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Summary 

An increasingly significant field of present-day biomedical and cancer research is the identification 

of new potential antitumor agents originating from natural sources, such as plant alkaloids. Among 

these, ɓ-carboline alkaloids such as harmine have shown remarkable anticancer effects, which 

qualifies them as interesting candidates for the creation of new anticancer treatments. 

The aim of this dissertation is to evaluate the antiproliferative and cytotoxic effects of the naturally 

occurring alkaloid harmine and a series of thirty-three N9-substituted harmine derivatives in vitro, 

using a panel of various cancer cell lines alongside a non-cancerous human lung fibroblast cell line. 

The cytotoxicity of harmine and its derivatives was investigated first in a panel of cancer cell lines. 

Derivative 6, bearing a 3,5-dimethylbenzyl substituent, showed the most powerful cytotoxic 

activity; IC50 values below 10 ÕM across all tested cancer cell lines were achieved while IC50 values 

exceeding 100 ÕM in the non-cancerous cells. Using proliferative and viability experiments, and 

the xCELLigence real-time cell analysis system, which both showed a concentration-dependent 

inhibition of cancer cell growth with minimum impact on non-malignant cells, compound 6's potent 

antiproliferative effects were confirmed. 

Further investigation of the molecular mechanisms underlying the cytotoxic effect of compound 6 

was performed in the leukemic MOLT-4 cell line. Flow cytometric analysis demonstrated 

significant accumulation of cells in the G1 phase of the cell cycle. This effect was associated with 

decreased levels of phosphorylated retinoblastoma protein (Rb) and an increase in the expression 

of the cyclin-dependent kinase inhibitor p27, as determined by Western blot analysis. 

Using Annexin V/PI staining and TUNEL assay, the induction of apoptosis was revealed. This was 

further proved by caspase activity assays which showed that both the intrinsic via caspase-9 and 

extrinsic apoptotic pathway via caspase-8 were activated, along with the subsequent activation of 

caspase-3/7. Also, Western blot analysis showed a concentration-dependent increase in Bax/Bcl-2 

ratio. In addition, using immunofluorescence microscopy, the levels of poly(ADP-ribose) (PAR) 

and phosphorylated histone H2AX (ɔH2AX) were increased indicating the presence of single-

stranded breaks in DNA and double-stranded breaks in DNA. 
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Furthermore, compound 6 demonstrated minimal inhibitory activity against monoamine oxidase A 

(MAO-A) and did not contribute to the generation of reactive oxygen species (ROS), in so doing 

lowering the risk of possible off-target effects. 

In conclusion, the results demonstrate that cell cycle regulation, induction of programmed cell 

death via both intrinsic and extrinsic apoptotic pathways, and the instigation of DNA damage 

represent the principal mechanisms underlying the action of harmine and compound 6. These 

findings highlight their potential as a selective and promising candidate for antileukemia therapy. 
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Souhrn 

St§le vĨznamnŊjġ² oblast² souļasn®ho biomedic²nsk®ho a onkologick®ho vĨzkumu je hled§n² 

novĨch protin§dorovĨch l§tek poch§zej²c²ch z pŚ²rodn²ch zdrojŢ, napŚ²klad rostlinnĨch alkaloidŢ. 

Mezi tŊmito l§tkami vykazuj² ɓ-karbolinov® alkaloidy, jako je harmin, vĨrazn® protin§dorov® 

¼ļinky, d²ky ļemuģ pŚedstavuj² zaj²mav® kandid§ty pro vĨvoj novĨch protin§dorovĨch l®ļiv. 

C²lem t®to disertaļn² pr§ce bylo in vitro zhodnotit antiproliferaļn² a cytotoxickĨ ¼ļinek pŚ²rodn²ho 

alkaloidu harminu a tŚiceti tŚ² jeho N9-substituovanĨch deriv§tŢ s vyuģit²m panelu n§dorovĨch 

bunŊļnĨch lini² rŢznĨch histotypŢ a nen§dorov® linie lidskĨch plicn²ch fibroblastŢ. 

V prvn² f§zi byla testov§na cytotoxicita harminu a jeho deriv§tŢ na panelu n§dorovĨch bunŊļnĨch 

lini². Nej¼ļinnŊjġ² aktivitu vykazoval deriv§t 6 nesouc² 3,5-dimethylbenzylovou substituci, jenģ 

dos§hl hodnot IC50 pod 10 Õmol u vġech testovanĨch n§dorovĨch lini², pŚiļemģ u nen§dorovĨch 

bunŊk IC50 pŚesahovala 100 Õmol. Pomoc² experimentŢ zamŊŚenĨch na proliferaci a viabilitu 

bunŊk a syst®mu pro monitorov§n² bunŊļn® proliferace v re§ln®m ļase xCELLigence byl 

antiproliferaļn² ¼ļinek slouļeniny 6 potvrzen, pŚiļemģ byl zaznamen§n koncentrac² z§vislĨ pokles 

rŢstu n§dorovĨch bunŊk pŚi minim§ln²m dopadu na nen§dorov® buŔky. 

Dalġ² podrobn® studium molekul§rn²ho mechanismu ¼ļinku slouļeniny 6 bylo provedeno na 

leukemick® bunŊļn® linii MOLT-4. PrŢtokov§ cytometrie odhalila vĨznamnou akumulaci bunŊk v 

G1 f§zi bunŊļn®ho cyklu. Tento efekt byl spojen s poklesem hladiny fosforylovan®ho 

retinoblastomov®ho proteinu (Rb) a zvĨġen²m exprese inhibitoru cyklin-dependentn²ch kin§z p27, 

jak bylo prok§z§no metodou Western blot. 

