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Plant-derived compounds, including isothiocyanates (ITCs), represent important sources of chemo-preventive
and anticancer agents. ITCs naturally originate from glucosinolates (GLSs), the major phytochemicals in the
plant family of Brassicaceae, a widely cultivated and economically important plant family. In this study, the well-
known sulforaphane ITC (SFN) was compared with the ITC derived from the 10-(methylsulfinyl) decylglucosi-
nolate, the most abundant GLS of Camelina sativa. In the experimental condition tested, SFN inhibits the viability
of the lung cancer A549 cell line in a dose-dependent and time-dependent manner. Under the same experimental
conditions, camelina ITC showed a higher selective cytotoxic activity compared to SFN, as well as higher in vitro

antioxidant activity, highlighting it as a promising plant-derived molecule with protective effects against

carcinogenesis.

1. Introduction

Cancer remains one of the most challenging diseases to treat,
necessitating the exploration of novel therapeutic strategies. Among
natural compounds, isothiocyanates (ITCs) have garnered significant
attention for their potent anticancer properties [1-3]. Isothiocyanates
are derived from glucosinolates (GLSs), sulfur-containing secondary
metabolites found in plants of the Brassicaceae family [4-6], and they
are formed through enzymatic hydrolysis catalyzed by myrosinase
(B-thioglucosidase glucohydrolase). This activation process occurs upon
tissue damage, releasing bioactive ITCs that play a critical role in plant
defense mechanisms [7,8].

Extensive research has highlighted the anticancer potential of ITCs,
including their ability to modulate carcinogen metabolism, induce
apoptosis, and inhibit cell proliferation, angiogenesis, and metastasis [1,
9-11]. Sulforaphane (SFN), one of the most studied ITCs, is derived from
the GLS glucoraphanin found abundantly in broccoli (Brassica oleracea
var. italica). Sulforaphane has demonstrated efficacy in preclinical
models against a variety of cancers, including breast, prostate, lung, and
colon cancers, due to its ability to modulate epigenetic pathways by
attenuating cell growth throught inhibition of the activity of histone
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deacetyltransferases [12] and to enhance cellular defense systems [9,
13]. Beyond SFN, structurally related ITCs have shown promise in
cancer prevention and therapy. Camelina sativa (L.) Crantz, for example,
produces GLSs that yield isothiocyanates with structural similarities to
SFN, suggesting comparable bioactivities. Camelina sativa accumulates
significant levels of three GLSs in its seeds: glucoarabin (9-(methyl-
sulfinyl) nonylglucosinolate — GLS9), glucocamelinin (10-(methyl-
sulfinyl) decylglucosinolate — GLS10), and homoglucocamelinin
11-(methylsulfinyl) undecylglucosinolate - GLS11) [4,14,15]. The
structure of the camelina GLSs, containing terminal methylsulfinyl
groups with varying-length aliphatic chains connecting to the glucosi-
nolate functional group, is similar to that of glucoraphanin (4-(methyl-
sulfinyl)butyl), the only difference being the length of the aliphatic
connecting chain. Therefore, the breakdown products of camelina GLS
should theoretically behave similarly to SFN, the breakdown product of
glucoraphanin. Among the three GLSs present in camelina seed, GLS10
accounts for 60-65 % of total GLSs [14-16] and, in this work, its derived
ITC bioactivity is compared to the anticancer activity of SFN.

This manuscript will explore the therapeutic potential of camelina
isothiocyanate (CamITC) derived from the most abundant glucosinolate
present in the camelina seed (GLS10), focusing on its role as a natural
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antitumor agent with particular attention to its anticancer activity on a
non-small-cell lung cancer cellular line and its in vitro antioxidant ac-
tivity as a therapeutic agent.

2. Materials and methods
2.1. Samples and materials

Sulforaphane, myrosinase enzyme, HPLC-grade water, acetonitrile
and methanol, 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox), 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH),
fluorescein sodium salt, sodium acetate, 2,4,6-Tri(2-pyridyl)-s-triazine
(TPTZ), ferric chloride hexahydrate (FeCl3-6H20), ferrous sulfate hep-
tahydrate (FeSO4-7H20), 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT), cell culture reagents, media, and medium
supplements were purchased from Merck Life Science S.r.l. (Milan,
Italy). The standards glucoarabin potassium salt, glucocamelinin po-
tassium salt, and homoglucocamelinin potassium salt were purchased
from Lab Service Analytical S.r.l. (Anzola dell’Emila, Bologna, Italy).

