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Abstract

Piperlongumine, also known as piplartine, is andamalkaloid ofPiper longumL. (long
piper), a medical plant known from Ayurvedic medgi Although was discovered well over
fifty years ago, its pharmacological properties éndneen uncovered in the past decade. In
particular, piperlongumine has been most extengistldied as a potential anticancer agent.
Piperlongumine has exhibited cytotoxicity againsbraad spectrum of human cancer cell
lines, as well as demostrated antitumor activityradents. Piperlongumine has also been
found to be a proapoptotic, anti-invasive, antiaggnic agent and synergize with modern
chemotherapeutic agents. Because of its clinicenii@l, several studies were undertaken to
obtain piperlongumine analogues, which have exbimore potent activity or more
appropriate drug-like parameters. In this reviewe synthesis of piperlongumine analogues
and piperlongumine-based hybrid compounds, as agetheir anticancer properties and the
molecular basis for their activity are explored. n@@l structure-activity relationship

conclusions are drawn and directions for the futesearch are indicated.

Keywords: piperlongumine, piplartine, natural producompounds, SAR, Ayurveda,
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Piperlongumine as anticancer agent

PiperlongumineKig. 1), also known as piplartine, is an amide alkal@mdstituent of
the Piper longumL. (long piper), a medical plant known from Ayudie medicine. This
amide alkaloid was for the first time isolated @61 [1,2], while its molecular structure was
determined in 1984 [1,3]. Despite being discovesederal decades ago, the pharmacological
properties of piperlongumine have not been intezlgiinvestigated. However, over the past
years, diverse biological activities of this moliecinave been discovered and described
including antiplatelet, antinociceptive, anxiolytic antidepresant, neuroprotective,
antiartheriosclerotic, antimicrobial and, espegiadinticancer properties [1]. Piperlongumine
has been considered as a potential anticancer ameet it was evaluated during a screening
program of 5166 molecules in searching for antitesijc drugs carried out at the Laboratério
Nacional de Oncologia Experimental — UniversidaFa@eleral do Ceara, between 2000 and
2007 [4].
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Fig. 1 Structure of piperlongumine

The antineoplastic activities of piperlogumine h&een investigated in several cancer
models [5-8], demonstrating cytotoxic and cytostgioperties against a number of cancer
cell lines, including: colon, lung, breast, panti®arenal and prostate [7-9]. Moreover,
antitumor activity has been noted in a variety wihaal models [5,6,9]. Piperlongumine has
also been found to trigger cell death by both cesfukependent apoptosis and necrosis [7,9-
13]. The molecular proapoptotic effects of pipegomine activity includes downregulation
of Bcl2, and activation of caspase-3, poly(ADPripelymerase (PARP) [11] and c-Jun
NH2-terminal kinase [12,13]. Interestingly, pipertumine was found to restore normal
function of a mutant p53 protein in human colonagarcell lines [14]. Piperlongumine has
also been found to induce cell death by autophaQyif,15].

The anticancer properties of piperlongumine areeg@ly related to its inhibition of
glutathione S-transferase (GSTr) and carbonyl reductase 1 (CBR1), followed by a

subsequent disruption of redox homeostasis andyéineration of reactive oxygen species



(ROS) in cancer cells [8,9,16]. Additionally, RO®}ependent molecular targets (e.g. nuclear
export or PI3K/Akt/mTOR inhibition) have also beedentified [10,17].

In addition to the above described anti-cancer gntgs, piperlongumine also has
been noted to have anti-invasive properties. Ripgtumine inhibited the migration of highly
metastatic human glioma LN229 and U87 MG cells scaatch-wound experimental model
[18]. It was also found to inhibit the expressidnTavist and N-cadherin, proteins essential in
cancer metastasis, as well as disrupted the pI#2@oientin/N-cadherin complex, abrogating
the ability of cells to metastasize [19]. In highipetastatic prostate cancer cells,
piperlongumine decreased cells invasiveness andessipn of IL-6, IL-8, MMP-9, and
ICAM-1, a cell-to-matrix adhesion protein [20]. Asmgiogenic properties of piperlongumine
have also been observed, mediated by the decreafs\fieGF protein level [9,21].

