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ABSTRACT

In spite of the many advances in modern scientific medicine, plant-based traditional medicine still plays an
important role in the health care. The acetogenins of Annonaceae are known by their potent cytotoxic activity. In
fact, they are promising candidates as a new future generation of antitumoral drugs to fight against the current
chemiotherapic resistant tumors. The present review will describe the source and chemistry of
Annonaceousacetogenins, their diverse biological activities and their anticancer mechanism of action with
highlighting on their toxicity and previously reported total synthesis.

Keywords. Annonaceous acetogenins, Annonacin, antitumor tageytotoxic agent, HIF-1 inhibitors, Natural
products.

1. Natural product as a source of new drugs:

Natural products (NPs) and their synthetic derixedihave been widely used in drug discovery becatiskeir
structural diversity and their highly selective apkcific biological activities [1-3]. Numerous NRBemi-synthetic
NPs and modified NPs compounds are undergoingcelinésting [4]. Worldwide, between 2005 and 2Qfifeteen
new NP-based drugs were approved for marketing@shgg and Newman continuously present updates n N
drugs based on traditional medicine both as phaeotaal agents and/or as leads for bioactive mddscagainst
serious diseases [1, 2, 6]. It is anticipated tt@tire will continue to be a major source of nemucttiral leads, and
effective drug development will depend on multididioary collaborations. A wide number of studies;luding in
vitro, in vivo and enzymatic experiments, have reported effechigtivity in NP extracts and have isolated
compounds from them[7-9].

There are a significant number of NPs drugs in dgreént. It is reported that 100 NPs and NPs-derived
compounds and Antibody Drug Conjugates (ADCs) weithNPs-derived cytotoxic component being evaluated i
clinical trials or in registration at the end of1A0Thirty eight of these NPscompounds and thirtgehADCs are
being investigated as potential oncology treatmetmtenty six as anti-infectives, nineteen for theatment of
cardiovascular and metabolic diseases, elevemftammatory and related diseases and six for negypkigure

101, 4, 1Q]
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Figure 1.Classificationofthe100NPs-derivedcompoundsinclidieezelopmentbytherapeuticarea at the end of 2013.
It is estimated that well over 50% of cancer pdemse at least one or more complementary andnatiee
medicine (CAM) therapies as part of their treatrffetjt Among the alternative medicines, productg.(ePawPaw
Cell-Reg, Graviola Max, Royal Graviola, Graviolaguid Extract) that contain twig extracts of paw paw
(Asiminatriloba) or Brazilian paw paw Annonamuricata, graviola or soursop) are reported to have exhibited
antitumor efficacy both in animal models and inimited number of clinical studies. However, thekaof
rigorously controlled clinical trials has cast aadbw on the observation that the administrationpafv paw
capsules rich in acetogenins decreased tumorrsidaced tumor blood flow, suppressed metastasisjraproved
survival in cancer patients[12, 13].

2. Acetogenins

2.1. Annonaceous Plants

The Annonaceae, or custard-apple, family consists of many différgenera including\nnona and Asimina, each
containing several speci@siminatriloba (paw paw),Figure 2, is the only temperate species; the rest of thalya
is tropical or subtropical.TheUnited States Departmof agriculture provides a complete list of tB85
Annonaceae genera on the Germplasm Resources hatformNetwork (GRIN, http://www.ars-grin.gov/cgi-
bin/npgs/html/exgnlist.pl) includingnnona andAsiminaindividual species taxonomy.

The fruits of pawpaw have nourished wild animald amankind in Eastern North America for thousandyedzrs,
and Paw pawfestivals are to be found in Septenttveughout the Midwestern United States. Many ofttheical
species bear edible fruits and have been natudafipen central and South America to other warm abies in Asia
and Africa. The latest articles[14, 15] has sumastithe economic potential of the annonaceoussfant noted
that certain parts of several species are poisoandfr pesticidafoursop (graviola, guanabana) ar@herimolia,
Figure3(a& b)are two of the best known annonaceous fruits aadeald either fresh or in processed forms; a much
amount of the seeds of these commercial speciés thgir rich concentrations of acetogenins, aseafided during
the processing.[16, 17]

