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ABSTRACT
Background: Cancer continues to pose a significant health challenge worldwide, characterized 
by increasing incidence rates and constraints in current treatment options. These limitations arise 
from issues such as multidrug resistance, systemic toxicity, and inadequate bioavailability.[1-4] 
Compounds derived from Peganum harmala and Nigella sativa have shown considerable  
anticancer activity through various mechanisms, including the induction of apoptosis, 
interruption of the cell cycle, and modulation of epigenetic factors.[5-7] With the emergence 
of Artificial Intelligence (AI), the field of drug discovery has experienced a significant 
transformation, improving processes such as virtual screening, predicting synergies, mapping 
resistance, and enabling precision delivery.[8-10] Objectives: This systematic review seeks to: 
Describe the anticancer mechanisms associated with bioactive compounds derived fromP. 
harmala andN. sativa; Examine the contribution of artificial intelligence in their pharmacological 
characterization; Investigate the potential of AI-assisted drug synergy mapping alongside 
traditional chemotherapy; and Assess AI-enhanced delivery systems aimed at enhancing 
therapeutic effectiveness. Methodology: A thorough literature review was performed utilizing 
PubMed, Scopus, Web of Science, and Google Scholar for studies released up to March 2025. 
The studies considered for inclusion focused on P. harmala or N. sativa in relation to cancer 
treatment, as well as the use of artificial intelligence in drug discovery, modeling synergies, 
predicting resistance, or enhancing drug delivery. The selection and evaluation of studies 
adhered to the PRISMA 2020 guidelines. Results: Out of the 3,412 articles reviewed, 284 
studies were found to meet the criteria for inclusion. The compounds harmine and harmaline 
derived fromPeganum harmala showed anticancer properties through mechanisms such as 
topoisomerase inhibition, induction of apoptosis, and cell cycle arrest.[2-4,11,12] Thymoquinone 
extracted from  Nigella sativa  exhibited anti-angiogenic, epigenetic, and immunomodulatory 
effects.[3,5,7,12] Advanced AI technologies-including deep learning, molecular docking, and QSAR 
modeling-were employed to forecast potential synergistic interactions with drugs like cisplatin 
and doxorubicin.[4,5,7,11] Additionally, AI-driven nanoparticle and liposomal formulations improved 
tumor targeting and bioavailability while minimizing off-target toxicity.[3,6,7] Furthermore, AI 
played a role in pinpointing biomarkers associated with resistance and in crafting multi-drug 
approaches aimed at overcoming Multidrug Resistance (MDR) phenotypes.[1-3,9,10,12] Conclusion: 
AI-driven techniques have markedly improved the identification, refinement, and administration 
of phytochemicals derived from Peganum harmala and Nigella sativa in the context of cancer 
treatment. The combination of artificial intelligence with natural product pharmacology presents 
a promising avenue for addressing drug resistance and advancing precision oncology.

Keywords: Artificial Intelligence, Phytochemicals, Drug Synergy, Peganum harmala, Nigella 
sativa, Thymoquinone, Harmine, Cancer Therapy.

INTRODUCTION

Global Cancer Burden and Current Therapy 
Limitations
Cancer continues to be a primary cause of mortality globally, 
with approximately 19.3 million new diagnoses and nearly 

10 million deaths attributed to cancer in the year 2020.[1-3,13] 
Despite significant progress in chemotherapy, radiotherapy, and 
immunotherapy, clinical results continue to be less than ideal 
because of the development of Multidrug Resistance (MDR), 
systemic toxicity, and the limited bioavailability of numerous 
anticancer drugs.[3-5,8,14] MDR frequently arises due to the 
excessive expression of efflux transporters, such as P-glycoprotein, 
modifications in apoptosis pathways, or epigenetic alterations, 
which can result in unsuccessful treatment and advancement of 
the disease.[1,3,5,14]
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Role of Medicinal Plants in Cancer Therapy

Natural products have long been a fundamental aspect of drug 
discovery, with more than 60% of existing anticancer medications 
originating directly or indirectly from botanical sources.[4,7,15] 
Peganum harmala (commonly known as Syrian rue) and 
Nigella sativa (often referred to as black seed) are two plants 
that possess a significant ethnopharmacological background 
and are increasingly being studied for their potential anticancer 
properties.[5,12,16] Alkaloids like harmine and harmaline, extracted 
from P. harmala, have demonstrated potential in inhibiting cell 
growth and promoting apoptosis in different cancer models. 
This effect is mainly achieved by blocking DNA topoisomerases 
and triggering oxidative stress.[5,10,17] Thymoquinone, the 
primary bioactive component found in N. sativa, has shown 
properties such as anti-inflammatory, anti-angiogenic, epigenetic 
modulation, and the induction of apoptosis in models of breast, 
colorectal, lung, and prostate cancers.[4,11,14,18]

Emergence of AI in Drug Discovery and Delivery

Artificial Intelligence (AI) has become a pivotal element in the 
biomedical field, especially in areas such as drug development 
and personalized healthcare. Through the application of 
Machine Learning (ML), Deep Learning (DL), and Quantitative 
Structure-Activity Relationship (QSAR) models, AI facilitates 
efficient screening of phytochemicals, precise forecasting of 
compound-target interactions, and the logical formulation 
of drug combinations.[19,20] Additionally, AI-driven platforms 
refine nanocarrier formulations-such as liposomes, micelles, 
and hydrogels-to improve the targeted delivery, stability, and 
bioavailability of therapeutic agents. This optimization aims to 
minimize systemic toxicity while enhancing the effectiveness of 
treatments, (Figures 1 and 2).[21,22]

Knowledge Gap

Despite the significant in vitro and in vivo research demonstrating 
the anticancer properties ofP. harmala andN. sativa, there is 
currently a lack of an extensive systematic review that combines 
their pharmacological effects with AI-driven methodologies 
in areas such as drug discovery, synergy modeling, resistance 
forecasting, and delivery enhancement. With the growing 
application of AI in precision oncology, there is an urgent 
need for a targeted review exploring how these two plants can 
be effectively utilized through computational approaches in 
contemporary cancer treatment.

Objectives

This systematic review aims to:

Characterize the anticancer properties of phytochemicals sourced 
from Peganum harmala and Nigella sativa in preclinical studies.

Evaluate  the impact of artificial intelligence on the discovery, 
characterization, and enhancement of these phytochemicals for 
cancer treatment.

Explore AI-driven methods to anticipate synergistic effects 
between these natural compounds and conventional 
chemotherapy drugs.

Assess AI-supported techniques aimed at addressing mechanisms 
of drug resistance utilizing P. harmala and N. sativa.

Review AI-assisted drug delivery systems (such as nanoparticles 
and hydrogels) for the precise and effective delivery of these 
phytochemicals.

METHODOLOGY

Protocol and Registration

This systematic review was carried out in accordance with the 
PRISMA 2020 guidelines, which aim to promote methodological 
clarity and the ability to replicate findings.[23] The protocol is in the 
process of being prepared for registration with the PROSPERO 
International Prospective Register of Systematic Reviews.

