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1. Uvod

Betulinova kyselina (angl. betulinic acid, BA) je pfi-
rodni pentacyklicky triterpen lupanového typu (obr. 1) se
Sirokym spektrem farmakologickych indikaci. VE&tsi pozor-
nost si ziskala v 70. letech minulého stoleti, kdy byla po-
zorovana jeji inhibi¢ni aktivita vi¢i nadorovym buikam.
BA je bila krystalicka latka, ktera je téméf nerozpustna ve
vodé (0,02 pg ml™', laboratorni teplota)' a jen omezend
rozpustna v béznych organickych rozpoustédlech. Nevyka-
zuje zadnou absorpci v UV-Vis oblasti.

Jedna z prvnich studii popisuje extrakci a izolaci BA
z listt rostliny Vauquelinia corymbosa®, & z listd a kvétd
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Hyptis emoryi®. Nachazi se ve svrchni bilé &asti kiiry rost-
lin z Celedi Betulaceae, ale je mozné ji nalézt i v jinych
rostlinach, napf. Ziziphus spp., nebo Syzygium spp’.

Ackoliv je BA vrostlinné fi§i hojné rozsitenym
sekundarnim metabolitem, jeji procentudlni zastoupeni
v samotném rostlinném materialu neni pfilis vysoké. Pou-
ha extrakce z rostlinného materialu tak neni dostatecna pro
jeji ziskavani. BA lze snadno pfipravit semisynteticky® i
mikrobidlni biotransformaci’ z jiného ptirodniho triterpenu
betulinu (obr. 2), ktery mtze tvofit az 20 % vahy suseného
rostlinného materialu®. Samotny vyskyt betulinu v biezové
kiife popsal ve své praci Lowitz jiz v 18. stoleti’. Syntetic-
ky je betulin oxidovan smési oxidu chromového a kyseliny
sirové, za vzniku betulonové kyseliny. Pisobenim NaBHy,,
je  vdalsim  kroku  stereoselektivné  redukovana
3-oxoskupina za vzniku BA (obr. 2).

I pfes nizkou rozpustnost ve vodnych roztocich si BA
ziskava velkou pozornost svym Sirokym spektrem vice ¢i
mén¢ zajimavych ucinkt. Velkou vyhodou je také jeji
velmi nizka toxicita 500 mgkg™” (my$)'’. K méng vy-
znamnym G&inkom BA patii slabd antimikrobialni'' &
spasmogenni'” aktivita. Zajimavéjsim faktem je, Ze byla
pozorovana toxicita in vitro proti parazitickému prvokovi
Plasmodium falciparum". Nicméné nepiiznivé vysledky
testll in vivo, potencialni vyuziti BA jako nového antimala-
rika vylougily'. V soutasné dob& jsou, predeviim
v zemich zasazenych epidemii, vyvijeny nové a Géinng&jsi
derivaty, které by bylo mozné vyuzit jako G&inny 1ék'.
Jedna ze soucasnych studii téZ naznacuje mozné vyuziti
BA pii 1é&bé diabetu druhého typu'®. Jak jiz bylo uvedeno
vyse, BA je jen velmi malo toxicka. O to piekvapivéjsi je
pak jeji selektivni cytotoxicita vii¢i niddorovym buiikam'.
V neposledni fadé patii k vyznamnym u¢inkiim BA antivi-
rova aktivita viiéi viru HIV (cit."”).

Mimo svou Sirokou skalu biologickych aktivit je také
BA nevazebnymi interakcemi schopna v nékterych orga-
nickych rozpoustédlech' samoskladby (self-assembly).
Diky tomuto procesu mohou pak vznikat rizné supramole-
kularni systémy, které vytvaii stabilni gely. Této vlastnosti

betulinova kyselina
BA

Obr. 1. Cislovana struktura betulinové kyseliny
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Obr. 2. Priprava BA z betulinu

miliZze byt vyuzito pfedev§im v kombinaci s derivaty 1épe
rozpustnymi ve vodg, k vytvoreni cileného systému davko-
vani 1é¢iv'’. Mast obsahujici 20 % BA byla predmétem
klinického testovani (Cislo NTC00346502) pro 1écbu
dysplastického névu, nicméné proces testovani byl
z finanénich divodt pozastaven.

Zastoupeni v prirodé, dobra dostupnost, protinadoro-
vé, antivirové Ucinky a velmi nizké toxicita délaji z BA
ideélniho kandidata pro vyvoj nového 1é¢iva. V soucasnos-
ti je BA pfedmétem mnoha rozsahlych studii. Vyvoj no-
vych derivatd BA se nejcastéji soustfed’uje na modifikace
vedouci ke zlepSeni biodostupnosti a zvySeni konkrétni
biologické aktivity.

