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Abstract 

Background  Finding natural products with anticancer activity is an effective strategy to fight this disease. In this 
respect, Lepidium sativum or garden cress (family Brassicaceae) has been widely used worldwide for its wide therapeu-
tic application, including anticancer and chemoprotective agents. Plant tissue culture techniques hold great promise 
for natural product enhancement without any climatic boundaries. In this study, glucosinolates and petroleum ether 
fractions were isolated from in vitro cell cultures and used against different carcinoma cell lines to investigate their 
anticancer potential.

Methods  In this study, callus cultures from leaf and root explants were initiated, cell suspension cultures were estab-
lished, and cell growth and viability profiles were characterized. Different amino acids were added as precursors to the 
cell suspension cultures to enhance glucosinolates accumulation. Gas chromatography–mass spectrometric analysis 
(GC–MS) of glucosinolates and petroleum ether fractions was performed, and all fractions were tested against differ-
ent carcinoma cell lines.

Results  The findings clarified that the maximum callus initiation percentage was obtained in the medium con-
taining 1.0 mg/l 2,4-dichlorophenoxy acetic acid (2,4-D) + 1.0 mg/l kinetin (Kin) (C1). The viable cell number of cell 
suspension cultures from leaves and roots increased until it reached the maximum values on day 15. Adding tyrosine 
and methionine to the cell suspension cultures was the most influential and recorded high glucosinolate percent-
ages. 1H-Cyclopenta (b) pyridine-3-carbonitrile-4,5,6,7-tetrahydro-2-methylthio-4-spirocyclohexane was the main 
glucosinolate compound found in tyrosine-treated leaf suspension (GLT). Fifteen compounds were detected in the 
petroleum ether fraction in both cell suspensions initiated from the leaf and root (OL and OR). The major compounds 
were benzene-1,3,5-trimethyl (12.99%) in root cell suspension (OR), and benzene-2-ethyl-1,4-dimethyl (10.66%) in leaf 
cell suspension (OL). All glucosinolate extracts demonstrated significant anticancer activity against the prostate (PC3), 
lung (A-549), colorectal (caco2), and liver (HepG2) cell lines. Glucosinolates extracted from leaf cell suspension (GL) 
were the most active on the hepatocellular carcinoma cell line (HepG2) among all remaining glucosinolate extracts. 
Treated hepatocellular carcinoma with an IC50 of GL extract (47.5 ug/ml) upregulates pro-apoptotic BAX and down-
regulates anti-apoptotic BCL2, which disrupts the BAX/BCL2 ratio, leading to activation of caspase 3 inside treated 
HepG2 cells.

Conclusions  The anticancer action of the GL extract was validated by the cell cycle study of its glucosinolates, which 
successfully promoted apoptosis and reduced hepatocellular growth by causing S-phase arrest.
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Background
Lepidium sativum, or garden cress (family Brassicaceae), 
is an edible herb cultivated in various parts of the world. 
It is considered a standing herbaceous annual plant that 
grows from 15 to 45 cm in height and has its own small 
white flowers along with broad or obovate pods emar-
ginated at the apex and winged [1]. It has been used to 
treat various clinical problems [2] and is a highly nutri-
tious plant [3]. This is due to the high concentration of 
functional ingredients in this plant, such as tocopherol, 
phenolic compounds, nitrogen compounds, terpenoids, 
and vitamin E, all of which have strong antioxidant activ-
ity [4]. Furthermore, it contains sulfur-containing com-
pounds, particularly glucosinolate compounds (GLSs), 
which have various biological effects, including potent 
anti-proliferative activity against some carcinoma cell 
lines via ROS in mitochondrial-mediated apoptosis [5, 6].

Garden cress has been declared to have various clinical 
values in traditional medicine, including for inflamma-
tory diseases such as diabetes mellitus, arthritis, and hep-
atitis [7, 8]. Cancer is a substantial public health threat 
in developed and developing countries, leading to high 
mortality rates worldwide. Various chemotherapy drugs 
have been used for cancer reduction, but it is advised to 
restrict their usage because of the harmful side effects [9]. 
Plant extracts, as a natural therapy, are helpful in fight-
ing cancer. It has been used as a source of medicine since 
ancient times and in various contexts.

Plant biotechnology techniques fulfill the output of 
plant material and natural products to some extent if all 
factors that achieve this goal are controlled. Plant cell 
culture introduces many optimization strategies, such as 
precursor feeding, media, and cultivation modifications 
[10]. Several attempts have been made to produce GLSs 
in cell cultures, such as GLSs production in Arabidopsis 
thaliana cell cultures [11].

In the previous study, glucosinolate compounds were 
detected in callus cultures, and these extracts were effec-
tive against three human carcinoma cell lines [12]. The 
current research was designed to establish and produce 
cell suspension cultures from leaf and root explants. Dif-
ferent amino acids (precursors) addition strategy have 

increased GLSs content in leaf and root suspension cul-
tures. Also, components in the oil of the petroleum ether 
fraction were identified for both suspension cultures (leaf 

and root). Glucosinolate extracts and oil fractions from 
cell suspension cultures were tested against various car-
cinoma cell lines, followed by cell cycle analysis and the 
identification of various apoptotic parameters.

Methods
Source of reagents and chemicals
MS-medium, gelrite, 2,4-dichlorophenoxy acetic acid (2,4-
D), kinetin, benzyladenine, trypan blue, L-phenylalanine, 
L-tyrosine, L- methionine, and L-cysteine purchased from 
Biotech Serve Co. Potassium penicillin, RPMI 1640 medium, 
streptomycin sulfate, amphotericin B, L-glutamine, doxoru-
bicin, MTT salt, sodium dodecyl sulfate (SDS), biotin-con-
jugated antibody, streptavidin-HRP, streptavidin conjugated 
to horseradish peroxidase, and propidium iodide (PI) were 
brought from Sigma, Aldrich. DMSO, petroleum ether, eth-
anol, Tween 20, and dichloromethane were purchased from 
Omega for Trading of Solvents.

Plant material and explant preparation
Seeds of L. sativum were immersed in 70% ethanol for 
2–3 min, then rinsed three times in sterile distilled water. 
The seeds were then sterilized for 20  min in 20% com-
mercial Clorox (5% NaOCl) containing 0.5% Tween 20. 
After rinsing three times with sterile distilled water, seeds 
were cultured on MS medium (Murashige and Skoog, 
1962) containing 3% (w/v) sucrose and solidified with 
0.2% (w/v) gelrite. The culture medium was adjusted to 
pH 5.8. The cultures were incubated in a growth room at 
26 ± 2 °C and kept under a 16-h photoperiod of fluores-
cent, 45 μmol cool white light tubes, and an 8-h dark.

In vitro callus culture initiation
Explants of leaf and root (approximately 0.5  cm) were 
taken from 30-day-old seedlings, then cultured on solidi-
fied MS medium containing different combinations of 
2,4-dichlorophenoxy acetic acid (2,4-D) + kinetin (kin). 
The concentrations of two plant growth regulators were 
as follows: 2,4-D (1.0, 2.0, and 4.0  mg L−1) and kin (1.0 
and 2.0 mg L−1). After 30 days of culturing, the callus ini-
tiation percentage was recorded and calculated based on 
the following equation:

Initiated calli were subcultured two times to get friable 
calli, and then, they were used to perform cell suspension 
cultures.