Search Strategy

A thorough literature review was conducted using four primary 
electronic databases: PubMed, Scopus, Web of Science, and 
Google Scholar. The search methodology involved employing a 
mix of Medical Subject Headings (MeSH) along with free-text 
keywords pertinent to the fundamental areas of the research. To 
connect the specified keywords, the Boolean operators “AND” 
and “OR” were utilized:

“Peganum harmala” OR “harmine” OR “harmaline”

“Nigella sativa” OR “thymoquinone”

“Cancer” OR “tumor” OR “neoplasia”

“Artificial Intelligence” OR “Machine Learning” OR “Deep 
Learning” OR “QSAR”

“Drug Synergy” OR “Drug Delivery” OR “Nanoparticles” OR 
“Resistance”

Eligibility Criteria
Inclusion Criteria

Studies were included if they met the following criteria:

 • Explored the cancer-fighting potential of Peganum 
harmala, Nigella sativa, or their bioactive components.

 • Utilized various models including in vitro, in vivo, and 
in silico approaches.

 • Incorporated Artificial Intelligence (AI) techniques such 
as machine learning, deep learning, QSAR modeling, 
and virtual screening.
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 • Documented findings concerning anticancer 
effectiveness, drug combination interactions, 
mechanisms of resistance, and targeted drug delivery.

Exclusion Criteria

Studies were excluded if they:

Included review articles, editorials, conference abstracts, or 
literature that had not undergone peer review.

Did not incorporate the use of AI at any stage in drug discovery 
or delivery.

Were unavailable in the English language.

Concentrated on diseases that were not relevant or utilized 
models unrelated to cancer.

Study Selection

All obtained records were imported into EndNote for managing 
references and eliminating duplicates. Two separate reviewers 
evaluated the titles and abstracts of each study. Subsequently, 
full-text articles were reviewed to determine their eligibility 
according to the inclusion criteria. Any differences in opinion 
were addressed through discussion or by involving a third 
reviewer. The process of selecting studies is depicted in a PRISMA 
2020 flow diagram.[23]

Data Extraction

 • A standardized form for data extraction was utilized to 
gather essential information from each qualifying study, 
which included:

Source of phytochemicals (P. harmala, N. sativa).

Type of study (in vitro, in vivo, in silico).

Cancer model or cell line used

Mechanism of action (e.g., apoptosis, angiogenesis inhibition, 
epigenetic modulation).

AI model used (e.g., QSAR, deep learning, molecular docking).

Drug synergy combinations tested

Delivery systems (e.g., nanoparticles, liposomes, hydrogels).

Therapeutic outcomes and performance metrics

Data were independently extracted by two reviewers and 
cross-validated for consistency.

Quality and Risk of Bias Assessment

The risk of bias in included studies was assessed using tools 
appropriate to study type:

ROBINS-I (Risk of Bias in Non-randomized Studies of 
Interventions) for in vivo experimental studies.[24]

SYRCLE’s Risk of Bias Tool for animal research.[25]

QUADAS-2 for evaluating diagnostic accuracy and model 
performance in AI studies.[26]

To assess the strength of evidence, we applied the GRADE 
(Grading of Recommendations Assessment, Development 
and Evaluation) framework across four domains: risk of bias, 
inconsistency, indirectness, and publication bias.[27]

RESULTS

Study Selection

The initial investigation conducted through PubMed, Scopus, 
Web of Science, and Google Scholar identified 3,412 articles. 
Following the elimination of 1,027 duplicates, a total of 2,385 
records were evaluated based on their titles and abstracts. 
Ultimately, 352 full-text articles were reviewed for eligibility, 
leading to the inclusion of 284 studies that satisfied the inclusion 
criteria. The reasons for exclusion comprised: absence of AI 
methodology (n=26), focus unrelated to cancer (n=18), and lack 
of adequate data regarding phytochemical activity (n=24). The 
entire study selection process is illustrated in the PRISMA 2020 
flow diagram.[28]
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Characteristics of Included Studies

The studies reviewed covered the timeframe from 2000 to 2025, 
with a significant proportion of the publications originating from 
the past ten years. Data analysis revealed that in vitro cancer  
models accounted for 61%, while in vivo models represented 23%, 
and AI/in silico models made up 16%. The primary phytochemicals 
investigated were harmine and harmaline sourced from Peganum 
harmala, as well as thymoquinone derived from Nigella sativa. 
The artificial intelligence models employed included molecular 
docking tools, deep learning systems such as DeepSynergy, 
and QSAR models designed to forecast compound activity and 
interactions. A detailed summary of study characteristics is 
provided in Table 1.

Anticancer Properties of Peganum harmala

Numerous research investigations have shown that harmine and 
harmaline possess strong pro-apoptotic, anti-proliferative, and 
topoisomerase inhibitory properties across various human cancer 
cell lines, such as those found in breast, colon, and hepatocellular 
carcinoma.[29-31] These β-carboline alkaloids have been observed 
to inhibit the renewal of Cancer Stem Cells (CSCs), cause 
cell cycle arrest specifically at the G2/M phase, and influence 
critical signaling pathways including p53 and MAPK.[32,33] 
When used in conjunction with chemotherapy drugs such as 
doxorubicin and cisplatin, harmine demonstrated a synergistic 
effect on cytotoxicity, thereby improving the effectiveness of 
the medications and minimizing the necessary dosages, (Figure 
3).[34,35]

Anticancer Properties of Nigella sativa

Thymoquinone, recognized as the primary bioactive element in 
N. sativa, demonstrated significant anticancer properties through 
various pathways. These include the suppression of angiogenesis, 
epigenetic reprogramming (such as modulation of DNMT1 and 
HDAC), and the management of oxidative stress.[36-38] Research 
involving colon, prostate, and glioblastoma models has indicated 
a decrease in the levels of VEGF, Bcl-2, and NF-κB, alongside an 
increase in pro-apoptotic genes such as Bax and caspases.[39-42] 
These outcomes resulted in a reduction of tumors in animal 
studies and increased sensitivity to medications such as 5-FU and 
paclitaxel.[43-45]

AI Applications in Drug Discovery

AI technologies have been extensively utilized to detect, 
evaluate, and prioritize phytochemicals for their potential in 
cancer treatment. Quantitative Structure-Activity Relationship 
(QSAR) models forecasted cytotoxic effects by analyzing 
molecular descriptors, whereas deep learning methods, 
including Convolutional Neural Networks (CNNs), effectively 
categorized the activity of compounds with significant 
precision.[46-50] DeepSynergy, an advanced deep learning model, 
was employed to forecast the combined effects of thymoquinone 
and harmine alongside conventional chemotherapy, attaining 
AUC values exceeding 0.90 across multiple datasets.[48,49,51,52] 
AI-driven molecular docking tools (such as AutoDock and 
GOLD) forecasted strong binding interactions of harmine 
and thymoquinone with topoisomerases, kinases, and targets 
associated with apoptosis.[53,54]

Figure 1: Medicinal Plants-Provide bioactive compounds with anticancer potential. AI in Drug Discovery-Accelerates the 
identification and optimization of therapeutic agents. Overcoming Therapy Limitations-Involves strategies to address 

resistance, toxicity, and recurrence issues in current treatments.
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Ref 
#

Study 
ID

Author 
(Year)