Piperlongumine has demonstrated interesting priggerwhen combined with other
chemotherapeutics, increasing the activity of ®iftwracil [22], cisplatin [23] doxorubicin
[24], paclitaxel [25] and curcumin [26]. Piperlomgune, at a non-cytotoxic concentration,
enhanced the radio-sensitivity of MDA-MB-231 celliis may be related to its regulation of
the expression apoptosis-related proteins and emease of intracellular ROS levels, thus

increasing radiation-induced apoptosis [27].

The pharmacological activity of piperlonguminecigaracterized by high selectivity —
it does not affect healthy cells in concentratioriich are highly toxic against cancer cells
[9]. Moreover,in vivo toxicological examinations of piperlongumine ind&ea good safety
profile [9,22]. Another advantage is its high alpgmn from gastro-intestinal track. In mice,

the molecule demonstrated 50-76% bioavailabilitiofeing oral administration [9].

The numerous reports of piperlongumine activityiasfaa variety of molecular targets
essential in different stages of cancer developraedt progression, as well as low toxicity
and beneficial pharmacokinetic properties makeniogecule a strong potential candidate for
use in future anticancer treatments. However, dua lack of nanomolar potency and low
water solubility its applicability is limited, hower, medicinal chemists may be able to help
to obtain a compound characterized by both betigcancer activity and appropriate drug-
like physico-chemical parameters. This article dbss recently published research
concerning the synthesis of piperlongumine anals@urel their anticancer structure-activity
relationship.



Structure activity relationship of piperlongumine and its analogues

» Electrophillicity and activity

The piperlongumine structure contains two Michaeteptors — 2,3- and 7,8-
unsaturated bonds. Their influence on the compowutisity was investigated in several
studies. Adams et al. obtained two saturated deres -1 and2. Both showed decreased
cytotoxic properties against H1703 and Hela celedi Derivativel failed to increase
cellular ROS level, while derivative2 showed lower pharmacologic activity than
piperlongumine [28]. A decrease in cytotoxic andSR@enerating properties of bathand2
had been found by other research groups [29]. Tb@sgounds were also characterized by a
lower inhibitory activity against GST, while the32,and the 7,8-saturated compoundp (
failed to inhibit the enzyme at all [30].

Not only the presence, but also electophilicityotdfins, has importance in the drugs
activity [28,30]. Wang et al. showed correlation =(R85) between the molecules
electrophilicity and its inhibitory activity towar@ST [30]. Thus, steric blockadd)(and
cyclization 6,6) diminished the reactivity of these electrophitienters and decreased the
compounds activity [28]. An increase of electrolitity was mainly achieved by the
substitution of a lactam ring, by a chlorine aton), ©r replacement of a nitrogen of the
lactam by a carbon aton8)([29]. However, the most significant results wetadained by
introducing a trifluoromethyl group to the aromaticg. Consequently, the most active of the
molecules with respect to inhibition of GST actvivere compounds with trifluoromethyl
group and 2-chlorine9dj [30].

Olefins are significant due to their role in thading of piperlongumine with GST. It
was suggested that piperlongumine by 7,8-olefieratdts with the sulhydryl groups of the
active site of GST, while by 2,3-olefin interactg#wglutathione [28,30]. Harshbarger et al.
examined the X-ray crystal structure of GSTP1 gstallized with piperlongumine and
glutathione, and found that not piperlongumine, titnat product of its hydrolysis conjugated
with glutathione was bounded with the enzyme. Thi@s indicated that piperlongumine
first undergoes conjugation by 2,3-olefin with adellular thiols which makes the molecule
unstable. Thus, hydrolysis occurs and the prodiitti® reaction conjugate by 7,8-olefin with
glutathione. This complex in turn is the real intob of the enzyme. These results suggest
that piperlongumine is, from the perspective of GBfibition, a prodrug and its 2,3-olefin
plays a role in molecule activation, while the @|8fin is important in the formation of a

