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Abstract 

Cancer is one of the major diseases that threaten human life and causes death 

for many people worldwide. Some alkaloids derived from plants show promising 

potential for cancer treatment. Solanaceae family is of these plants that have 

promising alkaloid. In this study alkaloid production from Solanum elaeagnifolium 

callus cultures was investigated and their anticancer properties were evaluated. 

Optimal callus growth and alkaloid production were achieved in media enriched 

with a combination of BAP and 2,4-D at a ratio of 1.0:1.0 mg/L. LC-MS/MS analysis 

showed that β-Solamargine, tomatidenol, Solasonine, solanidine and solasodine 

are the most important alkaloids of Solanum elaeagnifolium. Moreover, the analysis 

revealed that β-Solamargine is the predominant alkaloid (78.7%) in callus extracts. 

The results of MTT assay, demonstrated that the most effective response were 

obtained from callus extracts medium containing a balanced concentration of BAP 

and 2,4-D, and it yielding an IC50 of 6.25 µl/ml. In contrast, lower efficacy was 

observed with IC50 values of 25 and 50 µl/ml, when callus medium were supple-

mented with NaCl and yeast extract, respectively. Gene expression analysis shows 

an increase in the Bax/Bcl-2 ratio following 24 h of the extracts treatment. Along 

with a down regulation of CDK1 gene expression in comparison to untreated MCF7 

cells, the CDK1 levels were elevated. Alkaloids derived from S. elaeagnifolium may 

be a promising candidate for anticancer therapy; further investigation is needed in 

vivo.

1.  Introduction

Plant-derived alkaloids have long been recognized for their pharmacological poten-
tial, and their ability to modulate cellular pathways offers promising therapeutic 
paths [1,2]. However, traditional extraction methods from wild plants hadmany 
challenges including low yields, seasonal variability and sustainability [1,3]. Solanum 
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elaeagnifolium Cav., is one of these plants that get a certainattention for its rich list 
of bioactive steroidal alkaloids and glycol alkaloids such as solamargine and sola-
sonine, which demonstrate cytotoxic effects against multiple cancer cell lines [2,4]. 
Phytochemical screenings of S. elaeagnifolium have identified many pharmaco-
logical chemicals including kaempferol derivatives, mangiferin, and glycoalkaloids 
with documented antiproliferative activity [2,4]. Solamargine and solasonine disrupt 
mitochondrial membrane potential in cervical (HeLa) and breast cancer cells, induc-
ing apoptosis through caspase activation [2,5]. For industrial purposes, consistent 
production of bioactive compounds is required. Wild populations plants cannot sup-
port the required quantities; therefore a biotechnological intervention was needed [4]. 
The synergy between recent biotechnological methods and multiomics analyses has 
significantly enhanced the potential of plant cell cultures in producing alkaloids on a 
sustainable basis. Modern studies point toward the importance of culture optimiza-
tion factors, such as airflow and hormone balance, so that maximum production of 
metabolites can be ensured. As an example, multiomics profiling of tobacco, rice, and 
bamboo callus cultures revealed species-specific metabolic adjustments upon humid-
ity and airflow alteration with clear differences in Principle component analysis (PCA) 
extracted meta bolomic clustering following dehydration stress [6]. This highlights the 
need for tailored environmental regulation in S. elaeagnifolium callus systems to sta-
bilize alkaloid biosynthesis. Callus cultures provide a controlled platform for second-
ary metabolite synthesis, enabling yield optimization through hormonal regulation and 
elicitation strategies [7]. Plant tissue culture techniques significantly enhanced the 
sustainable potential of alkaloid production. To success with the production of alkaloid 
from the lab, optimizing culture conditions is needed. which highlights the need for 
customized environmental conditions in S. elaeagnifolium callus culture to stabilize 
alkaloid biosynthesis. For many alkaloids, callus cultures provide a good source for 
secondary metabolite synthesis. For example, Hyoscyamus aureus demonstrated 
that on dry weight bases callus cultures produce more hyoscyamine levels (0.19%) 
than wild plants (0.17%) [3]. Lupinus demonstrated that root-derived callus cultures 
treated with 2 mg L ⁻ ¹ 2,4-D and 1 mg L ⁻ ¹ kinetin,produce optimal quinolizidine alka-
loid production, with growth kinetics revealing a critical transition to senescence at 18 
days [8]. The effect of various auxins (2,4-D, 2,4,5-T, NAA, and IAA) on callus mainte-
nance and initiation of plant cell suspensions, as well as the role of auxins along with 
cytokinins in growth and productivity of Solasonine by cell suspensions of Solanum 
eleagnifolium Cav., were explored. Calli lines were rendered friable and productive 
by 2,4-D and 2,4,5-T. Fine and homogeneous cell suspension cultures were attained. 
Highest growth indices and solasodine productivities of around 0.5 mg 1−1 day−1 to 
0.8 mg 1−1 day−1 were achieved through 2,4-D (0.5 μM or 5 μM) or NAA (50 μM) [9]. 
Also Solasodine alkaloids from callus tissues of Solanum eleagnifolium Cav. were 
detected using spectrophotometric and TLC methods. Concentrations ranged from 
1.00 to 2.15 mg.g−1 DW [10].Such studies providean outline for developing S. elaeag-
nifolium callus protocols. Demonstrating the capabilities of in vitro systems to bypass 
ecological and supply-chain limitations, while enabling genetic and metabolic stan-
dardization [1,3]. Also some media in callus induction or in subcultured many times 
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lead to genetic changes in breeding programs [11,12]. Biotechnological approaches like RT-PCR enable precise quan-
tification of alkaloid-induced changes in oncogenic or apoptotic gene expression like p53, Bax/Bcl-2, Recent advances 
in nano biotechnology further highlight synergistic strategies, such as siRNA co-delivery with alkaloids to suppress HPV 
oncogenes (E6/E7) in cervical cancer models [5]. These tools not only validate mechanistic pathways but also refine ther-
apeutic efficacy assessments, bridging Phytochemistry and translational oncology [1,5].

