentration was selected as the minimal concentration generating diversified effects,
while the concentration of the high dose was selected close to the maximum dose tested.
Plants were then tested in multiwell plates 6 days after germination and monitored in the
following 18 h.

Full plantlets, to reduce stress, were mounted for fluorescence microscopical observa-
tion in water under glass coverslips, and hypocotyls were imaged using a confocal laser
microscope LSM 710 (Carl Zeiss MicroImaging GmbH, Germany). GFP markers were
detected in the wavelength range of 505–530 nm and thus were assigned the green color,
while chlorophyll autofluorescence was detected above 650 nm, thus being assigned the
blue color. An excitation wavelength of 488 was used.

4.16. Statistical Analysis

A non-paired t test was used to compare two groups, and a one-way analysis of vari-
ance (ANOVA) was used to compare between groups and determine significant differences.
A p-value < 0.05 was employed in all tests. GraphPad Prism 8 was employed to perform
the statistical analyses (GraphPad Software Inc., San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241914920/s1.
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Plant—Biological Activities of Essential Oil and Hydrosol of Dittrichia viscosa (L.) Greuter. Plants 2021, 10, 1837. [CrossRef]

14. El Yaagoubi, O.M.; Lahmadi, A.; Bouyahya, A.; Filali, H.; Samaki, H.; El Antri, S.; Aboudkhil, S. Antitumor Effect of Inula viscosa
Extracts on DMBA-Induced Skin Carcinoma Are Mediated by Proteasome Inhibition. Biomed. Res. Int. 2021, 2021, 6687589.
[CrossRef]

15. Vergara, D.; de Domenico, S.; Maffia, M.; Piro, G.; Sansebastiano, G.-P. Transgenic Plants as Low-Cost Platform for Chemothera-
peutic Drugs Screening. Int. J. Mol. Sci. 2015, 16, 2174–2186. [CrossRef] [PubMed]

16. Papadia, P.; Barozzi, F.; Hoeschele, J.D.; Piro, G.; Margiotta, N.; Di Sansebastiano, G.P. Cisplatin, Oxaliplatin, and Kiteplatin
Subcellular Effects Compared in a Plant Model. Int. J. Mol. Sci. 2017, 18, 306. [CrossRef]

17. Rotundo, G.; Paventi, G.; Barberio, A.; De Cristofaro, A.; Notardonato, I.; Russo, M.V.; Germinara, G.S. Biological Activity of
Dittrichia viscosa (L.) Greuter Extracts against Adult Sitophilus granarius (L.) (Coleoptera, Curculionidae) and Identification of
Active Compounds. Sci. Rep. 2019, 9, 6429. [CrossRef]

18. Cafarchia, C.; De Laurentis, N.; Milillo, M.A.; Losacco, V.; Puccini, V. Fungistatic Activity of a Sesquiterpene Lactone (Tomentosin)
Isolated from Fresh Inula viscosa (Asteraceae) Flowers from the Puglia Region. Parassitologia 2001, 43, 117–121. [PubMed]

19. Fontana, G.; La Rocca, S.; Passannanti, S.; Pia Paternostro, M. Sesquiterpene Compounds from Inula viscosa. Nat. Prod. Res. 2007,
21, 824–827. [CrossRef] [PubMed]

20. Garcez, F.R.; Garcez, W.S.; Hamerski, L.; Miranda, A.C.d.M. Eudesmane and Rearranged Eudesmane Sesquiterpenes from
Nectandra cissiflora. Quim. Nova 2010, 33, 1739–1742. [CrossRef]