Callus initiation percentage = (number of initiated calli/number of inoculated explant)×100.



Page 3 of 15Ibrahim et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:53 	

Cell suspension culture and growth curve
The friable calli (0.2  g) produced after two sub-cultures 
on the most convenient medium were transferred into 
fresh liquid media containing 1.0 mg L−1 2,4-D + 2.0 mg 
L−1 benzyladenine (BA). Cell growth and viable cell 
number were evaluated using the trypan blue exclusion 
method [13]. Aliquots containing 150 μL of cell suspen-
sion culture were gently mixed with an identical volume 
of 0.4% (w/v) trypan blue and incubated in the dark for 
10  min. A 10-μL sample was observed under a Leica 
ATC 2000 light microscope, and the number of viable 
(unstained) and dead (stained) cells was subsequently 
determined. The viable cell number and viability (%) were 
calculated using the following equation:

Effect of different amino acid additions on glucosinolates 
content
The amino acids used in the experiments were filter-
sterilized and added to the autoclaved medium for 
four weeks. In the second passage of cell suspension, 
1.0  g L−1 of different amino acids (L-phenylalanine, 
L-tyrosine, L-methionine, and L-cysteine) were added. 
After that, the callus tissues were isolated from the 
media, collected, and oven-dried for 24 h at 65 °C. Then 
glucosinolates and oil fractions were extracted and 
detected by gas chromatography–mass spectrometry 
(GC–MS).

Extraction method and determination analysis
Extracts preparation
The extraction method of glucosinolate derivatives 
was carried out according to Al-Gendy and Lockwood 
[14]. Oil extracts were carried out as follows: dry 5  g 
of each suspension cell derived from leaf and root were 
extracted by adding 250 ml of petroleum ether and heat-
ing to 70 °C under reflux for 4 h. The extracts were col-
lected after filtration using Whatman No. 1 filter paper, 
then evaporated below 40  °C, and stored at 4  °C until 
further use.

Gas chromatography–mass spectrometric analysis
The extracts were analyzed in the National Research 
Center using gas chromatography–mass spectrometry 
with the following specifications. The GC–MS analy-
sis was performed using a Thermo Scientific, Trace GC 

Viable cell number∕ml = (number of counted live cells∕number of squares)

× dilution factor × 104; viability (%)

= (number of counted live cells∕total counted cells) × 100

Ultra/ISQ Single Quadrupole MS, TG-5MS fused silica 
capillary column (30 m × 0.251 mm, 0.1-mm film thick-
ness). An electron ionization system with an ionization 
energy of 70 eV was used for GC–MS detection. Helium 
gas was used as the carrier gas at a constant flow rate of 
1 ml  min−1. The injector and MS transfer line tempera-
ture was set at 280 °C. The sample injection volume was 
2  μl. The quantification of identified components was 
investigated using a relative peak area (%). Tentative 
identification of the compounds was performed based on 
the comparison of their relative retention time and mass 
spectra with those of the NIST, WILLY library data of the 
GC–MS system.

Anticancer activity
Cell lines
Human breast cancer cells (MCF-7 cell line), human 
lung cancer cells (A-549 cell line), human colorec-
tal cancer cells (HCT-116 cell line), human liver can-
cer cells (HepG2), human colon cancer cells (caco2 cell 
line), human prostate cancer cells (PC3 cell line), human 
melanoma cancer (A-375 cell line), and a normal human 
cell line (BJ-1); “immortalized telomerase normal fore-
skin fibroblast cell line” were obtained from Karolinska 
Center, Department of Oncology and Pathology, Karolin-
ska Institute and Hospital, Stockholm, Sweden.

Cell culture
The procedure was carried out in a sterile area using a 
laminar airflow cabinet. The culture was maintained in 
RPMI 1640 medium with 1% antibiotic–antimycotic mix-
ture (10,000 U/mL potassium penicillin, 10,000 ug/mL 
streptomycin sulfate, and 25 ug/mL amphotericin B),1% 
L-glutamine, and supplemented with 10% heat-inac-
tivated fetal bovine serum. Doxorubicin was used as a 
positive control. A negative control, composed of DMSO, 
was also used. Culturing and sub-culturing were carried 
out according to Thabrew et al. [15].

Cell viability assay
This was done according to Mounier et al. [16]. The cells 
were seeded at a density of 10 × 103 cells per well in the 
case of MCF-7 and PC3 and HepG2; 20 × 103 cells per 
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well in case of A-549, HCT-116, caco2, and A-375 cell 
lines; and 35–45 × 103cells/well in case of BJ-1 using 
96-well plates at 37  °C. After 48  h of incubation, the 
medium was aspirated and 40 uL MTT salt (2.5 mg/mL) 
was added and further incubated for 4  h. Then, 200 uL 
of 10% sodium dodecyl sulfate (SDS) was added. The 
absorbance was measured at 595 nm.

Determination of IC50values
IC50 values were calculated using probit analysis and the 
SPSS computer program (SPSS for windows, statistical 
analysis software package/version 9/1989 SPSS Inc., Chi-
cago, IL, USA).

Human CASP3 (Caspase 3) estimation
Quantitative identification of human CASP3 (Caspase 
3) using an ELISA Kit from Invitrogen INC. Catalog # 
KHO1091 (96 tests) (542 Flynn Road, Camarillo, CA 
93,012). The procedure was done according to the manu-
facturer’s instructions.

Measurement of BCl‑2 levels
BCL-2 in the samples and standards were estimated 
according to Barbareschi et al. [17]. A biotin-conjugated 
antibody was added, followed by streptavidin-HRP. The 
reaction was terminated by adding acid, and absorbance 
was measured at 450 nm.

Measurement of Bax levels
Bax protein levels were evaluated according to Onur et al. 
[18]. A monoclonal antibody specific to Bax captured 
on the plate was added. After incubation, Streptavidin 
conjugated to Horseradish peroxidase was added. The 

reaction was then terminated by adding acid and measur-
ing the optical density of the produced color at 450 nm.

Cell cycle analysis and apoptosis detection
Apoptosis detection and cell cycle analysis were car-
ried out using flow cytometry. HepG2 cells were seeded 
at 1–5 × 104 and incubated at 37  °C, 5% CO2 overnight. 
After treatment with the tested compound C, for 24  h, 
cell pellets were collected and centrifuged (300 × g, 
5 min). Cell pellets were fixed with 70% ethanol on ice for 
15 min for cell cycle analysis and collected again [19]. The 
collected pellets were incubated with a propidium iodide 
(PI) staining solution at room temperature for 1 h. Apop-
tosis detection was performed by Annexin V-FITC apop-
tosis detection kit (BioVision, Inc, Milpitas, CA, USA) 
following the manufacturer’s protocol. The samples were 
analyzed using a FACS Calibur flow cytometer (BD Bio-
sciences, San Jose, CA).