This study synthesizes these domains, leveraging callus culture optimization for scalable alkaloid production from S. 
elaeagnifolium, coupled with RT-PCR-based profiling to elucidate its anticancer mechanisms at the transcriptional level.

2.  Materials and methods

2.1  Plant material and seed preparation

Solanum elaeagnifolium Cav from the Solanaceae family was selected for this study Fig 1A. The seeds were obtained 
from the genebank of the National Agricultural Research Center (NARC) in Jordan. Seeds were thoroughly washed with 
a 0.1% (w/v) Tween and Carbendazim solution for 30 min, treated with 2% sodium hypochlorite solution for 20 min, the 
surface-sterilized seeds were washed four times with sterile distilled water and placed on 1/2 MS medium [13], Fig 1B. All 
cultures were incubated at 25 ± 2°C for an 8-h photoperiod with a density of 60 μmol m−2 s−1, which was provided by LED 
lamps (24w; Phillips, China).

2.2  Callus induction

The calli were induced on MS media containing different concentrations of BAP: 2,4-D (0.5:1.0, 1.0:1.0, 1.0:1.5and 1.0:2.0 
mg.L-1). The cultures were kept in controlled environment at 25 + 2°C and 16−8 h light/dark regime under LED light. Due 
to the best calli formed in BAP:2,4-D (1.0:1.0, mg L-1) this media were used for callus growth and maintenance. (calli that 
obtained from roots)

2.3  Alkaloids production

MS medium were supplemented with different treatments to investigate their effect on calli growth and production Table 1. 
The pH of the medium was adjusted to 5.7 before autoclaving. These cultures were regularly sub-cultured at the interval 
of three weeks on the same medium.