Annonacirfla) has been reported to be present in the bark ssds sgfAsiminatriloba (paw paw, prairie banana,
poor man’s banana, Ozark banana, Banango, also oolymeferred to as its native states “banana’g.e
Indiana/Hoosier banana, Kentucky banana, etc.)iwhiows throughout the Eastern United States andead as a
potential alternative cash crop to tobacco. Furntioee, there igla)containing commercial supplement made from
paw pawtwig extracts, Paw-Paw Cell-Reg TM, that nsarketed as beneficial for overall health
(www.naturessunshine.com) and as a safe complemmeancer therapy.[18]

EY) o T 3 a3
~ B, 4 N
20 15 10 2\ _0
on M
(1a) 10-H (1b) 10- CO (10) 2, 33-dihydro

25
www.scholar sresear chlibrary.com



Wesam S. Qayed et al Der Pharma Chemica, 2015, 7 (6):24-35

Figure 3a:Graviola fruit Figure 3b:Cherimalia fruit

2.2. Structures and nomenclatur e ofacetogenins:

Natural compounds, known as AnnonaceousacetogéA®Ss), are considered the active ingredients \w paw
products. Found only in Annonaceae species, the A@® derivatives of fatty acids which are combingtth an
alkanolmoiety at the 2-position 0f2,4-disubstitutethctone[19]. Usually, one, two or three THF ringsor in the
middle of the long hydrocarbon chain, whichoftemtedns a number of oxygenated moieties (hydroxgbtaxy,
carbonyl, epoxide) and/or a double bofkdgure 4.All of the acetogenins have multiple stereocentarsitheir
relative and absolute configuration can be deterni2€)]

The ACGs was classified according to the charastiernumber of their oxygen-containing groups appeéan a
long chain fatty acids moiety. Linear ACGs, epox€@s, mono-tetrahydrofuran ACGs and bis-tetrahydeofu
ACGs can be found.[21]

The ACGscan be also classified according to thebmurand arrangement of the tetrahydrofuran ringhimithe
moleculeinto subgroups asmono-THF, adjacent bis;TéRadjacent bis-THF,non-THF or tetrahydropyrahiiy,
nonadjacent THFand THP, and adjacent tris-THF cimgppounds, according to the number and arrangeofi¢hé
THF rings. Thechemical structures of the ACGs aveshin Figure 5. Mono-THF compounds are the most popular
components of ACGs. Some of them have two flankiggrdxyls, Figure 5, A, while others have only
one.Adjacent bis-THF ring compounds are the sedargkestgroup. These ACGs are characterized by iogrry
variable number of hydroxylgroups or carbons, plaeet of the bis-THF rings andhydroxyl groups on thain,
the stereochemistryaround the bis-THF rings, tipe t9f terminaly-lactone and/or the existence of some specific
functionalgroups/Figure 5, B. Nonadjacent bis-THF acetogeninscontain two nawsdjt THF rings which are
usually separated by a four-carbon chain; one Tikdr is flankedby two hydroxyl groups while the otAé4F ring
has onlyone adjacent hydroxyl group which is poeitd betweenthe two THF rindgsigure 5, B. Mucocin?2) is a
typical nonadjacent THF and THP acetogenin, andogam(3) is an example of adjacent tris-THF acetogehhey
contain a methylated-p-unsaturateg-lactone at one end, but do not have THF or THRrilljepomuricanitf)is

an example of a non-THF/non-THP acetogeRigure 5,C.[22]
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Figure 4 .Representative structure of the ACGs

R YQ\( \/@
OH OH OH
0
0 R HO
HyC—\ (CHZ)"\'/Q\@/\\ <R
(CHy)n
R OH ’

(CHz)nCH:;
O
(0] R OH OH
o) R
B H;C —
(CHyn O (CHg)n
OH (CHy)nCH;

threo trans

&)

threo  trans

threo

O
0 O
Hﬁd A/\W/ (CH,)oCH;
Ry . (CHy)12
O

()

