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Abbreviati ons

7-AAD7-Ami noactinomycin D
ADMEAbsorption, Distribution, Metabolism, and
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BBBBI oBrdai n Barrier
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LCMSiLiquid ChridMastso gpaghy ometry
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PgpPgl ycoprotein
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ROSReactive Oxygen Species
SARStruAtureity Relationship
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SSBSi ngt eand Break

TLEGThin Layer Chromatography

TPSAopol ogi cal Pol ar Surface Area
TUNEiILTer mi nal deoxynucl eotidyl transferase dUT
VEGFVascul ar Endothel i al Growth Factor
WHOiWor |l d Health Organizati on

WS TliWat-8ol ubl e Tetlrazolium Sal't

H2 AXPhosphoryl ated Hi stone H2AX (Ser 139)
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cytotoxicity of harmine and its derivati ve
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i vsiwtay;uelsCbel ow 10 OM across all teisdledde anc
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XCELLi#tgenmeceaeendalanal ysi s system;dewlinadhe nlt ot
i bition of cancer cel I-malriogvhdanwi ¢ & Izlmt p hdaa mp
i prol i sveemanfvier méd . ect

ther investigation of the mol ecul ar @Gnechani
performed i n -4t hceel ll eulkienmei.c FAMOLW cyt ometri
ni ficant accumulation of cells in the G1 p
reased | evels of phosphorglahedeaséei hobt he

t hed epyemldiemt kinase inhibitor p27, as deter

ng Annexin V/PlI staining and TUNEL assay, t
t her proved by caspase activiviya acag®sdaevhi
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Further mompdamansnmirmitnmadli bi t ory activity agai ns
( MA-R) andcaoind r ntohtet eg etnoer ati on of reaotsBvedokxnc
| owetr he grpioslksoibfh e get ef fects.

Il n conclusion, the results demonstrate that C
death via both intrinsic andnekitagfanhBMA dhpmapde
represent the principal mb a h emh nceomgpmoaimdiehr d sye n g

findi ngst hhpioghelnitg hatl as a selective and promi si
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Souhrn

St8§le viznamnhDj g2 obl ast? soul asn®ho biomedi ¢
novich protingdorovich | 8tek poch8zej2c2ch z
Me z i t Dmi t o Ibktak il i ny k &z wil &rariorn  dyy T j @akxmo® jEr
“%inky, d2ky lemug pSedstavuj?2 zaj2mav® kandi

C2lem t®to diseprvhbdédopr §canbypooliferalnz a
al kal oi da th@ir$addeetnds uN9st i t uovanlch derivg§tT s vy
bunhDlnTch 1lini2 rTznTch histotypT a nen8dor ov¢«

prvn2 f8zi byl a tesastjoevlBon ad ecryitwgtoTx i ca tpaa rhealruni
ni 2. Nej %l i nnDj g26naelstoiudittm8t byk bzovzygll odeui s 8
dos&8hl khpddofoOul Gngoelch testovanlTch n&§dorovlich |
nNkop$&€sahovala 100 Omol . Pomoc? experiment T
nNDk a syst®mu pro monitorov§gn? bunDl n® pr
antiproliferal &pot¥lriznesk, bsplSDiwleeemiarme n§n koncent
rTstu n8§dorovich bunRk pSi minim8ln2zm dopadu

Dal g2 podrobn® studium mol ekul &kyl2d op rmewerdaen a
|l eukemi ck® bu#hD| P® Tltiorkioiv §M@ATtzameartnroiue badkdibrikeul vialca
G1l f8zi bunhD| n®ho cykl u. Tento ef ekt byl S
retinoblastomov®ho proteinu (-Bbpendenigeaohmkeil

jak byl o prok8z8no metodou Western bl ot.
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byla d8l e potvrzena stanoven2m aktivity kasps§
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ngsdsheu aktivac?2 &8fdktaveevbch basp&anall za d§l
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pol y¢fFAR sy) ( PAVR) n ®eh of ohsi fsaH&MAW) H2 AX g( sv NDd]| 2 0

jednoSetnNzcovich a dvouSetRNzcovich zIl omT DNA.
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A (MAD a nepSisp2v§ k tvorbhD reaktivn2ch for
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Z8vNhNDrem | ze tedy konstatovat, ge regulace bunl
prostSednictv2m vnitSn2 i vnDjg2 apoptotick®
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1Ai ms of t he DI ssert a

The aim of 1 8Dm®p dtohges earnte d tfcm@nnbtehae b o | i nhea ramhikmmd o i
througynt hepriesparnadt i on of semi sgsetelB@yi at deir ¢ v

towards caincieuwaursg celpanel of tumor cell 1l ines
objectives of the work were as foll ows:
T To prepare and develop a | ibrami tdf tshemiad yn

i mproving thearygbbddab&kumomangroperties of h &

novel derivatives sevbablaei bor further bi o

T To perform cytot ediasdttigmtelser genwhf@§ percent s
harmine and its semisynthetic der ivvaartiiovuess i

cancer types

9 Tof i nmdhe most cyt obgdxeitceiratghmep orainmdi mum concen:
which 50% of t hel Isdce Ivliasl uaerse dinrddiftrfoe e stseelsls
prolifeviaabushiinign da @xmpep nrimegettnkegoadl s .

T Tanveshowathli s active compound infl bbgnces
observing whether it sawgpmpresgsuessceinl tbyolueg!l
of the celll cycl e.

T To assess the compound' susiapgcteghniogues glg
activity assays, T UNWE Lwe | dn da sA ragewe axm anm B \&/r Pnl g
apoptotic cells in the early and | ate phas

met hods.

T To explore the malheactu lcaorn snmeicthuatnei stnhise cyt ot o
that have been observed, with an emphasis ¢

apoptesias ed prrguthaa ey @alnla.

T To investigate the compoundbys dabielitd magt i in
doublteand DNA breaks thvibsgaloifmanthreo iDINLKAO d & sn
mar ker s oHPARX andespectively.

NO



T To investigate the gatrgretti ano nmiatmi qhaehA)oxn dafs
i nhi bevalomate FLT3asdngissiegist ysel ective cyt

ver sucsamowerr cells using the selectivity 1ind

T To explore the toxicity and phausiamrgkiineot i ¢
met hods su8hOasanBr &Wo s s ADME.

2Theoretical backgrou
Cancer remains aalstihgyniddamami cpuadbdd cs diei al pro
fatalities (1b6tBray rEGABjteiadgr cfornamol | ed gr owt h
beyond their natur al i mits, infiltrabobdyg sur
in a process known as metastasis, is one of t|
death in c@whHe@,r .Pp@e9 Wanrtlsd Heal th Organi zation
estimated that cancer <c¢l aimed the Iives of 10
deat h. Despite our current advances in treat me

of gl obdlDedenZer @b &l ght 260a8Yyer, we msatshtatunde
enable thety a&andh ohegamdvamel, a styhaesn zwe find or
medi cations that can counteract these mechani

2. Hal | macCa&msc eorf

The hall marks of cancer consist of biological
of human <cancers. The hall marks serve as a f
neoplastic illness. These enc osmpgansasl st, h ee vmaasii rotr
suppressor s, resi stance t o cel |l deat h, faci
angiogenesis, and activation of invasion and
instability, whiwdr ipatoidaurc etsh ggtenaddel er ates t h

which promotes mahhamahamabDk atctalvi ti 2611)

NI



Cancer <cells are nor mal cells that slowly acq

survive without cont-sotfi duent cerl gsobebomegane

mitogens, overexpressing segeptong, 8ectusei D
devel op without the usual l' i mits. They al so | ¢
which is often caused by problems with the r
contr ol doff ggue mtsica@micen When genetic stress h
prevent apoptosi s. For -wesxamplal phenwayan, tma
antiapoptotic proteins, and stop p53.wAnohher
can be suppliethabgdrmebmbdsesat hanh get beyond 1
keeping telomere integrity through tel omerase
|l evel s bigger than microso@amigte G gtgmen ¢th allgakper eo t s
vascul ar endot WElGFalFi gprad Wtyh fmastorcancer patie
go to other organs and invade ti ssaleasr adtnerei gt
wor k t og@iads me utnhdee ri sntga hod c o mplasmgidmaywyabfan D. et al
2. Zel l ul ar Mechaonfi sQmasn coefr Act i on

Thierregul ar and uncontrolled proliferation of
and the evasion of cell death mechanisms such

Mut ations in key regul atpb$8 gmpaesr | n@emaheDNAnN
and monitoring which result in alfRerGha |2 Q0e3l)l s

To counteract these processes, anticancer mec
pat hways ,he nicnlduudcitnigont of apoptosis, arrest of
as G1/S or G2/ M), i nhi bitiomeagiloaidsaingtnaasliisn ga

pat hwapghsmsphat i dkil n/jrsoet kethaal{RB 3BK/)AKrli t o&rdn vat ed
pr otke naMAPK thereby suppressi ng (Miynaoyra Markoevitnhi  a
al . )). 2024

Cells that grow too quickly and in an irregul
of probl earsl Iwidyclteheand avoiding apoptosi s. M
|l i ke the tumor suppressor p53, make it harder
Because of this, cell s are encoartaocrgfededd IJgC,ow

NP



20Q03)To fight these activities, anticancer st
pat hhways. Some of these are stopping the cell
angiogenesi s amdcgmeiampadrgtsa rst, singlnal i ng pat hws:
PI 3K/ AKT. This stops tumigalymrmdVMakgehommilng 2R0® 4

2. 2Cell. | Cycle Regulation
Theel | cycle comprises of a series of process:
daughter cells. It can be 6G4ate&or i G2edandt 1. f @

be further <categor i zerdopihnatsoe ,t hper ofmelt lagpvhiarsge , p e
tel ophase, .@aldl cgyoke nesogresdepaendent egQuhatest
and the regulatory cy(cWamg sAl.b,buniaXx2) hat they

An i mportant checkpoint of the cell cycle is
from G1 to the S phase whHhérereNAnoéplist @amiaorm
critical regul ator of this checkpoint, bi nds
preventing S phase entry. AsCDKé¢/ 6ebdhGDhkfebki ntl
compl exes phoaslplhoowiynngatE2 RRbt,o st art transcript

progression. I n respbestumor DNAppraensger p53 s
p2l1, which s-CPpPKreempbkexgs| i Rb phosphoFwnl BUT ent
regul ate this checkpoint can | ead to (Breadmtlriol
C. et al., 2013)

The G2/ M checkpoint is an i mportant part of t

(M phada)mapid®ih Thi s checkpoint helps keep the
chromosomes f rPotm tshpilsi td handgk puopit. mhitae p It ihied@iN@A

appr opandataecloyo u b tl e higttth enowéexmgehi ch st ops .mitosi
This arrest is caused by a complex interactior
dependent ki nases (CDKs), and their inhibitor
mut ations that could camati cahcehe aGd/ Meohpétals|

properly. Scientists should be able to find

NZ



mechamwiogriks at t he amnah g c aothyafheest e vpt o b | e nsst awikt hG.t
et al.. 2004)

Signaling pathways such as MAPK/ ERK and PI 3K/
the cell cyclfeo.r T hnhesstea NpdaBtKW vEaRYKS pat hway are act
growth factors which may cause the induction
promotes the phosphoryl ation of the retlii nobl a
S phase tran$.i te2o0na7d(;.MeDhoclhheon et badct i aOt0i7Tng t
PI 3K/ AKT ,cpealtlhwayyc | is pr odwe eklo ome@BBK4/ 6 acti vit)
t hseuppore sgfcde mendent Kkismuadpe2@&sanrha bett oals. B. 2004 ;
D. et 28117).

A commonly used techniqgqgegci el bwh ¢ i é&wdmed shtiwido n ¢
involves fixing cel lsi,nditrag nfilngo rt diehr ovmda hs wac D
(Pl 7JAmirnoacti ndmpDyianmgda s7/i ng them individually
The fluorescence intensity is direwhilermaislopor:t
the differentilat iSo @/ avh fdp HBesdzdasy oiwrs kti B)8POWee tusaedd t h

met hod in our study to investigate how our col

NT
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2. 2Me2c.h a na fs nGe | | Deat h
Different types of <cell deraa wtnip | ay €atl hamteat &y
survival and proliferation are allundepotramacitn

these mechanisms helps to create treatOmeents c
death was first categorized into three types:
(typeYdan Il . et al. 2020)

Apoptosi sreguanttedhd hgawgeisng or damaglkeids c,ed b ses

cells wundergo a variety of mor phol ogi cal c ha
fragmentati on, and t he fTohrensaet | @amo pafot a p o potoadti
phagocytosed by neighboring cells or macropha

NY
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ring an inflammatory response. Apoptosi ¢
commonly develop apoptosis resistance,
I déRebdi dditlcere 0&0r3e¢ some di stinct sign
Si s. The intrinsic (mitochondrial) and

ant 8neae®darCasipraistei at or -3c@,s p@arseerse ewhd d et ic
These are very important in apoptotic s
(TNF) start the extnrdiurcding matghwady nlgy cn
ur n& aomd catslpears ecaspasesd.( Kitm Hhe e2®tCadi).n s2
y causes the mitochondri al outer membr a
rome ¢ to move from the inter membrane s
rome € haenldp st hcea sappaosp#t loesro meo cfoarem t @ gc o mp |
eThis complex -helwhi aktti van-gactiispases 7¢ a !
up DNA and kills cells thxeddh | appmtooma
whi @lpoips oasn tsi,-a mpoglt Btaixg, pwhi ch i nitiates
of events (Das S. et al 2021).

gh apoptosis is robustly r eg#tl atBead, ainndv

es, necrosis on the other hand is an wun
ogi cal reactions whigce hlagad tKaC estedl vuehrlaer c
ur al changes such as the rupture of t h
el l ul ar cont e.ntt adroee so bnsoetr weedy uiinr ei tesn eprrgoyc

apopt asi sf.r edauemdadiy caused by external
or viruses. DNA fragmentation is cause
schemiLactatde tdaelbydr ogenas-emgeéerDrhe a balcet i N

g dyes are two common ways to find necroc

ne perméeddbnl| Gt yet halre 26820)

agy i s a process that breaks down cel |l s
anelles in the cytoplasm without conde|
ng down and recyclingoddmdgpe ke@mpg ardll s
agy can kil cells when stress on the ¢
a gayut onpahcargoy, wher e cytopl asmic parts are

N ®



with | ysosamesp;hamgiycr ovher e | ysos omes -neidri eactteldy

autophagy, where certain proteins are broken
such as mi tophagy, whi ch Dbr eayk,s wdhoiwnh niirteoackhsc
pat hogens. To find proteins that are 1invol ve
commonly wutilize assays of autophagilatadtipviott
(Reed J.MNi,l e20a0u3t)o p lteegys amyy fwe rmeancer cell su
to establish whether our compounds primarily
Due to this, wespxcilfuide da asud ogprheamgtys from t hi s
researghbhmmag e€he effects of harmine. or its del
I n our study, to track the proliferatilon of
proliferations assay, vVviability and -tpirmd idelrla
proliferation monitoring of es.el@eltleddaathlrer wad

with Annexin V/PI and TUNEL assay wusing fl ow
caspalses S8aspagdQcaspavet- Bl oyALaapasen which &
l umi nescence was demectt edhodei mg.Wa ofhd ad ke 8 ppadle |
i mmunof | umircersceeonacgeycess f oDONA hegthbreaerskcad ebrodak s
and doturbdreded breaks (DSB) viaidbhosregefl PAR)t ae d

respectively.