complex with glutathione, which is able to inhithie enzyme [31]. Further research is needed



to determine whether hydrolysis and conjugationhwgiutathione also influences the
anticancer activity of its derivatives, as well @ays a role in the molecular mechanisms

involving other targets.
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Fig.2 Piperlongumine modifications affecting olefins etgahilicity
* Aromatic ring and activity

Piperlongumine structures lacking an aromatic (ib@ exert decreased inhibition of
GST [30] and decreased cytotoxicity against cagedls [29]. A similar result was obtained
by the cyclization of the linkage between aromatd 7,8-olefin %,6) [28]. Han et al. found
that the substitution of a phenyl ring by aroméusterocycles, i.e. pyridine or furan, did not
significantly alter anticancer properties [32]. Hoxer, Zou et al. described the synthesis of
nine piperlongumine pyridine, pyrazine and quinelrased analogues, which showed
increased anti-proliferative activity against coleancer cell lines. The most active ones i.e.
quinoline-2-yl derivative 1) and its 2-chloro analogud2) achieved less than 1 uM 4€
values. Derivativel2 also induced ROS generation and inhibited tumawtr in mice
similarly to piperlongumine. All of the obtained rdatives also exerted better water
solubility [33].

Removal of methoxy groups, as described by Adanas edid not result in substantial
changes in drug cellular toxicity or ROS elevatif#8]. Meegan et al. synthetized
piperlongumine derivatives with aromatic rings €iffntly substituted by mono-, di- and tri-
methoxy groups. The most cytotoxic was 2’,4’,5ivtathoxy derivate 13), however, its
activity was lower than piperlongumine and compkrab derivate with an unsubstituted

aromatic ring. Compound3 exerted slightly selectivity (MCF-7 vs. MCF-10ahdaits



activity was reversible by antioxidants [34]. Thessults suggest that a methoxy substitution
of phenyl is not optimal for a drug activity, hovegy other modifications could provide an
increase in anticancer properties. A step in thiectlon were studies investigating the
influence of an electron withdrawing effect of amtia ring on activity. Chlorine substitution
in the 2’ position 14) slightly decreased activity [28]. Both -Bromide (5 and 2’,6'-
dichloride (6) derivatives also showed lower activity than pipegumine, while a 4'-
fluorine-3’-methoxy L7) analogue exhibited increased activity [32]. Asa@ed previously,
trifluoromethyl group (especially in 4’ positionigsificantly increases the drug’s action [30].
The 4’-nitro substituted compountl8) was also found to slightly increase drug actiygg].
To-date, studies have not fully determined theumfice of electron withdrawing groups on
derivatives properties. However, it seems thatngfravithdrawing groups (-GF-NO,) are

preferred over weak withdrawing groups (e.q. haljde
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Fig. 3 Piperlongumine analogues modified in aromatic ring
» Lactam ring modifications
As described previously, the 2,3-olefin of lactamad és electrophilicity play a critical role
in piperlongumine cytotoxicity and elevation of R(ERB]. Thus, modification in this part of
molecule may be expected to have high influenceaaterivatives activitylnterestingly,
replacement of dihydropyridinone by azepine or dtyahydroazepineone had minimal effect
on cytotoxicity [28].
Substitution of the C2 and C3 atoms was founsidaificantly affect piperlongumine
activity. 2-Methyl @9), 3-methyl 20) or 2-phenyl 21) substitutions completely impaired
cytotoxic properties, while substitution by moremgaex groups, containing multiple bonds,