Results
Callus initiation (%) was presented in Fig. 1. Calli was ini-
tiated in all 2,4-D and Kin concentrations tested, with the 
exception of the C4 medium (4.0  mg/l 2,4-D + 2.0  mg/l 
Kin) used to induce calli from root explant. Leaf explants 
were more responsive to initiating calli in all 2,4-D + Kin 
concentrations tested than root explants.

C1 medium (1.0 mg/l 2,4-D + 1.0 mg/l kin) was the most 
convenient treatment that obtained the maximum callus 
initiation (%) from two types of explants, recording 84% 
from the leaf and 62% from the root. Whereas C4 (4.0 mg/l 
2,4-D + 2.0  mg/l kin) showed the lowest callus initiation 
(%), leaf explants recorded 72%, and no calli was initi-
ated from root explants. It was noted that initiating calli 
from two types of explants required lower concentrations 

Fig. 1  Callus initiation (%) of leaf and root explants cultivated on MS medium and supplemented with different 2,4-D and kin concentrations after 
4 weeks of inoculation. While C1(1.0 mg/l 2,4-D + 1.0 mg/l kin), C2(2.0 mg/l 2,4-D + 1.0 mg/l kin), C3(4.0 mg/l 2,4-D + 1.0 mg/l kin), C4(4.0 mg/l 
2,4-D + 2.0 mg/l kin). Values = average ± standard error, small letter express LSD significant differences (LSD0.050 value = 15.179)
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of 2,4-D + kin than higher concentrations. The high-
est 2,4-D + kin concentrations found in the C4 medium 
resulted in no calli initiating from root explants accord-
ingly. Moreover, leaf explants respond more strongly to 
initiating calli than root explants. This could be due to dif-
ferent internal hormone levels in different plant parts.

There is also no significant difference in the leaf or 
root explant response to varying concentrations of 
2,4-D + kin, but there is a significant difference in the 
level of explant response.

Other concentrations of growth regulators have 
been used to induce calli, such as different concentra-
tions of naphthalene acetic acid (0.5, 1.0 mg/l) + benzyl 
adenine (0.5 mg/l), and they were not effective in callus 
initiation (data not shown). Callus was grown on a C1 
medium and subcultured twice to the same 2,4-D + kin 
concentration to be used later in cell suspension cul-
tures. Figure 2 shows the seedlings and callus cultures 
from leaf and root explants on the most convenient 
medium (C1).

Cell suspension culture was established after two sub-
cultures of callus on the solid medium. Both growth 
curves (Fig.  3a and b) clarify different growth phases; 
lag phase, log phase, stationary phase, and decline 
phase. During the log phase (between day 4 and day 
15), the viable cell number increased until they reached 
maximum values on day 15, representing 70 × 103/ml 
and 85 × 103/ml for both root and leaf cell suspension 
cultures, respectively. On day 18, the viable cell num-
ber decreased (30 × 103, 25 × 103 for root and leaf cell 
suspension cultures, respectively, in the decline phase). 

This could indicate a change in cellular metabolism as 
multiplying cells stop with nutrient decrease. It is clear 
from the results that the viability of cell suspension 
cultures produced from leaf explants was higher than 
that produced from root explants. Also, the fifteenth 
day of growth recorded the highest vitality in both cell 
suspension cultures produced from leaf or root. In gen-
eral, callus growth was appropriate in the suspension 
cultures. This enabled us to add some precursors that 
could enhance the active compounds of interest in the 
study.

1.0  g of different commonly used amino acids (pre-
cursors) was added to cell suspension cultures derived 
from both root and leaf. After 1 month, the cells were 
harvested for glucosinolate (GLSs) extraction and 
detection. Table  1 shows that glucosinolates or their 
hydrolysis products were detected in all treatments and 
the control. The highest percentage was recorded in cell 
suspensions from roots treated with methionine and 
tyrosine (11.82% and 4.71%, respectively) (Fig. 4).

In terms of the leaf cell suspension, glucosinolates 
were detected in the cell suspensions treated with 
L-tyrosine, L-methionine, and control. In contrast, 
the glucosinolates disappeared with L-phenylalanine 
and L-cysteine treatments. A maximum percentage of 
GLSs was recorded with L-tyrosine treatment (3.95%, 
Fig. 4). The major compound detected in leaf cell sus-
pension treated with L-tyrosine was 1H-Cyclopenta 
(b) pyridine-3-carbonitrile-4,5,6,7-tetrahydro-2-meth-
ylthio-4-spirocyclohexane (3.18%, Table  1 and Fig.  5). 
In both leaf and root cell suspensions, L-phenylalanine 

Fig. 2  Seeds and seedlings of L. sativum (A and B), callus initiation from leaf explant (C), and root explant (D) on C1 medium (1.0 mg/l 
2,4-D + 1.0 mg/l kin) after 1 month
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Table 1  Effect of different amino acid additions on GLSs and GLSs hydrolysis products of cell suspension culture derived from root 
and leaf after 1 month

Explant-derived calli Control L-Penylalanine L-Tyrosine L-Methionine L-Cysteine

Cell suspension derived 
from root

Thiosulfuric acid S2 [tetra 
hydro-1,1-dioxido-3-thie-
nyl amino]
ethyl] ester

3,6- (1,2-Dicyano 
etheno)-6-matacyclo-
phane

Benzenesulfonamie 
N(2,5-dimethylphe-nyl) 
4(1-methylethyl)

Hexamethylene diiso-
cyanate

1-Cyano-
1,1-dideu-
terio
Hexadecane

Ethyl- 4-cyano -2-oxo-
1-spiro-[4.5]-decane-
3-carboxylate

2-(3-Pyridyl)-3-(4-toluene-
sulfonamid propylazetidine

5-Ethyl-4-n propylthi-
azole

Cell suspension derived 
from leaf

3,4-Dihydroisoquinolin-
7-ol,
6-methoxy-3,3- dimethyl-
1-methylsulfanyl

1-Pyrrolylmethylene
Malonodinitrile

1-Cyano-2-methyl 
isoindole

4,4-Dimethyloxazo [2,3d]
triazaine 2,2-dioxide

2-(5-Oxotetrahydro furan-
2-yl)-4-phenyl but-2-ene-
nitrile

2-(Diethylamino)- 
4-dicyano methylene-
4,5-dihydrothiazole

3,6-(1,2-Dicyano etheno)-6- 
matacyclophane

(E)3(Tolylmethyl
sulfinyl)propene

1-H-Cyclopenta-(b) 
pyridine-3-carbonitrile,
4,5,6,7-tetrahydro- 2-meth-
ylthio-4-spiro cyclohexane

1(Benzyloxy)-2-fluoro-
2phenyl-3-(p-toluene 
sulfonyloxy) propane

Fig. 3  The growth curves, viable cell number, and viability (%) of cell suspension cultures from root (a) and leaf (b) in the medium containing 
1.0 mg/l 2,4-D + 2.0 mg/l BA. Values = average ± standard error
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formation in the cell suspension of Lepidum sativum. 
Significant differences exist between treatments and 
control, as well as within treatments.

and L-cysteine obtained ineffective results. Generally, 
it can be mentioned that L-tyrosine and L-methionine 
amino acids were the most effective on glucosinolate 

