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Introduction

Plant-based phytochemicals have shown potential as agents against cancer through various biological pathways, including immune system modulation. Combining natural compounds with synergistic interactions enhances the identification of molecular targets in cancer cells, demonstrating anticancer capabilities. The “miracle tree,” Moringa oleifera (Moringa), possesses remarkable nutritional and medicinal properties.



Aim

This study assesses the anti-tumor and immunomodulatory characteristics of M. oleifera aqueous leaf extract and its combinations with green tea, saffron, lavender, and turmeric.



Methods

The MTT assay evaluated the anti-proliferative effectiveness of uncombined M. oleifera and its combinations against three breast cancer cell lines. Quantitative LC-MS/MS spectrometry was performed on the most potent extracts. The Nitro Blue Tetrazolium Assay and Neutral Red Method were used to assess the effects of each extract on macrophage phagocytic and pinocytosis functions. Lymphocyte proliferation was also tested.



Results

The anti-proliferative activity of Moringa-saffron showed the strongest anti-proliferative effect on T47-D and EMT6/P, with IC50 values of 1.14 ± 0.05 and 1.65 ± 0.27 mg/ml, respectively. The Moringa-green tea combination exhibited the highest anti-proliferative action against MDA-MB-231 among all combinations, with a 5.78 ± 0.06 mg/ml IC50 value. Moringa-lavender and Moringa-turmeric extracts showed minimal antiproliferation action. In contrast, uncombined Moringa had the lowest activity on the tested cell lines, with an IC50 greater than 6 mg/ml. For the immunomodulatory tests, Moringa-saffron and Moringa-green tea were the most effective combinations; they significantly induced macrophage phagocytosis, pinocytosis, and lymphocyte proliferation simultaneously. The LC-MS/MS analysis revealed the presence of flavonoids, phenols, coumarins, and alkaloids in the Moringa-saffron and Moringa-green tea combinations, which, along with their immune modulation activities, could contribute to their anticancer potential.



Conclusion

When combined with saffron or green tea, Moringa can effectively combat cancer and enhance immunomodulatory properties. Further studies are needed to understand the mechanism of action of these herbal infusions.
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1 Introduction

Cancer, often referred to as “the sickness of the century,” remains one of the leading causes of death worldwide. Its increasing incidence and resistance to existing pharmacological treatments pose significant clinical challenges. According to the American Cancer Society, over 1.8 million new cases and more than 600,000 cancer-related deaths occurred in the United States in 2020 alone (1). Global projections estimate 17 million cancer deaths and 26 million new cases annually by 2030 (2), highlighting the urgent need for novel and more effective chemotherapeutic and chemopreventive agents (3).

Current treatment options include chemotherapy, surgery, and radiation. However, they are restricted by toxicity, resistance, and incomplete efficacy (4, 5).

Extensive research has assessed the efficacy of various natural chemicals and their potential use in medicinal applications. The therapeutic potential of phytochemicals from medicinal plants has been recognized for treating numerous ailments. Many researchers are documenting the biological activities of these plant-derived compounds against key pathways in disease progression, thus strengthening support for their roles as natural therapeutic agents (6–8).

Natural products have played a crucial role in modern drug development, particularly cancer therapy. Between 1981 and 2002, approximately 62% of anticancer drugs approved in the United States were derived from natural sources (9).

Plant-derived compounds are fascinating due to their multitarget mechanisms and minimal side effects—many exhibit immunomodulatory, antioxidant, and anti-proliferative activities (10, 11). Immunotherapy has recently revolutionized cancer treatment, with 17 immunologic products approved for clinical use over the past 25 years (12). Natural products with immunomodulatory potential are promising for future cancer therapies (13).

Moringa oleifera (MO), known as the Miracle Tree, has gained attention for its high nutritional value and extensive medicinal properties. Native to the Indian subcontinent and now widely distributed in tropical regions, MO has been used traditionally for over 5,000 years (14–16).

It exhibits hepatoprotective, antimicrobial, diuretic, antiulcer, and antioxidant activities. Its bioactive components—phenolics, flavonoids, isothiocyanates, and glucosinolates—contribute to its anticancer, antiangiogenic, and immunomodulatory effects (17).

In the U.S., up to 60% of cancer patients use dietary supplements or plant-based remedies alongside conventional therapies (18, 19). Numerous natural compounds, such as sulforaphane (broccoli), genistein (soy), curcumin (turmeric), EGCG (green tea), resveratrol (grapes), and silymarin (milk thistle), have shown promise in cancer prevention or treatment (20). Saffron and lavender also display notable anticancer and immunomodulatory activities (21–24). Saffron has been shown to induce apoptosis in MCF-7 breast cancer cells via caspase activation (25, 26), while lavender has demonstrated efficacy against multiple cancer cell lines and in xenograft tumor models (27, 28).

Similarly, green tea consumption has reduced breast cancer risk and improved prognosis in early-stage disease (29, 30). Turmeric’s active compound, curcumin, modulates various cancer-related pathways, including DNA methylation, and exhibits strong protective effects against breast cancer (31, 32).

This study examined the anti-proliferative and immune system activation properties of Moringa aqueous leaf extract and its combinations with lavender, turmeric, saffron, and green tea. These combinations were selected particularly because they are widely consumed by the local population for their health benefits and general well-being. However, research on their combined anticancer and immunomodulatory effects is insufficient, while separate drugs demonstrate these effects. Furthermore, a phytochemical analysis of the most effective combinations was conducted to elucidate the phytochemicals present.