111
<



Apoptosis
=Q

el

o
.

* Programmed cell death.
* Energy-dependent process.

« Features:
o Cell shrinkage.
= Chromatin condensation.
o Membrane blebbing.
o Formation of apoptotic
bodies.

* Clean and controlled removal by
phagocytes.

~ Autophagy

CELL DEATH

ohe.
- @

QDo

!

Necrosis
e®
@R

Uncontrolled cell death.

Triggered by external factors
such as toxins or trauma.

Features:
o Cell swelling.
o Plasma membrane
rupture.
o Loss of intracellular
contents.
o
Often results in
inflammation.

Cellular degradation and recycling process.
Can be protective or lead to cell death.
Features:
o Formation of autophagosome that
engulf cellular components

Merging with lysosomes for degradation.

Fi g®RrSchemati c Tdipaesgr aoni d&edHanbDegamshpt osi s,

Autophagy.

2. Al kal And s ciddDnual@ervel opment

Nat ur al products have always bdeeal opmgmnieat Nan
given us a huge repository of different
gual i ties. These chemicals, which often
uni qgue chemical str ucftourr ense(dGdcailtn etha k.e t It na barg nucged
therapy, up to 60% of clinically wused
derivatives ofAlnatAdrdall Ippr oy du®©t s et .al ., 2022;
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Pl ants make a | ot of secondary metabolites t1l
i seases. There are three main types of seco
| kal oi ds. Each of t heAstea niass oma de iGn atdiaflf.er €|

d
a
2023)Al kal oids are organic compounds that hav
n
p
S

itrogen atoms. They often exist in nature as
l ants andl afniiemadasl K, HI0RBi)ch et al . (2021) st
pecific chemical properties that render them
in their basic state in acidic environments,; ¢
to | ipid membr anéhse itniwrieodun@ddl 2IRg seanchess Charl e

Robert Noble unexpectedly found the first alk
framnca, rwhsieah i1 sCat marhlusows®xsi stine, vinbl e
nd vinflunine are examples of vinca al kal oi d
ancers (Banyal A. et arddanpd2a&)k.e aH ascol iwiadxeelly, e

a
c
anticancer ag&lnk sh-omhedbiouead ef radmkal oi dBegamumi al
har malaa e a class of indole al k&) i ondsl evhricing p®
a

nd its ant iutswmdeds paalicuheeidB yali.s 2021) .

Howe vheerr,e ti s stil/l an array of pharmacol ogi cal
and their derivatives to their full potential,
Bioavailability is very mmptorftiamdt deotr tao mehle c
to work in in its active f oder ianad adl kahleo irdisg
demonstrate | ow bioavailability, a trais assoc
and insufficient per mea(bluu iJ.y2 0dl®Rrects sadé.e,loluu!| @b
is to create a compound which not only has in
has better bioavailability.

2. War mi b€arMdMol i ne Al kaloid

Harmine is a mwmatuballinweoat krat ionRYe gtahnautm whaasr niailra
(Hu Y. et al ., 20244ardno sntei ahth.d ertaramna.l,i n20 2v®e) e
from t he seePdesgaarudn thacitna Itelile | b8d0 g aregtaral .M 20

Har mi ne has heaere ploawmtti al phar macanmlta gciacnacle r



antioxidant, amfilademaessgnt andntTiewmbopid at Act iAv
2025)Recent research has demonstrated that thi
For example, it slows down the growth of tumol
angiogenesis, and the (@badhit yH.alf ¢ tdlkedsheorw rit td @ )s
induce apoptosis in c2anaeaed oekl( txipy E md)g o h2a0t2i
Addi tjomalslewrch indicates that har mi net omi ght
standard chemotherapeutic agent s, enhancing
administration ofHul oyweretefaflec t i2v0e2 4d®hsédenss i Ht
2022)

Fi g@&CédemiStcradct ure of Har mi ne.

2. 4Solur cHasr mifne

Har mine may be found in a wiZdhe nrga g ePedgf aapgu.na 2t0s

harmal as the source of harmine, which was tr ac
due to its capacity to function asP.a hallrhailca n
was originally classified as a part of the Zyc¢

of the NitrR.r ihadresaeet éf aemxitlryact has | ong been ut
treat gastrointegtCamalR.t lremmorad .an® 0mal)ar i a

111
@]



The major sour ckR. ol agsheesxrdndamesoincsho hkF p mi sol ated fr

materi al using standard phytochemical technigqg
ethanolic suUmao yHexar altmet ROHA Bl i(CASsammar p. e X
et al ., 1981; Gohar A. et Tale. | i QU9 4; i WangxtC.a
al kal oi dal fraction, and harmine iIis separated

i nclude pr-epanfaantcievel ihgugihd chr omatography (HPLC
(TLC), and colu@maohHomat &ghgp Xp.0a8 al ., 2019

I n 1947, one of Pthéeasgamliaesbl atudnewasenconduc
alcoholic ammoni a, and <charcoal were used t
crystallized harmine wheveijterwadf. AFposd®47¢ ol
technique was i nvebkayegmnat ecde nutsrgi hfgubgee . murllhtiisp Imee t h
mg of harmine from 1.2 grams of crude al kal oi
extracted with 95% ddtalsan @l tVdarmdgt riXefnient eCda Eb. yp fa2cOi b

myriads of practical and i nexp@nshasaeades hiosd st h
metneldi at ed met hod, whi(cMunu ge sC. meerfflchuarlyi nipldl®)® &inc
separating enough harmine is emphasi zveadr iionu sa ¢
par tPs dfalk mMdémarai z T.. T. et al ., 2011)

Zhange et al. (2020) exOhwtcbaedathdmmtbh®Ohashabmot |
referrB®dsmodiasm (cTehwdat.ym DC. The isolation wa
column chromatography wutilizing macrop®0®pus a

in conjunction wiZhhannpg eY a.reat iale ,HRLOR 0)

| nstaudy A2, imae i mec vvmdt he root barAklamtthhe
al ti cMi gai. @ g Si mar oubaceae). The substance was
extracted -onas$ @& gll ilagquiiadt indet hod. This produced a
fraction, which was then sepald ad @ldumn t dyh.rsa ra tc

Semireparative HPLC was used to isol ated MHoxrymi n

3methygbrboBEhae Q. .et al ., 2022)
Harmine is also sometimes made by some types
researchers have i denBatiskpieuchiaersmiBhTed4 2s,y nitshoel sa tse

rhizosfClhérfeaolld rKehieda T. dtn aBdadciitl2iubbWyhi ekuwas

n



taken from the waters of a eutrophic | ake in !
hazardous dcYdmombactSer iAa |l eti alal s@QOKBdown t hat
| arvae eat Passiflora |(e@Qawisn tb. ge.t atl kall .0,i dI€

For this study, the isolation of harmine and
c o nduacntde dg u abrya notuere dd dskeagu®s of . Phar mDr . Jaku
Phar.mDEi |l i p Pifdend ,t hRth. Depart ment of Phar maco
Botany, Faculty of Pharmacy in Hradec Kr 8l ové¢
1203, 500 05 Hradec Kr8lov®, Czech Republic.

2. 4AnN2t.i cMaeaclkeaniHammohe Damdviat $ ves

Studies have shown that har maneaopitdmis{ Ghhem n@. aett

al ., . 20B8&) mechani sms responsiibnlcetufderi nhiebsiet iao
proliferation, mi grati on, and i nvasi on, t he
tumori ®hagi ¥. et Oaher waAYL9) i ncl-udesempleymal
transition (EMT), bl ocking an(gHuw gYeneesti sa,l .and O
Programmed cell death, or apoptosis is a natu
are ol d. Il n opposition, the abnor mal signal in
proliferation, eventual |l y di nffacuielnictiantgi ntghec atnwe
(Mohammed R. M.l rmthaman @&dtcni c chaEeangelPl @t
al . ,), 286B®Q4hang P. ;Ht &l . e}t 2@ahe-8 @B LCHYang P. et
2016)har mi ne i nadnudc eidn hai pboi ptteods igsr o wt h . | t-8 @3 od uc ¢
cel | l i nes at the G2 phase by activating Myt
upregulating p21. After 24 hours of treat men

apoptotteicn,yr I nOl, ucdilBs,P acsBsspaassed it s substrate,
ri bose) pol ymer ase) , were activated (Oy &I, e d\Wa
20, 40, Omdle/ intact proteins dicslaepapveaagree de mearngde
concende@endeanEZhaagnkr ;etLialC..,.e20=k8 . 2017)
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thermore, against -He@aZ2he SaMMCcr 224dln caenrd Beell | s
be effective on them because of i1its abilit?
expr eslsiame oBacnldMc Bt i mul atcitnigv aa p st ocsa ssp alsye
ucing Bax. Using fluorescence microscopy foc
phol ogy was evaluated. The HepG2 cdlirlinkage
l ear coamdehsaganeat adiB8omours of treaCment w
R. et. al ., 2011)

In mel anolm@d ddl6lFs, har mi ne | e€wad rne dnetl hedh ®exape IBELHSF

nd
| e
h o
p o
I

»Q ® O O QD

t u
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on
nd
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Ha
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Har

har
al
rep
al
of

con

i nduced apoptosi s by-38etAipwgttiorssg sB awa,s Riod,
vated after treatmentlwahtd pPadméiimearatstcainm
wed morphol ogical changes which are sugge
ptotic bodies, membrane bl ebbi n(gHa ntshar oTmaPt. i |
,. 2011)

di es have easntga bolgiesnhiecd ptrhoep eantiies of har mi ne
wt h of wvascular endotheli-ahgco®lglesni @ndnoil refciuk
sequently prevents thetHaevebhopmessenfi akwf

met(adstha kihssdo P.. PVasetul akF. endo2hplial gr c
essary for angiogenesis and due to the fact

the inhiBigigogmaloifndg hpatNFway, it bmedalkiage r e
msa T. P. Ha&ingl C, 201al ., 2019)

mi ne shows antiprolifera(Shear npar df0elibatde al b))
ucing DNA damage through intercalation int

ference €yt &Ci eQuaonv-adiey ATUHi)Adge nfi Inkeor escen
or ptilmddtnydiwenst pns ertee ddit M Y whoifc h1 0Os howe d
mivniea ghsat r on g e ra nidn tperrecfiatl haet@cdenr i ch ( BNATr snag e @ (
, . T2h0i1ls6 )mechani sm obstructs DNA topoisomer a
| i(cNaatfiiosni S. et .a, .20RD;10SombbhnuyaB.steudlalby 28
(2019) , using topoi somer ase | assay, an i
0.35 mM of har mi ne( Shmu tBie ethayimarte 204& &)aich
siderable structurali DINAr aatmagre WwWiyth tBOBNA.I n

>



the h-®NAWi nempl ex is exothermic iamtdesheotnwee® ou
har mine and DNA through hydrogen bonding, van
(Sharenta &l IAdd2Ardé&pnoarlt ed mechani sms contributir
of harmine include the induction of DNA damag
of p53 target genes such as p21, resul dyng 1in
by Zhao L. -iendwded damotionxi c stress which was
DNA damagpaiamndmar kd2 AX, swltihclmswer e signdfican

breast cancer cells after 24 hours of harmine
The <cell cycle is a carefully regulated proc
replication of genetic material. |l mpor+t+ ant r

dependent ki nases (CDKs() Sushid ITDKM. Hat maher & 2
been shown to inhibit the gr @awtdh po fé Witgunoownsh .by
According to Liu et al., harmine inhibited th
ar r(eksuti  J. .etl mlcol 20 1cbaancer SW&ROhcehksc¢cohaemi
0.625, 1.2%lovers andlunatdigdmcefd 4hehexmps.ession
proliferation was redulcygtced nby At h&€2upraeagulBdt, i

in cells in the G1 phase and an(Liuncrleaseet ianl .c
According ,t of 2008lol)esbh engt oncle,ntF,atimbashardi O/
inhi bited the growth of HepG2 | iver cancer ce

phaseser a dur at(iChano oM. 4R3 . he@ W eagl . € 2c08H34).bt) h & th e d
har mmamepdrheed gr NovBma lolif Cel | (INSICdc @adnglc essrpeci f i cC

caused cell cycleusrngso0,if,the, G20SOfhabselHar
et al.Al sda@mm8ne reduced -3 haen d-itRANRGd otfr ibxdPeCr e d a
phase cell cycle arrest in themngi &®&,am,i A0r aa:

harmine LfocePABCand 0, 7.5, 15 -3anael3l0s,0OM ootfh
duration of 24WWh oaitr JaAi0WMu9gL s teaitdyalby, 2019)

Worth mentioning is the point that har mine has
together with certain chemotherapeutic medica
agent when combined with ap aglnietr agxoesttai SctT riiingp accat md
cel |l | i-4n5e sa NMIKN® GC by causing the downregyl ati o
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andatri x metall oPleptt{amX. 9J (. MWPa le.p,ve(0nbd )ni ng
ng/ mL pachhi Ogk@almiame and treating stomach can
expression was significantly reduce@OMXn itshem
frequently expressed i n st omaicthte tc asacreds i sahnids |
combination treatment re3ufteée@udciinobedsecompadrC:

are used i(nSduenp ekn.d eentt layl . , 2015)

S3Li sfAut h®eubsi cati ons

The author has published a total of three oric
with the required i mpact factor f or -atuhédrode@dt o
and the -awetshoragdk. chhisndlisdert¢tammemt avi y |l on t h
relate to the anti clame epu lploiteattii ad sn wtf kad ikrad oc
during the authoroés internship at the Mayo CI i
to t hef ttolpiiTah es tawd yh.or & sb hceo nitnrdiibvuitd uoanl publ icat.