such as 2-(2-fluorinephenyl)prop-1-yn22( or 2-cyclopropyloprop-1-yne2@), significantly
increased activity [28]. A 2-morpholine substitutidecreased activity of piperlongumine, as
well as that of a series of its 7-alkyl derivatiy@®]. Introduction of electron-withdrawing
chlorine into the 2 position, significantly increasthe GST-inhibitory properties of the
compounds, but only those substituted in the aremmatg by a trifluoromethyl group [30].
However, a 2-chlorine7) substitution was also found to increase cytotipxiand ROS-
generating ability, inhibit thioredoxin reductasgensify apoptosis, and arrest the cell cycle.
Apoptosis induced by 2-chloropiperlongumine wasupetl via a mitochondrial pathway,
while the cell cycle was arrested at S phase [29Fhlorine substitution also increased the
activity of 7-alkyl derivatives (described belov@g].

Lad et al. described the synthesis and biologicahluation of a series of
piperlongumine sulfonamide analogues, in whichldséam carbonyl moiety was replaced by
a sulfone moietyZ4). Moreover, the tested compounds possessed vasudastituents in their
aromatic ring. Several of the compounds showedmpatetivity in sulforhodamine B assay.
Interestingly, the most active ones i.e. 2’-metho3y5’-dimethoxy, as well as 3'-fluorine
substituted, exhibited Gjvalues of less than 0,1 uM [36]. Thus, it seemsititeoduction of
a sulfonamide instead of carbonyl moiety leadsdaiicant changes in drugs properties and
may be an interesting direction for the developnuémiovel derivatives.

Other C4 and C5 substituted derivatives were nderstvely studied and showed

comparable or lower cytotoxicity than piperlongum|28].
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Fig. 4 Modification of piperlongumine lactam ring

7- substitution

7,8-olefin plays an essential role in piperlonguenactivity. In a previous study, this part

of the structure was modified to form three degaremoved, replaced by cyclopropane ring

and by a triple bound. While the first two derivat have significantly decreased activity,

introduction of a triple bound greatly improved greytotoxicity [37]. The 7 position has also

been used to introduce novel functional groups.

Punganuru et al. [39] obtained a series of 7-aipgéongumine derivatives to employ as

microtubule destabilizing agents. The idea of sacubstitution had been derived from the

structure of combretastatin-A&%), a well-known microtubule targeting drug, binditaythe

site of colchicine, a drug with potent cytotoxicdaantiangiogenic properties. 7-Phenyl was
4”-substituted with methyl Z6), methoxy 27), methylthio £8), ethoxy @9) groups and

fluorine (30) or was unsubstituted3]). Among them, the most cytotoxic derviates were

compound27 followed by compound9, which achieved 1§ values ofless than 1 pM.

Compound27 exerted ROS-generating properties and induceeiprgtutathionylation, and,

similarly to piperlongumine [38] had the ability r@store the function of a mutant p53

protein. Finally, compoun@7 was found to potently destabilize microtubulesestrthe cell

cycle at G2/M phase and induce apoptosis [39].Heuntesearch are required to determine the



significance of a 7-aryl substitution, and methgxpups in the activity of abovementioned
compounds.

Wu et al. obtained a series of 7-alkyl derivatieépiperlongumine. This approach did
not significant alter cytotoxic properties, howevesalkyl derivatives, especially the 7-methyl
(32) of 2-chloropiperlongumine, demonstrated increasgdtoxic properties. Compourg82
was an ROS inductor and suppressed tumor growtle mha@n piperlongumine (48.58%-vs.
38.31%) [35].
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Fig. 5 Combretastatin-A and 7-substituted derivativesipépongumine
» Oligomerization and conjugation

An aromatic ring was used to obtain piperlongunahgomers and hybrid compounds
containing structural elements characteristic faticancer molecules, which is an effective
approach to obtain compounds endowed with the ptiepeof both agents.