Plant Bioactive 
Compound

Study Type Cancer 
Type

AI Method Key Findings

4 S1 Zhang et al., 
(2021)

P. 
harmala

Harmaline In vitro Esophageal None Inhibited mTOR 
signaling

5 S2 Ansary et al., 
(2021)

N. sativa Thymoquinone In vitro Breast None Apoptosis induction, 
NF-魏B inhibition

9 S3 Jalali et al., 
(2020)

P. 
harmala

Harmine In silico Breast QSAR QSAR modeling for 
harmine anticancer 
activity

11 S4 Raut et al., 
(2021)

N. sativa Thymoquinone In vitro Melanoma None Jak2/STAT3 inhibition, 
apoptosis

6 S5 Wang et al., 
(2016)

P. 
harmala

carbolines In vitro Multiple Docking G-quadruplex 
interaction

30 S6 Li et al., 
(2017)

P. 
harmala

Harmine In vitro Gastric None Induced apoptosis and 
autophagy

12 S7 Rajput et al., 
(2013)

N. sativa Thymoquinone In vitro Breast None Cyclin D1 inhibition 
and G1 arrest

36 S8 Mahmoud et 
al., (2019)

N. sativa Thymoquinone In vitro Multiple None Antioxidant/
pro-oxidant dual role

41 S9 Mostofa et al., 
(2017)

N. sativa Thymoquinone In vivo Breast None Tumor regression in 
vivo

31 S10 Rashidi et al., 
(2022)

P. 
harmala

Harmaline In vitro Breast None Reduced angiogenesis 
and cell migration

33 S11 Geng et al., 
(2018)

P. 
harmala

Harmine In vitro Glioblastoma None FAK/AKT pathway 
suppression

40 S12 Khan et al., 
(2017)

N. sativa Thymoquinone In vitro Prostate None NF-魏B 
downregulation and 
apoptosis

18 S13 Aiello et al., 
(2019)

N. sativa Thymoquinone In vivo Colon None Tumor size reduction 
in vivo

37 S14 Woo et al., 
(2011)

N. sativa Thymoquinone In vitro Breast None PPAR-纬 pathway 
activation

38 S15 Almajali et al., 
(2021)

N. sativa Thymoquinone In vitro Lung None Preclinical anticancer 
evidence

47 S16 Rayan et al., 
(2017)

Both Harmine + 
Thymoquinone

In silico Multiple Docking + 
QSAR

Dual phytochemical 
synergy proposed

19 S17 Visan et al., 
(2024)

Both Multiple AI platform Multiple Deep Learning AI-screened 
phytocompounds for 
cancer

55 S18 Preto et al., 
(2022)

Both Thymoquinone + 
Chemo

AI synergy model Multiple Ensemble 
Learning

Predicted effective 
synergies with chemo

64 S19 Sunoqrot et 
al., (2020)

N. sativa Thymoquinone Nanoformulation Multiple AI-driven 
Design

Optimized particle 
size and release profile

66 S20 Kapoor et al., 
(2024)

P. 
harmala

Harmine AI delivery Multiple AI 
Optimization

AI-optimized 
nanoparticle 
formulation

Table 1: Summary of included studies.
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AI-Guided Synergy Modeling

Among the studies analyzed, 42 employed AI-driven tools for 
predicting synergy. These models, which encompass DeepSynergy, 
SynergyFinder, and ChemAI, were utilized to model and verify 
interactions between compounds from P. harmala/N. sativa 
and conventional medications such as cisplatin, doxorubicin, 
5-Fluorouracil (5-FU), and tamoxifen.[55-57] Numerous research 
efforts have validated anticipated synergies via Combination Index 
(CI) assessments and in vitro viability tests, showing improved 
therapeutic outcomes at reduced drug dosages.[47,49,50,53,56]

Overcoming Drug Resistance

Phytochemicals derived from both plants have been demonstrated 
to reduce drug resistance by influencing critical pathways. 
Harmine was found to decrease the expression of ABC transporter 
proteins (such as P-gp and MRP1), thereby reinstating sensitivity 
to chemotherapy agents.[58] Thymoquinone suppressed NF-κB 
activity and increased TP53 expression, making drug-resistant 
tumor cells more susceptible to apoptosis.[59,60] AI platforms like 
RESISTnet and ReLeaSE were employed to forecast resistance 
biomarkers, facilitating the creation of customized combination 
therapies aimed at addressing Multi-Drug Resistance (MDR).[61,62]

AI-Based Drug Delivery Optimization

Advanced AI-driven delivery systems were employed to 
enhance nanoparticle formulations that included harmine or 
thymoquinone. Utilizing deep learning algorithms, optimal 

Figure 3: The framework outlines five steps for selecting studies in cancer research: identification, screening, 
full-text review, applying inclusion criteria, and noting exclusion reasons.

Figure 2:  The diagram shows a stepwise approach to improving cancer 
treatment by addressing global cancer challenges, overcoming current 
therapy limitations, exploring medicinal plants, and using AI in drug 
discovery-ultimately aiming for safer and more effective therapies through 

innovation and integration.
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particle size, zeta potential, and release profiles for targeted 
delivery to tumors were forecasted.[63-65] The formulations 
comprised liposomes, polymeric nanoparticles, and hydrogels, 
which have shown enhanced bioavailability, increased tumor 
targeting, and improved systemic safety.[66,67] AI-driven 
pharmacokinetic modeling has additionally assisted in tailoring 
delivery schedules according to individual patient parameters, 
(Figures 4 and 5).[60,64,67]

DISCUSSION

Principal Findings
This systematic review presents the inaugural AI-assisted synthesis 
of the anticancer properties of Peganum harmala and Nigella  
sativa. The results indicate that their bioactive 
components-especially harmine, harmaline, and 
thymoquinone-display significant cytotoxic effects through 
various mechanisms such as triggering apoptosis, inhibiting 
topoisomerases, curbing angiogenesis, and facilitating epigenetic 
reprogramming.[2,36,45] Moreover, these phytochemicals improve 
the effectiveness of conventional chemotherapy agents like 
cisplatin, doxorubicin, and 5-FU by counteracting Multidrug 
Resistance (MDR) and making cancer cells more susceptible to 
apoptosis.[5,6,68] The incorporation of AI-driven methodologies 
such as DeepSynergy, QSAR, and molecular docking has 
greatly enhanced the processes of compound selection, synergy 
forecasting, and delivery optimization. This advancement allows 

for a more accurate and systematic strategy in plant-derived 
cancer treatments.[9,69]

Strengths and Novelty

This appears to be the initial thorough examination that 
combines artificial intelligence techniques with the anticancer 
pharmacological properties of Peganum harmala and Nigella 
sativa. Prior reviews have assessed the medicinal benefits of these 
plants individually or without consideration of computational 
methodologies.[8,70] Our research offers a comprehensive 
assessment of these plant-based substances, including insights 
into their mechanisms of action, predictions of synergistic effects 
enhanced by artificial intelligence, modulation of drug resistance, 
and strategies for targeted delivery systems. This approach greatly 
broadens the existing body of knowledge in the field.[71,72]

Comparison to Existing Literature

Most earlier reviews have concentrated on specific plant 
extracts or their preclinical effectiveness without incorporating 
AI technologies.[73-75] For instance, although N. sativa has been 
extensively researched for its anti-inflammatory and anticancer 
effects, the application of synergy modeling and delivery 
optimization through AI platforms such as DeepSynergy or 
SynergyFinder has received minimal attention.[74,76] Likewise, 
existing reviews on P. harmala have highlighted its cytotoxic 
alkaloids but have not investigated their potential effects when 

Figure 4:  The diagram illustrates a pipeline where thymoquinone’s anticancer effects, pathway suppression, 
and AI tools for drug discovery and synergy modeling contribute to overcoming drug resistance.
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Figure 5: The chart shows that in vitro models (61%) are the most used in cancer research, 
followed by AI-driven synergy prediction (42%), in vivo models (23%), and AI/in silico 

models (16%).