3. 1ThAnti cancer Properties of Har mine

Citati on:

Ti mbill aVrAbek, R. , Havel ek, R. , Rezacova, M.
L. (PhI4)pchemi.httrntypysReVidows oOr22¥919a0 81007/ s11101

[ Mp akatc t=G r 6 ]
Contrishuti on

T WritiOngginal draft

T Conceptualizati on
f Data Curati on
f Visualizati on

111
_<


https://doi.org/10.1007/s11101-024-09978-0

3.2Harmine derivatives as anticancer a
selective ant iSlyeu kheemii as , a doti ioV iotgy :c a |
proapoptotic and genotoxic activity

Citation:

Timbill aPiAany., F., Kohelova, E., Kroustkova,
Maafi, N., Lopez, V., Langa, C. M., Kosturko,
M., Cahli kova, L., (ChQ Mé)erki, nd .De rit\Hataialkcek , AR e/
Endowe®btent and Selective Antil eukemia Acti vi

Proapoptotic andrGéneotderc Activity.
Phar maZx92¢701ht7t.ps://doi .org/10.212002/ardp. 70197

[ | mpact factor = 3. 6]
Contributions:

Conceptualization
WritiOmngginal draft
Met hodol ogy
ysis
Data curation
0

Vi sualizat.i

1

1

1

T Formal Anal
1

1 n
1

|l nvestigati ons:

o Cell anttpassage of <cell l i nes.

o Determinadwwabnesf-4f CMOLRKat, A2780, and MI
o Proliferation and viability measur ement
0 Caspla/steas pBasaend - asplaisei t vy

o Western. Bl otting

o Il n spihlyisciocochemi cal and pharmacokinetic
o I n stiolxiiccoity preda-&.td.on using Pro
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I ferati ve-lAcdtuicviintgy Mencdh aApi ospr
daceae Al kaloid MbnHamame o
el | s

3.3Antiprol
Amaryl I i
Cancer C

Citati on:

Kout ov a, D. , Maaf i, N. , Mut hna, Di mb KIrlad ovAc,
Cermakova, E. , Cahli kova, L., Rezacova, M. ,
Phar macot herabytpd&d6b/dais5aeg/10. 1016/ .biopha.

[ | mpact Factor = 7.5]
Contrisbuti on

T WritiEdgting and Review
T For mal Anal ysi s
T Investigati ons:
o Cell cultur MOaAdelplassage of

o Proliferation and viability measur ement

3.4Gl ycolysis I n Hepatic Stellate Cell

Extracell ul ar Vesicle Release Spati

Citation:

Khanal, S., Liu, Y., Bamidele, #&SakO. ,kaWi,x dim, K
S. A., Vuckovic, Il ., Zhang, S., Zhong, J., Jo
Yoon, S., NohTiwb, | Mar ¥dgbadbC. U. , . . . Kost al
in hepatic stellate cells coordinates fibroger

fi brSocsiiesnnce , AdOER26gps: / / doi . org/ 10. 1126/ sci adyv.

[ |l mpact factor = 12.5]

This publ i catoimme nwialdlt &immost adbi esiste ritsatumnornel at ed t
study. 't was ddodme tduraiinngt etshees hatupt haotr tshe Mayo
Rochester, Minnesota, USA.
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Contributions:

T Investiigations
o Cell culture and passages of <cell l i nes
o Cepteparation, treatment, and | ysis.
o GeEl ectrophoresi s
o WestBron.ting

1 Data Curation

T For mal Anal ysi s
f Visuali zati on

1

Wri tiRegi ew and Editing

4Comment arAutomondse Publ ic

4. 1The Anticancer Propebéeregsabdbfvelar min

Ti mbill aVrAbek, R. , Havel ek, R. , Rezacova, M.
L. (2PhXY4)ychemisthtyt Rev/iledvsi -08899aA88. 1007/ s1110:

The aim of this review article is to gather a
a biomedicalWepail sto owfantieedlwt o provide the most
of experimental work aimed at enhancing the b
derivatives so weofnaygufpare pfauret meorv edt wadieess .

The production and discovery of new anticance
popul ar ibtcyaranod itnhee al kal oi dHa rhrairsmefnoeu nids ianmoan gv
pl ant swiwer Iscuch asPdedanbBSmrihammaluee h( i s a medi ci
can be found in Central As(iMogl diucaki 2Mardgld rei EM.s t ¢

Ot her sources of harmine are also presented i
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Resehsarcdhveal ed t h@ma weéalfrinii cnaen chears ipmiopeidN ii terso bot
(Chen Q. et The. meebab)sms responsi buceeltveer t he
i nhibition of proliferation, mi grati on, and i1
of tumo(Dpopege¥i s.etOtaHer, WOYVD)i ncl-tumes dmnaldema ln
transition (EMT), hinegueltateigrc@(htyu oYy e hees iasl,. ,a n2d

The article systematically describes the eff ec
types. Specifically, the anticancer effects o
cancer, gastric canceonplastomacaneer obl agé o ma
and thyroid cancer are pHuwerstemaremorien dehtiasi larit
synergistic effectosmbofwmiebhr miemé awhemcohnhvensi @n a
medi cati a@rys byl Yuaestal . which is included in
with paclaint aanpeldupctedrse cssoelnld pr ol i feration better
indepefidenXl yJ.. et al ., 2016)

An i mportant part of this review paper i's th

Sstructure has been purpowielly ahnhamnedd her Pp edui
of i mpro¢Zhagng hkem.lettstadt.ed 20 Btwheiro tahret i pcd et d
nNumerSAWRSt udi es hawe mmaxkpirnegs sneodtd piichis ¢ &1 oo s 1, 2,

of t he sharuntithndrieo |l ogi ccaaln abcet i Dnbst a8ubat i yuteinm

benzenesul fonyl or haloal kyl groups at positi
of harmine derivatives. The sy mt heddiizaweadc yc ounsp on
MTT assay on four human GaOOEEWMTc7e2lll, lainnde sA 5(41
Not abdiwl o9 kyl har mine derivatives showed mod
5br omopenbybmahdx ¥l deri vati ves e meshvgaeldu eass otfh
0.iP6 34 OM BN d 4 0.0, respectively. T he har
met hyl benzenesul fonyl at N9 sel ecstoofve@M,48 nhi b
out performing wthiec lp ap reed yuhda e whei snlidd,fh A3, 8310 . 4 4
eM,and 4WMR.i?n5 MCF 00Q®1 SMMT21 and A549 celll I i n
Additionally, 1t induced G2 phase cell <cycl e
2016) .
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Taktogether, this review article not only sumr

hi ghlights the versatile nature and potenti al
drug devWiltolp ntemits i n mind, and to tackle the f
and develop a |library of harmine and semisynt:l

the cytotoxic and antitumor propattives cfui bhab

further eviadluadii oal.
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Abstract This review aims to provide information
about the anticancer potential of harmine, a f-carbo-
line alkaloid that was initially isolated in 1847 from
the seeds and roots of Peganum harmala L. Various
studies have revealed that it possesses a wide range of
therapeutic qualities, including anti-inflammatory,
antibacterial, antiviral, antidiabetic, and, most nota-
bly, anticancer effects. This review discusses the
anticancer capabilities of harmine and its derivatives
against malignancies such as breast cancer, lung
cancer, gastric cancer, colon cancer, glioblastoma,

A. A Timbilla - R. Havelek - M. Rezacova
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e-mail: cahlikova@ faf.cuni.cx

G. Blunden
School of Pharmacy and Biomedical Sciences, University
of Portsmouth, Portsmouth, Hampshire PO1 2DT, UK

neuroblastoma, liver cancer, pancreatic cancer and
thyroid cancer. Harmine uses mechanisms such as
apoptosis and angiogenesis inhibition to fight cancer
cells. It also influences the cell cycle by inhibiting
specific cyclin-dependent kinases and slowing tumor
cell proliferation. Synergistic effects have also been
observed when harmine is used in combination with
other anticancer medications. Harmine has the poten-
tial to be a potent anticancer medication that can help
in the fight against cancer.
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TLC Thin layer chromatography

TRAP Telomerase repeated amplification
procedure.

VEGF Vascular endothelial growth factor

WHO World Health Organization

Introduction

A hallmark of cancer is the rapid proliferation of
abnormal cells that exceed their typical boundaries,
invade adjacent body structures, and eventually spread
to distant organs, a phenomenon referred to as metas-
tasis. The primary cause of mortality among cancer
patients is the widespread occurrence of metastases.
Synonymous terms for this include neoplasms and
malignant tumors. According to the World Health
Organization (WHO), cancer stands as the foremost
global cause of death, with approximately 10 million
fatalities in 2020, equating to about one in every six
deaths. The most common types include breast, lung,
colon, rectum, and prostate cancers. Contributing
factors to nearly one-third of cancer-related deaths
encompass tobacco use, high body mass index (BMI),
alcohol consumption, insufficient intake of fruits and
vegetables, and a lack of physical activity. In low- and
lower-middle-income nations, infections such as
human papillomavirus (HPV) and hepatitis contribute
to approximately 30% of cancer cases. Early detection
and appropriate treatment offer the potential for
successful management of many tumors (WHO 2022).

The discovery of new antitumor agents from natural
resources is currently gaining popularity. The natural
B-carboline alkaloid harmine, along with its related
compounds tetrahydroharmine (THH) and harmaline,
is present in various plants across the globe. These
plants include the seeds and roots of Syrian rue
(Peganum harmala L.), which is a medicinal plant
utilized in North Africa, the Middle East, and Central
Asia (Moloudizargan et al. 2013; Patel et al. 2012).
Indeed, harmine and harmaline were initially
extracted and identified from the seeds and roots of
Peganum harmala L. in the 1840s (Moloudizargan
et al. 2013; Ow 1994; Patel et al. 2012). Harmine has
been reported to have anticancer (Shabani et al. 2015),
antioxidant (Choi et al. 2004; Salman et al. 2016),
antidepressant {Hamid et al. 2017), anti-inflammatory

(Hara et al. 2013), and neuroprotective (Herraiz 2012)
properties. Over the last decade, research has revealed
that harmine has powerful cytotoxic and antiprolifer-
ative activities. Nonetheless, due to the severity of
neurotoxicity effects seen in animal models, harmine’s
use in clinical settings has been hindered (Chen et al.
2005; Li et al. 2015).

Several researchers have synthesized harmine
derivatives to acquire compounds which are more
effective against the activities of tumors and cause less
neurotoxicity than harmine (Zhang et al. 2020a). By
means of altering the substituents at the P-carboline
nuclens’ positions Cl, N2, C3, C7, and N9, harmine
derivatives were created (Domonkos et al. 20135).
Additionally, results from in vitro and in vivo studies,
show that by making modifications of harmine at
positions C2, C7, and N9, brought about an excep-
tional improvement in the anticancer properties of
harmine and also showed a remarkable decrease in the
side effects. This is all as a result of the alterations
done at the positions mentioned previously which
caused cancer cells to specifically take up more of the
drug than the normal cells (Li et al. 2015). Comparing
harmine derivatives with harmine, it was shown that
they had comparable pharmacological effects, includ-
ing those that were neuroprotective, anticancer,
antiparasitic, and antiviral. These effects were also
associated with increased activity and decreased
neurotoxicity (Zhang et al. 2020a).

This article reviews the anticancer properties of
harmine and its derivatives, along with the mecha-
nisms of action involved.

Sources of harmine

Harmine (1, C;:H2N;0, Fig. 1) is found in a wide
variety of plants around the world (Zhang et al. 2015).
Peganum harmala L. is where harmine was first
extracted from and it was previously used for tradi-
tionally as a powerful natural medicine due to its
abortion-inducing properties. psychedelic, hypother-
mic and emmenagogue qualities. Emmenagogues are
herbs that improve blood flow to the uterus and pelvis
are frequently used to induce menstruation in women
who do not have it for non-pregnancy-related causes,
such as disorders from hormonal origins or disorders
such as oligomenorrhea (Filali et al. 2015). While P.
harmala was previously classified as a member of the

@ Springer

oz



1538

Phytochem Rev (2025) 24:1535-1564

ISOLATION

0
f

Seeds of Peganum harmeala 1.

nﬂurﬂf‘f{’mﬁiﬂ

\ N C——» anticancer

M
H C::a
PEJf'chu.ac”;v?

1

Fig. 1 Main source, structure and reported bological activity of harmine (1)

Zygophyllaceae family, it is now recognized as a
member of the Nitrariaceae family (Filali et al. 2015).
In Northwest China, P. harmala extracts from seeds
have been used for many years to treat gastrointestinal
cancers and malaria (Cao et al. 2013). Moreover,
plants containing harmine, such as P. harmala or
Banistereapsis caapi (Spruce ex Griseb.) C.V.Morton,
are key ingredients in the preparation of the potent
hallucinogenic drink ‘Ayahuasca’. This beverage
plays an integral role in native shamanistic rituals in
South America (Rivier and Lindgren 1972). In recent
years, however, it has also become a lucrative
attraction for many adventure seekers.