2 Materials and methods


2.1 Reagents, instruments, and commercial kits

In the current study, the following equipment, supplies, and kits were used: a 96-well cell culture plate (Biofil, Guangzhou, China); a UV spectrophotometer (Lab-Line Instruments Incorporation, Kerper Blvd, Dubuque, IA, USA); a refrigerated centrifuge (Denley, UK); a hemocytometer (Neubauer, Erzhausen, Germany); a Universal Extractor apparatus (Buchi, mod. E-800, Uster, Switzerland); a lyophilizer (Edwards, Burgess Hill, UK); a light microscope (Meiji Techno Co. LTD, Japan); and an ELISA microplate absorbance reader (BioTek, Highland Park, IL, USA). The following supplies were provided by Sigma, St. Louis, MO, USA: trypan blue 0.4%, DMEM (Dulbecco’s modified Eagle medium), MEM (minimum essential medium), FBS (fetal bovine serum), L-glutamine, penicillin-streptomycin solution, gentamicin, PBS (phosphate-buffered saline), and trypsin–EDTA (ethylenediamine tetraacetic acid). An MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) kit (Bioworld, London, UK) was used to carry out the anti-proliferative experiment.



2.2 Moringa oleifera collection and extraction using the maceration method

The maceration extraction method was chosen because it resembles the traditional preparation and consumption of herbal infusions in our area, where the herbs are typically steeped in hot water before consumption. Our goal was to accurately replicate this authentic practice to reflect the conditions under which these infusions are prepared and consumed.

The following quantities of dried M. oleifera (Moringa) leaves and various ready Moringa herbal combinations were sourced from MORINGA JORDAN. Four hundred milliliters of distilled water were gently boiled with 12 grams of dried leaves, 16 grams of Moringa-green tea combination, 18 grams of Moringa-turmeric combination, 12 grams of Moringa-lavender combination, and 12 grams of Moringa-saffron combination for the extraction process. The extracted materials were covered and left to fully extract overnight by soaking. After this, the extracts were filtered and evaporated using a rotary evaporator to a dry state, followed by lyophilization for two days to completely dry the aqueous extracts, which were then stored under refrigeration until examination.



2.3 Cell culturing and conditions

MDA-MB-231, EMT6/P, and T47-D were the three cell lines selected to study the potential anti-proliferative effects of M. oleifera extracts. The Vero cell line, originating from the American Type Culture Collection (ATCC, Manassas, VA, USA), was used to assess the impact of M. oleifera extracts on normal cells. Additional components included in the tissue culture media were 10% fetal bovine serum, 1% penicillin-streptomycin solution, 1% L-glutamine, 0.1% non-essential amino acid solution, and 0.1% gentamicin solution. The following volumetric ratios of the components were added to the media (as specified) in 500 mL bottles: 50 mL, 5 mL, 5 mL, 0.5 mL, and 0.5 mL, respectively. The T47-D cell line was cultured in RPMI 1640, while the Vero and EMT6/P cell lines were grown in MEM. The MDA-MB-231 cell line was cultivated in complete DMEM high-glucose media, and the cells were grown in the incubator until they reached 80-90% confluence.



2.4 Phytochemical analysis of M. oleifera and its combinations using LC-MS/MS

The M. oleifera and its four combinations were dissolved in distilled water to create freshly prepared aqueous samples. These samples were filtered using a 0.45 μm membrane filter (cellulose acetate (CA) membranes, made entirely of cellulose acetate polymer by Sterlitech, Auburn, WA, USA). Each sample was analyzed immediately after preparation. To evaluate the extracts using the Exion LC technique, an X500 QTOF mass spectrometer (SCIEX, Framingham, MA, USA) connected to an ESI was utilized. Separation was performed using an InertSustain C18 column (GL Sciences Inc., Tokyo, Japan, 25 cm × 4.6 mm × 5 μm). The mobile phase consisted of two solutions: (A) acetonitrile and (B) 0.1% formic acid in water (1:1000), with a gradient flow rate of 1.0 ml/min. A volume of 0.6 μL was reserved for injection. The LC-MS/MS was operated in positive mode with an ion spray voltage of 5000 V, a collision energy of 10 V, and a declustering potential of 80 V. The NIST (National Institute of Standards and Technology, USA) mass spectrum library was used for material identification.



2.5 Anti-proliferative assay

The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was employed to assess the anti-proliferative effectiveness of the extracts. The cells were titrated to 1.5 × 10^4 cells per ml in each well of a 96-well cell culture plate. These cells were left to incubate for 5 days at 37°C in an environment of 5% CO2 and 95% humidity. Subsequently, varying quantities of M. oleifera extract (0.04–6 mg/ml) were added. Using the MTT test kit, the viability of the cells was evaluated over a 48-hour incubation period. This was accomplished by adding 10 µl of thiazolyl blue tetrazolium solution to each well and then incubating the plate for three hours. The addition of DMSO dissolves the formazan particles that developed in the viable cells. A microplate reader was used to measure the optical density (OD) at 550 nm after incubating the plate for an hour. The IC50 values and the percentage of surviving cells were computed using SPSS 25.


cell viability% =optical density of treated cells
optical density of control cells 

*100





2.6 Animals

Balb/C mice were used in the immune modulation study, weighing between 23 and 25 grams, with an average age of 4 to 6 weeks. The animal chamber was maintained at 25°C with continuous air ventilation and 50 to 60% humidity. They were provided food, water, and sterile nourishment on a 12-hour light/dark cycle in a pathogen-free environment. The Institutional Review Board (IRB) in the Faculty of Pharmacy, Applied Science Private University, approved all the experimental protocols used in this research (Approval Number: 2024-PHA-50) that were conducted following accepted ethical standards.



2.7 Immune assays


2.7.1 Murine splenocytes preparation

To produce murine splenocytes, a slaughtered Balb/C mouse was euthanized, and its spleen was aseptically removed. After the spleen was ground through the mesh of a tissue grinder, a cell suspension was created, and the mixture was added to RPMI-1640 medium. After being transferred to a centrifuge tube, the cell mixture was centrifuged at 1500 RPM and 4°C for ten minutes to extract the red blood cells, discarding the supernatant and resuspending the cells in RBC cell lysis buffer. Before centrifugation, the suspension needed to be pipetted several times. The splenocytes were then ready for seeding and counting in different assays after the pellets were resuspended in 5 milliliters of RPMI-1640 medium.