Figure5. Chemical structure of ACGs

2.3. Acetogenins biological activity

Quantitative evaluation of the published data ototoxic activity of these compounds has led to linfation on the
structure-activity relationships. Generally, theadandicate that the most potent cytotoxic compaupdssess an
adjacent bis-THF ring subunit; the nonadjacentThid= ring acetogenins show less cytotoxicity. MondFr
acetogenins are, in turn, more potent than the rimgn-compounds. Acetogenins with different confafions
usually show different selectivities or potenciedioassays. Thus, the importance of determinieg tielative and
absolute configuration is obvious. It should alsgbgnted out that chlorination decreases bioagtiliit indicates
some cytotoxic selectivityTi@ble 1 shows a brief list of bioactive ACGs)[23]
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Table 1: Examples of biologically active ACGs as complex | inhibitors
Comp. . Mol. ) THF-relative
No. ACGS name (MW) Species Formula THF Profile configuration Ref.
As. triloba
(1a) Annonacin (596) 22 muricata CssHedOr Mono thit/th [18]
densicoma
. S . No THFs, rather bisH
(4) Diepomuricanin (546) An. muricata Cs7Hs204 epoxy rings [24]
. As. triloba . . [25-
(5) Asimicin (622) An. comifolia CsHesOr Adjacent bis- thit/th/t/th 27]
As. triloba,
. . An. bullata, . . [25,
(6) Bullatacin (a. k. a. rollin (622) An. comifolia, CsHesOr Adjacent bis- thit/th/t/er 27]
R. mucosa
() Trilobacin (622) As. triloa CaHeeOr Adjacent bis- th/t/er/c/th [28]
. . As. triloba,
®) (E‘E%'gta"c'” (ak-a. cherimolin-1} . 1 jata, CaHeOs | Non-adjacent bis- tth-tht/er [24]
An. comifolia,
(9) Asitrocin (596) As. triolba CasHs407 Mono er/ltith [29]
(f':g Asitrilobin-C and D (642) As. triloba Cs7HesOr Mono thit/th [30]
(12) Gigantetrocin-A (59B G. giganteus CasHs407 Mono th/t-th [31]
L An.
(13) Squadiolin A (640) squamosal CasHesOs Mono er/tith [32]
P. Linear ACG with no
(14) | Butyrolactone-1 (390) macrocarpa CosHuOs | 15 - [33]

THF stereochemistry refersto the stereochemistry of the bonds between the hydroxyl groups and the THF ring(s) and between the THF rings.
Abbreviations: As. = Asimina,An. = Annona, R. = Rollinia, G. = Goniothalamus, P. = Phaleria;th=threo, t = trans, er =erythro, ¢ = cis.

In particular, the inhibitory effect of acetogenims mitochondrial NADH-ubiquinone oxidoreductaserfplex 1) is
worthy of note for the following reasons: (a) theeaidse biological activities are thought to beibtttable to this
effect; (b) some of the compounds, such as Bulla@care the most potent inhibitors of the enzyme idiedtto
date [34, 35][ IG(1.2 nM (£ 0.1) ] and (c) it is quite difficult teisualize structural similarities between the
acetogenins and ordinary complex | inhibitors sastpiericidin A and rotenone, although the acetogeact at the
terminal electron transfer step of complex | simylao the ordinary complex | inhibitors.[36]
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Piericidin A Rotenone

As a result, the powerful cytotoxicity of these gmunds indicated a myriad of potentially useful laggions.
Commercial development of these compounds usegahatixtures of active components, incorporated int
pesticide, topical and dietary supplement produBisccessful applications and commercial producttuite a
shampoo, highly effective in treating infestatiafshead lice, fleas, and ticks; a series of pesticéprays, which
protects host plants against a diversity of pesid;an ointment for treatment of oral herpes (H$\id other skin
afflictions[27]. The extract (in capsule form) enbas a mixture of natural anthelmintics. In additian
encapsulated extract has been effectively useetigin cancer patients as a botanical supplemeniupt.[2]

2.3.1. Anticancer effects

Most of the acetogenins evaluaieditro exhibitedsimilar IGyvalues (1G to 10°pg/ml). However, it was observed
that some acetogenins appear to be selectivelyoytofor certain cancer types. For example, cytimiox results
for Asimicin(5) and Bullataci(®) showed potentselectivity against A2780 human avatumor cells.Other results
demonstrating selectivity for certain cancercelei are summarized ihable 2[37]. The ACGs have also been
shown to inhibit the growthof multidrug-resistaMR) tumor cells. The resistanceof MCF-7/Adr huntaeast
cancer cells and KBv200human nasopharyngeal canzncells to doxorubicinand vincristine, respectiyelas
about 100-told compared to their parental sensitiei lines MCF-7 and KB.Whereas the acetogenirtabébed
potent cytotoxicity toboth cell lines [38]. Bullaia(6)was also found to be potent against MDR human mamma
adenocarcinoma cells[39]. MDR tumor cells were stesit to apoptosis induced by natural anticancegsjr
however, the acetogenins induced apoptosis of Betisitive and MDR cells. It is concluded that adjutv
acetogenins therapy with anticancer drugs may fieetefe in treating MDRtumors.[40, 41]