21. Andolfi, A.; Zermane, N.; Cimmino, A.; Avolio, F.; Boari, A.; Vurro, M.; Evidente, A. Inuloxins A–D, Phytotoxic Bi-and Tri-Cyclic
Sesquiterpene Lactones Produced by Inula viscosa: Potential for Broomrapes and Field Dodder Management. Phytochemistry 2013,
86, 112–120. [CrossRef] [PubMed]

https://doi.org/10.3390/biom10010047
https://doi.org/10.3390/pr8091164
https://doi.org/10.1002/ijc.24967
https://doi.org/10.1055/s-0034-1382907
https://www.ncbi.nlm.nih.gov/pubmed/25089737
https://doi.org/10.4103/jrms.JRMS_629_17
https://www.ncbi.nlm.nih.gov/pubmed/29692823
https://doi.org/10.1056/NEJM199504133321507
https://doi.org/10.1002/ejic.200900054
https://doi.org/10.1055/s-2007-971429
https://doi.org/10.1016/0031-9422(91)83681-A
https://doi.org/10.1055/s-2006-959747
https://doi.org/10.1016/j.jep.2021.114211
https://doi.org/10.3390/molecules27072108
https://doi.org/10.3390/plants10091837
https://doi.org/10.1155/2021/6687589
https://doi.org/10.3390/ijms16012174
https://www.ncbi.nlm.nih.gov/pubmed/25608652
https://doi.org/10.3390/ijms18020306
https://doi.org/10.1038/s41598-019-42886-4
https://www.ncbi.nlm.nih.gov/pubmed/11921538
https://doi.org/10.1080/14786410701415681
https://www.ncbi.nlm.nih.gov/pubmed/17654288
https://doi.org/10.1590/S0100-40422010000800022
https://doi.org/10.1016/j.phytochem.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23137725


Int. J. Mol. Sci. 2023, 24, 14920 21 of 22

22. Aydin, T.; Saglamtas, R.; Dogan, B.; Kostekci, E.; Durmus, R.; Cakir, A. A New Specific Method for Isolation of Tomentosin with
a High Yield from Inula viscosa (L.) and Determination of Its Bioactivities. Phytochem. Anal. 2022, 33, 612–618. [CrossRef]

23. Kebbi, S.; Ciavatta, M.L.; Mahmoud, A.M.; Carbone, M.; Ligresti, A.; Seghiri, R.; Gavagnin, M. Sesquiterpene Lactones with the
12,8-Guaianolide Skeleton from Algerian Centaurea Omphalotricha. Biomolecules 2021, 11, 1053. [CrossRef]

24. Rhimi, W.; Ben Salem, I.; Iatta, R.; Chaabane, H.; Saidi, M.; Boulila, A.; Cafarchia, C. Dittrichia viscosa L. Leaves Lipid Extract:
An Unexploited Source of Essential Fatty Acids and Tocopherols with Antifungal and Anti-Inflammatory Properties.
Ind. Crops Prod. 2018, 113, 196–201. [CrossRef]

25. Gnocchi, D.; Del Coco, L.; Girelli, C.R.; Castellaneta, F.; Cesari, G.; Sabbà, C.; Fanizzi, F.P.; Mazzocca, A. 1H-NMR Metabolomics
Reveals a Multitarget Action of Crithmum maritimum Ethyl Acetate Extract in Inhibiting Hepatocellular Carcinoma Cell Growth.
Sci. Rep. 2021, 11, 1259. [CrossRef] [PubMed]

26. Stabili, L.; Rizzo, L.; Fanizzi, F.; Angilè, F.; Del Coco, L.; Girelli, C.; Lomartire, S.; Piraino, S.; Basso, L. The Jellyfish Rhizostoma pulmo
(Cnidaria): Biochemical Composition of Ovaries and Antibacterial Lysozyme-Like Activity of the Oocyte Lysate. Mar. Drugs
2018, 17, 17. [CrossRef] [PubMed]

27. Kalabin, G.; Vasil’ev, V.; Ivlev, V.; Babkin, V. Fast Screening of Some Flavonoids Content in Raw Plant Materials: Opportunities of
1H NMR Spectroscopy. E3S Web Conf. 2020, 169, 02006. [CrossRef]