Indukce apopt·zy byla kvantifikov§na pomoc² znaļen² Annexin V/PI a TUNEL testu. Tato zjiġtŊn² 

byla d§le potvrzena stanoven²m aktivity kasp§z, kter§ prok§zala aktivaci jak vnitŚn² apoptotick® 

dr§hy prostŚednictv²m kasp§zy-9, tak vnŊjġ² apoptotick® dr§hy prostŚednictv²m kasp§zy-8, spolu s 

n§slednou aktivac² efektorovĨch kasp§z-3/7. Western blot analĨza d§le uk§zala koncentrac² z§vislĨ 

n§rŢst pomŊru Bax/Bcl-2. Pomoc² imunofluorescenļn² mikroskopie bylo zjiġtŊno zvĨġen² hladin 

poly(ADP-ribosy) (PAR) a fosforylovan®ho histonu H2AX (ɔH2AX), coģ svŊdļ² o pŚ²tomnosti 

jednoŚetŊzcovĨch a dvouŚetŊzcovĨch zlomŢ DNA. 
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D§le bylo zjiġtŊno, ģe slouļenina 6 vykazuje minim§ln² inhibiļn² aktivitu vŢļi monoaminoxid§ze 

A (MAO-A) a nepŚisp²v§ k tvorbŊ reaktivn²ch forem kysl²ku (ROS), ļ²mģ se sniģuje riziko 

moģnĨch mimoc²lovĨch ¼ļinkŢ. 

Z§vŊrem lze tedy konstatovat, ģe regulace bunŊļn®ho cyklu, indukce programovan® bunŊļn® smrti 

prostŚednictv²m vnitŚn² i vnŊjġ² apoptotick® dr§hy a indukce poġkozen² DNA pŚedstavuj² hlavn² 

mechanismy ¼ļinku harminu a jeho deriv§tu 6. Z²skan§ zjiġtŊn² poukazuj² na jejich potenci§l jako 

selektivn²ch a perspektivn²ch kandid§tŢ pro terapii leuk®mie. 
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1. Aims of the Dissertation 
 

The aim of this dissertation is to improve the anticancer effects of the ɓ-carboline alkaloid, harmine, 

through the synthesis and preparation of semisynthetic derivatives and to assess their cytotoxicity 

towards cancerous cells in vitro using a panel of tumor cell lines of various histotypes. The specific 

objectives of the work were as follows: 

¶ To prepare and develop a library of semisynthetic harmine derivatives with the aim of 

improving the cytotoxic and candidate antitumor properties of harmine by synthesizing 

novel derivatives suitable for further biological evaluation. 

¶ To perform cytotoxicity screening tests to determine the growth percentage (GP) of 

harmine and its semisynthetic derivatives in a panel of cancer cell lines representing various 

cancer types. 

¶ To find the most cytotoxic compound by determining the minimum concentration at 

which 50% of the cells are inhibited (IC50) values and to assess their effects on cell 

proliferation and viability using appropriate experimental methods. 

¶ To investigate how this active compound influences the progression of the cell cycle by 

observing whether it can induce cell cycle arrest or suppress progression through the phases 

of the cell cycle. 

¶ To assess the compound's capacity to trigger apoptosis using techniques like caspase 

activity assays, TUNNEL, and Annexin V/PI. As well as quantifying the number of 

apoptotic cells in the early and late phases of apoptosis using flow cytometry and related 

methods. 

¶ To explore the molecular mechanisms that constitute the cytotoxic and cytostatic effects 

that have been observed, with an emphasis on the role of signaling pathways which regulate 

apoptosis-related proteins and regulate the cell cycle. 

¶ To investigate the compoundôs ability to induce DNA Damage by detecting single- and 

double-strand DNA breaks through immunofluorescence visualization of the DNA damage 

markers PAR and ɔH2AX, respectively. 
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¶ To investigate the potential mitigation of off-target monoamine oxidase A (MAO-A) 

inhibition, evaluate FLT3 sensitivity, and assess selective cytotoxicity toward cancer 

versus non-cancer cells using the selectivity index. 

¶ To explore the toxicity and pharmacokinetic properties of the compound using in-silico 

methods such as ProTox-3.0 and SwissADME. 

 

 

2. Theoretical background 
                            

Cancer remains a significant public health, economic and social problem with about one in six 

fatalities (16.8%) resulting from it (Bray F. et al., 2024). The uncontrolled growth of abnormal cells 

beyond their natural limits, infiltrating surrounding tissues and moving to other parts of the body 

in a process known as metastasis, is one of the major hallmarks of cancer and is the main cause of 

death in cancer patients (WHO, 2019). The World Health Organization (WHO), in the year 2020, 

estimated that cancer claimed the lives of 10 million people and continues to be a leading cause of 

death. Despite our current advances in treatment and diagnostic techniques cancer is still a matter 

of global concern (Dede Z. et al., 2019). To fight cancer, we must understand the mechanisms that 

enable their viability and their ability to grow and metastasize, then we find or synthesis 

medications that can counteract these mechanisms.  