2.2. Glucosinolate extraction from camelina seeds

Four grams of camelina seeds variety Calena were ground to a fine
powder with a commercial coffee grinder. For glucosinolate extraction,
the fine powder was placed in a small bottle with 40 mL of 80 %
methanol at 75 °C for 20 min with continuous agitation. Finally, the
extract was filtered through a 0.45 pm filter. The supernatant of the
methanolic extract was concentrated by a rotary evaporator (IKA® RVS,
Germany), dissolved in 2 mL of 20 % methanol, and then kept at —20 °C
until use.

2.3. Glucosinolate separation and collection

The separation of glucosinolates was performed following the
method described by Russo et al. [16]. In detail, a high-performance
liquid chromatography (HPLC) system equipped with a photodiode
array detector was used. The methanolic extract obtained from the
camelina meal described above was separated through a Purospher®
STAR RP-18 end-capped (5 pm) LiChroCART® 250-4.6 by means of
water and acetonitrile. GLSs were separated by gradient HPLC and
detected at 229 nm. The mobile phase consisted of two eluents: water
(A) and acetonitrile (B). The flow rate was 1.0 mL min~'. The program
started with 85 % water (A) and 15 % acetonitrile (B) for 2 min followed
by a linear gradient over 15 min to 60 % A and 40 % B. Then in 1 min to
100% B. The program returned to 85 % A and 15 % B by a linear gradient
of 1 min followed by at least 5 min equilibration. Peak identification was
done using the three standard GLSs: glucoarabin potassium salt, gluco-
camelinin potassium salt, and homoglucocamelinin potassium salt. After
HPLC separation only the fraction corresponding to the main glucosi-
nolate (GLS10) was manually collected, then concentrated by a rotary
evaporator, and the dry pellet re-suspended in water. The concentration
of GLS10 was determined based on the integration of the peak area
obtained from HPLC analysis, using a calibration curve constructed with
the standard glucocamelinin potassium salt.

2.4. Cell treatments and viability

The human A549 (ATCC® CCL-185™; lung tissue, alveolar epithe-
lium) cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with high glucose, supplemented with 10 % fetal bovine serum,
100 units/mL penicillin, and 100 pg/mL streptomycin, at 37 °C with 95
% humidity and 5 % COg. All treatments were performed using DMEM,
without phenol red and FBS, but containing antibiotics. A549 cells were
seeded into transparent 96-well plates at a cell density of 1 x 10%/well.
The cells were then exposed to increasing concentrations of sulforaph-
ane, CamITC, and commercial glucocamelinin-derived ITC for 24, 48,
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and 72 h. GLS10 and commercial glucocamelinin were previously hy-
drolyzed with myrosinase (20 mU/mL) and the final concentrations of
all ITCs used were 1, 2.5, 5, 10, and 25 pmol/L. After the treatments, cell
viability was evaluated using the MTT assay. Briefly, cells were incu-
bated with 100 pl MTT (1 mg/mL) for 1 h at 37 °C in 5 % CO,. After
incubation, the medium was removed and the formazan in the cells was
solubilized in 100 pL of 10 % DMSO/90 % isopropanol. The amount of
the dye released from the cells, which correlates with the number of
metabolically active cells, was quantified by measuring the optical
density at 540 nm using a FLUOstar Omega Microplate Reader (BMG
LABTECH, Germany).