Fig. 4  GLSs (%) resulted from different amino acid additions on cell suspension cultures derived from leaf and root. Values = average ± standard 
error. Small letters express LSD significant differences (LSD0.050 value = 0.135)

Fig. 5  GC–MS chromatogram and structure of 1H-Cyclopenta-(b) pyridine-3-carbonitrile-4,5,6,7-tetrahydro-2-methylthio-4-spirocyclohexane, a 
major compound detected in cell suspension from leaf treated with L-tyrosine
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Table 2  GC–MS of petroleum ether fraction extracted from cell suspension derived from root and leaf

Compounds RT Molecular formula Peak area (%)

Cell 
suspension 
from root

Cell 
suspension 
from leaf

2-[4-Methyl-6-(2,6,6-trimethyl-cyclo hexenyl)-hexa-1,3,5trienyl]-cyclohex-1-en-1- carboxal-
dehyde

5.09 C23H32O 1.01

Serverogenin acetate 5.19 C29H36O10 0.99

Pregn-5-ene-3,11-dione,17,20,20,21-bis [methylene-bis(oxy)], cyclic-3(1,2-ethanediyl acetal) 5.6 C25H34O7 1.77

Solasodine 5.9 C27H43NO2 0.58

Hi oleic safflower oil 6.1 C21H22O11 2.04

O,O-Diethyl-1-aminopropane phosphonate 6.5 C7H18NO3P 0.93

Veratroylzygadenine 6.7 C36H51NO10 1.18

2,2,3,3,4,4-Hexa-deutero-octadecanal 6.9 C18H30D6O 0.89

Benzene-1,3,5-trimethyl 7.4 C9H12 12.99 4.17

Ethyl-4-hydroxy-2-methylene-4-phenyl-butanoate 7.6 C13H16O3 4.04

Ethanol- 2,2,2-trichloro 7.8 C2H3Cl3O 2.43

Phenyl glyoxal ketoxime 8.2 C8H7NO2 11.66

Octane- 2-methyl 8.6 C9H20 3.26

Benzene-1-methyl-2-propyl 9.9 C10H14 5.8

1,3,5-Cycloheptatriene, 7,7-dimethyl 10.0 C9H12 2.80

4-Ethyl-2-methyl pyrrole-3-carbonitrile 10.3 C8H10N2 1.44 10.45

1H-Indazole 10.9 C7H6N2 4.57

1-(p-Ethyl phenyl)-2-cyano propane 11.2 C12H15N 2.79

Trans-p-menthan-1,8-dien-5-acetate 11.5 C12H18O2 1.46

Phenol-2-methyl-6-( 2-propenyl) 11.7 C10H12O 2.31 5.79

Quinoline-5-sulfonic acid, 8-methoxy, (2,4,6-trimethylphenyl) amide 11.9 C19H20N2O3S 4.07

4-Methyl amino benzoic acid, 4-formyl phenyl ester 12.1 C15H13NO3 2.43

Benzene-2-ethyl-1,4-dimethyl 12.4 C10H14 2.36 10.66

Benzene-ethanamine,
2,5-dimethoxy-à-4-dimethyl

12.6 C12H19NO2 0.97

9-Methyl-6-(1-naphthyl methyloxy)-4-ethyl-á-carboline-3-carboxylic acid ethyl ester 13.5 C28H26N2O3 9.66

Naphthalene 13.8 C10H8 8.51

2-H-1-Benzopyran-2-one,3,4
Dihydro

14.0 C9H8O2 1.54

Decane- 2-methyl 14.5 C11H24 5.52

1,3-Diethyl-2-methyl-1,3 diazolidine 17.0 C8H18N2 3.52

Naphthalene- 2-methyl 17.5 C11H10 9.23

3-Chloro-methyl-heptane 19.5 C8H17Cl 1.85

Naphthalene- 1-ethyl 19.8 C12H12 1.04

9,9-a-Dihydro-3H-pyrrolo[1,2-a] indole 20.5 C11H11N 2.50

Formic acid-2-propyl pentyl Ester 24.3 C9H18O2 9.28

4,4-Dimethyl1octene 24.8 C10H20 0.97 1.83

Heptadecane 26.5 C17H36 1.38

Octadecane 28.5 C18H38 1.25 1.44

3-Methyl-2-butenyl-2-methyl-3-oxobutanoate 30.5 C10H16O3 1.16

Nonadecane 30.9 C19H40 1.62

Pentadecanoic acid-14-methyl, methyl ester 31.0 C17H34O2 3.23

Hexadecanoic acid methyl ester 31.3 C17H34O2 2.13

Undecane 32.2 C11H24 0.94 1.15

Eicosane 32.4 C20H42 0.94

Tetradecane 34.2 C14H30 0.75 1.90
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Petroleum ether extracts of cell suspension obtained 
from root and leaf were analyzed using gas chromatog-
raphy–mass spectrometry and are shown in Table  2. 
Results clarify that 50 compounds were detected in two 
oil extracts. The major compounds in root cell suspen-
sion were benzene-1,3,5-trimethyl (12.99%), followed 
by phenyl glyoxal ketoxime (11.66%), formic acid-
2-propyl pentyl ester (9.28%), and benzene-1-methyl-
2-propyl (5.8%). Other compounds were detected with 
a lower percentage, for instance, hydrocarbons, differ-
ent fatty acids, and cyanide compounds (4.23%).

While in the extract of leaf cell suspension, the 
major compounds were benzene-2-ethyl-1,4-dimethyl 
(10.66%), followed by 4-ethyl-2-methyl pyrrole-3-car-
bonitrile (10.45%), 9-methyl-6-(1-naphthyl methyloxy)-
4-ethyl-á-carboline-3-carboxylic acid ethyl ester (9.66%), 
naphthalene-2-methyl (9.23%), and naphthalene (8.51%). 
Figure  6A and B show the chromatograms and struc-
tures of the major compounds detected in both cell 
suspensions. The same compounds were detected in 
leaf cell suspension, which are expected, hydrocarbons, 
different fatty acids, and cyanide compounds (10.45%). 
Additionally, it was found that some steroid compounds 
and derivatives of formic acid compounds are present 
in root cell suspensions but not in leaf extract. Quino-
line-5-sulfonic acid, 8-methoxy, (2,4,6-trimethylphenyl) 
amide (4.07%) was only detected in leaf cell suspension 
(a derivative of lepedine, a major compound in Lepidium 
sativum, and it has a variety of biological effects).  This 
highlights the necessity of creating plant cell cultures 
from different explants and shows that the range of 
chemicals that can be recovered in the produced extracts 
may vary depending on the choice of grown explant. 