28. Brahmi, N.; Scognamiglio, M.; Pacifico, S.; Mekhoukhe, A.; Madani, K.; Fiorentino, A.; Monaco, P. 1H NMR Based Metabolic
Profiling of Eleven Algerian Aromatic Plants and Evaluation of Their Antioxidant and Cytotoxic Properties. Food Res. Int. 2015,
76, 334–341. [CrossRef]

29. Ueda, K.; Matsuyama, T.; Hashimoto, T. Visualization of Microtubules in Living Cells of Transgenic Arabidopsis thaliana.
Protoplasma 1999, 206, 201–206. [CrossRef]

30. De Benedictis, M.; Bleve, G.; Faraco, M.; Stigliano, E.; Grieco, F.; Piro, G.; Dalessandro, G.; Di Sansebastian, G.P. AtSYP51/52
Functions Diverge in the Post-Golgi Traffic and Differently Affect Vacuolar Sorting. Mol. Plant 2013, 6, 916–930. [CrossRef]

31. Barozzi, F.; Papadia, P.; Stefano, G.; Renna, L.; Brandizzi, F.; Migoni, D.; Fanizzi, F.P.; Piro, G.; Di Sansebastiano, G.-P. Variation in
Membrane Trafficking Linked to SNARE AtSYP51 Interaction With Aquaporin NIP1;1. Front. Plant Sci. 2019, 9, 1949. [CrossRef]

32. Wang, Y.; Zheng, X.; Yu, B.; Han, S.; Guo, J.; Tang, H.; Yu, A.Y.L.; Deng, H.; Hong, Y.; Liu, Y. Disruption of Microtubules in Plants
Suppresses Macroautophagy and Triggers Starch Excess-Associated Chloroplast Autophagy. Autophagy 2015, 11, 2259–2274.
[CrossRef]

33. Wang, G.-W.; Qin, J.-J.; Cheng, X.-R.; Shen, Y.-H.; Shan, L.; Jin, H.-Z.; Zhang, W.-D. Inula Sesquiterpenoids: Structural Diversity,
Cytotoxicity and Anti-Tumor Activity. Expert. Opin. Investig. Drugs 2014, 23, 317–345. [CrossRef]

34. Li, Q.; Wang, Z.; Xie, Y.; Hu, H. Antitumor Activity and Mechanism of Costunolide and Dehydrocostus Lactone: Two Natural
Sesquiterpene Lactones from the Asteraceae Family. Biomed. Pharmacother. 2020, 125, 109955. [CrossRef] [PubMed]

35. Paço, A.; Brás, T.; Santos, J.O.; Sampaio, P.; Gomes, A.C.; Duarte, M.F. Anti-Inflammatory and Immunoregulatory Action of
Sesquiterpene Lactones. Molecules 2022, 27, 1142. [CrossRef] [PubMed]

36. Benbacer, L.; Merghoub, N.; El, H.; Gmouh, S.; Attaleb, M.; Morjani, H.; Amzazi, S.; El, M. Antiproliferative Effect and Induction
of Apoptosis by Inula viscosa L. and Retama Monosperma L. Extracts in Human Cervical Cancer Cells. In Topics on Cervical Cancer
With an Advocacy for Prevention; InTech: Houston, TX, USA, 2012.

37. Merghoub, N.; El Btaouri, H.; Benbacer, L.; Gmouh, S.; Trentesaux, C.; Brassart, B.; Terryn, C.; Attaleb, M.; Madoulet, C.;
Benjouad, A.; et al. Inula viscosa Extracts Induces Telomere Shortening and Apoptosis in Cancer Cells and Overcome Drug
Resistance. Nutr. Cancer 2016, 68, 131–143. [CrossRef] [PubMed]

38. Fernandes, M.B.; Scotti, M.T.; Ferreira, M.J.P.; Emerenciano, V.P. Use of Self-Organizing Maps and Molecular Descriptors to
Predict the Cytotoxic Activity of Sesquiterpene Lactones. Eur. J. Med. Chem. 2008, 43, 2197–2205. [CrossRef] [PubMed]