The seeds of P. harmala (Fig. 1) are the most
common source for obtaining harmine, which is
typically isolated using standard phytochemical tech-
niques from the dried material. This material is often
processed into either an ethanolic (Gaviraj et al. 1998:;
Shao et al. 2013; Siddigqui and Kemal 1964) or
methanolic summary extract (Al-Shamma et al.
1981; Gohar et al. 1994; Wang et al. 2015a). Liguid-
to-liquid extraction is used to prepare the alkaloidal
fraction, after which harmine is isolated using chro-
matographic techniques. These methods may involve
preparative high-performance liquid chromatography
(HPLC), thin layer chromatography (TLC), or column
chromatography (Fang et al. 2019; Shao et al. 2013).

One of the earliest studies, conducted in 1947,
detailed the isolation process from P. harmala seeds.
The seeds were subjected to light petroleum extrac-
tion, charcoal treatment, and alcoholic ammonia
extraction. The resultant material was then treated
with pyndine, resulting in harmine crystallization
(Ovejero 1947). Using a multiple-layer coil planet
centrifuge, an interesting isolation technique was
investigated. Using this technique, 554 mg of harmine
could be extracted from 1.2 g of the crude alkaloid
extract. which was obtained from 1 kg of dried seeds
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extracted with 95% ethanol and purified by acid-base
extraction (Wang et al. 2008). Various efficient and
economical methods of harmine isolation from P
harmala seeds have been investigated, including a
metal-mediated method involving mercury (II) ions
(Munir et al. 1995). There is also a patent detailing the
extraction from different parts of P. harmala, under-
lining the significance of effective harmine isolation
{Herraiz Tomico et al. 20101).

Upper parts of the P. harmala plant were used for
isolation in 1957, extracted with 80% isopropanol.
Following acid-base liguid-liquid extraction, the
mixture was shaken with chloroform, leading to
harmine isolation from the alkaloid mixture (Koret-
skaya 1957). Later, in 1974, harmine was extracted
from P. harmala stems in Saudi Arabia (Muhtadi et al.
1974), and from both the seeds and leaves a few years
later (Jado et al. 1979). In 2012, harmine was isolated
from the leaves and twigs of the plant by percolating
with dichloromethane, conducting liguid-liquid
extraction, and semi-preparative HPLC (Grabher
et al. 2012). Harmine was also extracted from P
harmala's aenial portions in a study conducted in
2022, which were extracted with 75% ethanol,
followed by acid-base liquid-liquid extraction to
dichloromethane, and further processed by column
chromatography and HPLC (Zhang et al. 2022).
Additionally, the methanolic extract of the roots of
P. harmala was also found to possess harmine (Ayoob
et al. 2017).

Another species of the genus Peganum, P. nigel-
lastrim Bunge, was discovered to contain harmine. It
was extracted from its aerial parts (Ma et al. 20000,
roots (Babalakova et al. 2001; Ma et al. 2008), and
seeds (Zheng et al. 2009).

In 1998, harmine was acquired from the seeds of
Feganum multisectum (Maxim.) Bobrov (Duan et al.
1998h) and, soon after, from an ethanolic extract of its
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aerial parts (Duan et al. 1998a). Harmine was isolated
from P. multisectum again a few years later (Liu
2011). The aerial portions of P. multisectum plants
grown in Mongolia were examined further in 2017 for
harmine isolation through column chromatography
(Javzan et al. 2017).

The first convincing evidence of harmine in B.
caapi dates back to 1939 when it was found in the
stems, leaves, and roots (Chen and Chen 1939). An
extensive study of alkaloids present in the Ayahuasca
drink further confirmed the presence of harmine in the
stems of B. caapi. The isolation was achieved through
maceration in methanol and standard acid-base pro-
cedures (Rivier and Lindgren 1972). In 1972, harmine
was also isolated from B. caapi in another study;
howewver, the plant was referred to by its synonym,
Banisteriopsis inebrians C.V Morton (Saa Rodriguez
1972). A lyophilized water extract from a large branch
of the B. caapi cultivar *Da Vine” was subjected to
reverse phase column chromatography to yield several
fractions. These were further separated by TLC,
resulting in the isolation of several alkaloids, including
harmine (Samoylenko et al. 2010). A recent study
from 2022 also confirmed the abundant presence of
harmine in a B. caapi sample (Santos et al. 2022).
Harmine was also extracted from the stems and leaves
of Banistereopsis muricata (Cav.) Cuatrec. (studied
under the synonym Banistereopsis argentea Spring ex
Juss) using standard acid-base extraction of the
summary ethanol extract into chloroform, followed
by chromatographic methods (Ghosal et al. 1971).

Harmine was also discovered in Trigonostemon
Bonianus Gagnep. (Euphorbiaceae), researched under
the synonym Trigonostemon filipes Y. T.Chang et
SLMo. The plant was air-dried, powdered, and
produced a crude extract by extracting three times at
room temperature using methanol. Next, the residue of
ethyl acetate was subjected to repeated column
chromatography over silica gel (Li et al. 2012).

In 1978, harmine was acquired via isolation from a
methanol extract of dried aerial parts of Bassia
seaparia (L.) AJ.Scott {Amaranthaceae), which was
studied under the synonym Kochia scoparia (L.)
Schrad (Drost-Karbowska et al. 1978).

According to Sener and Ergun 1988, harmine was
also extracted from an ethanolic extract of the dried
climbing plant’s aerial portions Galium aparine L.
(Rubiaceae), widespread in Anatolia { Sener and Ergun
1988).

Likewise, researchers investigated the bark com-
position of Simira williamsii  (Standl.) Steyerm.
(studied under the synonym Sickingia williamsii
Standl.) and Simira tinctoria Aubl. (studied under
the synonym Sickingia rinctoria (Aubl) Lemée)
(Rubiaceae), both of which are typical South Amer-
ican small trees used in Peruvian folk medicine.
Harmine was separated from a chloroform/methanol
(9:1) extract purified by Sephadex LH-20 column
chromatography and RP-HPLC (Capasso et al. 2002).
The same group had isolated harmine from S
williamsi bark a few years earlier ( Aguino et al. 1996).

In addition, a research project in 1971 led to the
retrieval of harmine from the extract of Passiflora
incarnata L. (Passifloraceae) by using Sephadex SE-C
25 column chromatography and TLC (Bennati 1971).
Several years earlier, harmine had also been obtained
from the leaves and stalks of P. incarnata. The extract
was prepared by treating the material for 15 h with
25% ammonia, followed by extraction with chloro-
form, acid-base liquid-liquid extraction, and separa-
tion on a cellulose column (Lutomsk: 1960,

Furthermore, in 2002, harmine was derived from the
ethyl acetate portion of a methanolic extract from the
whole plant of horseweed, Erigeron canadensis L.
( Asteraceae). The plant was studied under its synonym
Conyza canadensis(L.) Cronguist (Mukhtar et al. 2002).

Harmine was also obtained from the dried roots of
Sophora rtonkinensis Gagnep., a herb used in traditional
Chinese medicine, through ethanol extraction at room
temperature and acid-base liguid-liquid extraction,
followed by column chromatography (Wu et al. 2019a).

Additionally, research by Moustafa et al. 2007, led
to the uncovering of harmine from Zyvgophyvilum album
L.f. (Zygophyllaceae), which is locally recognized as a
traditional medicine. The aerial parts were air-dried
and percolated with ethanol. The acidified extract was
then extracted with diethylether and reduced with zinc
dust. After alkalization and extraction with chloro-
form, the resulting alkaloidal fraction was treated by
TLC (Moustafa et al. 2007).

Harmine was moreover retrieved from a spiny
subshrub of the Solanaceae family, Lyeinm euwro-
paeum L., commonly known in Algena as “Awsaj’.
This plant is utilized both as food and an herbal
remedy. Its roots were extracted with ethanol, fol-
lowed by an acid-base extraction process to obtain an
alkaloidal extract, which was then subjected to silica
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gel column chromatography and TLC (Bendjedou
et al. 2021).

In 2011, harmine was extracted from the ethyl
acetate fraction of the methanolic extract obtained from
the marine brown alga, Mafnothamnus afaghusainii,
using column chromatography (Khan et al. 2011).

To add on, harmine was acquired from Tribulus
terrestris L. (Zygophyllaceae) growing in Turkey by
means of preparative TLC (Tosun et al. 1994). Other
researchers have successfully attempted to enhance
harmine production in the hairy roots of T. ferresiris
through genetic transformation with Agrobacterium
rhizogenes strains (Sharifi et al. 2014).

Likewise, harmine was obtained from the aerial
parts of the Iranian species Ducrosia anethifolia Boiss.
(Apiaceae) (Mottaghipisheh et al. 2018). This plant is
locally referred to as Moshkbu and Moshgak, and is
widely used as both a medicinal plant and a food
flavoring agent (Arbabi et al. 2018).

The flowers of Hosta plantaginea (Lam.) Asch.
(Asparagaceae), a key ingredient in Mongolian medi-
cine, were also found to contain harmine. The air-dried
plant material was extracted using 95 and 70% ethanol
under reflux. The combined extracts were then parti-
tioned into different solvents, with harmine obtained
from the ethyl acetate fraction by applying various
chromatographic technigues (Wei and Ma 2020).

Harmine was acquired via isolation from the
flowers of Tabernaemontana divaricata (L.) R.Br. ex
Roem. et Schult. (Apocynaceae) in 2004, marking the
first extraction of harmine from this species (Joshi
et al. 2004).

Additionally, harmine was retrieved from Zygo-
phyilum creticum (L.) Christenh. et Byng (Zygophyl-
laceae). This plant, however, was studied under the
synonym Fagomia cretica L (Iyer and Joshi 1975).

In 2020, Zhange et al. 2020b extracted harmine
from the stems of Ohwia candara (Thunb.) H.Ohashi.,
referred to in this study by its synonym, Desmodium
caudatum (Thunb.) DC. The isolation was achieved
through repeated column chromatography on macro-
porous adsorptive resins, silica gel, and Sephadex LH-
20, and by preparative-HPLC (Zhang et al. 2020b).

In a recent study from 2022, harmine was derived
via isolation from the root bark of the deciduous tree
Ailanthus altissima (Mill.) Swingle (Simaroubaceae).
The material was refluxed with 85% ethanol and then
extracted using an acid-base liquid-liquid procedure.
This yielded a concentrated ethyl acetate fraction,
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which was further separated using silica gel and
Sephadex LH-20 column chromatography. Subse-
quently, semi-preparative HPLC was emploved to
isolate harmine, which in this study was incorrectly
referenced as  1l-methoxy-3-methyl-B-carboline
i Shao et al. 2022).

For a convenient overview, all references reporting
the isolation of harmine from plant material are
alphabetically listed in Table 1.

Interestingly, harmine is also occasionally pro-
duced by certain bacterial species. For instance,
researchers have discovered harmine production in
the Bacillus species BT42, which was isolated from
the root rhizosphere of Coffea arabica L (Kejela et al.
2016). Furthermore, Bacillus flexus, obtained from
freshwater of a eutrophic lake in Saudi Arabia, was
found to produce harmine as a means to inhibit toxic
cyanobacteria (Alamri and Mohamed 2013). Addi-
tionally, it is known that larvae of Heliconiini
butterflies accumulate alkaloids such as harmine by
ingesting Passiflora leaves (Cavin and Bradley 1988).

Anticancer properties of harmine

Harmine possesses potent cytotoxic and antiprolifer-
ative capabilities, according to research conducted
over the previous decade. In mice with Lewis Lung
Cancer, Sarcomal®0, or HepA tumors, harmine
demonstrated exceptional anticancer effectiveness,
having an excellent inhibition rate of 49.5%. Further-
more, in a mouse Sp2/0 tumor model, oral treatment
of extracts from Peganum harmala at 50 mgfkg for 40
days produced comparable notable outcomes. Har-
mine and its derivatives also showed impressive
in vitro cytotoxicity, with ICs; values ranging from
0011 to 0021 pmol/mL in HepG2 cells. These
highlight their potential as potent agents in the battle
against cancer. Unfortunately, harmine’s substantial
neurotoxic impacts in animal models prevented it from
being developed clinically. In mice, these conse-
quences included symptoms such as tremors, twitch-
ing, leaping, tetanus, and supination. In surviving
mice, the tremors lasted around 20 min before grad-
ually diminishing. Notably, all surviving mice healed
completely and returned to normalcy by the next day
{Chen et al. 2005; Li et al. 2015).

Harmine demonstrates its antiproliferative proper-
ties by binding to DNA (Sharma et al. 2016) and
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causing damage to DNA by intercalating into DNA
oligonucleotides with a binding preference to GC
(Guanine-Cytosine) in comparison with AT (Ade-
nine=Thymine) and, by doing so, impeding DNA
topoisomerase [ and interfering with DNA synthesis
and replication (Nafisi et al. 2010; Shu et al. 2019;
Song et al. 2004). Harmine can cause significant
structural DNA damage by binding and interacting
with DNA. The synthesis of the harmine-DNA
combination is exothermic and spontaneous, involv-
ing interactions between the harmine and the DNA via
H-bonding, van der Waal and hydrophobic interac-
tions (Sharma et al. 2016).

It has been established that the compounds of -
carboline and harmine have anti-angiogenic proper-
ties. They can suppress the production of pro-angio-
genic factors and restrict the growth of wvascular
endothelial cells, which prevents the development of
new blood vessels that are essential for tumor growth
and metastasis (Tshikhudo et al. 2024). VEGF, or
vascular endothelial growth factor, is necessary for
angiogenesis. Harmine inhibits the NF-xB signaling
system, which suppresses tumor angiogenesis by
decreasing the synthesis of proangiogenic molecules
such as VEGF, NO. and other factors such as
interleukin-2, matrix metalloproteinases (MMPs),
cyclooxygenase 2 (COX-2) and inducible nitric oxide
synthase (Hai-Rong et al. 2019; Hamsa and Kuttan
2010).

Under normal biological conditions, the body
naturally removes aged cells through apoptosis, also
known as programmed cell death. On the other hand,
aberrant signaling pathways in tumors cause
unchecked growth of cells that ultimately compro-
mises the tumor's ability to survive or cause recur-
rence of cancer (Mohammad et al. 2015). In human
gastric carcinoma cells like BGC-823, (Zhang et al.
2016a), SGC-7T901 (Li et al. 2017; Zhang et al. 2016a)
and MGC-803 (Zhang et al. 2016a), harmine triggered
apoptosis and diminished proliferation. Activating
Mytl. phosphorylating and deactivating Cdk2, and
upregulating p21 were the methods by which it caused
cell cycle arrest in MGC-803 cell lines during the G2
phase. After 24 h of treatment with harmine (0, 5, 10,
and 20 pM), various apoptotic proteins (such as
caspase-9, caspase-8, caspase-3, and its substrate,
PARP (Poly (ADP-ribose) polymerase)) were acti-
vated by cleavage. The intact proteins disappeared at
higher harmine concentrations, and in a concentration-

dependent manner, bands of proteolytic cleavage
appeared (Li et al. 2017; Zhang et al. 2016a).