2.5. Determination of antioxidant activity

The antioxidant properties of CamITC, derived from GLS10 treated
for 1 h at 37 °C with 20 mU/mL myrosinase, were evaluated using the
oxygen radical absorbance capacity (ORAC) and the Ferric Reducing
Antioxidant Power (FRAP) in vitro assays and compared to sulforaphane.
ORAC assay was carried out according to Gabriele et al. [17] with some
modifications. AAPH was used as a peroxyl radical generator and fluo-
rescein as a probe. The fluorescence decay was evaluated at 485 nm
excitation and 514 nm emission using a FLUOstar Omega Microplate
Reader. Samples at different concentrations were tested and Trolox was
used as an antioxidant standard, and results were expressed as pmol
Trolox equivalents (TE)/g. FRAP assay was assessed as previously
described by Chelucci et al. [18] with some modifications. An aliquot of
freshly prepared FRAP reagent (735 pL) containing 300 mM acetate
buffer (pH 3.6), 20 mM FeCl36H20, and 10 mM TPTZ at a ratio of 10:1:1
was added to 35 pL of samples at different concentrations. Samples were
vortexed and the absorbance was measured at 593 nm using a FLUOstar
Omega Microplate Reader after 30 min at room temperature in the dark.
Results were expressed as mg Fe?*/g, using a water solution of FeS-
047H,0 for the calibration curve.

2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism version
9.00 for macOS (GraphPad Software, San Diego, CA, USA). Assays were
carried out in triplicate and the results were expressed as mean values +
standard deviation (SD). Differences between samples were analyzed by
one-way analysis of variance (ANOVA) with the Dunnett post-hoc test.
Unpaired Student’s t-test was used for single comparisons. A value of p
< 0.05 was considered statistically significant.

3. Results
3.1. Camelina glucosinolates extraction and HPLC analysis

The HPLC profile of camelina seed extracts showed the presence of
several clear peaks (Fig. 1A). Analysis of the chromatogram allowed the
identification of three glucosinolates among the peaks, which were
recognized by the overlap of the HPLC profile of the commercial stan-
dards and assigned as glucoarabin for GLS9, glucocamelinin for GLS10,
and homoglucocamelinin for GLS11 (Fig. 1A). Only the fraction corre-
sponding to GLS10 (glucocamelinin) was manually collected, concen-
trated, and resuspended in water for further analysis. The purified
glucosinolate GLS10, as shown in Fig. 1B, was chromatographically
quite pure.

3.2. MTT assay results on A549 cell viability

The human non-small-cell lung cancer cell line A549 was selected to
conduct the MTT assay and assess cell viability following 24, 48, and 72
h exposure to SFN (Fig. 2A), CamITC obtained from GLS10 isolated from
camelina seeds (Fig. 2B), and the ITC derived from the commercial
glucocamelinin (Fig. 2C) for comparison. Along with increasing
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Fig. 1. (A) In black color HPLC-PDA/UV profile (detected at 229 nm) of the methanolic extract obtained from the camelina seeds. The five most prominent peaks are
indicated by the numbers. Peak identification was done by overlapping the HPLC profiles of the three standard GLSs: glucoarabin peak 1 (pink color), glucocamelinin
peak 4 (red color) and homoglucocamelinin peak 5 (green). (B) HPLC profile of the purified GLS10. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

concentrations of SFN, CamITC, and glucocamelinin-ITC, as well as
longer treatment durations, cell survival differences were observed.

As reported in Fig. 2A, SFN exhibited dose-dependent cytotoxicity,
with a significant reduction (p < 0.05) in cell viability after 72 h at all
tested concentrations (1-25 pM) compared to the control cells (CNT, no
treatment). Moreover, a noticeable decrease was also observed at 24 and
48 h, though only at higher concentrations (10 and 25 uM) of SFN (p <
0.01 vs CNT). The half-maximal inhibitory concentration (ICsg) values
showed a progressive decrease over time, indicating increased suscep-
tibility of A549 cells to SFN with prolonged exposure. At 72 h, the
highest concentration (25 pM) induced approximately 70 % cell mor-
tality, confirming SFN’s strong antiproliferative effect. CamITC followed
a similar dose-dependent pattern as SEN but demonstrated some notable
differences in potency and the timing of its action. For instance, at lower
concentrations (5 pM at 48 and 72 h), CamITC exhibited a stronger
cytotoxic effect than SFN, suggesting that this camelina derived com-
pound might be more effective at specific doses. A similar result was also
observed at higher concentrations (25 pM at 48 and 72 h), where the
effects of CamITC were greater than those of SFN.

A key difference was observed in the ICsy values at 48 h, where
CamlITC (ICso < 5 pM) was approximately twice as potent as SFN (ICs ~
10 pM) under the same conditions. This suggests that CamITC may
induce cell death through a faster or more potent mechanism at the
intermediate concentrations. However, at 72 h, the effect of CamITC
became more comparable to that of SFN (Fig. 2A and B), reducing cell
viability by 85 % compared to 70 % at 25 pM, respectively, indicating a
similar long-term cytotoxic potential.