39. Bar-Shalom, R.; Bergman, M.; Grossman, S.; Azzam, N.; Sharvit, L.; Fares, F. Inula viscosa Extract Inhibits Growth of Colorectal
Cancer Cells In Vitro and In Vivo through Induction of Apoptosis. Front. Oncol. 2019, 9, 227. [CrossRef]

40. Kheyar-Kraouche, N.; da Silva, A.B.; Serra, A.T.; Bedjou, F.; Bronze, M.R. Characterization by Liquid Chromatography–Mass
Spectrometry and Antioxidant Activity of an Ethanolic Extract of Inula viscosa Leaves. J. Pharm. Biomed. Anal. 2018, 156, 297–306.
[CrossRef]

41. Ozkan, E.; Karakas, F.P.; Yildirim, A.B.; Tas, I.; Eker, I.; Yavuz, M.Z.; Turker, A.U. Promising Medicinal Plant Inula viscosa L.:
Antiproliferative, Antioxidant, Antibacterial and Phenolic Profiles. Prog. Nutr. 2019, 21, 652–661. [CrossRef]

42. Colak, D.K.; Egeli, U.; Eryilmaz, I.E.; Aybastier, O.; Malyer, H.; Cecener, G.; Tunca, B. The Anticancer Effect of Inula viscosa
Methanol Extract by MiRNAs’ Re-Regulation: An In Vitro Study on Human Malignant Melanoma Cells. Nutr. Cancer 2022, 74,
211–224. [CrossRef] [PubMed]

43. Kheyar, N.; Bellik, Y.; Serra, A.; Kheyar, F.; Bedjou, F. Inula viscosa Phenolic Extract Suppresses Colon Cancer Cell Proliferation
and Ulcerative Colitis by Modulating Oxidative Stress Biomarkers. BioTechnologia 2022, 103, 269–281. [CrossRef]

44. Rechek, H.; Haouat, A.; Hamaidia, K.; Pinto, D.C.G.A.; Boudiar, T.; Válega, M.S.G.A.; Pereira, D.M.; Pereira, R.B.; Silva, A.M.S.
Inula viscosa (L.) Aiton Ethanolic Extract Inhibits the Growth of Human AGS and A549 Cancer Cell Lines. Chem. Biodivers. 2023,
20, e202200890. [CrossRef]

45. Talib, W.H.; Zarga, M.H.A.; Mahasneh, A.M. Antiproliferative, Antimicrobial and Apoptosis Inducing Effects of Compounds
Isolated from Inula viscosa. Molecules 2012, 17, 3291. [CrossRef]

https://doi.org/10.1002/pca.3114
https://doi.org/10.3390/biom11071053
https://doi.org/10.1016/j.indcrop.2018.01.032
https://doi.org/10.1038/s41598-020-78867-1
https://www.ncbi.nlm.nih.gov/pubmed/33441568
https://doi.org/10.3390/md17010017
https://www.ncbi.nlm.nih.gov/pubmed/30597935
https://doi.org/10.1051/e3sconf/202016902006
https://doi.org/10.1016/j.foodres.2015.07.005
https://doi.org/10.1007/BF01279267
https://doi.org/10.1093/mp/sss117
https://doi.org/10.3389/fpls.2018.01949
https://doi.org/10.1080/15548627.2015.1113365
https://doi.org/10.1517/13543784.2014.868882
https://doi.org/10.1016/j.biopha.2020.109955
https://www.ncbi.nlm.nih.gov/pubmed/32014691
https://doi.org/10.3390/molecules27031142
https://www.ncbi.nlm.nih.gov/pubmed/35164406
https://doi.org/10.1080/01635581.2016.1115105
https://www.ncbi.nlm.nih.gov/pubmed/26771897
https://doi.org/10.1016/j.ejmech.2008.01.003
https://www.ncbi.nlm.nih.gov/pubmed/18329753
https://doi.org/10.3389/fonc.2019.00227
https://doi.org/10.1016/j.jpba.2018.04.047
https://doi.org/10.23751/pn.v21i3.7186
https://doi.org/10.1080/01635581.2020.1869791
https://www.ncbi.nlm.nih.gov/pubmed/33570434
https://doi.org/10.5114/bta.2022.118670
https://doi.org/10.1002/cbdv.202200890
https://doi.org/10.3390/molecules17033291