Furthermore, harmine inhibited the Erk/Bad path-
way and activated the caspase-8/Bid pathway to
initiate the mitochondrial-related process of apoptosis
(Zhang et al. 2016a). Harmine also demonstrated
dose-dependent Bel2 downregulation, which inhibited
the proliferation of thyroid TPC-1 cells using harmine
concentrations of, 8, and 16 pg/mL and exposing them
for 6 h. The Western blot technique was used to assess
the expression of proteins linked to apoptosis in order
to look into potential mechanisms for apoptotic
induction following harmine exposure. The adminis-
tration of harmine resulted in a dose-dependent
induction of Bax expression and the degradation of
pre-existing Bel-2, which led to a noteworthy reduc-
tion in the Bel-2/Bax ratio, signifying the advance-
ment of apoptosis (Ruan et al. 2017).

Moreover, harmine reduced Bcel-2 expression in
melanoma B 16F-10 cells and promoted apoptosis by
triggering Bax, caspase-3/-8/-9, and Bid. Apoptosis at
I and 2 pg/mL of harmine was also significantly
increased. Nuclear staining revealed morphological
alterations indicative of apoptosis, including mem-
brane blebbing, chromatin condensation, DNA break-
age, and the formation of apoptotic bodies (Hamsa and
Kuttan 2011).

Lastly, harmine has been demonstrated to be
effective against hepatic HepG2., Bel-7402 and
SMMCT221 cells due to the apoptotic mechanisms it
produces. It does this by lowering the expression of
Bel-2 and Mcl-1 and stimulating cellular apoptosis
through the induction of Bax, Fas, and caspase 3/— 9.
Fluorescence microscopy was used to evaluate apop-
totic nuclear morphology following Hoechst 33 258
staining. HepG2 cells started to demonstrate apoptotic
signs such as shrinkage of the cells, nuclear conden-
sation, and cell fragmentation after 48 h of treatment
with 5 pg/mL harmine. In addition, HepG2 cells were
treated with 5, 10, and 20 pg/mL harmine for 48 h,
and flow cytometry using propidium iodide (PI) for
DNA staining revealed that this increased the number
of cells in the § and G2/M phases (Cao et al. 2011).

Protein kinases are important for several biological
activities. Cyclin-dependent kinases (Cdks) are crucial
elements of the molecular machinery involved in the
cell cycle. An essential modulator of the replication of
DNA and the progression of the S phase is Cdk2.
Harmine inhibited Cdk l/cyclin B, Cdk2/cyclin A, and
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Cdk5/p25, with IC5;, values of 17, 33, and 20 puM, in
that order. Cdk activity is inhibited when harmine
binds to their ATP-Mg**-binding pocket (Song et al.
2004). Overexpression of the dual-specificity tyrosine-
phosphorylated and regulated kinase 1A (DYRKILA)
has been linked to cancer and uncontrolled cell
proliferation. Harmine is a potent inhibitor of the
DYRE 1A protein kinase. Harmine-induced DYREK 1A
inhibition resulted in apoptosis and caspase-9 activa-
tion in human oligodendroglioma (Hs683) cancer cells
(Atteya et al. 2017; Frédérick et al. 2012).

Overexpression or deletion of haspin, a nuclear
protein kinase unique to haploid germ cells causes
improper mitosis, and inhibiting haspin has significant
anticancer effects (Amoussou et al. 2018). With an
ICsp of (.59 pM, harmine is a moderately effective
haspin inhibitor (Cuny et al. 2012).

Among other important kinases, GSK-3 is a serine/
threonine kinase that has been recognized as a
regulator of glycogen metabolism. It regulates a wide
range of known substrates and is essential for many
cellular processes, such as the regulation of cell cycles,
proliferation, differentiation, and gene expression
(Hamann et al. 2007; Magbool et al. 2016). This
essential kinase engages in interactions with numerous
signaling pathways. including Ras/RafMEK/Erk,
PI3K/PTEN/AkymTORCI, Wnt/f-catenin, Motch,
Hedgehog, and others. Numerous human illnesses,
including cancer. bipolar depression, Parkinson's,
Alzheimer’s, and non-insulin-dependent diabetic mel-
litus, have been linked to aberrant GSK-3 activity.
GSK-3 may therefore be a crucial therapeutic target
for treating these and other illnesses. Moreover, GSK-
3 has been connected to malignancies that resist
targeted therapy, radiation, and chemotherapyGSK-3
targeting could help treat malignancies that are
resistant to radiation, some chemotherapeutic medi-
cations, and small molecule inhibitors. Some GSK-3
inhibitors have been included in clinical trials L1
(McCubrey et al. 2014). Interestingly. potent GSK-3
inhibitors were found among B-carboline alkaloids
(for example, manzamine a present in several marine
sponge species and others (Dai et al. 2018).

From the viewpoint of structure—activity relation-
ship (SAR). a series of harmine derivatives was
prepared by incorporation of various substituents at
positions-1, 2, 6, 7 and 9. SAR studies showed that the
NO-position participates in an important role in
regulating anticancer activity. To date, 26 N9-
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substituted harmine derivatives have been prepared.
Most of these are represented by amines; 4 amides,
and 2 sulfonamides have also been synthesized.
Antiproliferative and viability activity of these
harmine derivatives was tested on 4 tumor cell lines
(MCF-7. SGCT901, SMMC-7721, and A-549). Du
et al. (Du et al. 2016) reported the SAR for N9-
substituted harmine derivatives: (1) N9-bromoalkyl
harmine derivatives are more potent than N9-chlor-
oalkyl and N9-alkyl harmine derivatives; (2) inhibi-
tory activity increases with increasing chain length for
NO9-bromoalkyl analogs; (3) in the series of N9-aryl
harmine derivatives, their activity decreases in the
order N9-benzensulfonyl, N9-benzoyl, and N9-benzyl
analogs. Harmaline and tetrahydroharmine, alkaloids
found in Peganum harmala seeds, represent naturally
prepared analogs of harmine. Harmaline differs from
harmine by the absence of a single double bond in ring
C. Tetrahydroharmine is saturated with four additional
hydrogen bonds compared to harmine. Harmaline and
tetrahydroharmine possess promising anticancer
activities (Simao et al. 2020; Tarpley et al. 2021;
Wang et al. 2015b). Interestingly, no N9-substituted
harmaline and tetrahydroharmine derivatives have
been published so far.

Furthermore, when harmine is coupled with
chemotherapy medications, it has a synergistic anti-
cancer impact. Harmine has been proposed as a
possible treatment candidate for a number of malig-
nancies when combined with paclitaxel. The com-
bined administration of harmine and paclitaxel has a
synergistic impact on the downregulation of matrix
metallopeptidase 9 (MMP-9) and cyclooxygenase 2
(COX-2) in the gastric cancer cell lines SGC-7901 and
MEN-45, resulting in a reduction of proliferation and
activation of apoptosis (Yu et al. 2016). Cells treated
with 2 ng/mL paclitaxel, 4 pg/mL harmine or a
combination of these two drugs for 48 h were
examined using Western blot analysis. The combina-
tion application of harmine and paclitaxel resulted in a
significant reduction in COX-2 expression when
compared to the effects of each medication alone,
according to the results. COX-2 is frequently
expressed in stomach cancer and has been linked to
metastasis and tumor invasiveness (Sun et al. 2015).
Previous research has shown that selective COX-2
inhibitors or small interfering RNA (siRNA) can
reduce COX-2 activity and cause apoptosis in human
gastric cancer cells. It has been noted that harmine
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reduced the expression of COX-2, which prevented
stomach cancer cells from migrating and invading
(Chan et al. 2007). The anticancer potential of harmine
stems from the molecular mechanisms by which this B
carboline amine alkaloid exerts inhibitory effects in
various malignancies, which are discussed below.

Breast cancer

Breast cancer is among the most frequent cancers in
women, contributing to over one-tenth of the new
cases of cancer each year. It is the second biggest
contributor to cancer-related deaths in women world-
wide (Alkabban and Ferguson 2022). TAZ, a tran-
scriptional coactivator with a PDZ-binding motif, is
involved in breast cancer progression and develop-
ment. TAZ promotes growth, migration, and metasta-
sis in breast cancer. Harmine decreased the growth of
cells and migration, as well as the expression of TAZ,
phosphorylated Erk (p-Erk) at Thr 202 and Tyr 204,
phosphorylated Akt (p-Akt) at Ser 473 and Bcl-2, but
increased expression of Bax (Ding et al. 2019).
Harmine inhibited MCF-7 cells (epithelial cells from
breast adenocarcinoma) from proliferating by sup-
pressing telomerase activity via the p53/p21 pathway.
Telomerase activity in MCF-7 cells was measured via
the telomerase repeated amplification procedure
(TRAP). After the cells were exposed to 20 pM
harmine for 96 h, a reduction in telomerase activity by
#1.99% was found (Zhao and Wink 2013).

Harmine can also stop the migration and invasion of
breast cancer cells, which are the initial steps toward
metastasis. By inducing dose dependent Twistl
degradation mediated by proteasomes, this is accom-
plished. Twistl has been found to positively regulate
the metastasis of breast cancer and is overexpressed in
several cancers. It induces epithelial-to-mesenchymal
transition (EMT) and cell invasion by activating
numerous target genes, including Snail, Bmil, and
ZEB2. which accelerate cellular de-differentiation and
cell motility. During EMT, cells transition from an
epithelial to a mesenchymal-like phenotype. When
mesenchymal markers like vimentin and N-cadherin
are expressed and epithelial markers like E-cadherin
are lost, cell-cell adhesion breaks down, signaling the
start of epithelial-mesenchymal transition (EMT).

Because EMT promotes invasion and intravasation
into the bloodstream and activates proteases involved
in the degradation of extracellular matrix, it seems to
be connected to the development of cancer. BT549
Twist 4 cells were subjected to three different treat-
ments: dimethyl sulfoxide (DMSO) as a solvent
control, harmine treatment at final concentrations of
5. 10, and 20 pM., or no treatment at all. After
collecting, lysing, and Western blotting the lysates to
determine the amount of Twist 1, it was discovered that
Twist]l was degraded harmine dose-dependently
(MNafie et al. 2021).

To boost harmine's water solubility and bioawvail-
ability, harmine hydrochloride (HMH) was prepared.
The reaction between harmine and hydrochloric acid
to form harmine hydrochlonde is a type of acid-base
reaction, specifically a neutralization reaction. In this
reaction, the acidic hydrochloric acid reacts with the
basic harmine to form a salt (harmine hydrochloride)
and water. In the breast cancer cells, MCF-7, treatment
with it inhibited cell proliferation, migration, invasion,
and colony formation. It also raised FOXO3a expres-
sion and decreased the phosphorylation of PI3K, Ak,
and mTOR. A dose-dependent increase in p38 phos-
phorylation was also seen in MCF-7 cells after HMH
administration. G2/M cell cycle arrest was triggered
by activated FOX03a through upregulating the levels
of expression of p2l. p53, and its downstream
proteins, such as p-Cdk2, Cdk2, p-Cdc25 phosphatase,
and cyclin Bl. HMH was added to MCF-7 cells at
different concentrations (0=1000 pM) for 24-72 h,
and the effect of the treatment on cell proliferation was
measured to see if HMH could restrict the growth of
cells from human breast cancer. The ICs; values in
MCF-7 cells after 24 h, 48 h, and 72 h of HMH
treatment were 1006, 52.4, and 18.7 pM, respec-
tively. Western blot analysis was performed on breast
cancer cells treated with 5, 10, and 20 pM HMH for
48 h to assess the suppressive effects on protein
expression. HMH reduced the expression of PI3K,
p-PI3K, Akt and p-Akt in MCF-7 cells in a dose-
dependent manner, while mTOR and p-mTOR expres-
sion was reduced by 20 pM HMH compared to the
control. HMH substantially suppressed Akt and p-Akt
activation in MCF-7 cells, according to Western blot
analysis (Ock and Kim 2021).
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Lung cancer

Lung cancer is the most frequently diagnosed cancer
worldwide and the primary cause of cancer-related
deaths, with an estimated two million new cases and a
total of 1.76 million deaths annually (Thai et al. 2021).
The two most common kinds of lung cancer are non-
small cell lung cancer (NSCLC) and small cell lung
cancer. NSCLCs account for approximately 80% of
newly diagnosed lung cancer cases each year (Shen
et al. 2014).

Harmine demonstrated cytostatic properties in
NSCLC cells, with ICs; values ranging from 10.11
to 32.74 pM, while having no effect on MRC-5 cells.
Harmine also efficiently triggered cell cycle arrest and
death in NSCLC cells in the GUI/S phase. A549 cells
were treated with various concentrations of harmine
(0, 5 10, and 20 pM) for 24 h, and cell cycle
distribution analysis was performed using flow cytom-
etry, which revealed an imcrease in the Gl phase
population with harmine-treated cells in a dose-
dependent manner. Along with the cell cycle analysis,
the TUNEL assay staining with flow cytometry-based
quantification revealed that treatment with harmine at
a final concentration of 5, 10 and 20 pM significantly
induced DNA fragmentation of A549 lung cancer
cells, implying that the treatment caused G1/5 phase
arrest and apoptosis in A549 cells (Shen et al. 2018).
Harmine also reduced the expression of Mcl-1 and
made the non-small cell lung cancer cells more
sensitive to inhibitors of Bel-2 because, in NSCLC,
the expression of Mcl-1 results in acquired resistance
to the inhibitors of Bel-2. Mcl-1 is an anti-apoptotic
protein which is essential in the development of
resistance to anti-cancer drugs. The combination of
harmine with a Becl-2 antagonist demonstrated syner-
gistic anti-proliferative effects in primary NSCLC cell
lines. Primary NSCLC cells were treated for 72 h with
harmine andfor Becl-2 inhibitor with concentrations
ranging from 0-30 pM, and NSCLC cell proliferation
was assessed using a sulforhodamine B (SRB) assay.
The mean combination index (CI) value was less than
0.9. The degree of drug interaction is determined using
Cl and synergism should be less than 1 (Liet al. 2020).