Adams et al. synthetized 4-(dimethylamino)ethyl woer @33), as well as an
analogical dimer 34) and trimer 85) linked by aminoethyl bridges. Such an approach
provided for a meaningful increase in cytotoxicapd intracellular ROS generation: the
dimer was 10 times more potent than the monomeite\itine trimer was 2-fold more potent
the than dimer [28]. Compour# was found to exert potent action against renaticama
cell lines at a nanomolar concentration, while @ntdant treatment reversed cellular toxicity.
Compound34 also decreased the growth of PNX0010 (patientvddrrenal cell carcinoma)

xenograft tumors more effectively than piperlonganenj40].



0 [s) Q Q
H,CO.
H;CO . N B N N
| |
o} o)
(o] O o
N N HsCO
H&™ “CHq HC™ Y = N\ﬁ
33 o
34

o 0
o]

N o
OCH,4
| o o
Oja/m \HEO ~ @
0 o

OCH, OCH;,

35

OCHj

Fig. 6 Piperlongumine monomer, dimer and trimer

Liao et al. attempted to increase cytotoxicity lyteatment of AML (Acute Myeloid
Leukemia) cells with a combination of piperlonguminith the histone deacetylases (HDAC)
inhibitor — vorinostat §6). Synergistic interaction between drugs led tooaception to
obtained hybrid of these agents. The hyb@&d) (showed significant cytotoxicity against
leukemic cell lines, potently inducing apoptosisdaDNA damage. Compoun87 also
exhibited characteristic piperlongumine propertiesitioxidant treatment protected cells
against cytotoxicity and compound was conjugatini \glutathione, as well as maintaining
HDAC inhibitory properties. Introduction of chloeninto the C2 position increased
pharmacologic activity however decreased selegtiit other derivatives with an eliminated
7,8-olefin, the hybrid lacking this Michael accapteas less active [41].

By a replacement of the phenyl ring with a 6, 7 8&libstituted 4-hydroxycoumarin,
a fragment of a dicoumarol structur88), a series of cytotoxic agents were obtained.
Dicumarol is a phytoconstitutent, having chemoderisg and cytotoxic properties. As such,
a combination of pharmacophores was expected b gganpounds with increased anticancer
properties. Methoxy, methyl, halides derivativesavenoderate cytotoxic agents. The most
active was the 7-fluorine compoun89, which was found to elevate ROS and induce
apoptosis in A549 cells, as well as had improvedsmochemical properties. When
administered to human lung cancer-bearing xenayraftmpound9 inhibited tumor growth,

similarly to piperlongumine (48.46% and 41.23% pexgively) [42].
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Fig.7 Piperlongumine conjugates
* Piperlongumine as metal binding agent

Use of metal complexes in cancer treatment is dncohception which recently is
under intensive investigation. Many molecules wesasidered as ions chelating agents of
different metals ions, and some complexes are wilyretudied in clinical trials. Pioneering
research with piperlongumine as chelating ageneveenducted by D’'Sousa Costa et al.
(2017) who used piperlongumine as a ligand in cemputhenium chelates. Two obtained
complexes were from 2 to 12 fold more active thatatfree piperlongumine in cytotoxicity
assay against broad spectrum of cancer cell lilsesim 3D model. These compounds, in the
most sensitive HTC116 colon cancer cell line, wagucing caspase-3 and mitochondria
involved intrinsic apoptosis, DNA fragmentation aR@S generation [43]. Fang et al. (2018)
described synthesis of piperlongumine analogue witlgrrolidinone instead of
dihydropyridinone ring, which was characterizedcapper (CG") ions chelator. It acted as
CU?* ionophore, which significantly increased intraskll concentrations of copper,
especially Cli" in HepG2 cell, what caused redox imbalance, asigpand necrosis [44].
Synthesis