 

2.1. Hallmarks of Cancer 

The hallmarks of cancer consist of biological capacities gained throughout the gradual progression 

of human cancers. The hallmarks serve as a framework for understanding the intricacies of 

neoplastic illness. These encompass the maintenance of proliferative signals, evasion of growth 

suppressors, resistance to cell death, facilitation of replicative immortality, induction of 

angiogenesis, and activation of invasion and metastasis. At the core of these hallmarks are genomic 

instability, which produces genetic variation that accelerates their attainment, and inflammation, 

which promotes many hallmark activities (Hanahan D. et al., 2011). 
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Cancer cells are normal cells that slowly acquire six distinct traits that allow them to grow and 

survive without control. Tumor cells become self-sufficient in growth signals by making their own 

mitogens, overexpressing receptors, or turning on downstream signaling. Because of this, they may 

develop without the usual limits. They also lose their ability to respond to signals that stop growth, 

which is often caused by problems with the retinoblastoma pathway and the checkpoints that 

control differentiation or quiescence. When genetic stress happens, tumors discover strategies to 

prevent apoptosis. For example, they can turn on pro-survival pathways, make too many 

antiapoptotic proteins, and stop p53. Another prerequisite is an unlimited ability to replicate, which 

can be supplied by recombination-based methods that get beyond the senescence barrier or by 

keeping telomere integrity through telomerase. When tumors induce angiogenesis to happen at 

levels bigger than microscopic, the balance shifts in favor of proangiogenic signaling proteins like 

vascular endothelial growth factor (VEGF). Finally, most cancer patients die because the cells can 

go to other organs and invade tissues since they are growing in a bad way. These six characteristics 

work together to aid us in the understanding of the complexity of cancer (Hanahan D. et al., 2000).  

 

2.2. Cellular Mechanisms of Action of Cancer 

The irregular and uncontrolled proliferation of cells because of the dysregulation of the cell cycle 

and the evasion of cell death mechanisms such as apoptosis are the main characteristics of cancer. 

Mutations in key regulatory genes like the tumor suppressor p53 impair normal DNA damage repair 

and monitoring which result in abnormal cells being able to survive and multiply (Reed J. C., 2003).Ш

To counteract these processes, anticancer mechanisms target a range of cellular and molecular 

pathways, including the induction of apoptosis, arrest of the cell cycle at specific checkpoints (such 

as G1/S or G2/M), inhibition of metastasis and angiogenesis, and regulation of key signaling 

pathways like phosphatidylinositol 3-kinase/Шprotein kinase B (PI3K/AKT) and mitogen-activated 

protein kinase (MAPK), thereby suppressing tumor growth and progression (Vijayalakshmi M. et 

al., 2024). 

Cells that grow too quickly and in an irregular way are the main cause of cancer. This is because 

of problems with the cell cycle and avoiding apoptosis. Mutations in important regulatory genes, 

like the tumor suppressor p53, make it harder for the body to fix and keep an eye on DNA damage. 

Because of this, cells are encouraged to grow and thrive in ways that are not normal (Reed JC, 
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2003). To fight these activities, anticancer strategies target a number of cellular and molecular 

pathways. Some of these are stopping the cell cycle at certain points like G1/S or G2/M, stopping 

angiogenesis and metastasis, and regulating important signaling pathways like MAPK and 

PI3K/AKT. This stops tumors from growing and spreading (Vijayalakshmi M. et al., 2024). 

 

2.2.1. Cell Cycle Regulation 

The cell cycle comprises of a series of processes which enables a cell to divide into two identical 

daughter cells. It can be categorized into four distinct stages, G1, S, G2, and M. The M phase can 

be further categorized into the following phases: prophase, prometaphase, metaphase, anaphase, 

telophase, and cytokinesis. Cell cycle progression is regulated by cyclin-dependent kinases (CDKs) 

and the regulatory cyclin subunits that they contain (Wang Z., 2022). 

An important checkpoint of the cell cycle is at the G1/S phase which ensures a proper transition 

from G1 to the S phase where DNA replication take place. The retinoblastoma protein (Rb), a 

critical regulator of this checkpoint, binds to and inhibits E2F transcription factors in early G1, 

preventing S phase entry. As the cell moves through G1, the cyclin D-CDK4/6 and cyclin E-CDK2 

complexes phosphorylate Rb, allowing E2F to start transcription and speeding up cell cycle 

progression. In response to DNA damage, the tumor suppressor p53 stimulates the synthesis of 

p21, which suppresses cyclin-CDK complexes, Rb phosphorylation, and E2F activation. Failure to 

regulate this checkpoint can lead to uncontrolled cell proliferation and cancer development (Bertoli 

C. et al., 2013). 

The G2/M checkpoint is an important part of the cell cycle that stops cells from entering mitosis 

(M phase) with damaged DNA. This checkpoint helps keep the genome whole by keeping damaged 

chromosomes from splitting up. At this checkpoint, the cells that cannot replicate their DNA 

appropriately and accurately would not move into the next stage, which stops mitosis from starting. 

This arrest is caused by a complex interaction between checkpoint proteins, such as cyclins, cyclin-

dependent kinases (CDKs), and their inhibitors, especially CDK1 and cyclins A and B. To stop 

mutations that could cause cancer and neoplastic transformation, the G2/M checkpoint must work 

properly. Scientists should be able to find new ways to treat cancer by learning how these 
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mechanisms work at the molecular level as many cancer types have problems with these (Stark G. 

et al. 2004). 