Twistl, a transcription factor involved in epithelial-
mesenchymal transition (EMT), has been identified as
a cause of resistance to epidermal growth factor
receptor (EGFR) tyrosine kinase inhibitors in non-
small cell lung cancer cells and is important for its
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oncogene-driven carcinogenesis. Harmine was able to
overcome this resistance and showed significant
anticancer activity in oncogene-driven NSCLC
(Yochum et al. 2017, 2019).

Furthermore, harmine efficiently led to a cell cycle
arrest and death in the GI/S in NSCLC cells by
stimulating the reversion-inducing cysteine-rich pro-
tein with Kazal motif expression as well as the
signaling pathway cascade from it, resulting in MMP-
9 and E-cadherin downregulation. The protein expres-
sion of Akt, STAT3, Erk, EMT, and MMP-9 on A549
cells was evaluated by Western blotting after harmine
treatment with doses of 0 (served as negative control),
10, and 20 uM exhibiting a substantial reduction in
STAT3, Akt, Erk, and MMP-9 expression (Shen et al.
2018).

Gastric cancer

Worldwide, gastric cancer is the fifth most common
cancer and the third leading cause of cancer death.
Infection with Helicobacter pvlori, age, a high salt
intake, and a diet low in fruits and vegetables are all
risk factors for the condition (Smyth et al. 2020).

Harmine triggered apoptosis and reduced the
growth, migration, and metastasis of BGC-823 and
SGC-T901 human gastric cancer cells. COX-2 is
essential in the development and progression of gastric
cancer, and a study carried out by Zhang et al. 2014
showed that harmine significantly reduced COX-2
expression in SGC-7901 and BGC-823 gastric cancer
cell lines. To investigate the effects of harmine on
COX-2 expression, gastric cancer cell lines were
exposed to harmine (0, 4, 8, 16 pg/mL). and Western
blot analysis revealed that harmine suppressed COX-2
expression in BGC-823 and SGC-7201 cells in a dose-
dependent manner (Zhang et al. 2014).

The western blot results showed that HMH down-
regulated Bel-2, Bel-xL, and Mcl-1 and upregulated
Bax and Bok in human gastric carcinoma MGC-803
cell line. The expression of the BH3-only family
member protein Bad increased. while phosphorylated
Bad (Serl12) and full-length Bid were concurrently
reduced. Exposure to harmine for 24 h resulted in the
activation of several apoptotic proteins, including
caspase-9, caspase-8, caspase-3, and its substrate
PARP, through cleavage. The Zhang and co-workers
found that of p-Erk was reduced and p-JNK was
unchanged in human gastric cancer cells, implying that
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harmine stimulated apoptosis via the mitochondria-
related pathway by inhibiting the Erk/Bad signaling
pathway and activating the caspase-8/Bid pathway. It
also caused a G2 phase cell cycle arrest in both SMMC-
7721 and MGC-803 cells by phosphorylating and
deactivating Cdk2, activating Mytl and upregulating
p21l. Harmine administration resulted in a large
accumulation in the G2/M phase in a dose-dependent
manner using the following doses for 24 h: 0, 5, 10, and
20 pM, accompanied by a considerable decrease in the
G1 phase population (Zhang et al. 2016a).

Moreover, when coupled with certain chemother-
apy treatments, harmine has synergistic anti-gastric
cancer benefits. The combination of paclitaxel and
harmine inhibited proliferation and triggered the
activation of apoptosis in SGC-T901 and MEKN-45
cells. MTT ((3-(4.5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) tetrazolium) reduction
assays were used to examine the metabolic activity of
proliferating cells. When given separately, the results
showed that paclitaxel and harmine suppressed cell
growth in a dose-dependent manner. Furthermore, the
inhibitory effects of paclitaxel (0.25, 0.5, 0.75, 1 and
2 ng/mL) and harmine (0.5, 1. L5, 2, and 4 pg/mL)
combination therapy on cell proliferation were greatly
improved and exhibited notable inhibition at lower
doses in SGC-TH1 and MEKN-45 cells (Sun et al.
2015).

Colon cancer

Colorectal cancer is the third most common cancer
diagnosis and the second most lethal tumor in both
men and women. [ts risk factors are strongly associ-
ated with both environmental and genetic factors.
Colon cancer is caused by inherited disorders such as
hereditary non-polyposis colorectal cancer (Lynch
syndrome) and familial adenomatous polyposis (FAP)
(10% of the time) and familial clustering (20% of the
time), but the occurrence may be sporadic for 709 of
the time (Lotfollahzadeh et al. 2022b).

Harmine inhibited the Erk and Akt signaling
pathways, resulting in cell cycle arrest and apoptosis
via the mitochondrial pathway in SW620 colorectal
cancer cells by stimulation of caspase-9, caspase-3,
Bax upregulation and downregulation of Bel-2, Mcl- 1,
and Bel-xL. Fluorescence microscopy was used to

evaluate apoptotic nuclear morphology with Hoechst
33,258 staining. The SW620 cells began to display
apoptotic features such as cell shrinkage, nuclear
condensation, and fragmentation after 48 h of treat-
ment with 5.00 pg/mL harmine. The Akt signaling
pathway was investigated to determine the mechanism
of cellular apoptosis produced by harmine in SW620
cells. SW620 cells were treated for 48 h with various
doses of harmine (0, 0.625, 1.25, 2.5, and 5 pg/mL).
Western blot analysis was used to examine the levels
of phosphorylation of Erk, Akt, and its downstream
targets FoxO3a and GSK-3p. Increased harmine
concentrations  reduced the phosphorylation of
Serd73-Akt and Thr308-Akt in a dose-dependent
manner without changing the overall quantity of Akt
(Liu et al. 2016).

In a different investigation, through the suppression
of the protein kinase DYRK A, harmine demonstrated
anti-proliferative effects against colon {Caco2) cancer
cells (Bruel et al. 2014). Harmine treatment resulted in
increased expression of Bax, caspase-3, and PARP
cleavage, as well as reduced activity of Bel-2, CDKS/
p25, and GSK3J/ against colorectal RKO and DLDI
cells (Zhang et al. 2016b).

Liver cancer

Hepatocellular carcinoma is one of the most common
forms of primary liver disease. In most situations, it is
usually caused by persistent hepatitis B and C wviral
infections. It is more likely in the elderly population,
which may have chronic liver disease. Ethanol con-
sumption and metabolic syndrome have also been
associated with the development of liver cancer, with
continuous liver damage leading to steatosis, steato-
hepatitis, cirrhosis, and, eventually, hepatocellular
carcinoma { Lotfollahzadeh et al. 2022a).

Harmine activated caspase-3 and caspase-9, as well
as downregulating Bel-2 and Mcl-1 expression, caus-
ing apoptosis via the mitochondrial signaling pathway
in HepG2 cells. Fluorescence microscopy was used to
evaluate apoptotic nuclear morphology with Hoechst
33,258 staining, which revealed HepG2 cells showing
apoptotic features such as cell shrinkage, nuclear
condensation, and fragmentation after 48 h of treat-
ment with 5 pg/mL of harmine. It activated Bel-2
family members, caspase-3, and caspase-9 in HepG2
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cells after 48 h of treatment with 0, 1.25, 2.5, and
5 pg/mL of harmine. Immunoblotting was used to
measure the impact of harmine on protein expression
levels (Cao et al. 200 1).

HMH also inhibited SMMC-7721 human hepato-
carcinoma cells. It substantially suppressed SMMC-
7721 cell proliferation in a dose-dependent manner
after 14 days of treatment with 0, 1,2, 4, & and 16 pM
concentrations of harmine, according to the colony
formation assay. The experiments aimed at exploring
pro-apoptotic markers indicated that the apoptosis
rates of SMMC-7721 cells increased with HMH
treatment in a dose-dependent manner, as observed
through flow cytometry Annexin V and propidium
iodide analysis. Furthermore, Western blot results
illustrated the cleavage of caspase-3 and PARP upon
HMH treatment, confirming the induction of cell
apoptosis. HMH exposure influenced mitogen-acti-
vated protein kinases (MAPK) signaling, leading to an
increase in p-JNK (Thrl83/Tyrl85) expression and a
reduction in p-Erk (Thr202Tyr204) in SMMC-7721
liver carcinoma cells (Zhang et al. 2016a).

Polyeyelic aromatic hydrocarbons are metabolized
by CYPLAL into intermediates which are reactive and
capable of creating DNA mutagenesis, and the devel-
opment of cancer. As a result, CYPLAI is regarded as a
valuable biomarker for exposure to some carcinogens.
By decreasing aryl hydrocarbon receptor-dependent
luciferase activity and triggering the receptor for aryl
hydrocarbon, harmine efficiently reduced dioxin-medi-
ated and 2,37 &-tetrachlorodibenzo-p-dioxin mediated
CYPIAI enzyme activity in hepatoma cells (El Gendy
et al. 2012; El Gendy and El-Kadi 2013).

To prevent either apoptosis or cell cycle arrest, rapidly
developing malignant cells must activate DNA double
strand break (DSB) repair to repair replication stress
induced DSBs. As a result. finding medications to
suppress homologous recombination (HR) and nonho-
mologous end joining (NHEJ), two crtical DSB repair
pathways, has considerable potential for cancer therapy.
Harmine inhibited Rad51 recruitment in Hep3B and
HuH7 hepatoma cell lines, which inhibited homologous
recombination and increased DNA double-strand breaks,
as well as severe § or GXM phase arrest. After being
pretreated with 40 pM harmine for 2 h, Hep3B cells
were exposed to an 8 Gy X-ray. The formation of Rad51
foci was examined by immunoflucrescence 6 h after
irradiation, leading to the finding that harmine suppresses
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the development of Rad51 foci following DNA damage
(Zhang et al. 2015).

Glioblastoma

The most prevalent cancerous tumors of the central
nervous system are glioblastomas. Despite new
molecular discoveries and therapeutic breakthroughs,
the prognosis for glioblastoma patients remains
dismal. with a median survival time of 12-15 months
after surgery (Wen and Kesari 2008). Glioblastoma
has this poor prognosis because of its characteristics,
which include fast recurrence and rapid growth.
Furthermore, the blood-brain barrier prevents the
administration of some anticancer medications into
tumor areas, limiting the chemical compounds avail-
able for glioblastoma treatment (Doolittle et al. 2000).

The treatment of many cancers and brain disorders
has been researched for harmine hydrochlonde (HMH).
HMH inhibited Akt phosphorylation, created apoptosis,
and decreased cell viability in glioblastoma cell lines,
according to study done by Lui et al. 2013, By using
concentrations of 6.25, 12.5, 25, 50, and 100 pM for
either 24 or 48 h, HMH substantially reduced the
viability of glioma cell lines Ch, US7, and U373 using
the MTT assay. This effect was dose- and time-
dependent. HMH had ICs; values of 22.9 pM (C6),
262 pM (U8T), and 27.2 pM (U373) at 48 h, and
37.5 pM (C6), 47.3 pM (USRT), and 44.7 pM (U373) at
24 h. HMH also reduced the tumorigenicity of glioblas-
toma stem-like cells (GSLCs) im an in vivo test
Treatment of glioblastoma cells with HMH significantly
upregulated the mRENA expression of Bax while down-
regulating the mENA expression levels of Bel-2 and
Bel-xl, inducing an imbalance in apoptosis-related
molecules. Furthermore, the cleavage of caspase-3
was notably activated by HMH in a dose- and time-
dependent manner. As a result, it was concluded that
HMH has significant anticancer effects in glioblastoma
cells, which are mediated at least in part by Akt
phosphorylation inhibition, and that HMH administra-
tion might be a novel strategy for glioblastoma therapy
(Liu et al. 2013). Later study of Zhu and co-workers,
focused on investigating the anti-tumor effect of
harmine on glioblastoma, revealed that harmine inhib-
ited the proliferation and migration of glioblastoma by
downregulating the Fak/Akt pathway. Mechanistically,
harmine downregulated the phosphorylation of the Fak/
Akt pathway, resulting in decreased cell viability of
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U251-MG and U373-MG glioblastoma cells. Addition-
ally, harmine suppressed the migration of U251-MG
cells by reducing the expression of MMP2, MMP9, and
VEGF. Furthermore, in orthotopic xenograft models,
harmine treatment significantly inhibited the growth of
glioblastoma in vivo (Zhu et al. 2021).

Meuroblastoma

Neuroblastoma (NB) is a pediatric cancer that arises
from the sympathetic nervous system as it develops
and results in aggressive tumor growth in either the
sympathetic ganglia or the adrenal glands and some-
times even in both (Becker 2012). Despite rigorous,
multimodal therapy, patients frequently come with
advanced illnesses and the survival odds are less than
50% (Matthay et al. 2016).

According to a study by Uhl et al. 2018, harmine
triggers caspase-3/7 and caspase-9 to become active in
NB cells. NB cell lines (KELLY, SKNFI, SKNBE and
SKNAS) were exposed to harmine (0, 50, and 100 pM)
for 24 h, and the Caspase-Glo Assay Systems were
used to detect caspase activity. After 72 h of treatment,
the ICsy values for harmine for SKNBE, KELLY. and
SKNFI were 169.6, 170.8, and 791.7 pM, respectively.
As early as 24 h after treatment, those NB cell lines
exposed to 100 pM of harmine showed activation of
caspase-3/7 and caspase-9, as well as caspase-mediated
PARP cleavage, and cells stained with Annexin V
strongly indicating induction of apoptosis. Harmine can
also inhibit the actions of dual-specificity tyrosine
phosphorylation-regulated kinase (DYRK) family pro-
teins, as well as mitogen-activated protein kinases
(MAPK), which are kinases that stimulate proliferation
while inhibiting apoptosis (Uhl et al. 2018).