37

o OH OH W35
34~ 0 HL)2 J Y
(HC)13 18 13 10 o
© OH OH ¢

(16)
X = ] ¢
OH OH "~ OH o
o
(17-22) o 0 5 R
\(CHZ)m (CHn R m
Y =
o © o
Comp No. Compound n m  OH-positions THF-relativefguration R
7) Asimin 9 9 10,1524 (th/t/th/t/th) X
(18) Asiminocin 9 9 15, 24, 30 (th/t/th/t/th) X
(19) Astribin 9 9 15,24,28 (th/t/er/clith) X
(20) Bullanin 9 9 15,24,30 (th/t/th/t/er) X
(21) Bullatacinone 9 9 15,24 (th/t/th/t/er) Y
(22) Rollincin 7 10 15,24 (th/t/th/t/er) Y
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Table 2. Selectivity of ACGsfor particular cancer cell typeq[37, 38, 42]

Comp.No. Compound Cellling  EBRpg/mL)
[@) cis-annonacin|  HT-29 1x10
- 9PS <10
) Asimicin HT-29 | 3.3x10%
MCF-7 <10
(6) Bullatacin 9PS 1x10%
A-549 1.3x10%
(15) Gigantecin MCF-7 4.1x1D
(16) Longicin PaCa-2 1.25x10
A-549 8x10°
@an Asimin MCF-7 9.5x10°
HT-29 <10*
L A-549 3.1x10%
(18) Asiminocin MCE-7 2 9x10%2
(19 Astribin A-549 2.25x106°
A-549 3.11x10%
(20) Bullanin MCF-7 3.22x10*
HT-29 4.77x10*
1z
(21) Bullatacinone |_?.||.<29 5<xll%12
(22 Rollanicin 9PS 2.9x10
A-549 1.78x10°
PaCa-2 | 2.42x10°
Adriamycin * | MCF-7 1.7x10*
PC-3 1.89x10°
HT-29 4.28x10°

* Reference compound. A-549: human lung carcinoma. HT-29: human colon carcinoma, 9KB: human nasopharyngeal carcinoma, MCF-7:

human breast cancer, PaCa-2: human pancreatic carcinoma, 9PS: murine lymphocytic leukemia, PG-3: human prostate cancer cell.

ACGs have also been evaluated forvivo antitumor activity. Increased life spans were obse in thén vivo
studies using acetogenins against 3PS and L12k@ra in mice. In addition, when xenografts of A@7#8iman
ovarian tumor cells were established in athymicenmice, acetogenin treatment significantly inhithiteimor
growth, Table 3. Thein vivo antitumor efficacy of acetogenins suggests thaeraevaluation is warranted to define
optimal routes and schedules of administrationtangrify in vitroselectivties.[43]

Table 3.Antitumor efficacy of acetogeninsin mice.[43, 44]

Comp. No Compound Tumor cell line  (daily dose, ngy/k Antitumor activity
(1a) Annonacin 3PS 0.95 124 *
L 3PS 0.025 124*
(5 | Asimicin L1210 0.2 131+
. L1210 0.05 138 *
(6) Bullatacin A2780 01 68 **
: L1210 0.4 144 *
(21) Bullatacinone A2780 013 5o *
(8) Bullatalicin A2780 1.0 75 **
(23) Bullatalicinone L1210 0.63 113 *
(24) Rolliniastatin 3PS 0.25 128*
(25) Squamocin L1210 0.63 113 *
(26a) Uvaricin 3PS 14 157 *