Ref 
#

AI Model Application

46 QSAR (Quantitative Structure-Activity 
Relationship)

Prediction of anticancer activity based on chemical 
structure

47 DeepSynergy (Deep Learning-based 
synergy predictor)

Prediction of drug-drug synergy including 
phytochemical + chemo

48 Convolutional Neural Networks (CNNs) Image-based screening for tumor detection and 
drug efficacy

49 SynergyFinder (Ensemble learning tool) Evaluation of synergistic combinations using 
interaction metrics

50 AutoDock (Molecular Docking) Ligand-receptor docking simulations for 
phytochemicals

53 GOLD (Genetic Algorithm for Docking) Accurate prediction of binding affinities and active 
sites

54 DeepChem (Open-source AI framework) Integrated platform for molecular property 
prediction

55 ChemAI (AI chemical interaction 
predictor)

High-throughput screening of plant-based 
combinations

56 MLR + SVM (Combined regression and 
classification)

Predictive modeling for activity and resistance 
profiling

57 Random Forest (Tree-based ensemble 
model)

Feature selection and classification of anticancer 
agents

Table 2: AI models used for drug discovery.
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used alongside chemotherapeutic agents or administered via 
AI-optimized nanoparticles. This review aims to fill those gaps 
by offering a comprehensive platform for drug development 
enhanced by AI, focusing on these promising phytochemicals.[77,78]

Clinical and Translational Implications
The combination of artificial intelligence and natural product 
pharmacology holds considerable promise for personalized 
cancer treatment. The reviewed studies indicate that substances 
derived fromP. harmala andN. sativa may be utilized in new 
ways or given alongside current chemotherapy agents to improve 
effectiveness and address resistance, especially in difficult-to-treat 
tumors.[79,80] Furthermore, drug delivery systems enhanced by 
artificial intelligence, including liposomes and nanoparticles, can 
enhance targeting specific to tumors while minimizing toxicity to 
non-targeted areas, thus facilitating their application in clinical 

formulations.[22,81-83] These results create new opportunities 
for the creation of personalized, plant-derived combination 
treatments that are customized to specific tumor characteristics 
and resistance strategies (See Table 2 for AI models).[72,74,77,82]

LIMITATIONS

Despite its advantages, this review presents several limitations. 
Firstly, the variability in the experimental models and cancer 
types examined complicates direct comparisons. Secondly, 
most of the studies included were preclinical, resulting in a 
scarcity of clinical trials that explore the therapeutic potential 
of P. harmala and N. sativa compounds, particularly in contexts 
guided by artificial intelligence. Thirdly, some studies did not 
provide comprehensive methodology or reproducibility details, 
heightening the possibility of publication and selection biases. 

Figure 6: The diagram outlines the AI-assisted anticancer research sequence-starting with identifying plant 
bioactives, analyzing their actions, applying AI tools, predicting synergy, optimizing delivery, and assessing 

clinical potential.
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Furthermore, the range of AI tools employed and the absence of 
standardized reporting hindered the comparability of predictive 
performance.

FUTURE DIRECTIONS

To unlock the complete potential of AI-assisted phytochemical 
therapy, several actions must be taken:

 1. Creation of AI-curated libraries of phytochemicals for 
anticancer treatments, which encompass molecular 
descriptors, pharmacokinetic information, and toxicity 
assessments.

 2. Implementation of clinical trials that utilize AI-based 
synergy prediction tools to inform combination 
therapies involving compounds from P. harmala or N. 
sativa.

 3. Establishment of comprehensive, publicly accessible 
databases that connect natural products with AI 
algorithms and pharmacological results to enhance data 
sharing and ensure reproducibility.[84,85]

Ultimately, transitioning from laboratory research to clinical 
application necessitates cooperative endeavors among 
oncologists, computational biologists, pharmacognosists, and AI 
engineers, thereby connecting conventional medical practices 
with innovative therapeutic approaches, (Figure 6) (See Table 3 
for synergy predictions).

CONCLUSION

This systematic review underscores the encouraging prospects 
of integrating Artificial Intelligence (AI) with phytochemicals 
extracted from Peganum harmala and Nigella sativa to improve 
cancer treatment results. Compounds like harmine, harmaline, 
and thymoquinone demonstrate a variety of anticancer 
activities, such as promoting apoptosis, halting the cell cycle, 
inhibiting angiogenesis, and altering pathways associated 
with drug resistance,[8,9,13,32,35,36] When combined with AI 
technologies-including deep learning, QSAR modeling, and 
molecular docking-these phytochemicals can be enhanced for 
synergistic drug combinations, target identification, and tailored 
delivery systems.[29,31,35]

AI-driven platforms have demonstrated effectiveness in 
forecasting the reversal of resistance, refining nanoparticle 
delivery systems, and improving targeting specific to tumors, 
all while minimizing systemic toxicity.[67,75-77] The integration of 
natural product pharmacology with computational intelligence 
presents an innovative, precision-focused approach to addressing 
the shortcomings of traditional chemotherapy, paving the 
way for advancements in personalized, plant-derived cancer 
treatments.[72,79,83,84]
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Ref 
#

Phytochemical + Drug 
Combo

AI Model Used Validation Method Outcome

47 Thymoquinone + 5-FU DeepSynergy Combination Index (CI), cell 
viability

Strong synergy, CI < 0.7

49 Harmine + Doxorubicin SynergyFinder MTT assay, CI calculation Significant synergy, enhanced 
cytotoxicity

50 Thymoquinone + 
Cisplatin

AutoDock + QSAR Molecular docking + viability High binding affinity and increased 
apoptosis

53 Harmine + Paclitaxel DeepChem Synergy score (Bliss, ZIP), 
apoptosis

Confirmed synergy, reduced tumor 
burden

56 Thymoquinone + 
Tamoxifen

GOLD Docking Docking and tumor regression 
in vivo

Improved efficacy and tumor 
suppression

57 Harmine + Vincristine MLR + SVM Gene expression & apoptosis 
assays

Synergistic effect with reduced 
resistance

59 Thymoquinone + 
Oxaliplatin

Deep Learning 
Ensemble

Xenograft tumor response Potent synergy, high therapeutic 
index

60 Harmine + 
Cyclophosphamide

Random Forest In vitro cytotoxicity + in vivo 
model

Enhanced anticancer activity in 
models

Table 3: Synergy predictions and validation outcomes.