Signaling pathways such as MAPK/ERK and PI3K/AKT play important roles in the regulation of 

the cell cycle. These pathways for instance the MAPK/ERK pathway are activated by mitogens or 

growth factors which may cause the induction of gene transcription such as cyclin D1 which 

promotes the phosphorylation of the retinoblastoma (Rb) protein which in turn facilitates the G1ï

S phase transition (Meloche S. et al., 2007; Dhillon et al., 2007). Meanwhile, by activating the 

PI3K/AKT pathway, cell cycle progression is promoted due to the increase of CDK4/6 activity and 

the suppression of cyclin-dependent kinase inhibitors such as p27 (Vara et al., 2004; Manning B. 

D. et al., 2017). 

A commonly used technique for the evaluation of the cell cycle is the flow cytometry. This method 

involves fixing cells, staining them with a DNA-binding fluorochrome such as propidium iodide 

(PI) or 7-Aminoactinomycin D (7-AAD), and then passing them individually through a laser beam. 

The fluorescence intensity is directly proportional to the cellular DNA concentration which enables 

the differentiation of cells in the G1, S, and G2/M phases (Pozarowski P. et al., 2004). We used this 

method in our study to investigate how our compound regulates the cell cycle. 



ΝΥ 
 

 

Figure 1: Schematic diagram depicting The Cell Cycle control: Checkpoints and Regulation by 

Cyclin-CDK Complexes. 

 

2.2.2. Mechanisms of Cell Death 

Different types of cell death play significant roles in cancer growth and treatment. Cell death, 

survival and proliferation are all important aspects in cellular homeostasis and the understanding 

these mechanisms helps to create treatments capable of successfully eradicating cancer cells. Cell 

death was first categorized into three types: apoptosis (type I), autophagy (type II), and necrosis 

(type III) (Yan G. et al. 2020). 

Apoptosis is a tightly regulated process that removes aging or damaged cells. During this process, 

cells undergo a variety of morphological changes, including chromatin condensation, nuclear 

fragmentation, and the formation of apoptotic bodies. These apoptotic bodies are then 

phagocytosed by neighboring cells or macrophages, restricting the release of cellular contents and 
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triggering an inflammatory response. Apoptosis dysregulation is a hallmark of cancer, since cancer 

cells commonly develop apoptosis resistance, allowing them to survive and expand in the presence 

of cell death inducers (Reed J.C., 2003).ШThere are some distinct signaling systems that lead to 

apoptosis. The intrinsic (mitochondrial) and extrinsic (death receptor) pathways are the most 

important ones. Caspase-8 and -9 are initiator caspases, while caspase-3, -6, and -7 are executioner 

caspases. These are very important in apoptotic signaling cascades. Ligands such as tumor necrosis 

factor (TNF) start the extrinsic pathway by making a death-inducing signaling complex (DISC) 

that turns on caspase-8 and other caspases (Kim J. et al. 2000; Chipuk J. et al. 2006).ШThe intrinsic 

pathway causes the mitochondrial outer membrane to become permeable. This makes it easier for 

cytochrome c to move from the intermembrane space of the mitochondria to the cytosol. Then, 

cytochrome c helps caspase-9 and the apoptosome come together to form a complex that activates 

caspase-9. This complex helps activate caspase-9, which then activates caspases-3, 6, and 7, which 

breaks up DNA and kills cells through apoptosis. There is a balance between B-cell lymphoma 2 

(BCL-2), which is anti-apoptosis, and Bax, pro-apoptotic, which initiates the process, controls this 

chain of events (Das S. et al 2021). 

Although apoptosis is robustly regulated, involving essential molecules such as Bcl-2, Bax and 

caspases, necrosis on the other hand is an uncontrolled form of cell death usually connected with 

pathological reactions which lead to severe cellular injury (Degenhardt K. et al. 2002).ШCellular 

structural changes such as the rupture of the cellular membrane with subsequent loss of the 

intracellular content are observed in its process.  It does not require energy and is a passive process 

unlike apoptosis. Necrosis is frequently caused by external influences such as physical damage, 

toxins or viruses. DNA fragmentation is caused by necrosis, and it can be observed in situations 

like ischemia and trauma. Lactate dehydrogenase (LDH) activity and cell-impermeable DNA 

binding dyes are two common ways to find necrosis. They measure how much cellular leakage and 

membrane permeability there is (Yan G. et al. 2020). 

Autophagy is a process that breaks down cells and makes large vesicles inside cells. It also gets rid 

of organelles in the cytoplasm without condensing chromatin. It protects cells from stress by 

breaking down and recycling damaged organelles and proteins to help keep cells in balance. 

Autophagy can kill cells when stress on the cells becomes permanent. There are three types of 

autophagy: macro-autophagy, where cytoplasmic parts are put into autophagosomes that then fuse 
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with lysosomes; micro-autophagy, where lysosomes directly take in parts; and chaperone-mediated 

autophagy, where certain proteins are broken down. There are other kinds of selective autophagy, 

such as mitophagy, which breaks down mitochondria, and xenophagy, which breaks down 

pathogens. To find proteins that are involved in autophagy, autophagy detection techniques 

commonly utilize assays of autophagic activity or antibodies to identify autophagy-related proteins 

(Reed J.C., 2003).ШWhile autophagy may be necessary for cancer cell survival, our main aim was 

to establish whether our compounds primarily induce apoptosis as a mechanism of cytotoxicity. 