2.7.2 Lymphocyte proliferation assay

This assay used the MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) test kit. A 96-well tissue culture plate was seeded with a suspension of splenocytes at a known concentration of 2 × 106 cells/ml. Then, 100 μl of M. oleifera and the combination extracts were added; the experiment was conducted in triplicate with different concentrations of 0.75, 1.5, 3, and 6 mg/ml. The plate was incubated at 37°C in a humidified atmosphere with 5% CO2 for 48 hours. Next, ten microliters of MTT were added to each well and incubated for four hours. After dissolving the formazan particles with 100 μL of dimethyl sulfoxide solution (DMSO), the absorbance was measured using the microplate reader ELISA at 550 nm. The results were represented as stimulation index values (33).

stimulation index=OD of stimulated cells (treated
)

 OD of unstimulated cells (control
)








2.7.3 Isolation of murine macrophages

Due to its high density, the peritoneal cavity is a preferred site for accumulating macrophages. To enhance the yield of macrophages, the mice were first administered an injection of 3 ml of 3% (w/v) brewer’s thioglycollate medium into the peritoneal cavity, following the procedure described by Ray and Dittel (34). After initiating macrophage development over three to five days, the next step involved cell collection. The peritoneal macrophages (PEM) were separated using sterile, ice-cold phosphate-buffered saline (pH 7.4). Following cervical dislocation, the mice were sacrificed, and their abdominal cavities were opened to facilitate the injection of 5 milliliters of ice-cold PBS. The peritoneum was gently rubbed to release any adhered cells into the PBS solution. The fluid was carefully removed, placed in a centrifuge tube, and repeated multiple times to obtain the required volume. The cell pellets were collected by centrifugation at 1500 RPM and 4°C for 10 minutes and resuspended in RPMI 1640 media afterward.



2.7.4 Phagocytic activity of macrophages using the NBT (nitro blue tetrazolium) reduction method

The technique described in Boothapandi and Ramanibai was used to complete the NBT reduction assay (34). In summary, 96-well tissue culture plates were seeded with peritoneal macrophages at a density of 5 × 106 cells/well. Except for the control wells, they were treated with various doses of M. oleifera extracts (0.75, 1.5, 3, and 6 mg/ml) and incubated for 48 hours at 37°C. Afterwards, each well received 20μL of nitro blue tetrazolium (NBT) (1.5 mg/ml in PBS) and 20μL of yeast suspension (5 × 107 cells/ml in PBS). The plate was incubated at 37°C for sixty minutes. After the incubation period, RPMI 1640 was used to rinse the adherent macrophage cells, drain the supernatant, and allow them to air dry. Next, 120 μl of 2M KOH and 140 μl of DMSO were added to each well. Then, the plate was placed on a microplate reader, and the optical density (OD) was measured at 550 nm. The following formula was used to calculate the phagocytic activity, which was reported as the percentage of NBT reduction.

phagocytic index= sample OD − Control OD 
control OD 

*100





2.7.5 Pinocytic activity of macrophages using the neutral red method

The mechanism in question was expounded upon by Boothapandi and Ramanibai (34). To summarize, peritoneal macrophages were seeded at a concentration of 5×106 cells per well in a 96-well tissue culture plate. Except for the control wells, various amounts of M. oleifera extracts (0.75, 1.5, 3, and 6 mg/ml) were added, and the plate was incubated for 48 hours at 37°C. Next, 100 μl of neutral red solution (7.5 mg/ml in PBS) was added to each well, and the mixture was incubated for two hours. Following the incubation period, the supernatant was discarded, and each well underwent two rinses with PBS to remove any neutral red that the macrophages had not pinocytized. Subsequently, 100 μl of the cell lysis solution (ethanol and 0.01% acetic acid at a 1:1 ratio) was added to each well to initiate the breakdown of the cells. The dish was left at room temperature overnight. The optical density (OD) at 550 nm was measured after the plate was placed on a microplate reader. The absolute optical density values depicted the dye uptake, signifying the presence of pinocytic activity.




2.8 Statistical analysis

To determine whether there were significant differences in the mean values for each parameter among the various groups in the experiment, one-way ANOVA and post hoc analysis using Dunnett’s multiple comparisons test were applied to represent the data in SPSS (Statistical Package for the Social Science, Chicago, IL, USA, version 24). All assays were performed in technical triplicate (n=3), and the entire experiment was repeated independently three times (biological replicates, N=3). Data are presented as mean ± SEM. When p < 0.05, the mean values of the groups were considered significantly different. Nonlinear regression in SPSS was employed to obtain IC50 values.




3 Results


3.1 yield% of crude extract

After the extraction process, the percentage yield of each of the five aqueous extracts varied. The highest yield came from the Moringa-lavender combination, followed by the Moringa-saffron, uncombined Moringa, Moringa-green tea, and Moringa-turmeric combinations, respectively. The percent yield for each solvent extract was calculated using the formula provided below (Table 1).

Table 1 | Percentage yield of the Moringa leaves aqueous extract and the four different Moringa combination extracts.
	Extract
	Weight before extraction (g)
	Weight after extraction (g)
	% yield of dried leaf aqueous extracts



	Moringa
	12
	1.59
	13.25%


	Moringa- green tea
	12
	1.34
	11.16%


	Moringa-lavender
	10
	1.9
	19%


	Moringa-saffron
	12
	1.89
	15.75%


	Moringa- turmeric
	18
	0.83
	4.61%







percent of obtained yeild (%yeild
)
=Actual yeild
theoritical yeild 

*100





3.2 Quantitative analysis of Moringa green tea and Moringa saffron extracts using LC-MS/MS

After it was determined that the combinations of Moringa-green tea and Moringa-saffron had the most excellent anti-proliferative effect, LC-MS/MS analysis was carried out on these combinations’ extracts, revealing the presence of several bioactive phytochemicals. Results showed that Moringa-saffron leaf extract contained phenolic compounds such as Demethoxycurcumin and 4-O-Caffeoylquinic acid. This combination also possessed a fatty acid (11,12-Dihydroxy-5Z,8Z,14Z-eicosatrienoic acid), a steroidal lactone (Withanone), a coumarin (6,7-Dimethoxy-4-ethylcoumarin), flavonoids such as Iridin, Pinocembrin, Luteolin-7,3’-di-O-glucoside, and 3-Formyl-6-isopropylchromone, and included the alkaloid Harmol.