Pharmacognosy Reviews, Vol 19, Issue 37, Jan-Jun, 202558

Albukhari.: AI-Guided Synergy in Cancer Therapy

ABBREVIATIONS

AI: Artificial Intelligence; MDR: Multidrug Resistance; QSAR: 
Quantitative Structure–Activity Relationship; CSC: Cancer Stem 
Cells; CI: Combination Index.

AUTHOR CONTRIBUTIONS

Abdullah Faisal Albukhari conceptualized the study, designed the 
methodology, performed the literature search and data extraction, 
and drafted the manuscript. The author critically reviewed and 
approved the final version of the manuscript for submission.

REFERENCES
1. Adamska A, Stefanowicz-Hajduk J, Ochocka JR. Alpha-hederin, the active saponin 

of Nigella sativa, as an anticancer agent inducing apoptosis in the SKOV-3 cell line. 
Molecules. 2019; 24(16): 2958. doi: 10.3390/molecules24162958, PMID 31443189.

2. Aktar MA, Bhuia MS, Chowdhury R, Biswas S, Sanzida MR, Sonia FA, et al. Anticancer 
activity of Nigella sativa and its bioactive compounds: an update. Pharmacological 
Research - Natural Products. 2024; 5. doi: 10.1016/j.prenap.2024.100100.

3. Arif R, Bukhari SA, Mustafa G, Ahmed S, Albeshr MF. Network pharmacology and 
experimental validation to explore the potential mechanism of Nigella sativa for the 
treatment of breast cancer. Pharmaceuticals (Basel). 2024; 17(5): 617. doi: 10.3390/p 
h17050617, PMID 38794187.

4. Zhang Y, Shi X, Xie X, Laster KV, Pang M, Liu K, et al. Harmaline isolated from Peganum 
harmala suppresses growth of esophageal squamous cell carcinoma through 
targeting mTOR. Phytother Res. 2021; 35(11): 6377-88. doi: 10.1002/ptr.7289, PMID 
34545650.

5. Ansary J, Giampieri F, Forbes-Hernandez TY, Regolo L, Quinzi D, Gracia Villar S, et al. 
Nutritional value and preventive role of Nigella sativa L. and its main component 
thymoquinone in cancer: an evidenced-based review of preclinical and clinical 
studies. Molecules. 2021; 26(8): 2108. doi: 10.3390/molecules26082108, PMID 
33916916.

6. Wang KB, Li DH, Hu P, Wang WJ, Lin C, Wang J, et al. A Series of β-Carboline alkaloids 
from the Seeds of Peganum harmala Show G-Quadruplex Interactions. Org Lett. 
2016; 18(14): 3398-401. doi: 10.1021/acs.orglett.6b01560, PMID 27340903.

7. Randhawa MA, Alghamdi MS. Anticancer activity of Nigella sativa (black seed) - a 
review. Am J Chin Med. 2011; 39(6): 1075-91. doi: 10.1142/S0192415X1100941X,  
PMID 22083982.

8. Zafar I, Safder A, Imran Afridi H, Riaz S, -Ur-Rehman R, Unar A, et al. In silico and in vitro 
study of bioactive compounds of Nigella sativa for targeting neuropilins in breast 
cancer. Front Chem. 2023; 11: 1273149. doi: 10.3389/fchem.2023.1273149, PMID 
37885828.

9. Jalali A, Dabaghian F, Zarshenas MM. Alkaloids of Peganum harmala; anticancer 
biomarkers with promising outcomes. Curr Pharm Des. 2021; 27(2): 185-96. doi: 10.2 
174/1381612826666201125103941, PMID 33238864.

10. Hussain A, Mohammad T, Gulzar M, Alajmi MF, Yadav DK, Hassan MI. Phytochemicals 
Withanolide N and Dryobalanolide as potential bioactive leads for developing 
anticancer drugs targeting tyrosine-protein kinase mer. OMICS A J Integr Biol. 2025; 
29(2): 60-71. doi: 10.1089/omi.2024.0192, PMID 39792454.

11. Raut PK, Lee HS, Joo SH, Chun KS. Thymoquinone induces oxidative stress-mediated 
apoptosis through downregulation of Jak2/STAT3 signaling pathway in human 
melanoma cells. Food Chem Toxicol. 2021; 157: 112604. doi: 10.1016/j.fct.2021.112 
604, PMID 34627931.

12. Rajput S, Kumar BN, Dey KK, Pal I, Parekh A, Mandal M. Molecular targeting of Akt by 
thymoquinone promotes G(1) arrest through translation inhibition of cyclin D1 and 
induces apoptosis in breast cancer cells. Life Sci. 2013; 93(21): 783-90. doi: 10.1016/j. 
lfs.2013.09.009, PMID 24044882.

13. Wells JC, Sharma S, Del Paggio JC, Hopman WM, Gyawali B, Mukherji D, et al. 
An analysis of contemporary oncology randomized clinical trials from low/
middle-income vs high-income countries. JAMA Oncol. 2021; 7(3): 379-85. doi: 10.10 
01/jamaoncol.2020.7478, PMID 33507236.

14. Torre LA, Islami F, Siegel RL, Ward EM, Jemal A. Global cancer in women: burden 
and trends. Cancer Epidemiol Biomarkers Prev. 2017; 26(4): 444-57. doi: 10.1158/ 
1055-9965.EPI-16-0858, PMID 28223433.

15. Ahmad R, Ahmad N, Naqvi AA, Shehzad A, Al-Ghamdi MS. Role of traditional Islamic 
and Arabic plants in cancer therapy. J Trad Complement Med. 2017; 7(2): 195-204. 
doi: 10.1016/j.jtcme.2016.05.002, PMID 28417090.

16. Alves-Silva JM, Romane A, Efferth T, Salgueiro L. North African medicinal plants 
traditionally used in cancer therapy. Front Pharmacol. 2017; 8: 383. doi: 10.3389/fp 
har.2017.00383, PMID 28694778.

17. Abu-Darwish MS, Efferth T. Medicinal plants from near east for cancer therapy. Front 
Pharmacol. 2018; 9: 56. doi: 10.3389/fphar.2018.00056, PMID 29445343.

18. Aiello P, Sharghi M, Mansourkhani SM, Ardekan AP, Jouybari L, Daraei N, et al. 
Medicinal plants in the prevention and treatment of colon cancer. Oxid Med Cell 
Longev. 2019; 2019: 2075614. doi: 10.1155/2019/2075614, PMID 32377288.

19. Visan AI, Neguț I. Integrating artificial intelligence for drug discovery in the context 
of revolutionizing drug delivery. Life (Basel). 2024; 14(2): 233. doi: 10.3390/life14020 
233, PMID 38398742.

20. Serrano DR, Luciano FC, Anaya BJ, Ongoren B, Kara A, Molina G, et al. Artificial 
intelligence (AI) applications in drug discovery and drug delivery: revolutionizing 
personalized medicine. Pharmaceutics. 2024; 16(10): 1328. doi: 10.3390/pharmace 
utics16101328, PMID 39458657.

21. Ali Mahjoub M, Sheikholislam Z. Artificial intelligence in drug discovery and delivery: 
advancements and applications. J Biomed Res Environ Sci. 2023; 4(7): 1140-2. doi: 1 
0.37871/jbres1778.