Fig 1.  Solanum elaeagnifolium. (A): Solanum elaeagnifolium in lab, (B): Germination seeds on ½ MS medium.

https://doi.org/10.1371/journal.pone.0329977.g001

https://doi.org/10.1371/journal.pone.0329977.g001
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2.4  Alkaloids extract

Quantification of Alkaloids for each culture was made after 8 weeks of incubation. Three randomized calli tissue 
samples had been taken and dried in oven at 35°Cfor72 hr, then it was weighted and alkaloid was extracted with 
Acidic Extraction method according to Miramonte and Flores [14] with some modifications. Briefly: plant material 
were Mixed with water at a 1:2 ratio (plant-to-water). Sulphur dioxide was added until pH 2–3 is achieved and stir 
mechanically for 2–6 h. After that the aqueous extract was separate via centrifugation. Calcium hydroxide was added 
to precipitate alkaloids. The crude precipitate was extract with ethanol, and concentrate to dryness. To compare the 
quantity of the different alkaloids, seeds of plant Solanum elaeagnifolium Cav. were grown in growth room for 60 d 
(Fig 1). Leaf samples from each species were collected and dried in oven at 35°C for 72 hr, then it was weighted and 
alkaloid was extracted.

2.5  Alkaloids analysis

Liquid -chromatography–mass spectrometry (LC-MS-MS) was used to screen alkaloids in extracts, caffeine was used as 
internal standard. LC Conditions: Column: C18 reversed-phase (e.g., Gemini NX-C18, 150 mm × 4.6 mm, 3 µm). Mobile 
Phase: A: 0.2% formic acid in water or 5 mM ammonium carbonate buffer (pH 9). B: Acetonitrile/methanol (1:1 v/v) or 
pure acetonitrile. Flow Rate: 0.3–0.5 mL/min. MS Parameters, Ionization: ESI + , Detection: MRM mode with optimized 
transitions (peramine: m/z 249 → 188; ergovaline: m/z 534 → 268). Capillary voltage: 3.5 kV, Source temperature: 300°C, 
Collision energies: 10–30 eV.

2.6  MTT assay

The anticancer activities of the plant extracts were evaluated against one type of cancer cell lines MCF7 by the  
MTT colorimetric assay according to Dakah and his colleagues [15], stock samples of extracts were serially  
diluted to be 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78 and 0.39µl/ml. the intensity of the dissolved formazan crystals was 
quantified using the ELISA plate reader at 540 nm. And the viability was calculated from following formula:  
Viability% = (Test OD – blank OD)/ (Control OD – blank OD) x 100. Inhibition percentage was calculated as follow: 
100 – Viability %.

2.7  RT-PCR

Real-Time PCR for five genes (BCL2, BAX, CDK1, P53 and GAPDH as control) were performed. The primers were 
chosen by specific sequences Table 2. Total RNA was converted to cDNA using The SOLIScript RT cDNA Synthesis Kit 
according to manufacturers’ instructions. Real-time RT-PCR was performed using SYBR Premix Ex Taq II and ViiA7 real-
time PCR system. Data were normalized against GAPDH levels, and the relative fold change was calculated using ViiA7 
software. All reactions were performed in triplicate.

Table 1.  The different treatments of growth regulators, NaCl and yeast extract supplemented to MS medium to test theireffect on alkaloid 
production.

Treatment CGM1 CGM2 CGM3 CGM4

BAP: 2, 4-D BAP: 2, 4-D BAP: 2, 4-D + NaCl BAP: 2, 4-D + Yeast

Concentration 1:1 mg/L 1.5:1.5 mg/L 1.5:1.5 mg/L + 1 g/L 1:1 mg/L + 1.5 g/L

CGM: Callus Growth Media.

https://doi.org/10.1371/journal.pone.0329977.t001

https://doi.org/10.1371/journal.pone.0329977.t001
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3.  Results

3.1  Callus induction

Roots were found to response better than shoots for callus induction Fig 2A. The best callus induction occurred in MS 
medium enriched with BAP and 2,4-D at a ratio of 1.0:1.0 mg L-1 Fig 2B and 2C.Due to the best callus formed in previous 

Table 2.  Gene sequences.