However, the Moringa-green tea combination contained phenols (beta-D-glucosiduronic acid, Demethoxycurcumin, 4,4’-Dimethoxystilbene, (-)-Gallocatechin 3-gallate, and (-)-Quinic acid). It also included flavonoids (Iridin, 6,2’-Dimethoxy-3-hydroxyflavone, Flavanomarein, and Quercetagetin-7-O-glucoside) and the coumarin dimethylfraxetin. The Moringa-green tea combination was rich in alkaloids such as harmol, glaucine, and huperzine. Other nitrogen-containing compounds, N-desethylsunitinib and pheophorbide A, were unique to this combination. In contrast to the Moringa and saffron combination, this blend also contains the benzoquinone thymoquinone. Table 2 lists the phytochemicals found in each combination and the relative percentage for each compound.



Table 2 | LC-MS/MS analysis for aqueous extracts of Moringa-green tea and Moringa-saffron combinations.
	No.
	Compound
	Formula
	m/z*
	Rt
	Relative percent (MO-green tea)
	Relative percent (MO-saffron)



	1
	beta.-D-Glucopyranosiduronic acid, 4-3-(1-naphthalenylcarbonyl)-1H-indol-1-ylbutyl
	C21H18O11
	519.3353
	24.23
	11.4475
	ND*


	2
	11,12-Dihydroxy-5Z,8Z,14Z-eicosatrienoic acid
	C20H34O4
	338.13959
	9.55
	ND
	15.41856


	3
	Demethoxycurcumin
	C20H18O5
	338.13924
	10.93
	5.212386
	4.354124


	4
	Withanone
	C28H38O6
	470.08423
	17.34
	ND
	2.93517


	5
	4-O-Caffeoylquinic acid
	C16H18O9
	354.13648
	10.2
	ND
	1.802297


	6
	Ureidosuccinic acid
	C5H8N2O5
	320.25285
	23.35
	ND
	4.20529


	7
	5-Hydroxyisovanillic acid
	C8H8O5
	184.06219
	10.32
	ND
	1.56951


	8
	6,7-Dimethoxy-4-ethylcoumarin
	C13H14O4
	234.08046
	14.24
	ND
	0.36983


	9
	Iridin
	C24H26O13
	522.26733
	12.77
	0.150697
	0.369385


	10
	Pinocembrin
	C15H12O4
	256.10530
	20.05
	ND
	0.538121


	11
	Luteolin-7,3’-di-O-glucoside
	C27H30O16
	610.22020
	11.74
	ND
	0.496426


	12
	3-Formyl-6-isopropylchromone
	C13H12O3
	216.06842
	11.01
	ND
	0.67455


	13
	(-)-Gallocatechin 3-gallate
	C22H18O11
	458.13651
	11.27
	2.635173
	ND


	14
	6,2’-Dimethoxy-3-hydroxyflavone
	C17H14O5
	298.19634
	20.84
	2.826577
	ND


	15
	Dimethylfraxetin
	C12H12O5
	236.14084
	16.76
	4.60513
	ND


	16
	N-Desethylsunitinib
	C20H23FN4O2
	370.09665
	6.2
	4.89585
	ND


	17
	4,4’-Dimethoxystilbene
	C16H16O2
	240.06357
	12.28
	0.74575
	ND


	18
	Harmol
	C12H10N2O
	198.12533
	21.81
	0.68972
	0.28818


	19
	Glaucine
	C21H25NO4
	355.06599
	4.5
	0.55236
	ND


	20
	Pheophorbide a
	C35H36N4O5
	592.21739
	13.29
	0.52498
	ND


	21
	Flavanomarein
	C21H22O11
	450.16783
	11.06
	0.37782
	ND


	22
	Quercetagetin-7-O-glucoside
	C21H20O13
	498.15626
	14.12
	0.281579
	ND


	23
	Thymoquinone
	C10H12O2
	132.05841
	7.12
	0.34372
	ND


	24
	Huperzine A
	C15H18N2O
	242.08594
	27.92
	0.43439
	ND


	25
	(-)-Quinic acid
	C7H12O6
	192.06375
	2.92
	0.89785
	ND





*ND, not detected; Rt, retention time; m/z, mass-to-charge ratio.





3.3 Activity of M. oleifera and its combination extracts on the proliferation of cancer cell lines

For all cell lines, the average survival percentage increased in a dose-dependent manner as the concentration of Moringa (M. oleifera) and its combined extracts was progressively reduced (0.09375–6 mg/ml). In conclusion, the survival percentages for the combinations of Moringa with green tea, lavender, saffron, turmeric, and uncombined Moringa, at a concentration of 6 mg/ml on the T47-D cell line, were 19.357%, 47.488%, 21.519%, 54.132%, and 78.862%, respectively. The Moringa-saffron combination was the most effective extract, followed by Moringa-green tea and Moringa-lavender, with an IC50 of 1.14 ± 0.05, 1.49 ± 0.1, and 5.9 ± 2.4, respectively, while uncombined Moringa and Moringa-turmeric were the least active, having an IC50 greater than 6 mg/ml (Figure 1).

[image: Bar chart titled “T47-D” comparing the survival percentage of moringa extracts with different additives (green tea, lavender, saffron, turmeric) at various concentrations. Higher survival at lower concentrations; significance indicated by asterisks.]Figure 1 | The anti-proliferative potential of Moringa oleifera aqueous extract and its combinations was evaluated against the T47-D cell line. Results are represented as mean ± SEM. Statistical comparisons were made against the negative control group (n = 3 independent experiments in technical triplicate). Statistical analysis was conducted using one-way ANOVA and Dunnett’s post hoc test. Significance is indicated as (*****) p-value < 0.000001, (**) p-value < 0.01, (*) p-value < 0.05, and (ns) for non-significant differences. Treatment concentrations were compared with the mean of the negative control group. A p-value < 0.05 was considered statistically significant. Error bars represent the SEM.