Pancreatic cancer

Pancreatic cancer is one of the deadliest diseases and
one of the main causes of cancer-related deaths in the
United States, with a five-year survival rate of roughly
10%. Smoking, type 2 diabetes, obesity, and a family
history of the disease are risk factors for pancreatic
cancer. When the cancer is still localized, patients
generally present with advanced illness due to a lack of
symptoms or unclear symptoms. The most effective
way for identifying a pancreatic tumor and determin-
ing if it can be surgically resected is often high-quality

computed tomography with intravenous contrast

employing a dual-phase pancreatic protocol (Mizrahi
et al. 2020). Pancreatic carcinoma is expected to be the
second-highest cause of cancer-related mortality by
2030 (Rahib et al. 2014).

Harmine decreased the growth of the pancreatic
cancer cells: PANC-1. SW-1990, CFPAC-1. and
BxPC-3. These cells were treated with concentrations
of harmine at of 0. 10, 20, 30, and 40 pM for 24, 48, and
72 h, and the sulforhodamine B (SREB) assay was used
to evaluate cell proliferation. Harmine greatly
decreased the proliferation of pancreatic cancer cells
in a dose- and time-dependent manner. Furthermore,
harmine caused cell cycle arrest in BxPC-3 and PANC-
I cells in the G2/M phase of the cell cycle. Interestingly,
this cell cycle arrest was followed by cyclin B1 and p21
activation, accompanied by c-Myc inhibition in the
cancer cells. Aberrant activation of the PI3K/Akt
mTOR pathway plays a significant role in carcinogen-
esis, as this pathway is crucial for the motility, growth,
survival, and metabolism of cancer cells. Experiments
on pancreatic cells indicated that harmine dose-depen-
dently (0=30 pM) suppressed the Akt/mTOR pathway
in PANC-1 and BxPC-3 cells (Wu et al. 2019h).

Moreover, harmine and gemcitabine together
appear to be a promising therapeutic option for
pancreatic cancer patients. Typically, pancreatic
cancer is discovered at a late stage, and gemcitabine-
based treatment has been used as the initial line of
treatment for the disease’s metastatic form (Fuchs
et al. 2015). According to Wu et al. 2019a, b, harmine
and gemcitabine synergistically inhibited pancreatic
cancer cell growth with mean combination index (CI)
values less than 0.9. Pancreatic cancer cells were
cultured with harmine and/or gemcitabine at various
doses for 72 h, and the cytotoxicity of harmine
combined with gemcitabine was determined using
the SRB assay (Wu et al. 2019, b).

Thyroid cancer

Thyroid cancer is a form of cancer that develops in the
thyroid parenchymal cells. Its global prevalence is
progressively growing, although fatality rates have
remained steady in recent years. Thyroid cancer has a
wide range of clinical characteristics, from indolent,
slowly growing tumors to extremely aggressive
tumors with significant fatality rates (Lee et al. 2023).

In vitro treatment with harmine (2, 4, 8, 16, 32, and
64 pgfml) on TPC-1 cells for 24, 36, and 48 h
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Table 2 The half maximal
inhibitory concentration
{1Cs) of harmine on
cancerous cell lines after 24
and 48 h of exposure

I y—the concentration at
which 30¢% of viable cells

Tumor cell line Anticancer activity (ICsg[puh]) References
24 h 48 h

Breast cancer MCF-7 1006 524 Ock and Kim (2021)
MDA-MB-231 919 17.7

Guastric cancer SGC-T901 4094 £+ 5.65 1229 4+ 249  Lietal (217
MGC-803 S5E.84 + 11.34 1997 + 39%

Liver cancer HepliB 708 £ 511 1574 £ 095 Zhang et al. (2015)
HuHT 4382 4+ 293 19.50 £+ 0.70

Glioblastoma 373 4.7 272 Liu et al. (2013)
Ch 375 239
U&7 473 262

Neuroblastoma KELLY 3395 £ 790 2387 £ 013 Uhl et al. (2018)
SKNEBE 5587 + 1.10 2248 4 016

Lung cancer AS49 - 10.11 Shen et al. (2018)
H460 - 19.45
PCo - 3274

Puncreatic cancer  PANC-1 1558 + 1.04 929 + 0.42 Wu et al. (2019h)
BxPC-3 41.95 & 339 192 + 0.54
CFPAC-1 36.00 + 096 1235 4+ 139
SW1940 3178 £ 203 11.53 £ 047

are inhibited

decreased TPC-1 cell proliferation in a time-and dose-
dependent manner. At 24, 36, and 48 h, the IC5;, values
of harmine against TPC-1 cells were 16.57 £ 1.4,
948 £ 1.1, and 551 £ 0.7 pg/mL, respectively. Fur-
thermore, using western blotting to evaluate the
expression of apoptosis-related proteins, harmine
treatment dose-dependently induced the production
of Bax while degrading the existing Bel-2, resulting in
a substantial reduction in the Bel-2/Bax ratio, indicat-
ing the progression of apoptosis (Ruan et al. 2017).

Recent study of Baldini et al. have demonstrated
that harmine can exert multiple anti-cancer effects
against anaplastic thyroid carcinoma cell lines BHT-
101 and CAL-62. It has been demonstrated that
harmine reverses the epithelial-mesenchymal transi-
tion (EMT) by upregulating E-cadherin and downreg-
ulating fibronectin expression. This effect is primarily
attributed to the reduction in Twist]l expression.
Additionally, harmine inhibits the proliferation, motil-
ity, and anchorage-independent growth of anaplastic
thyroid carcinoma cells. Moreover, harmine applied at
20 pM for 24 hor 48 h led to a significant reduction in
the activation of the PI3K/Akt signaling pathway,
while the activation of the MAPK pathway remained
unaffected (Baldim et al. 2024,
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All the discussed anticancer activities against
various tumor cell lines of harmine and anticancer
mechanisms  are summarized in the following
tables (Tables 2 and 3). The mode of action of
harmine in various cancer histotypes is illustrated in
Fig. 2.

Harmine derivatives exhibiting significant
antitumor potential

The structure of harmine has been intentionally
modified to produce derivatives which possess either
specific properties or to enhance certain effects (Zhang
et al. 2020a). These modifications were aimed at
optimizing the therapeutic potential of harmine. By
introducing specific substitutions or alterations, sci-
entists have sought to enhance the anticancer activity,
selectivity, and other important pharmacokinetic
properties of harmine. Structure—activity relationship
(SAR) studies aim to elucidate the relationship
between the structure of a compound and its biological
activity. Researchers have systematically investigated
how modifications to the structure of harmine impact
its potency, selectivity, and other pharmacological
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Table 3 Summary of anticancer mechanisms of harmine on the various cancer types

Type of Cancer

Mechanism

Effects and targets

References

Breast

Lung

Gastric

Colon

Cytostatic

Cell cycle arrest

Apoplosis

Decreased cell invasion

Cell cycle ammest

Apoptosis

Decreased cell invasion

Cell cycle arrest

Apoptosis

Apoptosis

| telomerase activity
G2M phase cell arrest
T p21

1 ps3

T Cyclin B1/Cdk 2

PI3E/AKYTOR pathway inhibition

t FOXO3a

| EMT markers expression

| Twastl

Gl phase arrest

| Mel-1

| Bel-2 expression
| STAT3

| Akt

| Erk

| MMP-9

| Twistl

G2M phase cell arrest
T p21

Activate Mytl
Dreactivate Cdk2

| Bel-2

| Bel-xL

| Mel-1

T Bax

T Bok

T caspase-%, -8, -3
T Cleaved-PARP
| Erk

| COX-2 expression

Inhibit Erk and Akt pathway
Activate caspase-3 and caspase-9

| Bel-xL

| Ml

| Bel-2

T Cleaved-PARP

T Bax expression
Suppress DYREKI1A
| CDEKS/p25

| GSE3p

Zhao and Wink (2013)
Ock and Kim (2021)

Mafie et al. (2021)

Li et al. (2020)

Shen et al. (2018)

Yochum et al. (2017)
Zhang et al. (20016a)

Zhang et al. (2014)
Liu et al. (2016)

Zhang et al. (2016h)

@ Sprj.ngzr

PM



1552

Phytochem Rev (2025) 24:1535-1564

Table 3 continued

Type of Cancer Mechanism

Effects and targets

References

Liver Cell cycle arrest

G2/M phase cell arrest

Zhang et al. (2015)

Inhibit Rad51

Apoptosis

Activate caspase-3 and caspase-9

Cao et al. (2011)

| Bcl-2 expression

| Mel-1 expression

t INK
| Erk

T Cleaved-PARP

Glioblastoma Apoptosis

Inhibit Akt phosphorylation
T Bax

Liu et al. (2013)

| Bel-2 and Bel-xl

| Fak and Akt
IMMP2, MMP9 and VEGF
Activate caspase -3/7 and caspase 9

Decreased cell invasion

Meuroblastoma Apoptosis

Zhu et al. (2021)
Zhu et al. (2021)
Uhl et al. (2018)

T Cleaved-PARP
Inhibit DYRK

Pancreatic Cell cycle arrest

G2M phase cell arrest
T p2l

Wu et al. (2019b)

Cyclin B1 activation
c-Myc inhibition
| Akt and mTOR

Thyroid Apoptosis

Decreased cell invasion

T Bax

| Bel-2

| PI3K and Akx
T E-cadherin

Ruan et al. {2017)

Baldini et al. (2024)
Baldini et al. (2024)

| fibronectin

properties, including acetylcholinesterase inhibitory
activity. By altering different components of the
molecule, such as functional groups or aromatic rings,
insights can be made into the specific structural
features that influence the compound’s interactions
with biological targets. Over the past decades, numer-
ous  structure-activity relationship  studies  have
demonstrated that substitutions at positions 1, 2, 3.7
and 9 of the harmine molecule are either well tolerated
or can significantly enhance the biological activity.
These studies provide valuable information for opti-
mizing harmine derivatives and identifying key struc-
tural elements that increase the benefits of the
compound. This review presents the most important
biological activities of harmine derivatives, their
and  their chemical

structural  modifications,

characteristics.

@ Springer

Antitumor potential of harmine derivatives

Harmine and its 9-substituted derivatives (Fig. 3)
possess potent anticancer properties attributed to their
ability to interfere with the activities of topoisomerase
by binding to DNA (Yafuk et al. 2018). Topoiso-
merases are nuclear enzymes involved in DNA
replication, transcription, chromosomal segregation,
and recombination. All cells contain two types of
topoisomerases: type I enzymes that cut and pass
single-stranded DNA and type Il enzymes that cut and
pass double-stranded DNA. DNA topoisomerases are
major targets for both licensed and developing anti-
cancer drugs (Nitiss et al. 2012). The inclusion of
suitable substituents such as methyl or phenylpropyl at
position 9 of the harmine structure is an important
element determining the anticancer efficacy of
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Thyroid cancer
1T G2M, cancer
p21, psl, T G2/, p21 H
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R 4 Bcl2, PI3K, Akt
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Eca-dhEﬂn fibromectin FE m
4 telomerase
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Fig. 2 IMustration depicting the mechanisms of harmine induced activity in different cancer types

65 4 4
\D N2 4 R¥= Dﬁ}g 5 R'= W, 6 R® = (CHz)sBr
N NH 7 R%= [{:sz,ﬁr
CR N M a RE=
R I W
1 R¥=H H SD?
2 R¥=CH;

3 R*=(CH.);CqH;
Fig. 3 N9-substituted denivatives of harmine

harmine derivatives. These changes, especially intro-
ducing a short alkyl group at position-9 of the -
carboline nucleus, increased harmine’s affinity for
DNA, resulting in significant inhibitory effects on
topoisomerase I, however topoisomerase I is unaf-
fected (Cao et al. 2005b). Topoisomerase I inhibitors
are known to cause DNA single-strand breaks, result-
ing in a buildup of DNA damage and, eventually,
cancer cell death. The selective inhibition of topoiso-
merase [ by harmine derivatives makes them promis-
ing candidates for targeted anticancer therapies. Since
the most intercalating compound corresponded with
the most potent topoisomerase 1 poison and cytotoxic
agent, the 9-methyl (2) and 9-phenylpropyl (3)

derivatives of harmine displayed a significant and
broader spectrum of cytotoxic activities against the
three tumor cell lines examined (human lung carci-
noma 95-D, gastric carcinoma SGC7901 and hepato-
cellular  carcinoma  HepG2). Moreover, this
observation of inhibitory activity against topoiso-
merase | aligns with the lowest ICsq values observed in
the study. By selectively targeting topoisomerase I and
interfering with its function, derivatives of harmine
can disrupt the processes of DNA replication and
transcription in cancer cells. This interference ham-
pers the cells” capability to divide and multiply,
ultimately leading to their demise. This targeted
approach also reduces the potential for off-target
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Fig. 4 Modified
denvatives of harmine in
positions 1, 2, 3, 7, and 9

9 R' = CH=CH-CgHs
10 R' = CH;

11 R'=H

12 R'=H

13 R' = CH=CH-C¢Hs-pOCH,4

14 R' = CH;

effects on non-cancer cells and offers a potential
strategy for improving cancer treatment efficacy (Cao
et al. 2005b).