Anticancer activity
Eight samples were tested for their anti-proliferative 
activity against seven human cancer cell lines at 100 
ug/ml, as shown in Table  3. Glucosinolate extracts 

from root cell suspension treated with L-tyrosine 
(GRT) showed the highest anti-proliferative responses 
on PC3, A-549, caco2, and HepG2 cell lines com-
pared to the other glucosinolate extracts from root 
cell suspension and root cell suspension treated with 
L-methionine (GR and GRM). While all three glucosi-
nolate extracts from root cell suspensions (GR, GRM, 
and GRT) gave weak cytotoxic responses on A-375, 
MCF-7, and HCT-116 cell lines. Unlike the three glu-
cosinolate extracts from leaf cell suspensions (GL, 
GLM, and GLT), which showed significant antican-
cer effects on PC3, caco2, and HepG2 cell lines, only 
glucosinolates from leaf cell suspension (GL) gave a 
promising impact on the A-549 cell line, while they 
showed weak activity on MCF-7. The activity was 
slightly increased when cell suspension was treated 
with L-methionine and L-tyrosine, which recorded 
44.8 and 58.6%, respectively. According to our results, 
it was observed that treating root cell suspension with 
L-tyrosine significantly increased the anticancer activ-
ity of glucosinolate extracts on the prostate (PC3), 
lung (A-549), colorectal (caco2), and hepatocellular 
(HepG2) carcinoma cell lines. The petroleum ether 
fractions from root and leaf cell suspension (OR and 
OL) demonstrated a profound anticancer effect on five 
cell lines (MCF-7, PC3, A-549, caco2, and HepG2), 
which was greater than its cytotoxic effect in the 
remaining two cell lines (A-375 and HCT-116). These 
remarkable responses of glucosinolates and their treat-
ment encourage us to test their specificity and selectiv-
ity. Further screening appeared on the normal human 
skin fibroblast cell line (BJ-1) at the same concentra-
tions as on overall human tumor cancer cells, as shown 
in Table 3.

According to our findings, all glucosinolates from the 
leaf and root cell suspension were safe on the tested nor-
mal human cells, in contrast to the petroleum ether frac-
tions, which were toxic on the tested normal cells.

Table 2  (continued)

Compounds RT Molecular formula Peak area (%)

Cell 
suspension 
from root

Cell 
suspension 
from leaf

Triacontane 34.4 C30H62 1.18

9,12-Octadecadienoic acid-(Z,Z), methyl ester 34.8 C19H34O2 1.36

9-Octadecenoic acid (Z), methyl ester 35.0 C19H36O2 2.54 0.87

Heptane- 2,4,6-trimethyl 35.9 C10H22 0.57

Nonacosane 37.5 C29H60 0.40 0.62

Tricosane 37.9 C23H48 0.40
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Fig. 6  GC–MS chromatograms and structures of benzene-1,3,5-trimethyl (A), and benzene-2-ethyl-1,4-dimethyl (B), the major compounds in cell 
suspension derived from root and leaf, respectively
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To distinguish between all glucosinolate extracts that 
showed 60% cytotoxicity on the tested cell lines and 
determine their order in cytotoxicity, IC50 was calculated 
using a second assay in which each active extract was 
screened at four additional concentrations (100, 50, 25, 
and 12.5 ug/ml) as shown in Table  4. According to our 
results, GL extract was selected among all glucosinolates 
to further study their mechanistic effects on hepatocellu-
lar cancer cells (HepG2) due to their safety and potency, 
with a potent IC50 value on HepG2 with no toxicity on 
normal cell tested. The apoptotic mode of action of GL 
on HepG2 was studied. Also, different apoptotic param-
eters were studied, including BAX, BCL2, Caspase3, and 
cell cycle analysis.

Cellular mechanism of action
HepG2 carcinoma cell line was treated with 47.5 ug/
ml GL extract (the IC50 value) to determine the level of 
BCL2 and BAX compared to the non-treated HepG2 
cells, as shown in Fig.  7A and B. From the results, it is 
clarified that GL extract down-regulates the anti-apop-
totic protein BCL2 and up-regulate the pro-apoptotic 
protein BAX, in addition to disrupting the BAX/BCL2 
ratio, which triggers an apoptotic cascade inside liver 
cancer cells, as shown in Fig. 7C. Moreover, this extract 
increases caspase 3 level in HepG2 cells from 62.99 to 
270.4 Pg/ml as compared to untreated cells, as shown in 
Fig. 7D.

Cell cycle arrest
According to Fig.  7, GL extract significantly increased 
late/secondary cellular apoptosis from 0.19 to 6.34% 
compared to the untreated HepG2 cells. Also, the GL 
extract increased the early/primary apoptosis from 0.72 
to 1.91%. These results confirmed the apoptotic effect of 
GL extract on HepG2 cells.

Further investigation was carried out on GL extract 
to explore the molecular mechanism through which it 
exerts its anti-proliferative activity against HepG2 cells. 
Flow cytometry was used to identify its effect on cell 
cycle distribution. After treating the HepG2 cells with GL 
extract at a concentration of 47.5 ug/ml. GL extract sig-
nals a significant elevation in the percentage of cells at the 
pre-G1 phase by 5.7 folds compared with the untreated 
cells (control) (Fig. 8). Also, GL extract caused the accu-
mulation of cells in the S-phase by 1.1 folds. These results 
revealed that glucosinolates from leaf suspension cul-
tures (GL extract) inhibited cell proliferation through the 

Table 3  In vitro screening of the antiproliferative activities of tested extracts against different carcinoma cell lines

Values = average ± standard deviation for the tested extracts; GR glucosinolates of root cell suspension, GRM glucosinolates of root cell suspension treated with 
L-methionine, GRT glucosinolates of root cell suspension treated with L-tyrosine, GL glucosinolates of leaf cell suspension, GLM glucosinolates of leaf cell suspension 
treated with L-methionine, GLT glucosinolates of leaf cell suspension treated with L-tyrosine, OR petroleum ether extract of root cell suspension, OL petroleum ether 
extract of leaf cell suspension

Extracts Cytotoxicity % at 100 ug/ml

A-375 MCF-7 HCT-116 PC3 A-549 caco2 HepG 2 BJ-1

GR 0.0 ± 0.03 0.0 ± 0.1 8.2 ± 0.7 2.0 ± 0.3 19.2 ± 0.7 25.5 ± 0.5 38.9 ± 0.8 0.0 ± 0.2

GRM 0.0 ± 0.01 6.0 ± 0.3 0.0 ± 0.4 7.8 ± 0.6 17.5 ± 0.4 20.1 ± 0.7 46.3 ± 1.3 0.0 ± 0.04

GRT​ 0.0 ± 0.02 0.0 ± 0.2 0.0 ± 0.2 73.9 ± 1.3 58.9 ± 1.4 58.0 ± 1.4 89.4 ± 1.1 0.0 ± 0.1

GL 18.9 ± 0.7 18.3 ± 0.4 18.5 ± 0.4 83.4 ± 0.9 71.7 ± 1.5 74.2 ± 0.9 94.4 ± 1.4 9.5 ± 0.4

GLM 25.8 ± 0.5 44.8 ± 0.7 33.5 ± 1.2 92.6 ± 2.2 59.4 ± 2.2 87.9 ± 2.1 98.2 ± 2.1 23.3 ± 0.3

GLT 0.0 ± 0.02 58.6 ± 1.1 0.0 ± 0.3 86.8 ± 0.9 35.2 ± 0.7 80.9 ± 2.1 99.8 ± 0.7 0..0 ± 0.1

OR 8.8 ± 0.6 96.6 ± 2.1 49.3 ± 0.6 97.2 ± 1.1 97.2 ± 1.4 79.3 ± 0.7 71.1 ± 2.3 68.2 ± 1.4

OL 0.0 ± 0.4 77.5 ± 1.7 46.7 ± 1.4 91.2 ± 1.7 94.6 ± 2.4 92.0 ± 1.5 60.3 ± 2.4 98.0 ± 2.3

Doxorubicin 99.9 ± 2.1 88.7 ± 1.9 72.0 ± 2.4 84.4 ± 1.8 70.0 ± 1.7 99.0 ± 2.6 90.0 ± 2.7 89.1 ± 2.2