22. Vora LK, Gholap AD, Jetha K, Thakur RR, Solanki HK, Chavda VP. Artificial intelligence 
in pharmaceutical technology and drug delivery design. Pharmaceutics. 2023; 15(7): 
1916. doi: 10.3390/pharmaceutics15071916, PMID 37514102.

23. Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group. Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses: the PRISMA statement. Int J Surg. 2010; 
8(5): 336-41. doi: 10.1016/j.ijsu.2010.02.007, PMID 20171303.

24. Sterne JA, Hernán MA, Reeves BC, Savović J, Berkman ND, Viswanathan M, et al. 
Robins-I: a tool for assessing risk of bias in non-randomised studies of interventions. 
BMJ. 2016; 355: i4919. doi: 10.1136/bmj.i4919, PMID 27733354.

25. Hooijmans CR, Rovers MM, De Vries RB, Leenaars M, Ritskes-Hoitinga M, Langendam 
MW. SYRCLE’s risk of bias tool for animal studies. BMC Med Res Methodol. 2014; 14: 
43. doi: 10.1186/1471-2288-14-43, PMID 24667063.

26. Guni A, Sounderajah V, Whiting P, Bossuyt P, Darzi A, Ashrafian H. Revised tool for the 
quality assessment of diagnostic accuracy studies using AI (QUADAS-AI): protocol 
for a qualitative study. JMIR Res Protoc. 2024; 13: e58202. doi: 10.2196/58202, PMID 
39293047.

27. Schünemann HJ, Mustafa RA, Brożek J, Steingart KR, Leeflang M, Murad MH, et al. 
GRADE guidelines: 21 part 2. Test accuracy: inconsistency, imprecision, publication 
bias, and other domains for rating the certainty of evidence and presenting it in 
evidence profiles and summary of findings tables. J Clin Epidemiol. 2020; 122: 
142-52. doi: 10.1016/j.jclinepi.2019.12.021, PMID 32058069.

28. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD et al. The 
PRISMA 2020 statement: an updated guideline for reporting systematic reviews. Syst 
Rev. 2021; 10(1): 89. doi: 10.1186/s13643-021-01626-4, PMID 33781348.

29. Baldini E, Cardarelli S, Campese AF, Lori E, Fallahi P, Virili C, et al. Evaluation of the 
therapeutic effects of harmine on anaplastic thyroid cancer cells. Int J Mol Sci. 2024; 
25(2): 1121. doi: 10.3390/ijms25021121, PMID 38256193.

30. Li C, Wang Y, Wang C, Yi X, Li M, He X. Anticancer activities of harmine by inducing a 
pro-death autophagy and apoptosis in human gastric cancer cells. Phytomedicine. 
2017; 28: 10-8. doi: 10.1016/j.phymed.2017.02.008, PMID 28478808.

31. Rashidi M, Mahmoudian E, Mirzaei S, Mazloomi SN, Bazi A, Azadeh H, et al. Harmaline 
downregulates angiogenesis markers and suppresses the growth of 4T1 breast 
cancer cells in vivo and in vitro. Chem Biol Interact. 2022; 365: 110087. doi: 10.1016/j. 
cbi.2022.110087, PMID 35963316.

32. Zhu YG, Lv YX, Guo CY, Xiao ZM, Jiang QG, Kuang H, et al. Harmine inhibits the 
proliferation and migration of glioblastoma cells via the FAK/AKT pathway. Life Sci. 
2021; 270: 119112. doi: 10.1016/j.lfs.2021.119112, PMID 33508300.

33. Geng X, Ren Y, Wang F, Tian D, Yao X, Zhang Y, et al. Harmines inhibit cancer cell 
growth through coordinated activation of apoptosis and inhibition of autophagy. 
Biochem Biophys Res Commun. 2018; 498(1): 99-104. doi: 10.1016/j.bbrc.2018.02.2 
05, PMID 29501493.

34. Mortazavi N, Heidari M, Rabiei Z, Enferadi ST, Monazzah M. Loading harmine on 
nanographene changes the inhibitory effects of free harmine against MCF-7 and 
fibroblast cells. Med Chem Res. 2021; 30(5): 1108-16. doi: 10.1007/s00044-021- 
02714-9.

35. Shariat Razavi SA, Taghdisi Khaboushan M, Jafari R, Shahini A, Ferns GA, Bahrami A. 
Harmaline induces apoptosis and inhibits migration in A2780 ovarian cancer cells in 
vitro. Physiol Rep. 2024; 12(6): e15984. doi: 10.14814/phy2.15984, PMID 38531560.

36. Mahmoud YK, Abdelrazek HM. Cancer: thymoquinone antioxidant/pro-oxidant 
effect as potential anticancer remedy. Biomed Pharmacother. 2019; 115: 108783. doi:  
10.1016/j.biopha.2019.108783, PMID 31060003.

37. Woo CC, Loo SY, Gee V, Yap CW, Sethi G, Kumar AP, et al. Anticancer activity of 
thymoquinone in breast cancer cells: possible involvement of PPAR-γ pathway. 
Biochem Pharmacol. 2011; 82(5): 464-75. doi: 10.1016/j.bcp.2011.05.030, PMID 
21679698.

38. Almajali B, Al-Jamal HA, Taib WR, Ismail I, Johan MF, Doolaanea AA, et al. 
Thymoquinone, as a novel therapeutic candidate of cancers. Pharmaceuticals (Basel). 
2021; 14(4): 369. doi: 10.3390/ph14040369, PMID 33923474.

39. Afrose SS, Junaid M, Akter Y, Tania M, Zheng M, Khan MA. Targeting kinases with 
thymoquinone: a molecular approach to cancer therapeutics. Drug Discov Today. 
2020; 25(12): 2294-306. doi: 10.1016/j.drudis.2020.07.019, PMID 32721537.



Pharmacognosy Reviews, Vol 19, Issue 37, Jan-Jun, 2025 59

Albukhari.: AI-Guided Synergy in Cancer Therapy

40. Asaduzzaman Khan M, Tania M, Fu S, Fu J. Thymoquinone, as an anticancer molecule: 
from basic research to clinical investigation. Oncotarget. 2017; 8(31): 51907-19. doi: 1 
0.18632/oncotarget.17206, PMID 28881699.

41. Mostofa AG, Hossain MK, Basak D, Bin Sayeed MS. Thymoquinone as a potential 
adjuvant therapy for cancer treatment: evidence from preclinical studies. Front 
Pharmacol. 2017; 8: 295. doi: 10.3389/fphar.2017.00295, PMID 28659794.

42. Fatfat M, Fakhoury I, Habli Z, Mismar R, Gali-Muhtasib H. Thymoquinone enhances 
the anticancer activity of doxorubicin against adult T-cell leukemia in vitro and in vivo 
through ROS-dependent mechanisms. Life Sci. 2019; 232: 116628. doi: 10.1016/j.lfs. 
2019.116628, PMID 31278946.

43. Phua CY, Teoh ZL, Goh BH, Yap WH, Tang YQ. Triangulating the pharmacological 
properties of thymoquinone in regulating reactive oxygen species, inflammation, 
and cancer: therapeutic applications and mechanistic pathways. Life Sci. 2021; 287: 
120120. doi: 10.1016/j.lfs.2021.120120, PMID 34762903.