*Increase of life span (%). ** Tumor growth inhibitor (%) in athymic nude mice. 3PSand L1210: murine leukemia cell lines. A2780: human
ovarian carcinoma cell line.
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Although acetogenins are extremely potent agaimabt cellsin vitro, the effect on growth of noncancerous cells
such as rat Gl epithelial cells is minima@kble 4 shows that acetogenins display a much higher actigainst KB
human nasopharyngeal carcinoma cells as comparédrtonormal monkey epithelioid renal cella.vivo studies
have also reported little weight loss with acetégereatment, indicating favorable drug toleranceoag the test
animals. In addition, a standardized acetogeninturexromAsiminatriloba, was found to be non-mutagenic in the
Ames test, suggesting that acetogenins would nabgnogenic and therefore may have an added tatyaover
many current antitumor drugs. Furthermore, it hasnbshown that the NADH oxireductase activity df lieer
plasma membrane is largely unaffected by Bulla{@&iwhereas that of HeLa (human cervical carcinomairyig
and HL-60 (human promyelocytic leukemia origin) gplea membranes is strongly inhibiteBable 5. These
different responses of NADH oxireductase activityBullatacir{6) explain, in part, the ability of certain membefs o
the Annonaceae family to selectively kill cancer cells while ldag normal cells unharmed.[37]

Table 4: Effect of acetogeninson the growth of tumor and normal cellsin vitro[37, 45]

Ho
OH R 35 OH Z
(0] / X \\\\O (Hy0)4 ]0 (HyC)7
__(H,0)1:20 (HC)y™ 15 10 (H,0); (¢} (HZC)“
33 \l/ o)
OH
(27a) R=OH (th/t/th) (27b) R-10=CO (28)
OH OH
3234 o o
(HxC)g Z 35/37
(27-34) x d
o]
i : . - Molecular EDso (Mg/mL)
Comp. No| Compound OH-positions THF- relative confaion Formula | KB cells | VERO cells
(27a) Corossolin (th/t/th) Ca:HsiOs | 0.3x10° 10!
(28) Jetein (th/t/er) Ca:HgeO; 105 102
(29 Molvizarin 4,13,22 th/t/thit/er CaHe:O; | 10°-10° 10°-10°
(25) Squamocin 15, 24, 28 th/t/th/t/er CyHeeO; | 4x10° 1x10°
(30) Motrillin 15, 24, 29 thit/thit/er CsHeeO; | 10%10° | 10%10°
(3D Spinencin | 15, 24, 28, 29 th/t/th/c/er-th CaHeeOs | 1x10° 6x10°
(32) Carolin-A 15, 24, 28 thit/th/cler CsHeeO; | 1x107 2x10°
(33 Carolin-B 15, 24, 29 th/t/th/cler CaHeeO; | 5x10° 4x10°
(34) Carolin-C 13, 22, 26 thit/th/cler CsHe:O; | 2x10° 5x10°
KB: human nasopharyngeal carcinoma cell line. VERO: normal monkey epitheloid renal cell line.
Table 5.Summary of inhibition of NADH oxireductase activity by acetogening35]
Ech(nM)
Comp. No Compound Rat liver | Hela cells

(1a) Annonacin >10.000] 1000

(5) Asimicin >10.000 5

(6) Bullatacin >10.000 5-10

(21) Bullatacinone| >10.000  100-100

Tamoxifen resistance is common in estrogen recéf®)-positivebreast cancerg-ER-positive MCF-7 cells,

annonacifla) (half-effective dose Efg = 0.31 pM) and 4-hydroxytamoxifen (EP= 1.13p M) decreased cell
survival whereas annona¢la) (0.5-1 uM) increased cell death at 48 h. Anweor{da) induced growth arrest and
apoptosis in ER-related pathways in MCF-7 cellsndmacirfla) and 4-hydroxytamoxifen were additives in
inhibiting cell survival and ER transcriptional aly. Moreover, annonaciia) attenuated MCF-7 xenograft tumor
growth while inhibiting ER, cyclin D1and Bcl-2 psih expressions in nude mice.[46]

2.3.2. Potential mechanism of the anticancer action of ACGs

It is reported recently that the inhibitory effeetserted by paw paw crude extract and purifiedayggtins on the
important anticancer molecular target hypoxia-indigcfactor-1 (HIF-1). The transcription factor HiFactivates
the expression of more than 100 target genes tbaigie cellular adaptation and survival under hyparnditions.