Int. J. Mol. Sci. 2023, 24, 14920 22 of 22

46. Singh, H.; Kumar, M.; Nepali, K.; Gupta, M.K.; Saxena, A.K.; Sharma, S.; Bedi, P.M.S. Triazole Tethered C5-Curcuminoid-
Coumarin Based Molecular Hybrids as Novel Antitubulin Agents: Design, Synthesis, Biological Investigation and Docking
Studies. Eur. J. Med. Chem. 2016, 116, 102–115. [CrossRef]

47. Flynn, B.L.; Hamel, E.; Jung, M.K. One-Pot Synthesis of Benzo[b]Furan and Indole Inhibitors of Tubulin Polymerization.
J. Med. Chem. 2002, 45, 2670–2673. [CrossRef]

48. Hamel, E. Evaluation of Antimitotic Agents by Quantitative Comparisons of Their Effects on the Polymerization of Purified
Tubulin. Cell. Biochem. Biophys. 2003, 38, 1–22. [CrossRef] [PubMed]

49. Brossi, A.; Yeh, H.J.C.; Chrzanowska, M.; Wolff, J.; Hamel, E.; Lin, C.M.; Quin, F.; Suffness, M.; Silverton, J. Colchicine and Its
Analogues: Recent Findings. Med. Res. Rev. 1988, 8, 77–94. [CrossRef] [PubMed]

50. Hawash, M. Recent Advances of Tubulin Inhibitors Targeting the Colchicine Binding Site for Cancer Therapy. Biomolecules 2022,
12, 1843. [CrossRef]

51. Baulida, J.; Díaz, V.M.; García de Herreros, A. Snail1: A Transcriptional Factor Controlled at Multiple Levels. J. Clin. Med. 2019,
8, 757. [CrossRef]

52. Di Sansebastiano, G.P.; Barozzi, F. Transient Secretory Enzyme Expression in Leaf Protoplasts to Characterize SNARE Functional
Classes in Conventional and Unconventional Secretion. Methods Mol. Biol. 2017, 1662, 209–221.

53. Xu, B.J.; Chang, S.K.C. Total Phenolic Content and Antioxidant Properties of Eclipse Black Beans (Phaseolus vulgaris L.) as Affected
by Processing Methods. J. Food. Sci. 2008, 73, H19–H27. [CrossRef] [PubMed]

54. Zhishen, J.; Mengcheng, T.; Jianming, W. The Determination of Flavonoid Contents in Mulberry and Their Scavenging Effects on
Superoxide Radicals. Food Chem. 1999, 64, 555–559. [CrossRef]

55. Saad, H.; Charrier-El Bouhtoury, F.; Pizzi, A.; Rode, K.; Charrier, B.; Ayed, N. Characterization of Pomegranate Peels Tannin
Extractives. Ind. Crops Prod. 2012, 40, 239–246. [CrossRef]

56. Kampfenkel, K.; Vanmontagu, M.; Inze, D. Extraction and Determination of Ascorbate and Dehydroascorbate from Plant Tissue.
Anal. Biochem. 1995, 225, 165–167. [CrossRef]

57. Lichtenthaler, H.K.; Buschmann, C. Chlorophylls and Carotenoids: Measurement and Characterization by UV-VIS Spectroscopy.
Curr. Protoc. Food Anal. Chem. 2001, 1, F4.3.1–F4.3.8. [CrossRef]

58. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an Improved ABTS
Radical Cation Decolorization Assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef] [PubMed]