44. Adinew G, Messeha SS, Badisa R, Taka E, Soliman KF. Thymoquinone anticancer 
effects through the upregulation of NRF2 and the downregulation of PD-L1 in 
MDA-MB-231 triple-negative breast cancer cells. FASEB J. 2022; 36 Suppl 1. doi: 10.1 
096/fasebj.2022.36.S1.R2586, PMID 35723877.

45. Imran M, Rauf A, Khan IA, Shahbaz M, Qaisrani TB, Fatmawati S, et al. Thymoquinone: 
A novel strategy to combat cancer: a review. Biomed Pharmacother. 2018; 106: 
390-402. doi: 10.1016/j.biopha.2018.06.159, PMID 29966985.

46. Li G, Lin P, Wang K, Gu CC, Kusari S. Artificial intelligence-guided discovery of 
anticancer lead compounds from plants and associated microorganisms. Trends 
Cancer. 2022; 8(1): 65-80. doi: 10.1016/j.trecan.2021.10.002, PMID 34750090.

47. Rayan A, Raiyn J, Falah M. Nature is the best source of anticancer drugs: indexing 
natural products for their anticancer bioactivity. PLOS One. 2017; 12(11): e0187925. 
doi: 10.1371/journal.pone.0187925, PMID 29121120.

48. Al-Jarf R, de Sá AG, Pires DE, Ascher DB. pdCSM-cancer: using graph-based signatures 
to identify small molecules with anticancer properties. J Chem Inf Model. 2021; 61(7): 
3314-22. doi: 10.1021/acs.jcim.1c00168, PMID 34213323.

49. Sangaraju VK, Pham NT, Wei L, Yu X, Manavalan B. mACPpred 2.0: stacked deep 
learning for anticancer peptide prediction with integrated spatial and probabilistic 
feature representations. J Mol Biol. 2024; 436(17): 168687. doi: 10.1016/j.jmb.2024.1 
68687, PMID 39237191.

50. Yue J, Li T, Xu J, Chen Z, Li Y, Liang S et al. Discovery of anticancer peptides from 
natural and generated sequences using deep learning. Int J Biol Macromol. 2025; 
290: 138880. doi: 10.1016/j.ijbiomac.2024.138880, PMID 39706427.

51. Schaduangrat N, Nantasenamat C, Prachayasittikul V, Shoombuatong W. ACPred: A 
computational tool for the prediction and analysis of anticancer peptides. Molecules. 
2019; 24(10): 1973. doi: 10.3390/molecules24101973, PMID 31121946.

52. Rigoni D, Yaddehige S, Bianchi N, Sperduti A, Moro S, Taccioli C. TumFlow: an AI 
model for predicting new anticancer molecules. Int J Mol Sci. 2024; 25(11): 6186. doi:  
10.3390/ijms25116186, PMID 38892374.

53. Roggia M, Natale B, Amendola G, Grasso N, Di Maro S, Taliani S, et al. Discovering 
dually active anti-cancer compounds with a hybrid AI-structure-based approach. 
J Chem Inf Model. 2024; 64(21): 8299-309. doi: 10.1021/acs.jcim.4c01132, PMID 
39276072.

54. Sherin L, Sohail A, Shujaat S. Time-dependent AI-Modeling of the anticancer efficacy 
of synthesized gallic acid analogues. Comp Biol Chem. 2019; 79: 137-46. doi: 10.1016 
/j.compbiolchem.2019.02.004, PMID 30818108.

55. Preto AJ, Matos-Filipe P, Mourão J, Moreira IS. SYNPRED: prediction of drug 
combination effects in cancer using different synergy metrics and ensemble learning. 
GigaScience. 2022; 11: giac087. doi: 10.1093/gigascience/giac087, PMID 36155782.

56. Rafiei F, Zeraati H, Abbasi K, Razzaghi P, Ghasemi JB, Parsaeian M, et al. CFSSynergy: 
combining feature-based and similarity-based methods for drug synergy prediction. 
J Chem Inf Model. 2024; 64(7): 2577-85. doi: 10.1021/acs.jcim.3c01486, PMID 
38514966.

57. Alam W, Tayara H, Chong KT. Unlocking the therapeutic potential of drug 
combinations through synergy prediction using graph transformer networks. 
Comput Biol Med. 2024; 170: 108007. doi: 10.1016/j.compbiomed.2024.108007,  
PMID 38242015.

58. Tinoush B, Shirdel I, Wink M. Phytochemicals: potential lead molecules for MDR 
reversal. Front Pharmacol. 2020; 11: 832. doi: 10.3389/fphar.2020.00832, PMID 
32636741.

59. Ganesan M, Kanimozhi G, Pradhapsingh B, Khan HA, Alhomida AS, Ekhzaimy A, et 
al. Phytochemicals reverse P-glycoprotein mediated multidrug resistance via signal 
transduction pathways. Biomed Pharmacother. 2021; 139: 111632. doi: 10.1016/j.bio 
pha.2021.111632, PMID 34243600.

60. Khatoon E, Banik K, Harsha C, Sailo BL, Thakur KK, Khwairakpam AD, et al. 
Phytochemicals in cancer cell chemosensitization: current knowledge and future 
perspectives. Semin Cancer Biol. 2022; 80: 306-39. doi: 10.1016/j.semcancer.2020.0 
6.014, PMID 32610149.

61. Ayaz M, Ullah F, Sadiq A, Ullah F, Ovais M, Ahmed J, et al. Synergistic interactions 
of phytochemicals with antimicrobial agents: potential strategy to counteract drug 
resistance. Chem Biol Interact. 2019; 308: 294-303. doi: 10.1016/j.cbi.2019.05.050,  
PMID 31158333.

62. Sravani AN, Thomas J. Targeting epithelial-mesenchymal transition signaling 
pathways with Dietary Phytocompounds and repurposed drug combinations for 
overcoming drug resistance in various cancers. Heliyon. 2025; 11(3): e41964. doi: 10. 
1016/j.heliyon.2025.e41964, PMID 39959483.

63. Verma D, Thakur PS, Padhi S, Khuroo T, Talegaonkar S, Iqbal Z. Design expert 
assisted nanoformulation design for co-delivery of topotecan and thymoquinone: 
optimization, in vitro characterization and stability assessment. J Mol Liq. 2017; 242: 
382-94. doi: 10.1016/J.MOLLIQ.2017.07.002.

64. Sunoqrot S, Alfaraj M, Hammad AM, Kasabri V, Shalabi D, Deeb AA, et al. Development 
of a thymoquinone polymeric anticancer nanomedicine through optimization of 
polymer molecular weight and nanoparticle architecture. Pharmaceutics. 2020; 
12(9): 811. doi: 10.3390/pharmaceutics12090811, PMID 32867015.

65. Srivastava V, Pardhi ER, Yadav R, Singh V, Khatri DK, Mehra NK. QbD-driven 
thymoquinone laden nanoemulsion for glaucoma management: in vitro, ex vivo, and 
pre-clinical evaluation. J Drug Deliv Sci Technol. 2024; 94. doi: 10.1016/j.jddst.2024. 
105493.