Genes Primers

Forward Reverse

Bcl-2 CAGCCTGCAGCTTTGTTTCA TTTGCCTTTTCCCCTCTCACC

BAX TGACGGCAACTTCAACTGGG CACAGCCATCTCTCTCCATGC

CDK1 GAACACCACTTGTCCCTCTAAG ACATTTTTGGTCCCCGATCC

TP53 GGGATCCAGCATGAGACACTT GAGTGCTTGGGTTGTGGTGA

GAPDH GGGAGCCAAAAGGGTCATCA TCCCATTCCCCAGCTCTCATA

https://doi.org/10.1371/journal.pone.0329977.t002

Fig 2.  Callus induction. (A) Response of root and shoot of Solanum elaeagnifolium Cav. grown on MS medium supplemented with 1.0:1.0, mg L-1 of 
BAP: 2,4-D after2 weeks of Inoculation. (B,C) Response and callus formation of Solanum elaeagnifolium Cav on MS medium supplemented with 1.0:1.0, 
mg L-1 of BAP: 2,4-D (CGM1) after eight weeks of Inoculation. (D) Effect of NaCl (CGM3). (E) Effect of yeast extract (CGM4).

https://doi.org/10.1371/journal.pone.0329977.g002

https://doi.org/10.1371/journal.pone.0329977.t002
https://doi.org/10.1371/journal.pone.0329977.g002
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ratio (BAP:2,4-D at a ratio of1.0:1.0, mg L-1),this media was used for callus growth and maintenance. Adding NaCl and 
yeast extract to the media negatively affects the growth and the diameter of callus (1 cm) compared with other treatments 
(2 cm) Fig 2D and 2E. (Table 3).

3.2  Alkaloids analysis

LC–MS-MS Analysis showed that β-Solamargine, tomatidenol, Solasonine,solanidine and solasodine are the most important 
alkaloids of S. elaeagnifolium.All these compounds were found in the extracts of leaves and callus (grown on M1), but with a 
different concentration Fig 3A and 3B.The highest concentration (78.7%) of β-Solamargine was found in the callus grown on 
M1, while the plant leaves gave a concentrations of 13.7%.Solanidine and solasodine were found with different concentration 
in all extracts of four different treatments Fig 3A–3E.The results showed that increasing concentration of BAP or 2,4-D or 
adding NaCl or extract of yeast lead to disappearance of β-Solamargine, Solasonine and tomatidenol. (Table 4).

3.3  MTT assay

MTT assay showed that the best result was obtained from the extracts of M1 callus with IC
50

 = 6.25 (µl/ml), while a low 
effect (IC

50
 = 25 and 50 (µl/ml)) was observed from extracts of M2 and M3 callus, respectively. Table 5.

3.4  Gene expression (RT-PCR)

Extracts of callus that grow on M1 media showed different gene expressions according to the studied gene (Table 6).
Untreated MCF7 cells showed a relatively high expression of Bcl-2 which decreased and regulated by 1.5-fold after treat-
ment with extract for 24 hrs. The expression of Bax was increased and up regulated 2 fold after treatment. Increase in the 
Bax/Bcl-2 ratio after 24 h of extract treatment was noticed, so the extract activates apoptosis. Furthermore, extracts down 
regulated the expression of CDK1 gene level compared to untreated MCF7 cells that showed a higher CDK1 expression 
level. Moreover, theP53gene level wasn’t changed in response to extracts. (Fig 4).

4.  Discussion

4.1  Callus induction and effect of different treatments

Our study on Solanum elaeagnifolium callus induction using BAP:2,4-D ratio of 1.0:1.0 mg/L aligns with trends observed 
in related Solanum species but highlights species-specific variations. The 1:1 BAP:2,4-D ratio diverges from other stud-
ies that favor higher auxin concentrations, for instance, S. virginianum required 1.0 mg/L BAP + 2.0 mg/L 2,4-D for opti-
mal induction [16], However, this ratio matches trends in S. lycopersicum, where balanced ratios improved callus quality 
[17]. Conversely, this ratio aligns with observations in S. lycopersicum, where balanced auxin ratios have been shown 
to improve callus quality [17]. Also, Solanum tuberosumdemonstrated100% callus induction on media with higher auxin 
ratios, specifically 2, 4-D at 2 mg/L [18]. In another study, Solanum torvum achieved 100% callus induction using 1.0 mg/L 
BA + 0.5 mg/L NAA (stem/leaf explants) [19], suggesting species-dependent auxin: cytokinin ratios. The control treat-
ment (BAP 1.5 mg/L + 2,4-D 1.5 mg/L) and the salt stress treatment (BAP 1.5 mg/L + 2,4-D 1.5 mg/L + 1 g/L NaCl) both 