Due to this, we excluded autophagy-specific assessments from this phase of the study. Successive 

research may examine the effects of harmine or its derivatives on autophagic pathways. 

In our study, to track the proliferation of our cells we employed methods such as WST-1 

proliferations assay, viability and proliferation assay via Trypan blue exclusion and real-time cell 

proliferation monitoring of selected adherent cells with xCELLigence. Cell death was monitored 

with Annexin V/PI and TUNEL assay using flow cytometry and monitoring the activities of 

caspases-3/7, caspase-8, and caspase-9 activity by Caspase-Glo Assays in which after treatment 

luminescence was detected using a Tecan Spark multimode microplate reader. We furthermore used 

immunofluorescence microscopy to access for the presence of DNA single-stranded breaks (SSB) 

and double-stranded breaks (DSB) via changes in the level of poly(ADP-ribose) (PAR) and ɔH2AX 

respectively.  
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Figure 2: Schematic diagram of Types of Cell Death Mechanisms: Apoptosis, Necrosis, and 

Autophagy. 

 

 

2.3. Alkaloids in Anticancer Drug Development 

Natural products have always been of great interest to the field of drug development. Nature has 

given us a huge repository of different compounds, many of which have important medicinal 

qualities. These chemicals, which often come from plants, microbes, or marine organisms, have 

unique chemical structures that make them useful for medicine (Goel B. et al., 2024). In cancer 

therapy, up to 60% of clinically used anticancer candidates with notable effectiveness are 

derivatives of natural products (Ali Abdalla Y. O. et al., 2022; Rayan A. et al. 2017). 
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Plants make a lot of secondary metabolites that are very important for preventing and treating 

diseases. There are three main types of secondary plant metabolites: phenolics, terpenes, and 

alkaloids. Each of these is made in a different way (Atanasov A. G. et al., 2021; Koutova D. et al., 

2023). Alkaloids are organic compounds that have a cyclic structure with one or more basic 

nitrogen atoms. They often exist in nature as secondary metabolites that spontaneously develop in 

plants and animals (Olofinsan K. et al., 2023). Heinrich et al. (2021) stated that alkaloids possess 

specific chemical properties that render them suitable for therapeutic applications. They dissolve 

in their basic state in acidic environments; conversely, in neutral conditions, they gain permeability 

to lipid membranes through proton loss (Heinrich M. et al., 2021).ШResearchers Charles Beer and 

Robert Noble unexpectedly found the first alkaloid used in cancer treatment in the 1950s. It came 

from Vinca rosea, which is also known as Catharanthus roseus. Vincristine, vinblastine, vindesine, 

and vinflunine are examples of vinca alkaloids that are used in chemotherapy to treat a number of 

cancers (Banyal A. et al. 2023). Paclitaxel, teniposide and camptothecin are also widely employed 

anticancer agents derived from alkaloid. ɓ-carboline alkaloids, initially extracted from Peganum 

harmala, are a class of indole alkaloids which possess a tricyclic pyrido[3,4-b]indole ring system, 

and its antitumor activity is usually researched (Luo B. et al. 2021).  

However, there is still an array of pharmacological problems that make it difficult to use alkaloids 

and their derivatives to their full potential, even though they are very important for treating cancer. 

Bioavailability is very important. For a medicine to work, it must first get to the tissue it is supposed 

to work in in its active form and at the right concentration. Plant-derived alkaloids frequently 

demonstrate low bioavailability, a trait associated with their restricted solubility in biological fluids 

and insufficient permeability across cellular membranes (Lu J. J. et al., 2012). Part of our objective 

is to create a compound which not only has improved cytotoxicity towards cancer cells but also 

has better bioavailability. 

 

2.4. Harmine: A ɓ-Carboline Alkaloid 

Harmine is a naturally occurring ɓ-carboline alkaloid that was first found in Peganum harmala L. 

(Hu Y. et al., 2024; Joshi H. et al., 2025). Harmine and harmaline were first isolated and identified 

from the seeds and roots of Peganum harmala L. in the 1840s (Moloudizargari M. et al. 2013). 

Harmine has been shown to have potential pharmacological properties such as anticancer, 
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antioxidant, antidepressant, anti-inflammatory, and neuroprotective effects (Timbilla A. A. et al., 

2025). Recent research has demonstrated that this natural chemical has a lot of anticancer effects. 

For example, it slows down the growth of tumor cells, the advancement of the cell cycle, survival, 

angiogenesis, and the ability of cancer cells to spread (Joshi H. et al., 2025). It has been shown to 

induce apoptosis in cancer cells by regulating Bcl-2 and bac expression (Lui F. et al. 2024). 

Additionally, research indicates that harmine might diminish the resistance of cancer cells to 

standard chemotherapeutic agents, enhancing therapeutic efficacy and facilitating the 

administration of lower effective doses (Hu Y. et al., 2024; Joshi H. et al., 2025; Chen Z. et al., 

2022). 

 

Figure 3: Chemical Structure of Harmine. 