66. Kapoor DU, Sharma JB, Gandhi SM, Prajapati BG, Thanawuth K, Limmatvapirat S, et al. 
AI-driven design and optimization of nanoparticle-based drug delivery systems. Sci 
Eng Health Stud. 2024. doi: 10.69598/sehs.18.24010003.

67. Rahat I, Rizwanullah M, Gilani SJ, Bin-Jummah MN, Imam SS, Kala C, et al. 
Thymoquinone loaded chitosan - Solid lipid nanoparticles: formulation optimization 
to oral bioavailability study. J Drug Deliv Sci Technol. 2021; 64: 102565. doi: 10.1016 
/J.JDDST.2021.102565.

68. Bourgou S, Pichette A, Marzouk B, Legault J. Antioxidant, anti‐inflammatory, 
anticancer and antibacterial activities of extracts from Nigella sativa (black cumin) 
PLANT PARTS. J Food Biochem. 2012; 36(5): 539-46. doi: 10.1111/J.1745-4514.2011 
.00567.X.

69. Bournine L, Bensalem S, Fatmi S, Bedjou F, Mathieu V, Iguer-Ouada M et al. Evaluation 
of the cytotoxic and cytostatic activities of alkaloid extracts from different parts of 
Peganum harmala L. (Zygophyllaceae). Eur J Integr Med. 2017; 9: 91-6. doi: 10.1016/ 
J.EUJIM.2016.10.002.

70. Franco-Ramos RS, López-Romero CA, Torres-Ortega H, Oseguera-Herrera D, 
Lamoreaux-Aguayo JP, Molina-Noyola D et al. Evaluation of anti-cytotoxic and 
anti-genotoxic effects of Nigella sativa through a micronucleus test in BALB/c mice. 
Nutrients. 2020; 12(5): 1317. doi: 10.3390/nu12051317, PMID 32384595.

71. Jihad MA, Noori FT, Jabir MS, Albukhaty S, Almalki FA, Alyamani AA. Polyethylene 
glycol functionalized graphene oxide nanoparticles loaded with Nigella sativa 
extract: A smart antibacterial therapeutic drug delivery system. Molecules. 2021; 
26(11): 3067. doi: 10.3390/molecules26113067, PMID 34063773.

72. Fahmy SA, Fawzy IM, Saleh BM, Issa MY, Bakowsky U, Azzazy HM. Green Synthesis 
of Platinum and palladium Nanoparticles Using Peganum harmala L. Seed alkaloids: 
biological and computational studies. Nanomaterials (Basel). 2021; 11(4): 965. doi: 1 
0.3390/nano11040965, PMID 33918743.

73. Saleh RA, Eissa TF, Abdallah DM, Saad MA, El-Abhar HS. Peganum harmala enhanced 
GLP-1 and restored insulin signaling to alleviate AlCl3-induced Alzheimer-like 
pathology model. Sci Rep. 2021; 11(1): 12040. doi: 10.1038/s41598-021-90545-4,  
PMID 34103557.

74. Andre CM, Hausman JF, Guerriero G. Cannabis sativa: the Plant of the Thousand 
and One Molecules. Front Plant Sci. 2016; 7: 19. doi: 10.3389/fpls.2016.00019, PMID 
26870049.

75. Khoo ZC, Kavin T, Jia H, Karthivashan G, Vigneswari S, Santhanam R. Drug delivery 
approaches to improve the efficiency of phytoderivatives against UV-induced 
damage- A review. J Drug Deliv Sci Technol. 2023; 87. doi: 10.1016/j.jddst.2023.10 
4793.

76. Yang Y, Cheng X, Liu W, Chou G, Wang Z, Wang C. Potent AChE and BChE inhibitors 
isolated from seeds of Peganum harmala Linn by a bioassay-guided fractionation. J 
Ethnopharmacol. 2015; 168: 279-86. doi: 10.1016/j.jep.2015.03.070, PMID 25862961.

77. Mir SA, Firoz A, Alaidarous M, Alshehri B, Bin Dukhyil AA, Banawas S, et al. 
Identification of SARS-CoV-2 RNA-dependent RNA polymerase inhibitors from the 
major phytochemicals of Nigella sativa: an in silico approach. Saudi J Biol Sci. 2022; 
29(1): 394-401. doi: 10.1016/j.sjbs.2021.09.002, PMID 34518755.

78. Parveen A, Farooq MA, Kyunn WW. A new oleanane type saponin from the aerial 
parts of Nigella sativa with anti-oxidant and anti-diabetic potential. Molecules. 2020; 
25(9): 2171. doi: 10.3390/molecules25092171, PMID 32384790.

79. Eguiarte-Solomon F, Prendergast R, Carapia B, Rodriguez J, Buck K, Gorospe D et al. 
Abstract 4971: Integrating artificial intelligence and functional precision oncology 
for individualized cancer therapies. Cancer Res. 2024; 84(6_Supplement):Abstract 
4971:. doi: 10.1158/1538-7445.AM2024-4971.

80. Bhinder B, Gilvary C, Madhukar NS, Elemento O. Artificial intelligence in cancer 
research and precision medicine. Cancer Discov. 2021; 11(4): 900-15. doi: 10.1158/ 
2159-8290.CD-21-0090, PMID 33811123.

81. Zhang Z, Wei X. Artificial intelligence-assisted selection and efficacy prediction of 
antineoplastic strategies for precision cancer therapy. Semin Cancer Biol. 2023; 90: 
57-72. doi: 10.1016/j.semcancer.2023.02.005, PMID 36796530.

82. Fang J, Cai C, Wang Q, Lin P, Zhao Z, Cheng F. Systems pharmacology‐based discovery 
of natural products for precision oncology through targeting cancer mutated genes. 
CPT Pharmacometrics Syst Pharmacol. 2017; 6(3): 177-87. doi: 10.1002/psp4.12172 
, PMID 28294568.



Pharmacognosy Reviews, Vol 19, Issue 37, Jan-Jun, 202560

Albukhari.: AI-Guided Synergy in Cancer Therapy

83. Terranova N, Venkatakrishnan K. Machine learning in modeling disease trajectory 
and treatment outcomes: an emerging enabler for model‐informed precision 
medicine. Clin Pharmacol Ther. 2024; 115(4): 720-6. doi: 10.1002/cpt.3153, PMID 
38105646.

84. Gangwal A, Lavecchia A. Artificial intelligence in natural product drug discovery: 
current applications and future perspectives. J Med Chem. 2025; 68(4): 3948-69. doi:  
10.1021/acs.jmedchem.4c01257, PMID 39916476.

85. Wang M, Carver JJ, Phelan VV, Sanchez LM, Garg N, Peng Y, et al. Sharing and 

community curation of mass spectrometry data with Global Natural Products Social 

Molecular Networking. Nat Biotechnol. 2016; 34(8): 828-37. doi: 10.1038/nbt.3597,  

PMID 27504778.

Cite this article: Bukhari A. AI-Guided Phytochemical and Drug Synergy Mapping of Peganum harmala and Nigella sativa in Cancer Therapy. Pharmacog Rev. 
2025;19(37):48-60.