On the EMT6/P cell line, the survival percentages for the combinations of Moringa with green tea, lavender, saffron, turmeric, and uncombined Moringa at a concentration of 6 mg/ml were 46.140%, 63.705%, 32.588%, 48.922%, and 55.042%, respectively. The highest anti-proliferative activity was observed in the combinations of Moringa with saffron, green tea, and turmeric, with IC50 values of 1.65 ± 0.27, 5.78 ± 0.06, and 5.93 ± 0.21, respectively. Conversely, the uncombined Moringa and the Moringa-lavender combination exhibited the least anti-proliferative activities, with IC50 values higher than 6 mg/ml (Figure 2).

[image: Bar graph titled “EMT6/P” showing the survival percentage of moringa extracts at various concentrations (6 to 0.09375 mg/ml) mixed with green tea, lavender, saffron, turmeric, and without additives. Survival rates appear highest in the combinations with lavender and green tea, especially at lower concentrations. Statistical significance is indicated with asterisks.]Figure 2 | The anti-proliferative potential of Moringa oleifera aqueous extract and its combinations was evaluated against the EMT6/P cell line. Results are represented as mean ± SEM. Statistical comparisons were made against the negative control group (n = 3 independent experiments in technical triplicate). Statistical analysis was conducted using one-way ANOVA and Dunnett’s post hoc test. Significance is indicated as (*****) p-value < 0.000001, (****) p-value < 0.0001, and (ns) for non-significant differences. Treatment concentrations were compared with the mean of the negative control group. A p-value < 0.05 was considered statistically significant. Error bars represent the SEM.

For MDA-MB-231, the survival percentages at a 6 mg/ml extract concentration for the combinations of Moringa-green tea, Moringa-turmeric, Moringa-saffron, Moringa-lavender, and uncombined Moringa were 47.323%, 65.451%, 56.299%, 53.106%, and 56.937%, respectively. The MDA-MB-231 cell line showed significant resistance to Moringa and its combinations, with an IC50 greater than 6 mg/ml, except for the combination of Moringa and green tea, which exhibited the highest activity with an IC50 of 5.7 ± 0.2 mg/ml (Figure 3).

[image: Bar chart comparing the survival percentage of MDA-MB-231 cells at various extract concentrations. Key: blue for moringa with green tea, orange for lavender, gray for saffron, yellow for turmeric, and dark blue for moringa alone. Survival decreases as concentration increases, with statistical significance noted using asterisks.]Figure 3 | The anti-proliferative potential of Moringa oleifera aqueous extract and its combinations was evaluated against the MDA-MB-231 cell line. Results are represented as mean ± SEM. Statistical comparisons were made against the negative control group (n = 3 independent experiments in technical triplicate). Statistical analysis was conducted using one-way ANOVA and Dunnett’s post hoc test. Significance is indicated as (*****) p-value < 0.000001, (****) p-value < 0.0001, (***) p-value < 0.001, (**) p-value < 0.01, and (ns) for non-significant differences. Treatment concentrations were compared with the mean of the negative control group. A p-value < 0.05 was considered statistically significant. Error bars represent the SEM.

The VERO cell line showed greater resistance to the studied Moringa extracts, as indicated by the proportion of living cells. All extracts exhibited limited toxicity on normal cells, with an IC50 value exceeding 6 mg/ml (Figure 4).

[image: Bar chart titled “VERO” showing the percentage of survival at various extract concentrations (mg/ml): 6, 3, 1.5, 0.75, 0.375, 0.1875, and 0.09375. Bars represent different combinations: moringa with green tea, lavender, saffron, turmeric, and plain moringa. Statistical significance is indicated with asterisks above the bars. Moringa with saffron frequently shows higher survival percentages, particularly at lower concentrations.]Figure 4 | The anti-proliferative potential of Moringa oleifera aqueous extract and its combinations was evaluated against the VERO cell line. Results are represented as mean ± SEM. Statistical comparisons were made against the negative control group (n = 3 independent experiments in technical triplicate). Statistical analysis was conducted using one-way ANOVA and Dunnett’s post hoc test. Significance is indicated as (*****) p-value < 0.000001, (****) p-value < 0.0001, (***) p-value < 0.001, and (**) p-value < 0.01 significance level. Treatment concentrations were compared with the mean of the negative control group. A p-value < 0.05 was considered statistically significant. Error bars represent the SEM.



3.4 The IC50 values of uncombined Moringa and its combinations’ aqueous extracts tested against MDA-MB-231, EMT6/P, T47-D, and Vero normal cell lines

The term IC50 refers to the concentration of a material needed to kill 50% of cells compared to the negative control. The IC50 (mg/ml) values for the crude extracts of uncombined Moringa and its various combinations were assessed on four cell lines (Table 3).

The combination of Moringa and saffron exhibited the highest anti-proliferative activity on T47-D and EMT6/P, with IC50 values of 1.14 ± 0.05 and 1.65 ± 0.27 mg/ml, respectively. Meanwhile, it showed the lowest activity on MDA-MB-231, with an IC50 greater than 6 mg/ml.

The Moringa-green tea combination exhibited the highest anti-proliferative activity against MDA-MB-231 compared to all combinations, with an IC50 value of 5.78 ± 0.06 mg/ml. With an IC50 value of 1.49 mg/ml, it was nearly as effective as Moringa-saffron against the T47-D cell line. However, its activity against EMT6/P was lower than that of the Moringa-saffron combination, at 5.78 ± 0.06 mg/ml.

The Moringa-lavender extract demonstrated activity on T47-D among the tested cell lines, with an IC50 value of 5.9 ± 2.41 mg/ml. In contrast, it exhibited a lower potential to inhibit the proliferation of EMT6/P and MDA-MB-231 cells, with an IC50 value greater than 6 mg/ml.

The Moringa-turmeric extract demonstrated anti-proliferative activity against the EMT6/P cell line, with an IC50 of 5.93 mg/ml; however, T47-D and MDA-MB-231 were unresponsive.

Uncombined Moringa displayed the lowest activity across all tested cell lines, with an IC50 exceeding 6 mg/ml.