 

2.4.1. Sources of Harmine 

Harmine may be found in a wide range of plants across the world (Zhang L. et al. 2015). Peganum 

harmala L. is the source of harmine, which was traditionally employed as a potent natural medicine 

due to its capacity to function as a hallucinogenic, hypothermic, and emmenagogue. P. harmala L. 

was originally classified as a part of the Zygophyllaceae family, but it is now considered a member 

of the Nitrariaceae family. P. harmala L. seed extract has long been utilized in Northwest China to 

treat gastrointestinal tumors and malaria (Cao R. et al., 2013).  
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The major source of harmine is from P. harmala seeds which are commonly isolated from the dried 

material using standard phytochemical techniques. This material is often converted into either an 

ethanolic summary extract (Shao H. et al., 2013) or a methanolic summary extract (Al-Shamma A. 

et al., 1981; Gohar A. et al., 1994; Wang C. et al., 2015). The liquid is extracted to create the 

alkaloidal fraction, and harmine is separated using chromatographic techniques. These methods 

include preparative high-performance liquid chromatography (HPLC), thin layer chromatography 

(TLC), and column chromatography (Shao H. et al., 2013; Fang X. et al., 2019). 

In 1947, one of the earliest studies on P. harmala seed isolation was conducted. Light petroleum, 

alcoholic ammonia, and charcoal were used to remove the seeds. The resulting chemical 

crystallized harmine when it was exposed to pyridine (Ovejero A. F., 1947). A novel isolation 

technique was investigated using a multiple-layer coil globe centrifuge. This method yielded 554 

mg of harmine from 1.2 grams of crude alkaloid extract from 1 kilogram of dried seeds that were 

extracted with 95% ethanol and refined by acid-base extraction (Wang X. et al., 2008). One of the 

myriads of practical and inexpensive methods for extracting harmine from P. harmala seeds is the 

metal-mediated method, which uses mercury (II) ions (Munir C. et al., 1995). The importance of 

separating enough harmine is emphasized in a patent that discusses obtaining harmine from various 

parts of P. harmala L. (Herraiz T. T. et al., 2011). 

Zhange et al. (2020) extracted harmine from the stems of Ohwia caudata (Thunb.) H.Ohashi., also 

referred to as Desmodium caudatum (Thunb.) DC. The isolation was achieved using repeated 

column chromatography utilizing macroporous adsorptive resins, silica gel, and Sephadex LH-20, 

in conjunction with preparative HPLC (Zhang Y. et al., 2020). 

In a study done in 2022, harmine was extracted from the root bark of the deciduous tree Ailanthus 

altissima (Mill.) Swingle (Simaroubaceae). The substance was refluxed with 85% ethanol and then 

extracted using an acid-base liquid-liquid method. This produced a concentrated ethyl acetate 

fraction, which was then separated with silica gel and Sephadex LH-20 column chromatography. 

Semi-preparative HPLC was used to isolate harmine, which was wrongly identified as 11-methoxy-

3-methyl-ɓ-carboline (Shao Q. et al., 2022). 

Harmine is also sometimes made by some types of bacteria, which is interesting. For example, 

researchers have identified harmine synthesis in the Bacillus species BT42, isolated from the root 

rhizosphere of Coffea arabica L (Kejela T. et al., 2016). In addition, Bacillus flexus, which was 
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taken from the waters of a eutrophic lake in Saudi Arabia, was discovered to make harmine to stop 

hazardous cyanobacteria (Alamri S. A. et al., 2013). It is also known that Heliconiini butterfly 

larvae eat Passiflora leaves to get alkaloids like harmine (Cavin J. C. et al., 1988).  

For this study, the isolation of harmine and the preparation of its semisynthetic derivatives were 

conducted and guaranteed by our colleaguesðAssoc. Prof. PharmDr. Jakub Chlebek, Ph.D., and 

PharmDr. Filip PidanĨ, Ph.D.ðfrom the Department of Pharmacognosy and Pharmaceutical 

Botany, Faculty of Pharmacy in Hradec Kr§lov®, Charles University, Akademika Heyrovsk®ho 

1203, 500 05 Hradec Kr§lov®, Czech Republic. 

 

 

2.4.2. Anticancer Mechanism of Harmine and its Derivatives 

Studies have shown that harmine has strong anticancer effects both in vivo and in vitro (Chen Q. et 

al., 2005). The mechanisms responsible for these anticancer actions include the inhibition of 

proliferation, migration, and invasion, the promotion of apoptosis, and the prevention of 

tumorigenesis (Ding Y. et al., 2019). Other ways include impeding epithelial-to-mesenchymal 

transition (EMT), blocking angiogenesis, and controlling the cell cycle (Hu Y. et al., 2024). 

Programmed cell death, or apoptosis is a natural process that the body uses to remove cells which 

are old. In opposition, the abnormal signaling pathways in tumors lead to uncontrolled cellular 

proliferation, eventually influencing the tumor's viability and facilitating cancer recurrence 

(Mohammed R. M. et al., 2015). In human gastric cancer cell lines such as BGC-823 (Zhang P. et 

al., 2016), SGC-7901 (Zhang P. et al., 2016;ШLi C. et al. 2017), and MGC-803 (Zhang P. et al., 

2016), harmine induced apoptosis and inhibited growth. It produced cell cycle arrest in MGC-803 

cell lines at the G2 phase by activating Myt1, phosphorylating and deactivating Cdk2, and 

upregulating p21. After 24 hours of treatment with harmine (0, 5, 10, and 20 ÕM), multiple 

apoptotic proteins, including caspase-9, caspase-8, caspase-3, and its substrate, PARP (Poly (ADP-

ribose) polymerase), were activated by cleavage. At increasing harmine concentrations (0, 5, 10, 