One of the first methods of piperlongumine synthasas published by Boll et al.,
who used 3,4,5-trimethoxycinnamic anhydride anddsh§dropyridin-2(1H)-one reacting in
toluene and pyridine (5.66%) [3]. Currently, pimerumine and its analogs are synthesized
in similar ways via amide bond formation betweerrboaylic acid derivatives and
appropriately (un)substituted.,f-unsaturatedp-lactams [32]. A common method involves
the utilization ofn-butyllithium (n-BuLi) in tetrahydrofuran (THF, a78°C) to deprotonate

lactam and then coupling it with pivaloyl or oxatfiloride-activated acids forming a mixed



anhydride [34,36,41,46]. Another method employsd achloride for N-acylation of an
unsaturated cyclic amide. This reaction may beiezrout for example in THF with the
addition of sodium hydride, [29,30] or THF with tlegldition of triethylamine [42]. If
saturated lactams (eg. piperidin-2-one, pyrroligione) are used in the reaction of N-
acylation by acid chloride, the reagents may bleixetl in toluene for several hours or mixed
in dichloromethane with the addition of trimethyliae [28,45]. To obtain a C2-C3
unsaturated bond, the compound needs to be sutbjemtéurther reactions including, for
example, the formation of a selene derivative byamseof phenylselenyl chloride, followed
by oxidation with hydrogen peroxide [45]. Han eteaiployed a late state olefination of the
Horner-Wadsworth-Emmons type reagent (corresponblisghosphonoacetylo derivative of
5,6-dihydropyridin-2(1H)-one, e.g. diethyl [2-oxef@-0x0-3,6-dihydropyridin-1(2H)-
yhethyl]phosphonate) reacting with an appropriatdehyde in THF in the presence of
sodium hydride at 0°C to room temperature. Theh®gis of the reagent is a multistep
process employing commercially availablevalerolactam (piperidin-2-one) as a starting
substrate. This approach is beneficial in the sgithof analogs modified in a phenyl ring as
it eliminates the need for the synthesis of sultitit cinnamates and enables the obtainment
of compounds possessing other aryl components rédinmy or furan instead of phenyFif.

8) [32].

Fig. 8 General methods in the synthesis of piperlongurairedogs.

Several studies have emphasized that in the synthamtite of piperlongumine
synthesis, the major challenge is the preparatibraro appropriately substituted 5,6-
dihydropyridin-2(1H)-one. The compound is frequgnglynthesized in the reaction of a
metathesis of an appropriate amide possessingeéiniolbond e.g. N-(but-3-en-1-yl)prop-
2-enamide. A Grubbs second generation catalydtes aised in this procedure [32,34,39]

(Fig. 98). Similarly, in order to obtain piperlongumine med cyclic sulfonamides, a



Grubbs second generation catalyst is used to formcyalic N-(but-3-en-1-

yhethenesulfonamide [36] F{g. 9b). In the synthesis of 2-chloro substituted
piperlongumine derivatives, 3-chloro-5,6-dihydragim-2(1H)-one is used. The substrate
obtained from piperidin-2-one in the reaction wjhosphorus pentachloride gives 3,3-

dichloropiperidin-2-one, which subsequently undesydehydrohalogenation [29].
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Fig. 9 Final step of obtaining of 5,6-dihydropyridin-2(tBine (a) and its sulfonamide analog
(b).
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A mixed anhydride approach (acids activated by mmedrpivaloyl or oxalyl chloride)
enables the obtainment of not only simple analbgsalso other substances, including hybrid
compounds combining the structure of piperlongumiite a well-known HDAC inhibitor -
vorinostat. In a reported series, a seven carlerdiconnected to a hydroxamic acid moiety
was introduced at the 4’ position of piperlongumifd.]. Piperlongumine analogs substituted
at the 2 position with alkyl, aryl or alkynyl growan be synthesized by a selective iodination
of the parent compounds at the 2 position and gialta-catalyzed cross-coupled. While
oligomeric piperlongumine analogs, linked with oggpgand diethyleneamine group at the 4’
position, are obtained from 1-[3-(4-hydroxy-3,5-étmoxyphenyl)prop-2-enoyl]-5,6-
dihydropyridin-2(1H)-one in the reactions with Zrteéthylamino)ethanol, N-
methyldiethanolamine, or triethanolamine, carriedl io toluene and THF, with the addition

of triphenylphosphine andej-diisopropyl diazene-1,2-dicarboxylate [28].