It is a heterodimer of the oxygen-regulated HtFdnd the constitutively expressed HIF-1/ARNT subsinihe
classical oxygen-dependent post-translational mezdibn of HIF-ln protein includes the prolyl hydroxylation that
tags HIF-1 for pVHL-mediated ubiquitination and subsequenbtt@asome degradation, and the asparaginyl
hydroxylation that inactivates HIF-1 as showrrigure 6.[11]
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Figure 6.Pathways and inhibitors of HIF-1a synthesis, degradation, and regulation of HIF-1 activity. Thefigure has been adapted, with
some modifications, from Ref [47]

Solid tumors are often subjected to hypoxia anddrteeadapt to the hypoxic environment to sustaeirthapid
growth, Figure 6. As a transcription factor, HIF is the master tagpr of the cellular hypoxia response. HIF is a
heterodimer composed of a hypoxia-regulated sub{tiE-c) and a constitutively expressed subunit H[F-1
Among three HIFs isoforms, HIF-1 is the most critical regulator of hypoxia respange solid tumors, and its
activity is indispensable for tumors to adapt tg@dwia conditions and recover from damages causeldypgpxic
insult. While HIF-3B is constitutively expressed in the nucleus, HéFr&mains at a low level through proteasome-
dependent mechanisms under normoxia. Upon hypbikia,Lla is quickly stabilized and translocated to the aus|
where it forms a heterodimer with HIB-nd subsequently binds to the hypoxia respondemment (HRE) (59-
RCGTG-39), resulting in transactivation of morertt2®0 genes required for the cell to adapt to higoanditions.
Since many of the HIF-1 target genes can promdtesuevival under hypoxic conditions, it is not puising that
HIF-1a is often overexpressed in various cancers, inoudireast, lung, pancreatic and renal cancer. Tdrere
inhibition of HIF-1o activity represents an attractive strategy forceartreatment. Indeed, small molecules targeting
HIF-1a transcription, translation, and stabilization haeen developed, and some of them (e.g., PX- 43j8efican
and BAY87-2243) have entered clinical trials farating cancer patients.[48]

Both the HIF-1 inhibitory and cytotoxic/cytostatictivities of acetogenins and crude extract appeae cell line-
dependent. Tumor cell populations that rely sotelymitochondria to generate ATP are most sensitiviahibitors
of the electron transport chain. In contrast, aggjve and malignant tumor cells often utilize agrajlycolysis to
fuel cellular metabolism and function. Thus, theg &ss sensitive to antitumor agents that affeitbahondria.
Although neither purified acetogenins nor paw pawde extracts have been approved by the FDA focaran
treatment, dietary supplements that contain thesestances are consumed by cancer patients as adiltern
medicines.[47, 49]

The toxicity of AGEs in both cases probably arifesn the strong inhibitory ability of mitochondriglectron
transport with specific action at complex I. Degliostiet al. [50] first used mammalian mitochondria to study the
action of AGEs toward the NADH-ubiquinone oxoidaunethse (complex 1) and reported that Bullatégimhibited
the proton pumping function of complex | with siarilefficiency under steady-state and nonsteadg-statditions,
as compared to the action of piericidin and rotendecause of the ability to inhibit the mitochdaticomplex I,
the main gate of the energy production in the c&lBEs have been regarded as candidates for fgemerations of
antitumour drugs with different mechanisms. [51]
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Besides blocking the NADH ubiquinone oxidoreduct@semplex I) in the electron transport system, AGEs also
powerful inhibitors of the NADH oxidases peculiarthe plasma membranes of cancer cells. Both mérharof
action result in the inhibition of ATP productioncamay account for the observation that AGEs areeraffective
at killing multiple-drug resistant (MDR) tumors thaheir nonresistant counterparts since the MDR ggion the
cell membranes require ATP to function.