Table 4  IC50 of selected extracts exhibiting more than 60% 
cytotoxicity

Values = average ± standard deviation for tested extracts; GRT glucosinolates 
of root cell suspension treated with L-tyrosine, GL glucosinolates of leaf 
cell suspension, GLM glucosinolates of leaf cell suspension treated with 
L-methionine, GLT glucosinolates of leaf cell suspension treated with L-tyrosine, 
OR petroleum ether extract of root cell suspension, OL petroleum ether extract 
of leaf cell suspension

Extracts IC50 (ug/ml)

MCF-7 pc3 A-549 caco2 HepG2

GRT​ –– 72.4 ± 0.8 92.6 ± 1.3 89.9 ± 2.6 61 ± 1.1

GL –– 59.7 ± 1.3 77.1 ± 0.7 56.6 ± 2.2 47.5 ± 1.9

GLM –– 51.4 ± 1.6 –– 59.5 ± 2.3 38.5 ± 0.3

GLT –– 59.4 ± 2.1 –– 68.7 ± 2.2 41.9 ± 0.8

OR 61 ± 0.9 66.2 ± 1.7 42.3 ± 1.1 72 ± 2.5 81.2 ± 0.7

OL 71.1 ± 1.4 54.4 ± 1.3 48 ± 0.7 63.6 ± 2.4 ––
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induction of S-phase arrest, which led to cell cycle cessa-
tion at the S phase.

Discussion
The current study’s findings were supported by a prior 
study that found leaf explants more capable of developing 
calli than hypocotyl and root explants [20]. Additionally, 
supplemented MS-medium with 2,4-D (1  mg L-1) and 
BAP (2 mg L-1) was used to boost the formation of callus 
and secondary metabolites from L. sativum [21].

Several studies found that the availability of free 
amino acids, such as L-phenylalanine, was increased by 
introducing L-phenylalanine biosynthetic genes from 
Escherichia coli into A. thaliana resulted in increased 
levels of benzyl GLSs. Additionally, more aliphatic 
GLSs result from more L-methionine [22, 23].

As an alternative to growing plants in vivo, plant cell 
suspension culture offers a viable method for produc-
ing high-value plant metabolites. Safety and regulatory 
criteria are introduced with this production technique. 
Additionally, it is likely to create novel compounds that 
are not found in native plants [24, 25]. Additionally, 
plant cell physiology and biochemistry research use cell 
suspension culture.

Numerous experiments have attempted to produce 
GLSs in cell cultures. Indian cress (Tropaeolum majus) 

cell cultures produced the most GLSs after substrate 
feeding, which resulted in 44 mmol/g DW [26]. In hairy 
root cultures of Tropaeolum majus, L-phenylalanine 
and L-cysteine feeding increased the concentration 
of GLSs (85.8  mmol/g FW) [27]; however in the cur-
rent investigation, those two amino acids had less of an 
impact. The promoting effect of precursor addition on 
glucosinolate accumulation was also reported in cell 
suspension cultures of Nasturtium montanum and Cle-
ome chelidonii [28].

Lepidium sativum plants contained thiocyanate-
forming protein (TFP) and glucosinolate hydrolysis 
products [29]. No prior studies have fed amino acids 
to L. sativum cell culture in an attempt to produce glu-
cosinolates. The current study’s findings support the 
viability of this production, although more research is 
required to produce more accurate findings. Lepidium 
sativum also contains a variety of active substances in 
its seed, leaves, and aerial portions [30].

The previous studies isolated and fractionated glu-
cosinolates from L. sativum seeds and fresh herbs. They 
detected 2-ethyl butyl glucosinolate, methyl glucosi-
nolate, and glucotropaeolin in the fresh herbs, in addition 
to dimeric imidazole alkaloids such as lepidine that were 
also detectable [5].

Cancer is characterized by cellular changes that result 
in uncontrolled growth. Even though several treatments 

Fig. 7  Quantitative analysis of Bax, BCL-2, Bax/BCL-2 ratio, and caspase-3 for HepG2 treated with IC50 (47.5 ug/ml) of GL extract compared to 
untreated HepG2 (p < 0.05), where the Y-axis represents the protein levels. Values = average ± standard deviation. GL, glucosinolates of leaf cell 
suspension
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and interventions, including chemotherapy, radiation, 
gene therapy, hormone therapy, immunotherapy, and 
targeted therapy, have been successfully used to combat 
cancer, it is still a significant health issue. Even with the 
most cutting-edge anticancer therapies, several problems 
remain, such as side effects, cancer resistance, metasta-
sis, and recurrences. Therefore, it is essential to look for 
new chemotherapeutic agents [31]. Previous studies on 
the impact of glucosinolates on cancer cells include sev-
eral mechanisms. The most important is maintaining low 
levels of systemic oxidative stress, inhibiting angiogenesis 
and cell cycle progression, and promoting apoptosis of 
cancerous cells [32]. In addition, it inhibits NF-B sign-
aling, which activates inflammation-related genes such 
as chemokines, cytokines such as IL-1, IL-6, IL-12, and 
TNF-, and adhesion molecules [33].

Apoptosis is one of the most effective ways to eliminate 
cancer cells. The search for novel natural compounds 
that can induce apoptosis is attracting much interest in 
cancer research. In our study, glucosinolates from leaf 
and root cell suspension cultures of Lepidium sativum 

were investigated for their cytotoxic potential against 
seven human cancer cell lines, including; MCF-7 cell 
line, A-549 cell line, HCT-116 cell line, HepG2 cell line, 
caco2 cell line, PC3 cell line, and A-375 cell line. Glucosi-
nolates were further screened at different concentrations 
to calculate their IC50. All extracts were assayed over 
normal human cells (BJ-1 cell line) to study the safety of 
glucosinolates. In this study, we examined the antican-
cer effect of all samples using the MTT assay, which is a 
reliable assay for studying cellular metabolic activity and 
mitochondrial dysfunction. As a result, when compar-
ing glucosinolates from different extracts, cell suspen-
sion derived from leaf (GL extract) was most effective 
on HepG2 cancer cells in a dose-dependent manner, so 
it was subjected to study their possible apoptotic mecha-
nism through their effect on BCL2, BAX, and caspase 3.