20, 40 Õmol/L), the intact proteins disappeared, and bands of proteolytic cleavage emerged in a 

concentration-dependent manner (Zhang P. et al., 2016; Li C. et al. 2017). 
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Furthermore, against HepG2, SMMC7221 and Bel-7402 hepatic cancer cells, harmine has proved 

to be effective on them because of its ability to induce apoptosis. It accomplishes this by lowering 

the expression of Mcl-1 and Bcl-2 and stimulating apoptosis by activating caspases 3/9 and 

inducing Bax. Using fluorescence microscopy following Hoechst 33258 staining, apoptotic nuclear 

morphology was evaluated. The HepG2 cells showed signs of apoptosis like cell shrinkage, and 

nuclear condensation and fragmentation after 48 hours of treatment with 5 Õg/mL harmine (Cao 

M. R. et al., 2011). 

In melanoma B16F-10 cells, harmine lowered the expression of Bcl-2 in melanoma B16F-10 cells 

and induced apoptosis by activating Bax, Bid, and caspase-3/-8/-9. Apoptosis was considerably 

elevated after treatment with harmine at concentrations of 1 and 2 Õg/mL, and nuclear staining 

showed morphological changes which are suggestive of apoptosis, such as the formation of 

apoptotic bodies, membrane blebbing, chromatin condensation, and DNA breakage (Hamsa T.P. et 

al., 2011). 

Studies have established the anti-angiogenic properties of harmine which is done by limiting the 

growth of vascular endothelial cells and inhibiting the synthesis of pro-angiogenic molecules which 

consequently prevents the development of new blood vessels that are essential for tumor growth 

and metastasis (Tshikhudo P. P. et al., 2024). Vascular endothelial growth factor (VEGF) is 

necessary for angiogenesis and due to the factor that harmine is capable of reducing its production 

via the inhibition of the NF-əB signaling pathway, it in turn reduces tumor angiogenesis breakage 

(Hamsa T.P. et al., 2011; Hai-Rong C. et al., 2019). 

Harmine shows antiproliferative properties by binding to DNA (Sharma S. et al., 2016) and 

inducing DNA damage through intercalation into DNA oligonucleotides, demonstrating a binding 

preference for GC (Guanine-Cytosine) over AT (Adenine-Thymine). Using fluorescence and 

absorption studies, binding constants were presented in the order of 103ï105 Mī1, which showed 

harmine having a stronger intercalation and preference with GC rich DNA sequences (Sharma S et 

al., 2016). This mechanism obstructs DNA topoisomerase I and disrupts DNA synthesis and 

replication (Nafisi S. et al., 2010; Shu B. et al., 2019; Song Y. et al., 2004).ШIn a study by Shu B. et 

al. (2019), using topoisomerase I assay, an inhibition of topoisomerase I was seen in the presence 

of 0.35 mM of harmine in the enzymatic reaction (Shu B. et al., 2019). Harmine can induce 

considerable structural DNA damage by its binding and interaction with DNA. The formation of 
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the harmine-DNA complex is exothermic and spontaneous, characterized by interactions between 

harmine and DNA through hydrogen bonding, van der Waals forces, and hydrophobic interactions 

(Sharma S. et al., 2016).ШAdditional reported mechanisms contributing to the anticancer potential 

of harmine include the induction of DNA damage, which leads to the transcriptional upregulation 

of p53 target genes such as p21, resulting in cell cycle arrest, senescence, or apoptosis. In a study 

by Zhao L. et al., harmine-induced genotoxic stress which was associated with increased levels of 

DNA damage and repair markers, such as ɔH2AX, which were significantly elevated in MCF-7 

breast cancer cells after 24 hours of harmine exposure (Zhao L et al. 2013). 

The cell cycle is a carefully regulated process that promotes cell growth, cell division and 

replication of genetic material. Important regulators of this process include cyclins, cyclin-

dependent kinases (CDKs), and CDK inhibitors (CKIs) (Suski J. M. et al., 2021). Harmine has 

been shown to inhibit the growth of tumors by regulating the cell cycle and preventing their growth. 

According to Liu et al., harmine inhibited the growth of colon cancer cells and caused cell cycle 

arrest (Lui J. et al., 2016). In colon cancer SW620 cells, harmine treatment with the concentrations 

0.625, 1.25, 2.5 and 5 Õg/mL over a duration of 48 hours, reduced the expression of cyclin D1. Cell 

proliferation was regulated by the upregulation of cyclins A, E2, and B1, which led to a decrease 

in cells in the G1 phase and an increase in cells in the S and G2/M phases (Lui J. et al., 2016). 

According to Cao et al., (2011), by using the concentrations 0, 5, 10 or 20 Õg/mL of harmine, it 

inhibited the growth of HepG2 liver cancer cells by causing cell cycle arrest in the S and G2/M 

phases over a duration of 48 hours (Cao M. R. et al., 2011). Shen et al., (2018) established that 

harmine hampered the growth of Non-Small Cell Lung Cancer (NSCLC) cells and specifically 

caused cell cycle arrest in the G1/S phase using 0, 5, 10, 20 ÕM of Harmine for 24 hours (Shen J. 

et al., 2018). Also, harmine reduced the growth of bxPC-3 and PANC-1 cells and triggered a G2/M 

phase cell cycle arrest in them via an increase in cyclin B1 production using 0, 5, 10 and 20 ÕM of 

harmine for PANC-1 cells and 0, 7.5, 15 and 30 ÕM of harmine for BxPC-3 cells, both over a 

duration of 24 hours in a study by Wu et al., (2019) (Wu L. et al., 2019).  