Also, other research studies have described how
substitutions at position 9 of harmine can significantly
increase its anticancer activity (Cao et al. 2005a, 2013;
Du et al. 2016; Filali et al. 2015, 2016a, 2016b; Chen
et al. 2005). The derivatives of harmine with sub-
stituents at this location have been revealed to be
cytotoxic against cancer cells of different histotypes.
Harmine derivatives containing hydrazone sub-
stituents (4), for example, exhibit high cytotoxicity,
with certain derivatives being more inhibitory than
harmine itself (Filali et al. 2016a). The addition of a
4. 5-dihydro-3-phenylisoxazol-5-yl)methyl moiety at
position 9 (5) results in strong cytotoxicity against the
MCF-7 breast cancer cell line withan ICs; = 0.2 pM at
48 h post-treatment. Conversely, the follow-up cyto-
toxic tests employing the HCT116 colon cancer cell
line model revealed that the derivative 5 exhibited
lower cytotoxicity than parent harmine (Filali et al.
2015). Furthermore, substituting either benzenesul-
fonyl or haloalkyl groups at position N9 substantially
increases the anticancer activity of harmine deriva-
tives. The in vitro anticancer activity of the synthesized
compounds was evaluated within 48 h of treatment
using an MTT assay on four human cancer cell lines

@ Springer

4 -
N Br
R R
R3=H R® = CH,CH,CH,-CoHs
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R® = COOC,Hs R = CgH;
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R=H R® = CH,CH,CH,-CyHs
RiI=H R¥ = CH3CHZCH3CHZ00C-CgHs-pBr

(MCF-7. SGC-7901, SMMC-7721, and A-549).
Among the derivatives prepared, the N9-haloalkyl
harmine derivatives exhibited either moderate or
potent anticancer activity against all tested cell lines.
Out of the prepared N9-bromoalkyl derivatives, the
S-bromopentyl (6) and 6-bromohexyl (7) were the
most promising compounds against all tested cell lines,
with ICsy values of 0.76-9.34 and 0.45-6.94 pM,
respectively. Most promisingly, the harmine derivative
with 4-methylbenzenesulfonyl at N9 (8) was seen to
selectively inhibit the growth of A549 cells, with an
ICsq value of 0.48 pM and was far more potent than the
parent harmine (ICs; = 42.25 pM). The follow-up
investigation of the mechanism in A549 cells revealed
that harmine derivative 8 induced dose-dependent (0.1,
0.5 and 1 pM) cell cycle arrest in the G2 phase and
triggered apoptotic cell death, as evidenced by
Annexin V staining (Du et al. 2016). In summary, the
results indicate that the N9-position plays an important
role in modulating the anticancer potential of harmine
and the short alkyl or aryl substitutions at position 9
result in greater cytotoxicity than long alkyl substitu-
tions, as observed in various cancer cell lines (Chen
et al. 2005).

Im light of the previous structural activity studies
conducted on the N9 derivative of harmine, multiple
structural changes at positions 1, 2, 3, 7, and 9 of the
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tricyclic, pyridine-fused indole framework of p-car-
boline were investigated (Fig. 4) (Cao et al. 2013;
Miao et al. 2018). Selective substitutions at these sites
produced harmine compounds with potent antiprolif-
erative activity against cancer cells. In gastric carci-
noma (BGC-823), non-small cell lung carcinoma
(A549), liver carcinoma (Bel-7402 and HepG2),
malignant melanoma (A375), renal carcinoma
(7860 and T69-P), epidermoid carcinoma of the
nasopharynx (KB), colorectal carcinoma (DLD, RKO
and HCT116) and colon carcinoma (HT-29), benzen-
lidene substituted harmine derivatives with replace-
ments at position | (%) or benzylated gquaternary
substitutions at position N2 (9-13) demonstrated high
cytotoxic activity with ICsq values in the low micro-
molar range (Cao et al. 2005a, 2013; Zhang et al.
2016b). Besides, the most potent |-benzenlidene, N2-
benzyl substituted harmine derivative 13 caused a
significant increase in apoptosis, ROS overproduction
and inhibition of Akt phosphorylation. The apoptotic
activity has been demonstrated to be induced at a
lower level of concentration, being considerable from
5 pM of compound 13. This was associated with an
initial increase in ROS production, which served as an
upstream event and facilitated the inhibition of Akt
phosphorylation. Consequently, this triggered the cell
apoptosis via the mitochondrial pathway. Subsequent
in vivo experiments demonstrated the tumor-inhibit-
ing effects of compound 13. Treatment with derivative
13 resulted in the inhibition of tumorigenesis in the
colorectal cancer cell line HCT116 in nude mice, with
a noticeable reduction in tumor volume by day 13
compared to the DMSO control group (Zhang et al.
2016b). The derivatives of harmine with benzyl
substitutions at position N2 and arylated alky] substi-
tutions at position N9 (14) inhibit MDA-MB-231
triple-negative breast carcinoma, A549 lung adeno-
carcinoma, U208 osteosarcoma, and PANC-1 pan-
creatic cancer cell lines while having only a minor
effect on normal lung fibroblast HLFx. The most
active N2,9-disubstituted harmine derivative 14 also
preferentially induced apoptosis and inhibited autop-
hagy. While compound 14 proved to be the most
effective in inhibiting the growth of cancer cells in
non-small A549 lung adenocarcinoma cells, it had
only a mild effect on perturbing the cell cycle,
resulting in a moderate accumulation of A549 cells
in the 5§ phase after 24 h of treatment. Because
harmine derivative 14 contains an ester modification, a

potential concern for future drug development is its
stability inside cells. However, using UPLC-Q-TOF-
MS analysis, the researchers demonstrated that com-
pound 14 remains stable within cells in vitro. Further-
more, Geng and coworkers give arguments and
data indicating that harmine and its analogs failed to
induce Chkl phosphorylation, suggesting that DNA
intercalating and topoisomerase inhibition are unli-
kely involved in the cytotoxicity of these compounds
(Geng et al. 2018). In 2018, an array of hybrids made
up of the essential structural components of hydrox-
amic acid and p-carboline, the phenyl ring of
traditional histone deacetylase (HDAC) inhibitors
was swapped out for an aromatic heterocyclic ring of
B-carboline. Harmine derivative N-{4-(hydroxycar-
bamoy] )benzyl)- 1-{4-methoxyphenyl) is one of them.
Indole-3-carboxamide [3.4-b]-9H-pyride (15) not
only shown strong antiproliferative activity against
the human cancer cell lines, Hep G2, Huh7, SMMC-
7721, HCT116, H22, and H1299, but it also demon-
strated in vitro specific inhibitory actions of HDAC1/6
class I and II. Furthermore, this harmine analogue
containing substitution on C- 1 and C-3 simultaneously
increased the acetylation of histone H3, H4, and =-
tubulin, consequently triggering significant cancer cell
apoptosis and cell cycle arrest at G2/M by inhibition of
both Cdk! and cyclin B in a concentration-dependent
manner. Harmine derivative 15 effectively suppresses
the invasion and migration capabilities of highly
metastatic hepatocellular carcinoma HepG2 cells.
This is achieved through the downregulation of the
expression of tumor metastasis-related proteins MMP-
9 and MMP-2 in a concentration-dependent manner.
Notably, 15 exhibited low acute toxicity and demon-
strated significant growth inhibition of hepatoma
tumors in vivo (Miao et al. 2018). These results
indicate that introducing suitable substituents at posi-
tions 1. 2, 3, 7, and 9 can augment the anticancer
potential of harmine (Cao et al. 2013; Miao et al.
2018).

Trisubstituted harmine derivatives (Fig. 5), char-
acterized by molecular structural alterations at posi-
tions 2, 7, and 9, have emerged as a promising area in
cancer research. Extensive efforts have been directed
toward their synthesis and assessment over the last
decade, providing a multitude of studies (Carvalho
et al. 2017; Fréderick et al. 2012; Guo et al. 2014; Li
et al. 2015; Marx et al. 2019; Meinguet et al. 2015).
The derivatives have improved anticancer efficacy
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Fig. 5 Tnsubstituted
denvatives of harmine

16 R? = CH,CH,CH(CH)»
17 R? = CHaCH;CH(CHa);

18 RZ= N=
a

20 R?= CHyCH,CHy-CgHs

HO

against a variety of cancer cell types. However, efforts
have been made to enhance their solubility and
optimize their structures. Harmine derivatives with
minor substituents like propyl, isopentyl, or benzyl
maoieties (16, 17), for example, have been created to
enhance solubility while maintaining anticancer
action (Meinguet et al. 2015). In glioma cell lines
(Hs683, T98G and U373) and esophageal cancer cell
lines (OE33, OE21), several trisubstituted harmine
derivatives (16, 18-20) displayed greater solubility
and significant anticancer effects (Carvalho et al.
2017; Lietal. 2015; Marx et al. 2019). In a study by Li
et al. 2015, modification of harmine was found to
improve its therapeutic efficiency and reduce systemic
toxicity. This was accomplished by synthesizing two
harmine derivatives, 2DG-Har-01 {19) and MET-Har-
02 (20), both of which were modified to target cancers.
Strategic substitutions were made at positions 2, 7, and
9 of the harmine ring, resulting in two different
targeting groups: 2-amino-2-deoxy-D-glucose (2DG)
and methionine (Met). According to the findings of
this investigation, these novel harmine derivatives had
much higher therapeutic effectiveness than harmine
(Li et al. 2015). Li et al. 2015 further investigated the
anticancer properties of 2DG-Har-01 and MET-Har-
02 on the human cancer cell lines (LoVo, SMMC-
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7721, MCF-7, HuH7, and HepG2). In this experiment,
they used the original harmine and, as a control
substance, the anticancer drug 5-fluorouracil (5-fu).
The results exhibited dose-dependent anti-tumor
activity of the modified harmine derivatives across
various  concentrations.  2DG-Har-01  exhibited
enhanced antitumor effects compared to harmine
controls on SMMC-7721 and LoVo cells, whereas
MET-Har-02 displayed superior antitumor activity
compared to both harmine and 5-fu across all cell
lines, with particularly remarkable effects on HuH7
and SMMC-7721 hepatocellular carcinoma cells (Li
et al. 2015).

Researchers used HepG2 cells in a clone formation
assay to learn more about the effects of MET-Har-(2
and harmine on cancer cells. After seven days of
exposure to specific doses of MET-Har-02 and
harmine, the number of generated clones was signif-
icantly reduced in contrast to the control group.
Notably, at a concentration of 5 pM, both MET-Har-
02 and harmine inhibited HepG2 cell colony forma-
tion, with MET-Har-(2 suppressing colony formation
more than harmine.

Moving from in vitro to in vivo studies, Li et al.

2015 evaluated the anti-tumor efficiency of 2DG-Har-
01 and MET-Har-02 in mice with 5180 tumors (a
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murine sarcoma cancer cell line). Amazingly, all
treatment groups, including those administered with
2DG-Har-01, MET-Har-02, and harmine, showed a
significant reduction in tumor growth compared to the
saline-injection vehicle control group. With a tumor
inhibition ratio of 67.86%, MET-Har-02 surpassed
2DG-Har-01 (42.84%) and harmine (30.93%) among
these treatments. In vitro and in vivo tests were
performed to determine the neurotoxicity profiles of
2DG-Har-01, MET-Har-02, and harmine. During the
ten-day observation period, healthy mice given varied
dosages of 2DG-Har-01 and MET-Har-02 (10, 50,
100, 200, and 500 mg/kg. i.p.) showed no symptoms
of neurotoxicity, such as tremors, tetanus, twitching,
leaping, supination, or death. Mice given 100 mg/kg
harmine, on the other hand, demonstrated acute
neurotoxic behaviors. Cell survival rates verified these
findings, with the harmine-treated group exhibiting a
survival rate of 39%, while the 2DG-Har-01 and MET-
Har-02-treated groups exhibited survival rates of 80%
at a drug concentration of 20 pM. These findings
imply that the modified harmine derivatives, 2DG-
Har-01 and MET-Har-02, have less neural toxicity
than parent harmine (Li et al. 2015).

Conclusion

In conclusion, harmine emerges as a versatile and
potent candidate in the fight against cancer. This
natural chemical has shown great anticancer potential
through a variety of mechanisms. Harmine's intricate
molecular effects are highlighted by its capacity to
bind to DNA and cause damage by intercalation. In
addition., harmine's suppression of the NF-xB sig-
nalling pathway inhibits tumour angiogenesis by
lowering the production of proangiogenic molecules
such as VEGF, NO, and various other factors like IL-2,
MMPs, COX-2, and inducible nitric oxide synthase.
Itz effectiveness in halting the growth and spread of
malignant tumours is demonstrated by this activity.
Harmine has demonstrated its ability to suppress
cancer cells by coordinating multiple complex mech-
anisms. Its activation of Mytl, phosphorylation and
deactivation of Cdk2, and overexpression of p2l,
which results in G2 phase cell cycle arrest, are
examples of how it causes apoptosis and inhibits
proliferation. Among harmine’s outstanding antipro-
liferative and cell viability effects is the stimulation of

mitochondrial-related apoptosis through the regula-
tion of the Erk/Bad and caspase-8/Bid pathways.
Harmine successfully tips the scales in towards
programmed cell death within malignant cells by
controlling the expression of important actors like Bel-
2, Mecl-1, Bax, Fas, and caspase 3/— 9. Harmine's
status as a powerful anti-cancer agent is further
supported by its capacity to inhibit DYRKIA protein
kinase and Cdks. Furthermore, harmine’s interaction
with DYRKILA causes cancer cells to undergo apop-
tosis and activate caspase-9, opening up new thera-
peutic options. The dynamic research field of harmine
derivatives and structural alterations is opening up
new avenues for cancer research. Through deliberate
structural modifications of harmine and the addition of
appropriate substituents at particular positions, scien-
tists have discovered new molecules with improved
anticancer properties. With substitutions at positions
2, 7, and 9, trisubstituted harmine derivatives have a
lot of potential to further our knowledge of harmine’s
anticancer effects. Furthermore, harmine has a syner-
gistic anticancer impact when used in comjunction
alongside conventional chemotherapy drugs. This
cooperative  method exhibits great promise for
improving the effectiveness of cancer medicines,
particularly in situations like pancreatic and stomach
cancer, where harmine has proven to be compatible
with current treatments.

Given these results, harmine represents a ray of
hope in the search for potent anticancer therapies. The
need for more research is highlighted by its diverse
modes of action, creative structural alterations, and
potential in combination therapy. Despite its potential,
harmine and its derivatives have been linked to
reported adverse effects, including newrotoxicity,
according to animal research involving mice. These
investigations provide noticeable evidence of acute
toxic consequences after harmine exposure, such as
tremors, twitching, jumping, tetanus, and supination.
Additionally, there is a suggestion that harmine’s
neurotoxic effects may lead to cognitive decline and
memory issues. However, it is critical to note that
additional research is required to fully investigate and
comprehend the consequences in this area. The
potential relevance of harmine in cancer therapy is
growing as we learn to understand its complex
mechanisms. The path towards achieving harmine’s
maximum potential has the potential to revolutionize
cancer therapy.
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