Our results revealed that GL extract downregulates the 
anti-apoptotic protein BCL2 and upregulates the pro-
apoptotic protein BAX, a key pro-apoptotic molecule 
in the mitochondria-dependent apoptotic pathway, and 
disrupt the BAX/BCL2 ratio, which signals an apoptotic 

Fig. 8  Cellular mechanism of action of GL extract, induction of apoptosis by GL extract (A, B), the percentage of cells undergoing apoptosis is 
defined as the sum of early apoptotic (annexin V + /PI −), cell percentage and late apoptotic (annexin V + /PI +), cell cycle analysis of HepG2 after 
incubation with compound GL for 24 h, untreated cells were used as a control (C, D)
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cascade inside HepG2 cancer cells. HepG2 cancer cells 
treated with GL extract upregulate capasase 3 protein 
compared to the untreated HepG2 cancer cells.

As cancer is thought to be a cell cycle disease, cell 
cycle blockage is considered an attractive strategy to 
fight cancer [34], so we studied the effect of GL extract 
on the cell cycle progression and induction of apopto-
sis in HepG2 cancer cells. Flow cytometry was carried 
out using annexin-V-FITC and propidium iodide (PI) in 
HepG2 cells. After treatment with IC50 concentrations of 
GL (47.5 ug/ml) for 24 h, the cells were labeled with the 
two dyes. The corresponding red (PI) and green (FITC) 
fluorescence were detected with the flow cytometry. 
The findings revealed that GL extract cytotoxic activity 
against HepG2 cancer cells was related to S-phase cycle 
arrest.

Conclusions
Utilizing components from cell suspension culture com-
bined with precursor feeding has proven to be a success-
ful method for obtaining special compounds with critical 
industrial uses. L-Tyrosine and L-methionine additions 
to the cell suspension culture improved the production of 
glucosinolates in Lepidium sativum. Since cancer cannot 
be cured, additional study is needed to find compounds 
that can fight it without harming human health, in con-
trast to the petroleum ether fractions from two suspen-
sion cultures, which had a lethal effect on the normal 
cells. In our study, all glucosinolates extracted from cell 
suspensions influenced cancer cells while not impacting 
healthy cells. Understanding cancer biology has become 
essential for obtaining compounds that fight cancer cells, 
and it has become the focus of recent studies. Apoptosis 
is one of the crucial control mechanisms used to combat 
cancer cells. The glucosinolates extract from our study’s 
L. sativum cell suspension demonstrated its anticancer 
efficacy, promoted apoptosis, and reduced hepatocellular 
growth by inducing S phase arrest.

Abbreviations
2,4-D	� 2,4-Dichlorophenoxy acetic acid
kin	� Kinetin
GLSs	� Glucosinolate compounds
MCF-7	� Human breast carcinoma cell line
A-549	� Human lung carcinoma cell line
HCT-116	� Human colorectal carcinoma cell line
HepG2	� Human liver carcinoma cell line
caco2	� Human colon cancer cell line
PC3	� Human prostate cancer cell line
A-375	� Human melanoma cell line
BJ-1	� Normal human cell line
GR	� Glucosinolates of root cell suspension
GRM	� Glucosinolates of root cell suspension treated with L-methionine
GRT​	� Glucosinolates of root cell suspension treated with L-tyrosine
GL	� Glucosinolates of leaf cell suspension

GLM	� Glucosinolates of leaf cell suspension treated with L-methionine
GLT	� Glucosinolates of leaf cell suspension treated with L-tyrosine
OR	� Petroleum ether extract of root cell suspension
OL	� Petroleum ether extract of leaf cell suspension

Acknowledgements
This research is quite compatible with the research plan of National Research 
Centre, NRC (Egypt). The authors are greatly indebted to the NRC for the gen-
erous financing support that enables us to achieve these results.

Authors’ contributions
MMI: conceived and designed the study, performed data collection, analyzed 
data, performed tissue culture techniques from L. sativum including callus and 
cell suspension cultures, performed different extracts and chemical analysis. 
MMM: performed data collection, analyzed the data, performed anti-cancer 
activity of various extracts against different carcinoma cell lines and detected 
IC50 of different extracts, performed cellular mechanism of action includ-
ing cell apoptosis. SAB: supervised research and analyzed data. All authors 
contributed to writing the manuscript. The authors read and approved the 
final manuscript.

Funding
All experiments have been done in Plant Biotechnology and Pharmacognosy 
Departments of National Research Centre, Egypt. There is no specific fund that 
has been received to conduct this research. All facilities provided by National 
Research Centre.

Availability of data and materials
The data that support the findings of this study are available on request from 
the corresponding author. The data are not publicly available due to privacy or 
ethical restrictions.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Plant Biotechnology, Biotechnology Research Institute, 
National Research Centre, Cairo 12622, Egypt. 2 Department of Pharma-
cognosy, Pharmaceutical and Drug Industries Research Institute, National 
Research Centre, Cairo 12622, Egypt. 

Received: 21 May 2022   Accepted: 20 April 2023

References
	1.	 Diwakar BT, Dutta PK, Lokesh BR, Naidu KA (2010) Physicochemical prop-

erties of garden cress (Lepidium sativum L.) seed oil. J Am Oil Chem Soc 
87:539–548

	2.	 Sharma S, Agarwal N (2011) Nourishing and healing prowess of garden cress 
(Lepidium sativum Linn.)−a review. Indian J Nat Prod Resour 2(3): 292–297

	3.	 Gill V, Macleod AJ (1980) Studies on glucosinolate degradation in 
Lepidium sativum L. seed extracts. Phytochem 19:1369–1374

	4.	 Chatoui K, Harhar H, El Kamli T, Tabyaoui M (2020) Chemical composition 
and antioxidant capacity of Lepidium sativum seeds from four regions of 
Morocco. Evid Based Complement Alternat Med 4:1–7

	5.	 Radwan HM, El-Missiry MM, Al-Said WM, Ismail AS, Abdel-Shafeek KA, 
Seif-El-Nasr MM (2007) Investigation of the glucosinolates of Lepidium 
sativum growing in Egypt and their biological activity. Res J Med Med Sci 
2(2):127–132



Page 15 of 15Ibrahim et al. Journal of Genetic Engineering and Biotechnology           (2023) 21:53 	

	6.	 Laith AH (2014) Study the anticancer effect of Lepidium sativum leaves 
extract on squamous cell carcinoma (CAL-27) cell lines. J Nat Sci Res 
4(17):48–53

	7.	 Bigoniya P, Shukla A (2014) Phytopharmacological screening of Lepidium 
sativum seeds total alkaloid: hepatoprotective, antidiabetic and in vitro 
antioxidant activity along with identification by LC/MS/MS. Pharm Nutrit 
2(3):90

	8.	 Sakran M, Selim Y, Zidan NA (2014) New isoflavonoid from seeds of 
Lepidium sativum L. and its protective effect on hepatotoxicity induced 
by paracetamol in male rats. Molecules 19(10): 15440–15451

	9.	 Om P, Kumar A, Kumar P (2013) Anticancer potential of plants and natural 
products: a review. Am J Pharmacol Sci 6:104–115

	10.	 Bhatia S, Bera T (2015) Modern applications of plant biotechnology in 
pharmaceutical sciences. In: Bhatia S, Sharma K, Dahiya R, Bera T (eds) 
Classical and non-classical techniques for secondary metabolite produc-
tion in plant cell culture. Elsevier, Netherlands, pp 231–291