Doxorubicin served as the positive control in the anti-proliferative trials. The cell lines T47-D, EMT6/P, MDA-MB231, and Vero displayed susceptibility to doxorubicin, with IC50 values of 0.87 ± 0.04, 4.74 ± 0.07, 7.35 ± 1.87, and over five µg/ml, respectively.

(Table 3) displays the IC50 values for doxorubicin and all extracts using the four cell lines.

Table 3 | IC50 values of Moringa (M. oleifera) and its combinations’ extracts against T47-D, EMT6/P, MDA-MB-231, Vero cell lines.
	Cell line
	IC50 of Moringa (mg/ml)
	IC50 of Moringa- saffron (mg/ml)
	IC50 of Moringa- green tea (mg/ml)
	IC50 of Moringa-lavender (mg/ml)
	IC50 of Moringa-turmeric (mg/ml)
	Doxorubicin (µg/ml)



	T47-D
	>6
	1.14 ± 0.05
	1.49 ± 0.1
	5.9 ± 2.41
	>6
	0.87 ± 0.04


	EMT-6/P
	>6
	1.65 ± 0.27
	5.78 ± 0.06
	>6
	5.93 ± 0.21
	4.74 ± 0.07


	MDA-MB-231
	>6
	>6
	5.78 ± 0.06
	>6
	>6
	7.35 ± 1.87


	Vero
	>6
	>6
	>6
	>6
	>6
	>5









3.5 Immune assays


3.5.1 The effects of Moringa (M. oleifera) combinations’ extracts on spleen lymphocyte proliferation

The results indicated that at a concentration of 6 mg/ml, the combination of Moringa with saffron and green tea exhibited the highest capacity to induce lymphocyte proliferation, demonstrating stimulation index values of 4.175 and 4.115, respectively. At the same dose, the combinations of Moringa-turmeric, Moringa-lavender, and uncombined Moringa showed lower stimulation indexes of 3.227, 2.136, and 2.351, respectively (Figure 5).

[image: Bar chart displaying the stimulation index (SI) at different extract concentrations (6, 3, 1.5, 0.75 mg/mL) for moringa and its combinations with green tea, lavender, saffron, and turmeric. Moringa with green tea shows high SI at higher concentrations, while moringa with saffron consistently has a high SI. The chart includes error bars and color coding for each combination.]Figure 5 | Effect of Moringa oleifera aqueous extract and its combinations on lymphocyte proliferation at various concentrations (6, 3, 1.5, and 0.75 mg/ml). Results are presented as mean ± SEM. Statistical comparisons were made against the negative control group (n = 3 independent experiments in technical triplicate). Statistical analysis was conducted using one-way ANOVA and Dunnett’s post hoc test. Significance is indicated as (****) p-value < 0.0001 significance level. Treatment concentrations were compared with the mean of the negative control group. A p-value < 0.05 was considered statistically significant. Error bars represent the SEM.



3.5.2 The effects of Moringa (M. oleifera) combinations’ extracts on macrophage phagocytosis

The results indicated that at a concentration of 6 mg/ml, the extracts of Moringa-saffron and Moringa-green tea combinations were the most effective at inducing macrophage phagocytosis, showing close phagocytic index values of 340.28 and 274.29, respectively. However, at the same concentration, the combinations of Moringa-lavender, Moringa-turmeric, and uncombined Moringa displayed lower activities, with phagocytic indexes of 98.25, 120.325, and 85.250, respectively (Figure 6).

[image: Bar chart comparing the phagocytic index at different concentrations of moringa with additives: green tea, lavender, saffron, turmeric, and control. Moringa with saffron shows the highest index, especially at 3 mg/ml. Four asterisks indicate statistical significance.]Figure 6 | Effect of Moringa oleifera aqueous extract and its combinations on macrophage phagocytosis at various concentrations (6, 3, 1.5, and 0.75 mg/ml). Results are presented as mean ± SEM. Statistical analysis was conducted using one-way ANOVA and Dunnett’s post hoc test. Significance is indicated as (****) p-value < 0.0001 significance level. Treatment concentrations were compared with the mean of the negative control group. A p-value < 0.05 was considered statistically significant. Error bars represent the SEM.



3.5.3 The effects of Moringa (M. oleifera) combinations’ extracts on macrophage pinocytosis

The test aimed to determine the impact of Moringa extracts on the pinocytic activity of macrophages. The results indicated that the crude extracts enhanced and increased pinocytic activity at doses ranging from 0.75 to 6 mg/ml. Compared to the negative control’s optical density (0.313 ± 0.0067 nm), the Moringa-saffron and Moringa-green tea extracts exhibited the highest potential for inducing macrophage pinocytic activity, with absorbance values of 3.81 and 3.58, respectively. However, at the same concentration combinations, Moringa-lavender, Moringa-turmeric, and uncombined Moringa displayed lower activities, with absorbance values of 2.702, 2.97, and 2.63, respectively (Figure 7).

[image: Bar graph comparing absorbance at five hundred fifty nanometers for moringa mixed with green tea, lavender, saffron, turmeric, and plain moringa across four concentrations (six, three, one point five, and zero point seventy-five milligrams per milliliter). Error bars are present for each bar. Moringa with saffron shows the highest absorbance at all concentrations.]Figure 7 | Effect of Moringa oleifera aqueous extract and its combinations on macrophage pinocytosis at various concentrations (6, 3, 1.5, and 0.75 mg/ml). Results are presented as mean ± SEM. Statistical analysis was conducted using one-way ANOVA and Dunnett’s post hoc test. Significance is indicated as (****) p-value < 0.0001 significance level. Treatment concentrations were compared with the mean of the negative control group. A p-value < 0.05 was considered statistically significant. Error bars represent the SEM.





4 Discussion

Medicinal plants have played a crucial role in drug discovery, especially in oncology, where many chemotherapeutics are sourced from natural products (35). Moringa oleifera, widely cultivated in Southeast Asia, has various therapeutic properties, including antioxidant, immunomodulatory, and anticancer effects (36).