Table 3.  Effect of the different ratio of growth regulator (BAP:2,4-D), with, and without NaCl and yeast extract supplemented to MS medium on 
callus diameter, color and softens of Solanum elaeagnifolium Cav.

Treatment Name M1 M2 M3

Treatment BAP:2,4-D BAP: 2,4-D + NaCl BAP: 2,4-D + Yeast

Concentration 1.5:1.5 mg/L 1.5:1.5 mg/L + 1 g/L 1.0:1.0 mg/L + 1.5 g/L

callus Dimeter (cm) 2 2 1

color and softens Green-solid Green-solid Grey-solid

https://doi.org/10.1371/journal.pone.0329977.t003

https://doi.org/10.1371/journal.pone.0329977.t003
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produced green, solid calluses with a diameter of 2 cm. This suggests that moderate salt stress at 1 g/L did not adversely 
affect callus growth or morphology compared to the control. In contrast, the yeast extract treatment (BAP 1.0 mg/L + 2,4-D 
1.0 mg/L + 1.5 g/L yeast) resulted in smaller callus (1 cm diameter) with a grey, solid appearance, indicating a possible 
stress response or altered metabolism. while the callus tissues obtained from Solanum elaeagnifolium in vitro cultures 

Fig 3.  Chromatogram profiles of Solanum elaeagnifolium. (A) Extract of leaves. (B) Extract of callus that growth on MS medium supplemented with 
1:1 mg/L of BAP: 2, 4-D. (C) Extract of callus that growth on MS medium supplemented with 1.5:1.5 mg/L of BAP:2, 4-D. (D) Extract of callus that growth 
on MS medium supplemented with 1.5:1.5 mg/L of BAP: 2, 4-D + 1 g/L NaCl. (E) Extract of callus that growth on MS medium supplemented with 1:1 
mg/L of BAP: 2, 4-D + 1.5 g/L Yeast.

https://doi.org/10.1371/journal.pone.0329977.g003

https://doi.org/10.1371/journal.pone.0329977.g003
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exhibited typical pale yellow to light brown coloration, with generally friable consistency facilitating handling and metabolite 
extraction. Occasional browning was observed, attributed to oxidative stress and phenolic accumulation, which was mini-
mized by optimizing culture conditions including plant growth regulator concentrations, culture age, and inoculums size [9]. 
The addition of yeast extract negatively impacted callus growth. However, organic additives such as coconut water often 
enhances growth [20].This suggests potential species-specific sensitivities to organic supplements or interactions with 
growth regulators. Callus diameter (1 cm with yeast vs. 2 cm without yeast or with NaCl) highlights potential growth inhi-
bition caused by these additives. The observed reduction in callus diameter aligns with several studies that demonstrate 
how additives can either enhance or inhibit growth depending on concentration, composition, and interaction with media 
components. A study on Pluronic F-68 (PF-68) in rice callus found that 0.04% PF-68 improved proliferation by 68%, while 
0.10% PF-68 induced oxidative stress and browning [21]. Similarly, yeast extract or related additives may inhibit growth at 
higher concentrations due to nutrient imbalances or toxicity.In yeast cultivation media, citrate additives (common in yeast 
extracts) inhibited growth by chelating trace elements (e.g., Fe, Zn), reducing their bioavailability [22]. This mechanism 
could explain smaller callus diameter sobserved if yeast additives similarly bind essential minerals.

Table 4.  Alkaloid componentsidentified in Solanum elaeagnifolium leaf and callus cultures (CGM1–CGM4) by Liquid -chromatography–mass 
spectrometry.