Worth mentioning is the point that harmine has a synergistic quality against cancer cells when used 

together with certain chemotherapeutic medications. It has been proposed as a possible anticancer 

agent when combined with paclitaxel. This combination had a synergistic impact on gastric cancer 

cell lines MKN-45 and SGC-7901 by causing the downregulation of cyclooxygenase 2 (COX-2) 
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and matrix metallopeptidase 9 (MMP-9) in them (Yu X. J.et al., 2016). Moreover, by combining 2 

ng/mL paclitaxel and 4 Õg/mL harmine and treating stomach cancer cells for 48 hours, COX-2 

expression was significantly reduced in them which was evaluated using Western blot.ШCOX-2 is 

frequently expressed in stomach cancer and has been associated with metastasis and this 

combination treatment resulted in better outcomes in COX-2 reduction as compared to when they 

are used independently (Sun K. et al., 2015).  
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4.1. The Anticancer Properties of Harmine and Its Derivatives 

Timbilla, A. A., Vrabec, R., Havelek, R., Rezacova, M., Chlebek, J., Blunden, G., & Cahlikova, 

L. (2024). Phytochemistry Reviews. https://doi.org/10.1007/s11101-024-09978-0 

 

The aim of this review article is to gather and summarize the current knowledge on harmine from 

a biomedical point of view. We also wanted to provide the most recent information on the results 

of experimental work aimed at enhancing the bioactivity of harmine by preparing semisynthetic 

derivatives so we may prepare novel ones of our own for further studies.  

The production and discovery of new anticancer medications from nature is presently growing in 

popularity and the ɓ-carboline alkaloid, harmine is among them. Harmine is found in a variety of 

plants world-wide such as the Syrian rue (Peganum harmala L.) which is a medicinal plant that 

can be found in Central Asia, the Middle East and North Africa (Moloudizargari M. et al., 2013). 

Other sources of harmine are also presented in this article. 
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Research has revealed that harmine has powerful anticancer properties both in vivo and in vitro 

(Chen Q. et al., 2005). The mechanisms responsible for these anticancer activities involve the 

inhibition of proliferation, migration, and invasion, the promotion of apoptosis, and the prevention 

of tumorigenesis (Ding Y. et al., 2019). Other ways include hindering epithelial-to-mesenchymal 

transition (EMT), hindering angiogenesis, and regulating the cell cycle (Hu Y. et al., 2024). 

The article systematically describes the effects of harmine and its derivatives on a variety of cancer 

types. Specifically, the anticancer effects of harmine and its derivatives on breast cancer, lung 

cancer, gastric cancer, colon cancer, liver cancer, glioblastoma, neuroblastoma, pancreatic cancer 

and thyroid cancer are presented in detail in this review. Furthermore, this article reveals the 

synergistic effects of harmine when it is combined with certain conventional chemotherapeutic 

medications. In a study by Yu et al. which is included in this article, when harmine is used together 

with paclitaxel, it can induce apoptosis and reduce cell proliferation better than when they are used 

independently (Yu X. J. et al., 2016). 

An important part of this review paper is the presentation of harmine derivatives. Harmineôs 

structure has been purposely altered to produce derivatives with enhanced properties with the aim 

of improving them (Zhang L. et al., 2020). It is stated in this article that over the past decades, 

numerous SAR studies have expressed that by making modifications to positions 1, 2, 3, 7 and 9 

of the harmine structure, their biological action can be substantially enhanced. Substituting 

benzenesulfonyl or haloalkyl groups at position N9 significantly enhances the anticancer activity 

of harmine derivatives. The synthesized compounds were tested for their in vitro efficacy using an 

MTT assay on four human cancer cell lines (MCF-7, SGC-7901, SMMC-7721, and A549). 

Notably, N9-haloalkyl harmine derivatives showed moderate to potent activity across all lines. The 

5-bromopentyl and 6-bromohexyl derivatives emerged as the most effective, with IC50 values of 

0.76ï9.34 ÕM and 0.45ï6.94 ÕM, respectively. The harmine derivative with 4-

methylbenzenesulfonyl at N9 selectively inhibited A549 cell growth with an IC50 of 0.48 ɛM, 

outperforming the parent harmine which presented with IC50 values of 68.33ШɛM, 40.82ШɛM, 59.44Ш

ɛM, and 42.25ШɛM in MCF-7, SGC-7901, SMMC-7721 and A549 cell lines respectively. 

Additionally, it induced G2 phase cell cycle arrest and apoptotic cell death in A549 cells (Du et al. 

2016). 
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Taking together, this review article not only summarizes the current knowledge of harmine but also 

highlights the versatile nature and potential of this alkaloid to be a potential candidate in anticancer 

drug development. With this in mind, and to tackle the first aim of the study, we went on to prepare 

and develop a library of harmine and semisynthetic harmine derivatives with the aim of improving 

the cytotoxic and antitumor properties of harmine by synthesizing novel derivatives suitable for 

further biological evaluation. 

 

 

Figure 4: The Anticancer Effects of Harmine and its Derivatives on Various Cancer Types. 
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