Moringa bark and leaf extracts have anticancer properties that could be utilized to develop novel medications for treating colorectal and breast cancers (37).

Previous studies confirm its activity against breast cancer cells, including the induction of apoptosis and a reduction in tumor volume in xenograft models (38–40).

Other investigations revealed that treatment with M. oleifera leaf extracts against MCF-7 breast cancer cells resulted in a significant decrease in cell viability, and up to 64.5% of solid tumors in MDA-MB-231 xenograft mice were suppressed in the third week following high-dose M. oleifera extract therapy (41).

This study utilized the maceration extraction method to create Moringa polyherbal infusions, imitating traditional preparation where herbal mixtures are steeped in hot water. This technique aimed to reflect real-world consumption habits and accurately represent the bioactive compounds in traditional practices, rather than concentrating solely on maximizing extraction yields through intensive methods.

Afterward, M. oleifera leaf extract and its combinations—particularly with saffron and green tea—demonstrated potent anti-proliferative effects against T47-D, EMT6/P, and MDA-MB-231 breast cancer cell lines. Notably, the Moringa-saffron combination showed superior efficacy against T47-D and EMT6/P, while the Moringa-green tea combination was more effective against MDA-MB-231. These findings align with earlier reports suggesting that phytochemicals in these plants exert anti-proliferative activity through multiple pathways (Figures 8, 9) (43–45).

[image: Chemical structures of various compounds categorized as phenols, coumarins, flavonoids, alkaloids, fatty acids, and steroidal lactones. Compounds included are demethoxycurcumin, 4-O-caffeoylquinic acid, 6,7-dimethoxy-4-ethylcoumarin, iridin, pinocembrin, luteolin 7,3'-di-O-glucoside, harmol, 11,12-dihydroxy-5Z,8Z,14Z-eicosatrienoic acid, and an unnamed steroidal lactone.]Figure 8 | Structures of phytochemicals with anticancer and immunomodulatory activities found in Moringa-saffron combinations.

[image: Chemical structures are organized into categories: phenols, flavonoids, alkaloids, other nitrogen-containing compounds, and benzoquinones. Each category displays molecular structures with labels, including beta-D-glucosiduronic acid, demethoxycurcumin, (-)-quinic acid, 4,4'-dimethylstilbene, (-)-gallocatechin-3-gallate, dimethyllfraxetin, 6,2'-dimethoxy-3-hydroxyflavone, quercetagetin-7-O-glucoside, iridin, harmol, glaucine, huperzine, N-desethylsunitinib, pheophorbide a, and thymoquinone. Each structure highlights the element types and bonds.]Figure 9 | Structures of phytochemicals with anticancer and immunomodulatory activities found in Moringa-green tea combinations.

A comparison of IC50 values with doxorubicin, which was utilized as a positive control in this assay, demonstrated that doxorubicin had greater potency with notable variations. These discrepancies could arise from the complex mixture of phytochemicals, potential antagonistic interactions, or lower concentrations of the active phytochemicals in the moringa combinations.

Phytochemical analysis using LC-MS/MS identified bioactive compounds such as demethoxycurcumin, 4-O-caffeoylquinic acid, gallocatechin 3-gallate, and dimethoxystilbene. These compounds influence apoptosis, immune modulation, and redox balance (46, 47). Flavonoids such as iridin, luteolin, and pinocembrin, found in the active combinations, inhibit tumor growth by targeting cell signaling, apoptosis, and angiogenesis (48).

The results revealed the presence of beta-D-glucosiduronic acid, a glucuronide conjugate of phenol that shares functional similarities with phenols, in the Moringa-green tea combination. Demethoxycurcumin, present in both combinations, is a curcuminoid phenol that modulates angiogenesis, metastasis, apoptosis, cell proliferation, and chemosensitivity (42).

Another study demonstrated that NCI-H460 human lung cancer cells underwent apoptosis when exposed to Demethoxycurcumin through a mitochondrial-dependent mechanism (43). Numerous studies have shown the immune-modulating effects of Demethoxycurcumin, which include reducing the production of pro-inflammatory cytokines and chemokines such as TNF-α, IL-1β, IL-6, and IL-8 while simultaneously increasing the levels of anti-inflammatory cytokines, notably IL-10 (44, 45).

Additionally, 4-O-Caffeoylquinic acid, a phenolic acid in the Moringa-saffron combination, has demonstrated notable antioxidant activity. A study revealed that this acid exhibited the highest levels of antioxidant effectiveness. Its significant role in predicting the antioxidant properties of the 12-month crude extracts was confirmed through the DPPH free radical-scavenging assay (46, 47). It also demonstrated considerable anti-inflammatory effects, indicating its ability to influence immune responses (48).

Investigations revealed that Dimethoxystilbene, present in the Moringa-green tea combination, preferentially stimulated autophagy and death in cancer cells while having minimal effects on non-cancerous cells (49). It also had antioxidant and immune-modulating properties, as evidenced by increased natural killer (NK) cell activity (50).

The phenol quinic acid influenced the tumor immune environment and exhibited a potential synergistic effect with anti-PD1 inhibition, which was investigated using a syngeneic colon tumor animal model (51).

It also regulates pro-inflammatory cytokines to inhibit cancer growth. It possesses immune-modulating properties by activating lymphocytes, critical components of the adaptive immune system (52).

A previous study showed that gallocatechin 3-gallate, a green tea polyphenol, influenced immunity by activating lymphocytes, which may have implications for treating breast cancer (53).

Some studies have explained flavonoids’ anti-carcinogenic properties, such as blocking the differentiation and growth of cancerous cells, reducing tumor angiogenesis, restricting vascular proliferation, and limiting metastasis and oxidative damage (54, 55).

However, flavonoids can support various immunomodulatory actions critical for controlling different types of cancer. Green tea catechin metabolites enhance the cytotoxicity of natural killer (NK) cells (56).

Iridin is a natural flavonoid detected in both Moringa-green tea and Moringa-saffron combinations. A current study indicated that Iridin therapy attenuated cell cycle arrest, reduced the proliferation of gastric cancer cells, and induced apoptosis (57).