Conclusions

The synthesis of piperlongumine analogues fits ithie practice of obtaining
derivatives of natural compounds exhibiting dede@apharmacological properties. This
widely applied concept has previously resultechim development of many drugs, used in the
treatment of various diseases [47].

Based on the literature to-date, several generattste-activity relationships have
been identified. It appears that the presence 2Balefin is required, while a 7,8-olefin is
favorable for compound activity. In all studies2-ghloro substitution, probably by increasing
2,3-olefin electophilicity, was found to enhancéhaty. However, despite chloro substitution,
the 2- position has not been widely studied, th#g/ e an attractive point to introduce other
functional groups. Another requirement for activgyan aromatic ring, however, the original
benzyl may be successfully replaced by other arosjads well as substituted by other
methoxy groups. Groups with especially strong etectvithdrawing properties are preferred.
The lactam ring may also be subjected to far regcinodifications. Very limited data is
available concerning a 4-substitution, while 5- @dsubstitutions need to be studied. This
may also be an interesting direction for futureeeesh.

Very interesting results have been achieved thrabghsynthesis of piperlongumine
hybrids with other anti-cancer molecules. This apph has brought a significant potentiation
of activity. However, further studies of the toxycand pharmacokinetic issues of this hybrid
are required.

1. Nitrogen atom may be replaced by carbon
2. Carbonyl moiety may be replaced by sulfonamide

1. Presence of C7-C8 olefin is preffered
2. C7 alkyl or aryl substitution may increase activity

and is used to obtain hybrid compounds ) 0
H3CO 1. Can be replaced by
\ N other heterocycles
H,CO
OCH,
1. Presence and electrophilicity determines drug

1. Other aromatics are acceptable . cytotoxicity and ROS-generating activity
2. Strongly electron withdrawing groups increase activity 2. C2 substitution can provide increased activity
3. Possible linker for hybrid compounds/oligomers (e.g. 2-chloro)

Fig. 10 Main concepts of piperlongumine modifications andlugure-activity

relationship



A summary of concepts regarding piperlongumine fcattion are presented ifg.

10. Recently synthetized piperlongumine analogueg lexhibited a satisfactory activity both
in vitro andin vivo. However, there is a lack of information conceghhysico-chemical
properties of these compounds, especially waterubddly, safety profile and
pharmacokinetics - ADME parameters. Future stuthes investigate these issues - as they
are equally important to pharmacological activity the drug development process- are
necessary. Piperlongumine has been found to exwdaal spectrum of anticancer properties.
However, studies concerning the synthesis of paypgimine analogues, focused mainly on
its cytotoxic and, in some cases, prooxidant antitummor properties of the obtained
derivatives. Future studies should also explomndfe cytotoxic piperlongumine analogues
possesses as good proapoptotic, anti-invasiveaatidngiogenic effects as piperlongumine.
Also, more attention should be paid to moleculagdts of piperlongumine, since these are
attractive targets for anticancer and resistancersing agents [48].

It should also be noted that the use of modern deliyery systems were applied in
only a single piperlongumine studies [21,25]. Hoamwvthese systems may significantly
improve not only compound efficacy, but also coagda solution for its poor water solubility.

In recent years, great progress has been made iaptimization of piperlongumine
activity, however, despite an increase in cytotibxianore attention must be devoted to the

optimization of piperlongumine physico-chemicalgraeters, pharmacokinetics, and safety.
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Piperlongumine is a promising antitumor agent

This article describes synthesis and anticancer properties of piperlongumine analogues
Some of them have showed increased anticancer properties and more appropriate
drug-like parameters

Generd structure-activity relationship conclusions are drawn and directions for future

research are indicated