Components Retention time (min) Leaves CGM1* CGM2 CGM3 CGM4

Area

Solasonine 5.9 31917 30780 BDL** BDL BDL

Caffeine*** 7.5 1088486 1088332 1088291 1088454 1088685

tomatidenol 7.8 42658 602771 25739 BDL BDL

β-Solamargine 7.8 36506 3077263 BDL BDL BDL

solanidine 12.7 95043 122987 108632 92914 81425

solasodine 13.2 59386 74263 53589 58371 39973

*CGM1–CGM4: represent variant extract type, ** BDL: Below detection limit, *** Caffeine: Internal standard.

https://doi.org/10.1371/journal.pone.0329977.t004

Table 5.  Anticancer activities of Solanum elaeagnifolium alkaloids extracts on death of MCF7 
Breast Cancer Cell Line after 24 h of treatment (IC50 ± SE).

Cell Line Extract *IC50 Conc. (µl/ml)

MCF7 Leaves 12.5 ± 0.01b

CGM1** 6.25 ± 0.001a

CGM2 25 ± 0.14c

CGM3 25 ± 0.113c

CGM4 50 ± 0.124d

*IC50 values determined using MTT assay. Lower IC50 indicates higher potency.

**CGM1–CGM4 represent specific alkaloid extracted from Solanum elaeagnifolium. Units are expressed 
as µl/ml.

https://doi.org/10.1371/journal.pone.0329977.t005

Table 6.  Gene expression of MCF7 breast cancer cells treated with solanum elaeagnifolium callus extracts at 12 and 24 h.

Time BCl2 Bax CDK1 TP53

Untreated MCF7 24 h ↑ High ↓ Low ↑ High ↓ Low

Treated MCF7 24 h ↓ Low ↑ High ↓ Low ↓ Low

Note: Data is presented only for 24 h, as no differences were observed at 12 h.

https://doi.org/10.1371/journal.pone.0329977.t006

https://doi.org/10.1371/journal.pone.0329977.t004
https://doi.org/10.1371/journal.pone.0329977.t005
https://doi.org/10.1371/journal.pone.0329977.t006
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4.2  Alkaloids analysis

The LC-MS/MS analysis of Solanum elaeagnifolium alkaloids reveals critical insights into the regulation species-specific 
biosynthesis regulation and media-dependent variations. Solanidine and solasodine were consistently present across 
all treatments, in contrast tosolasonine, β-solamargine and tomatidenol, which exhibited sensitivity. Elevated levels of 
BAP/2,4-D, NaCl, or yeast extract suppressed glycol alkaloids like β-solamargine, suggesting altered flux in the steroi-
dal alkaloid pathway. This observation aligns with previous Solanum biosynthetic studies, where enzymes like GAME12 
facilitate nitrogen incorporation into steroidal alkaloids [23] Hormonal imbalances such as excess auxins and cytokinins, 
likely disrupt this pathway, as observed in S. nigrum and S. tuberosum [23,24]. Solasodine and solanidine are ubiquitous 
in Solanum (e.g., S. erianthum, S. torvum) [25,26], often linked to stress responses and allelopathy [26]. β-solamargine 
and solasonine are characteristic of S. melongena and S. elaeagnifolium, though their concentrations vary by tissue type. 
[2,27]. In contrast to S. lycopersicum (tomato), where salinity up regulates glycoalkaloids [23] S. elaeagnifolium exhibited 
suppression under NaCl stress, indicating species-specific metabolic adaptations [26]. Yeast extract enhances solasodine 
in S. trilobatum [25] but inhibits glycoalkaloids in S. elaeagnifolium, reflecting divergent regulatory mechanisms [26]. The 
BAP:2,4-D (1:1) ratio maximizes β-solamargine yield (78.7%), positioning S. elaeagnifolium as a viable source for indus-
trial extraction [26]. Controlled NaCl exposure could fine-tune solanidine/solasodine ratios without suppressing glycoalka-
loids [23,26].