Pinocembrin and luteolin are flavonoids detected in Moringa-saffron extract. Pinocembrin demonstrated anticancer activity in breast cancer models by activating apoptosis, stopping the cell cycle, and inhibiting the PI3K/AKT signaling pathway in vivo and in vitro (58).

According to a previous study (59), luteolin’s ability to inhibit tumor formation in vivo, prevent carcinogenesis in animal models, induce apoptosis, suppress angiogenesis, and enhance tumor cells’ vulnerability to the lethal effects of certain anticancer medications are proposed anticancer mechanisms.

In cancerous cells, coumarins exhibited antioxidant activity with low IC50 values (60, 61), significantly enhancing immunity (62).

Scientific research has demonstrated that they have anticancer effects based on their impact on immunological modulation, cell division, and growth. The majority of natural coumarins have usage restrictions due to their hepatotoxic effects; nevertheless, through molecular alterations, reasonably safe analogs with enhanced potency have been produced (63, 64).

The phytochemical classes in Moringa-green tea and Moringa-saffron combinations may account for their greater effects on antiproliferation and immunomodulatory functions than other combinations. However, these combinations exhibited some slight differences.

The presence of fatty acids and steroids in the Moringa-saffron combination, alongside their absence in Moringa-green tea, may explain their superiority over the Moringa-green tea combination against T47-D and EMT6/P cell lines. These results align with previous studies indicating that the anti-proliferative activity occurs through a variety of mechanisms, which include effects on signal transduction, transcription factor activity, gene expression, and estrogen metabolism; alterations in the generation of free radicals and reactive oxygen species; suppression of neoplastic transformation; inhibition of cell growth; and enhanced apoptosis in breast cancer cell lines (65, 66).

This may also be linked to the superiority observed among all combinations in the immune tests conducted in this investigation, a notion also suggested by various studies (67, 68).

The natural steroidal lactone, Withanone, may also be linked to the highest efficiency in this combination. Through the production of ROS signaling, Withanone selectively kills cancer cells, making it a suitable reagent for ROS-mediated cancer treatment (69). This could also be related to its potential inhibition of survivin, an inhibitor of apoptosis that is highly expressed in many cancer cell lines (70). Additionally, it modulated the immune response in Balb/c mice in a previous study (71).

In contrast, LC-MS/MS demonstrated the presence of many alkaloids in the Moringa-green tea combination, including Harmol, Glaucine, and Huperzine, which could be the reason behind the superior activity of this combination on the MDA-MB-231 cell line. A previous study suggested that the β-carboline alkaloid Harmol activates caspase-8 to induce apoptosis. This results in the autophagy and eventual death of human NSCLC A549 cells (72).

By suppressing NF-κB activation, glaucine decreases the production of the MMP-9 gene, thereby limiting the migration and invasion of breast cancer cells (73) and modulating the immune response, primarily by reducing pro-inflammatory cytokine production and influencing intracellular signaling pathways in immune cells (74, 75).

N-Desethylsunitinib and Pheophorbide A, nitrogen-containing compounds, were detected in the Moringa-green tea combination. A study suggested that these agents effectively treat lymphomas, breast cancer, lung cancer, and leukemia (76).

Thymoquinone, a benzoquinone found in the Moringa-green tea combination, could be responsible for the anti-proliferative and cytotoxic activity on the MDA-MB-231 cell line (77, 78).

A previous study showed that Pheophorbide A can activate murine RAW 264.7 macrophages without light stimulation. This activation resulted in higher production of nitric oxide (NO) and pro-inflammatory cytokines like TNF-α and IL-6, suggesting Pa’s ability to boost innate immune responses without relying on photodynamic therapy (79). Another study revealed that Pa-mediated photodynamic therapy (PDT) increases the expression of HLA class I molecules, which are essential for antigen presentation. This enhancement supports the activation of cytotoxic T lymphocytes, thereby advancing adaptive immune responses against tumor cells (80).

Our findings correlate with the reports from the previously mentioned investigations on the numerous fascinating phytochemicals discovered in M. oleifera (Moringa) aqueous leaf extract combinations of green tea or saffron. These mechanistic insights suggest that the observed bioactivity results from the concerted action of multiple phytochemicals targeting diverse cancer-related pathways, including oxidative stress regulation, immune modulation, apoptosis induction, and inhibition of cell migration and proliferation.

Given these encouraging in vitro results, future studies should validate the therapeutic efficacy of these combinations using in vivo tumor models. Furthermore, isolating and testing individual compounds will help clarify their specific contributions and potential pharmacological interactions, laying the groundwork for developing innovative phytochemical-based therapeutics.



5 Conclusion

Combining natural products with proven anticancer properties and synergistic interactions enhances the search for potential molecular targets in cancer cells. According to this study’s findings, aqueous leaf extract from M. oleifera was able to halt the proliferation of breast cancer cells both independently and in conjunction with other plants. The most effective combinations were with saffron and green tea, which exhibited low IC50 values and more significant immunomodulatory actions. Immunomodulatory experiments with M. oleifera and its combinations indicated that the plant effectively enhanced macrophage phagocytosis, pinocytosis, and lymphocyte proliferation. Furthermore, the phytochemical examination revealed the presence of numerous bioactive compounds possessing known anti-proliferative, antioxidant, and immunomodulatory properties, including phenols, flavonoids, coumarins, alkaloids, benzoquinones, and fatty acids in moringa-green tea and moringa-saffron combinations.

To our knowledge, this study is the first to investigate the anticancer and immunomodulatory effects of moringa combinations. These results establish a strong foundation for future research. However, this study has limitations, particularly identifying specific molecular targets and signaling pathways that moringa-saffron and green tea combinations affect. Future research should aim to isolate and characterize the pure active components of these combinations and clarify the molecular mechanisms involved, including the expression of cytokines such as INF-γ and IL-6/7/8. Understanding these pathways will be essential for applying moringa-saffron and green tea combinations in cancer treatment.

Additionally, future in vivo studies are essential for a comprehensive understanding of these moringa combinations’ bioavailability, metabolism, and potential toxicity.
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