59. Sofou, K.; Isaakidis, D.; Spyros, A.; Büttner, A.; Giannis, A.; Katerinopoulos, H.E. Use of Costic Acid, a Natural Extract from
Dittrichia viscosa, for the Control of Varroa destructor, a Parasite of the European Honey Bee. Beilstein J. Org. Chem. 2017, 13,
952–959. [CrossRef]

60. Laddomada, B.; Durante, M.; Minervini, F.; Garbetta, A.; Cardinali, A.; D’Antuono, I.; Caretto, S.; Blanco, A.; Mita, G. Phyto-
chemical Composition and Anti-Inflammatory Activity of Extracts from the Whole-Meal Flour of Italian Durum Wheat Cultivars.
Int. J. Mol. Sci. 2015, 16, 3512–3527. [CrossRef] [PubMed]

61. Durante, M.; Lenucci, M.S.; Marrese, P.P.; Rizzi, V.; De Caroli, M.; Piro, G.; Fini, P.; Russo, G.L.; Mita, G. α-Cyclodextrin
Encapsulation of Supercritical CO2 Extracted Oleoresins from Different Plant Matrices: A Stability Study. Food Chem. 2016, 199,
684–693. [CrossRef]

62. Durante, M.; Lenucci, M.S.; D’Amico, L.; Piro, G.; Mita, G. Effect of Drying and Co-Matrix Addition on the Yield and Quality of
Supercritical CO2 Extracted Pumpkin (Cucurbita moschata Duch.) Oil. Food Chem. 2014, 148, 314–320. [CrossRef] [PubMed]

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

https://doi.org/10.1016/j.ejmech.2016.03.050
https://doi.org/10.1021/jm020077t
https://doi.org/10.1385/CBB:38:1:1
https://www.ncbi.nlm.nih.gov/pubmed/12663938
https://doi.org/10.1002/med.2610080105
https://www.ncbi.nlm.nih.gov/pubmed/3278182
https://doi.org/10.3390/biom12121843
https://doi.org/10.3390/jcm8060757
https://doi.org/10.1111/j.1750-3841.2007.00625.x
https://www.ncbi.nlm.nih.gov/pubmed/18298732
https://doi.org/10.1016/S0308-8146(98)00102-2
https://doi.org/10.1016/j.indcrop.2012.02.038
https://doi.org/10.1006/abio.1995.1127
https://doi.org/10.1002/0471142913.faf0403s01
https://doi.org/10.1016/S0891-5849(98)00315-3
https://www.ncbi.nlm.nih.gov/pubmed/10381194
https://doi.org/10.3762/bjoc.13.96
https://doi.org/10.3390/ijms16023512
https://www.ncbi.nlm.nih.gov/pubmed/25658801
https://doi.org/10.1016/j.foodchem.2015.12.073
https://doi.org/10.1016/j.foodchem.2013.10.051
https://www.ncbi.nlm.nih.gov/pubmed/24262563

	Introduction 
	Results 
	Chemical Characterization 
	1H-NMR Characterization of Dittrichia Viscosa Extracts Spectra 
	HPLC and GC-MS Analysis 
	Screening of Extracts on Transgenic Cells in the Plant Hypocotyl 
	Effect on Human Colorectal Cancer Cell Lines 

	Discussion 
	Materials and Methods 
	Plant Extracts 
	Determination of Soluble Phenols 
	Total Flavonoid Content (TFC) 
	Total Tannins Content (TTC) 
	Total Vitamin C Content 
	Total Chlorophylls and Carotenoids Content 
	Evaluation of Antioxidant Activity 
	1H-NMR Spectroscopy 
	HPLC Analysis of Polyphenols 
	HPLC Analysis of Isoprenoids (Tocochromanols, Carotenoids, and Chlorophylls) 
	GC-MS Analysis of Fatty Acids 
	Cell Lines and Cell Culture 
	Dose–Response Tests 
	Cell Viability Assay 
	Transgenic Plants and Confocal Microscopy 
	Statistical Analysis 

	References