The commercial, glucocamelinin-ITC, exhibited a similar but slightly
weaker effect than CamITC (Fig. 2B and C). While both compounds
displayed time- and dose-dependent cytotoxicity, CamITC tended to

induce a greater inhibition of A549 cell viability, particularly at 48 h and
intermediate concentrations (5-10 pM), with a glucocamelinin-ITC ICsq
slightly exceeding 5 pM. At 72 h, however, the differences between
CamITC and glucocamelinin-ITC became less pronounced, with both
showing significant cell mortality at the highest concentrations (25 pM,
p < 0.001).

3.3. Comparison of CamITC and SFN antioxidant activity

The antioxidant activity of CamITC was determined in vitro and
compared to SFN using the FRAP and ORAC assays (Table 1). CamITC
exhibited a 1.35-fold greater electron-donating capacity, with a FRAP
value significantly higher than that of SFN (p < 0.05), suggesting that
CamlITC has a greater ability to reduce ferric (Fe*") ions to ferrous (Fe2+)
ions and an overall stronger reducing power. Similarly, CamITC showed
markedly higher ORAC activity than SFN (p < 0.001), with a value
approximately 1.6 times higher than that of SFN. Notably, in the ORAC
assay, CamITC demonstrated a clear dose-dependent effect, with anti-
oxidant activity increasing linearly with concentration. This indicates
that CamITC has a strong and concentration-dependent capacity to
scavenge peroxyl radicals, providing superior protection against oxida-
tive damage compared to SFN.

4. Discussion

A large number of studies have demonstrated that GLS hydrolysis
products have several health benefits [19,20], particularly SEN [21-23].
Camelina sativa GLSs (GLS9, GLS10, and GLS11) are methylsulfinyl ali-
phatics and, after hydrolysis by myrosinase, are broken down into
different catabolites including isothiocyanates. However, unlike SFN,
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Fig. 2. Effect of 24, 48 and 72 h exposure to increasing concentrations (1-25 pM) of (A) Sulforaphane, (B) CamITC derived from hydrolyzed GLS10 extracted from
camelina seeds, and (C) Glucocamelinin-ITC (commercial hydrolyzed glucocamelinin) on A549 cell viability evaluated by MTT assay. Graph columns represent mean
values + SD of triplicate assays. *Statistically different from 24 h untreated cells (CNT): *p < 0.05, **p < 0.01; $statistically different from 48 h untreated cells (CNT):
$8p < 0.01, *¥%p < 0.001; *statistically different from 72 h untreated cells (CNT): *p < 0.05, *#p < 0.01, **#p < 0.001.

which has 4-methylsulfinyl in the side chain, hydrolyzed GLSs from the overall biological potential of CamITC was directly compared with
camelina resulted in 9-11 methylsulfinyl in the side chain [4,5]. Pocasap SFN and described in this study.

et al. [24] demonstrated that the anticancer capabilities of ITCs were In our experimental tests, the side chain length might have influ-
related to variations in the respective side chain type. For this reason, enced the bioavailability of the CamITC in the tested cells. In fact, during
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Table 1

In vitro antioxidant activity of hydrolyzed GLS10 extracted from defatted cam-
elina seeds (CamITC) and sulphorafane (SFN). Results were reported as mean
values + SD of three replicates. Unpaired Student’s t-test: * vs CamITC, *p <
0.05; ***p < 0.001.

FRAP (mg Fe?"/g) ORAC (umol TE/g)

CamITC 38.80 + 2.05
SFN 28.65 + 3.28*

356.74 + 18.55
223.64 £ 9.26%**

FRAP: Ferric Reducing Antioxidant Power; ORAC: Oxygen Radical Absorbance
Capacity; TE: Trolox equivalents.

the shortest treatment period (24 h) neither the commercial
glucocamelinin-ITC nor CamITC derived from GLS10 extracted from
seeds showed notable activity on the tumor cell line compared to the
smaller SFN, unless at the highest concentration. On the contrary,
medium-to long-term exposure to CamITC on the A549 cell line resulted
in more effective cytotoxic activity than SFN. As expected, changes in
incubation time or ITC concentrations significantly affected A549
viability with variation in ICsg values. Specifically, an increase in SFN
and CamITC concentration and incubation time decreased the ICsg
values of both bioactive molecules.