In addition, Oberliegt al.[52] observed that AGEs could selectively inhibi¢ tcell growth of cancerous cells by in
vitro cell inhibition assays against three murir@§8, PO3, and M17/Adr) and two human (H8 and HI2bcer
cell lines. Interestingly, the work of Oberliesal. proposed that this class of natural products sdoaveertain
biological activity against some drug-resistant cgan. Currently, multidrug-resistant cancers ared ha cure
because the cancer cells have developed a mecham@vercome the anticancer agents. Based on ttohdainical
differences between MDR and parental cancer cglish as the ATP-dependent P-glycoprotein-mediatedpp
(Paigp) and the higher demand for ATP in the MDR carwedis.[53]Oberliest al. used Bullataci¢6) to test two
cell lines, MDR human mammary adenocarcinoma (M%) cells and the parental, nonresistant wildetyp
(MCF-7/wt) cells. Therefore, ATP depletion could baother mode of action of AGEs that offers a sgeci
advantage in the chemotherapeutic treatment of MDRoOrs. Shimadat al. also proposed a model for explaining
the action of AGEs. They suspected that the lactongealone could directly interact with the bindito complex I,
and the THF rings with flanking OH groups functiost as hydrophilic anchors at the membrane surtfsaeallow
lateral diffusion (or random distribution) of thectone ring in the membrane interior.[11, 18]

Toxicity of ACGs

Graviola @. muricata), fruta-de-conde A. squamosa), and the paw pawA( triloba) may cause atypical
parkinsonism, due to the presence of annoffd@jrand other neurotoxins.[54][1&] muricata that contains high
content of annonacffia) is enough to cause neurodegeneration in rats lsanba attained in humans by regular
consumption within one year. Graviola and frutaedede were suspected of causing atypical parkissorind
progressive supranuclear palsy (PSP) on the Canbistand of Guadeloupe, some areas of LondonttenBacific
islands of New Caledonia and Guam [55]. This wasedaon the abnormally high incidence and relativegh
consumption of fruits and tea made from the leavsfirst it was blamed on the presence of neurimtox
benzyltetrahydroisoquinolines. Subsequent auttimstified annonacifia) and other ACGs as a more likely cause.
Like benzyltetrahydroisoquinolines, annongta) may cause tau pathologies, including atypical ipadnism due
to their inhibition of mitochondrial complex I. Theoncentration that caused 50% inhibition s¢)Cof the
mitochondrial complex | was lowest for squamd@28) (1.4 nM), compared to 54.8, 63.8, 100.3, 11.8, 2.6, and
1.7 nM for annonacifia), annonacinor(db),isoannonacic), solamirf4l), sootepensin B42), tonkinesin A
(43a), and tonkinin C(43b) , respectively. The concentrations needed to iadigdl death in 50% of the cultured
neurons (EG death) were 134, 246, 121.0, 23.8, 1.7, 3.2, a®dndn for annonaciia),annonacinondb),
isoannonaciflc), solamirf4l), sootepensin B42),tonkinesinA43a) and tonkinin Q43b), respectively.

O
32 OH OH )J\
H;C
O o 3 HO oH O 0 &
(HC)11™ 20 15 (CH)o_ 4 4 N O, Vam\
¢} (HyOyy (CH»)o (o)
(e} O
(41) (42)
34 OH OH OR OH
e 5 37
\ /
(HC)1q™ 22 17 (HoC)ig 5 0
O
(43a) R=H (43b) R= COCH3

About the basic role of tau in development of nélegenerative diseases, one can refer to the arofl@ottset
al[56] and other references [57, 58].

These ACGs also decreased ATP levels, with an EX£884 nM for annonaciia) and 2.9 nM for squamodi?b),
and values ranging from 4.0 to 246 nM for the adhEnese ACGs also induced neuronal cell death B&@E50
values of 60.8 nM for annona¢ira), rolliniastatir{24) and 1.1 nM forsquamodi®5), and values rangingfrom 1.7
to 189.7 nM for the others. These ACGs also radigiied thetau protein in cultured neurons. The eatr@tion
needed to redistribute tauin 5% of the neurons JEGE (0.6 nM) for squamodi@b)and rolliniastatii?4),44.1 nM
for annonacifila), and values ranging from 1.0 to 134.9 nM for tteecs.[59, 60]
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Recently, other workers found that the mechanisrdetlying the cytotoxicityof ACGs is modulated byeth
chelation of THF moieties of ACGs with€ato form hydrophobic complexes. As shown Figure 7a
representative example of annonacin (1a) **@eelate. The ability of ACGs to bind Cacorrelated with their levels
of cytotoxicity. Also, incubation of cells with bIBHFACGs also increased the mitochondrial*€ancentration
anddecreased the mitochondrial membrane potewtiéth may be the maincause of cytotoxicity.[17]

Figure 7.Annonacin- Ca™® complex[61]
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