	11.	 Hirai MY, Sugiyama K, Sawada Y, Tohge T, Obayashi T, Suzuki A, Araki 
R, Sakurai N, Suzuki H, Aoki K, Goda H, Nishizawa OI, Shibata D, Saito K 
(2007) Omics-based identification of Arabidopsis Myb transcription fac-
tors regulating aliphatic glucosinolate biosynthesis. Proc Natl Acad Sci 
USA 104:6478–6483

	12.	 Ibrahim MM, Mounier MM, Bekheet SA (2019) Glucosinolates constitu-
ents and cytotoxic activities of Lepidium sativum L. callus cultures. J 
Environ Sci Technol 12(3): 138–148

	13.	 Hou BH, Lin CG (1996) Rapid optimization of electroporation conditions 
for soybean and tomato suspension-cultured cells. Plant Physiol 111:166

	14.	 Al-Gendy AA, Lockwood GB (2003) GC-MS analysis of volatile hydrolysis 
products from glucosinolates in Farsetia aegyptia var. Ovalis Flavour Fragr 
J 18:148–152

	15.	 Thabrew M, Hughes RD, Mcfarlane I (1997) Screening of hepatoprotec-
tive plant components using a HepG2 cell cytotoxicity assay. J Pharm 
Pharmacol 49(11):1132–1135

	16.	 Mounier MM, Shehata SH, Soliman TN (2002) Anticancer activity of 
nanoencapsulated ginger in whey proteins against human tumor cell 
lines. Egypt Pharm J 19(2):87–96

	17.	 Barbareschi M, Cao O, Veronese S, Leek RD, Fina P, Fox S, Bonzanini M, 
Girlando S, Morelli L, Eccher C (1996) Bcl-2 and p53 expression in node-
negative breast carcinoma: a study with long-term follow-up. Hum Pathol 
27:1149–1155

	18.	 Onur R, Semerciöz A, Orhan I, Yekeler H (2004) The effects of melatonin 
and the antioxidant defense system on apoptosis regulator proteins (Bax 
and Bcl-2) in experimentally induced varicocele. Urol Res 32:204–208

	19.	 Diab S, Teo T, Kumarasiri M, Li P, Yu M, Lam F, Basnet SKC, Sykes MJ, Albre-
cht H, Milne R, Wang S (2014) Discovery of 5-(2-(Phenylamino) pyrimidin-
4-yl) thiazol-2(3H)-one derivative as potent Mnk2 inhibitors: synthesis. 
SAR analysis and biological evaluation. Chem Med Chem 9(5): 962–972

	20.	 Abdellatef E, Hassan IA, El-Hiweris SO, Khalafalla M (2010) In vitro cal-
logenesis and proliferation from different explants of garden cress 
(Lepidium sativum. Linn). Int J Curr Res 4:91–93

	21.	 Hadian F, Koohi-Dehkordi M, Golkar P (2019) Evaluation of in vitro muci-
lage and lepidine biosynthesis in different genotypes of Lepidium sativum 
Linn originated from Iran. S Afr J Bot 127:91–95

	22.	 Tzin V, Malitsky S, Aharoni A, Galili G (2009) Expression of a bacterial 
bi-functional chorismate mutase/prephenatede hydratase modulates 
primary and secondary metabolism associated with aromatic amino 
acids in Arabidopsis. Plant J 60:156–167

	23.	 Inaba K, Fujiwara T, Hayashi H, Chino M, Komeda Y, Naitoz S (1994) Isola-
tion of an Arabidopsis Thaliana mutant, Mto1, that over accumulates 
soluble methionine. Plant Physiol 104:881–887

	24.	 De Pa’dua RM, Meitinger N, Filho JDS, Waibel R, Gmeiner P, Braga FC, 
Kreis W (2012) Biotransformation of 21-O-Acetyl-deoxycorticosterone 
by cell suspension cultures of Digitalis Lanata (Strain W. 1.4). Steroids 77: 
1373–80

	25.	 Ye M, Ning L, Zhan J, Guo H, Guo D (2003) Biotransformation of cinobuf-
agin by cell suspension cultures of Catharanthus roseus and Platycodon 
grandiflorum. J Mol Catal B Enzym 22:89–95

	26.	 Wielanek M, Urbanek H (1999) Glucotropaeolin and myrosinase produc-
tion in hairy root cultures of Tropaeolum majus. Plant Cell Tiss Organ Cult 
57:39–45

	27.	 Wielanek M, Urbanek H (2006) Enhanced glucotropaeolin production in 
hairy root cultures of Tropaeolum majus L. by combining elicitation and 
precursor feeding. Plant Cell Tiss Organ Cult 86:177–186

	28.	 Songsak T, Lockwood GB (2004) Production of two volatile glucosinolate 
hydrolysis compounds in Nasturtium montanum and Cleome chelidonii 
plant cell cultures. Fitoterapia 75:296–301

	29.	 Burow M, Bergner A, Gershenzon J, Wittstock U (2007) Glucosinolate 
hydrolysis in Lepidium sativum––identification of the thiocyanate-forming 
protein. Plant Mol Biol 63:49–61

	30.	 Umesha SS, Monahar B, Naidu KA (2013) Microencapsulation of 
α-linolenic acid-rich garden cress seed oil: physical characteristics and 
oxidative stability. Eur J Lipid Sci Technol 115(12):1474–1482

	31.	 Koroth J, Nirgude S, Tiwari S, Gopalakrishnan V, Mahadeva R, Kumar S, 
Choudhary B (2019) Investigation of anticancer and migrastatic proper-
ties of novel curcumin derivatives on breast and ovarian cancer cell lines. 
BMC Complement Altern Med 19(1):1–16

	32.	 Saban GM (2018) The Benefits of Brassica Vegetables on Human Health. J 
Hum Health Res 1:104

	33.	 Liu T, Zhang L, Joo D, Sun SC (2017) NF-κB signaling in inflammation. 
Signal Transduct Target Ther 2:17023

	34.	 Ma YC, Ke Y, Zi X, Zhao F, Yuan L, Zhu YL, Liu HM (2016) Induction of 
the mitochondria-mediated apoptosis in human esophageal cancer 
cells by DS2, a newly synthetic diterpenoid analog, is regulated by Bax 
and caused by the generation of reactive oxygen species. Oncotarget 
7(52):86211–86224

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Targeting apoptotic anticancer response with natural glucosinolates from cell suspension culture of Lepidium sativum
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Source of reagents and chemicals
	Plant material and explant preparation
	In vitro callus culture initiation
	Cell suspension culture and growth curve
	Effect of different amino acid additions on glucosinolates content
	Extraction method and determination analysis
	Extracts preparation

	Gas chromatography–mass spectrometric analysis
	Anticancer activity
	Cell lines
	Cell culture
	Cell viability assay

	Determination of IC50values
	Human CASP3 (Caspase 3) estimation
	Measurement of BCl-2 levels
	Measurement of Bax levels
	Cell cycle analysis and apoptosis detection

	Results
	Anticancer activity
	Cellular mechanism of action
	Cell cycle arrest

	Discussion
	Conclusions
	Acknowledgements
	References