Conaway et al. [25] demonstrated that the length of the alkyl chain
in the phenylalkyl moiety of isothiocyanate influenced their inhibitory
potency: the inhibition of tumorigenesis increased as the alkyl chain
length increased from one to six methylene groups. This is consistent
with our results on A549 lung cancer cell lines, where the CamITC
cytotoxic activity was generally higher than that of SFN at different
concentrations. Notably, in the 72 h long-term treatment, CamITC at
both 5 pM and 25 pM exhibited a 1.5-fold greater activity compared to
the well-known SFN. Comparing data from different experiments is
challenging because assay methods are not standardized. However, very
similar results were confirmed by Geng et al. [26] and Wang et al. [27],
regarding sulforaphane’s activity in the same cell line. Geng et al. [26]
also demonstrated that the morphological structures were destroyed in
A549 cells treated with 20 pM SFN.

Our results demonstrated a more cytotoxic effect of CamITC at lower
concentrations (5-10 pM) and shorter exposure times (48 h) than SFN.
This suggests that CamITC could be a promising alternative to SFN,
particularly in scenarios where lower doses are preferred to reduce po-
tential toxicity and/or side effects. Das et al. [28] also reported in a
preliminary study that the GLSs from defatted camelina seed meal
exhibited the ability to upregulate the phase II detoxification enzyme
quinone reductase (NQO1) within a dose range similar to that of SFN.

Moreover, CamITC consistently exhibited higher antioxidant activity
in FRAP and ORAC assays, indicating a superior reducing power and
radical-scavenging ability and suggesting it may provide greater cellular
protection against oxidative stress than SFN. Since oxidative stress plays
a major role in cancer progression and drug resistance [22,29],
CamlITC’s superior antioxidant capacity could contribute to additional
protective mechanisms compared to SFN. These findings suggest that
CamITC may be more effective than SFN in scavenging free radicals,
potentially enhancing its therapeutic particularly when paired with its
inherent cytotoxic properties.

Sulforaphane acts as a hormetic compound, meaning its effects vary
by dose. At low doses, it offers chemopreventive, indirect antioxidant,
and cytoprotective benefits, whereas higher doses exhibit cytotoxic and
antitumor activity. This duality suggests its potential in cancer preven-
tion (via functional food-rich diets) and direct antineoplastic therapy
(using higher doses through pharmaceutical delivery). While research
has mainly explored SFN’s chemopreventive properties, linked to its
indirect antioxidant effects (activating Phase-II and inhibiting Phase-I
enzymes, thus strengthening cellular defenses and removing carcino-
gens), its cytotoxic and anticancer activity is gaining attention. There-
fore, its observed antitumor effects in pancreatic and other cancer cell
lines are especially noteworthy. However, these cytotoxic effects
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manifest at concentrations above 5-10 pM, which are hard to reach
through diet alone [22]. From this perspective, considering the exten-
sive research on SFN’s activity against various tumoral cell lines, it can
be hypothesized that CamITC at lower doses and/or shorter exposure
times could be suitable candidates for chemopreventive and therapeutic
applications.

5. Conclusion

The results described in this study are consistent with those reported
in the literature on SFN and, to the best of our knowledge, demonstrate
for the first time the greater cytotoxic effects of a new isothiocyanate-
type compound, CamITC, at lower doses and with shorter exposure
times on the A549 cell line. Our results highlight the potential of GLS10-
derived compounds as promising bioactive agents with both cytotoxic
and antioxidant properties, which may offer a dual therapeutic benefit
in cancer treatment. This study also provides evidence that the ITC
derived from Camelina sativa through GLS10 hydrolysis could serve as a
potent anticancer agent. Future studies aimed at understanding the
mechanisms by which this new isothiocyanate-type compound induces
cell death will be an important step in developing more effective
chemotherapeutic treatment strategies. Furthermore, understanding the
influence of structural variations in the isothiocyanate side chain will be
useful in selecting the most potent compounds for the design and
development of effective chemopreventive agents.
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