4.3  MTT assay

The superior activity of our BAP:2,4-D extract suggests that optimized media conditions may enhance glycoalkaloid 
biosynthesis. In contrast,NaCl or yeast extract supplementation likely induces stress or diluted the synthesis of bioactive 
compounds synthesis [2,28]. The lower efficacy of NaCl- or yeast extract-supplemented media parallels studies indicat-
ing thatabiotic stress alters metabolite profiles. Salt stress in Solanum species often reduces glycoalkaloid yields, which 
correlates with diminished bioactivity [28]. Our results align with studies showing that plant growth regulators like BAP 
and 2,4-D enhance secondary metabolite production. Extracts from Solanum melongena fruit peel, rich in glycoalkaloids 

Fig 4.  Gene Expression (RT-PCR). The influence of alkaloids extract (CGM1 treatment) on the expression of genes TP53, CDK1, BCL2, and BAX in 
MCF7 cells.

https://doi.org/10.1371/journal.pone.0329977.g004

https://doi.org/10.1371/journal.pone.0329977.g004
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(solamargine, solasonine) exhibited IC
50

 values of 15–20 µg/ml against liver cancer cells, attributed to cell cycle arrest and 
apoptosis.Solanum glycoalkaloids (e.g., solamargine, solanine) consistently demonstrate dose-dependent cytotoxicity, 
with Solamargine from S. melongena inducing apoptosis in Huh7 cells at low concentrations (IC

50
 10 µg/ml) [29].

4.4  Gene expression (RT-PCR)

The anticancer activity observed in Solanum elaeagnifolium callus extracts aligns with findings in other Solanum species. 
Our results indicate that these extracts reduce Bcl-2 expression by 1.5-fold while increasing Bax expression by 2-fold in 
MCF7 cells, thereby elevating the Bax/Bcl-2 ratio and activating apoptosis [30,31]. This is in aligns with studies on Sola-
num aculeastrum, where steroidal glycosides have been shown induced apoptosis in cancer cells through similar modula-
tion of Bcl-2 family proteins [32]. Our study found no change in p53 expression, suggesting a p53-independent apoptotic 
pathway. This finding contrasts with research indicating thatBcl-2 over expression inhibits p53-mediated apoptosis in blad-
der cancer [3,31], highlighting the species- and context-dependent mechanisms involved. The observed down regulation 
of CDK1 parallels studies indicating thatBcl-2 modulation can indirectly affects cell cycle progression. For example, Bcl-2 
inhibition in colon cancer has been shown to reduced proliferation independently of p53 [33], which mirrors our extract’s 
ability to suppress CDK1 without involving p53. In contrast, the stress-induced terpene biosynthesis in S. elaeagnifolium’s 
[30] may account forits bioactivity, as terpenes like (E)-caryophyllene are associated with stress responses that could 
synergize with apoptotic signaling. Compared to flavonoid rich Solanum species that inhibit Bcl-2 via p53 [34], our results 
suggest that distinct phytochemical drivers, such as terpenes or alkaloids, are present in S. elaeagnifolium extracts. This 
mechanistic divergence emohasizesthe chemical diversity within the genus while reinforcing its broad anticancer potential 
through shared apoptotic targets like Bax/Bcl-2 [31,32]. Further comparative studies should investigate whether these 
effects correlate with specific metabolites identified in the transcriptomes of S. elaeagnifolium [4,30].

5.  Conclusion

This study successfully employed biotechnological tools to produce and analyze alkaloids from Solanum elaeagnifolium 
callus cultures, demonstrating their potential anticancer activity. The use of BAP:2,4-D at a 1:1 ratio optimized callus 
growth and alkaloid production, with β-Solamargine being the most prevalent. Increasing concentration of plant growth 
regulator or adding NaCl and yeast extract have negatively effects on growth of calli and contents of alkaloids. MTT 
assay and gene expression analysis using RT-PCR highlighted the cytotoxic and anticancer effects of these alkaloids 
against MCF7 cells. The findings suggest that alkaloids from S. elaeagnifolium, especially β-Solamargine, tomatidenol, 
Solasonine and solanidine and solasodine, could be valuable anticancer agents. Further in vivo studies are necessary to 
confirm their efficacy and safety for clinical applications.
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