2. Protinadorové ucinky

Asi nejzajimavéjsi vlastnosti BA je jeji selektivni
cytotoxicita. BA vyvolava apoptdzu celé fady nadorovych
bunék jiz pti nizkych nanomolarnich koncentracich, avsak
na nenadorové buiiky vliv nema®. Schopnost vyvolat se-
lektivni apoptézu ma za nasledek nebyvale piiznivy tera-
peuticky index. To BA stavi oproti, v soucasnosti uziva-
nym lé¢iviim pro terapii rakoviny (napf.: taxol, vinkristin),
do naprosto vysadni pozice. VétSina téchto latek je silné
cytotoxicka, a to nejen vic¢i nadorovym bunkam, ale také
vuci bunkam normalnim, coZ muze mit za nasledek
i nezadouci vedlejsi Géinky. Ackoliv je mechanismus zod-
povédny za selektivitu stale ptedmétem diskusi, predpo-
klada se souvislost s niz§im pH (<6,8) v nadorovych buii-
kach, které pravdépodobné napomaha absorpci této slabé
organické kyseliny”'. BA potladuje nékteré deubiquitinasy
a snizuje tak celkovou hladinu onkoproteint, coz by mohlo
také vysvétlovat vyse zmifiovany selektivni u&inek®.

Dalsi vyhodou BA je jeji mechanismus G¢inku, nebot’
neexistuje pouze jedna draha, ale hned ne€kolik moznych
zpusobl, kterymi je schopna vyvolat programovanou bu-
nécnou smrt. Jednim je pfimé pisobeni BA na mitochon-
dridlni membranu. Predpoklada se, Ze je BA inkorporova-
na do fosfolipidové dvojvrstvy. Dochazi k vyznamnému
zvySeni permeability vn&j§i membrany, jeji depolarizaci
auvolnéni cytochromu ¢ do cytosolu. Ten je nasledné
zodpovédny za spusténi apoptozy, pficemz tento proces je
nezavisly na proteinu p53 (cit.*). Mimo jiné dochazi ke
vzniku reaktivnich kyslikovych ¢astic (ROS — z angl. Re-
active Oxygen Species), které zpisobuji nespecificka po-

Cr0;, H,S0,,
aceton, 0°C
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OH NaBH, THE oA

redukce betulonova kyselina

skozeni****. V normalnich (nenddorovych) bunkach je

funkce BA opacna, kde ma spiSe funkci antioxidantu
a napoméha vychytavani ROS (cit.”®). V dasledku posko-
zeni mitochondrii je indukovana kaspasova aktivita
(aktivuje kaspasu 3 a 8)*’. Obvykle dochézi k vychlipeni
bunééné membrany, ke smr$tovani bunék, fragmentaci
DNA a ke kondenzaci a fragmentaci jadra®. BA dale vy-
kazuje inhibi¢ni aktivitu vii¢i topoisomerase I** a protea-
som dependentni i independentni regulacni cestou je zod-
povédna za inhibici funkce transkripéniho faktoru Spl,
Sp3 a Sp4 (cit.??). Také je schopna inhibovat aktivaci stre-
sového transkripéniho faktoru NF-kB, ktery zajistuje rezi-
stenci poSkozenych, tedy i nadorovych bunék vici
apoptoéze. Pravé tato vlastnost by mohla byt vyuzita pfi
prevenci vzniku rakoviny™. Ackoliv jina studie poukazuje
na fakt, ze v zavislosti na bunécné linii mize byt tento
transkrip&ni faktor BA spide aktivovan®'. Pongkud odliny
zpusob, jakym je inhibovan rdst tumoru v organismu, je
kompletni, ¢i alesponn Caste¢né zpomaleni angiogeneze.
Predpokladalo se, ze BA je schopna inhibovat vyznamny
angiogenni faktor aminopeptidasu N (ANPEP gen). Zput-
sob, jakym k inhibici dochazi, nebyl objasnén®. Pozdgjsi
studie nakonec ukdzaly, Ze antiangiogenniho efektu je
dosazeno spide skrze modulaci mitochondrii®’. Byla také
prokdzana schopnost zastaveni bunétného cyklu v G,
nebo v M fazi, nicméné bez jasného mechanismu®*.
Schopnost vyvolavat apoptozu a inhibovat dalsi rtst
byla u BA i jejich derivati studovana in vitro na mnohych
bunéénych linii jednotlivych typt tumorii. V nékterych
ptipadech pak probihaly i dalsi studie in vivo na mysich.
Apoptéza a inhibice rustu byla postupné pozorovana
u mnohych bunéénych linii nddorovych bunék, které jsou
zodpovédné za melanom'®, neuroblastom, medulloblas-
tom, leukémii, rakovinu tlustého stieva, prsu a plic”, gli-
om™, rakovinu prostaty*®, rakovinu vajeniki®’, rakovinu
délozniho &ipku®®, endothelialni karcinom®, rakovinu kr-
ku, hlavy a slinivky*’, rhabdomyosarkom, osteosarkom,
hepatocelularni karcinom*' &i rakovinu jicnu®. Ptedmétem
dalsich studii je také moznost synergickych ucinkd
sjinymi, pifi chemoterapii jiz vyuzivanymi, latkami
a mozné kombinované vyuziti BA za soucasné radiotera-
pie. Byl popséan aditivni efekt BA a ionizujiciho zafeni pii
inhibici ristu nékterych nadorovych bungk***. Stejn& tak
v kombinaci BA s n¢kterymi soucasnymi protinddorovymi
lécivy (jako napf. doxorubicinem, VP16, taxolem,
mithramycinem A, cisplatinou &i vinkristinem***®) bylo
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dosazeno dualniho efektu pfi indukci apoptdzy. Pti kombi-
novaném podavani bylo pozorovano zvyseni citlivosti rezis-
tentnich tumort, napt. vii¢i 5-fluoruracilu, ¢i oxaliplatirlé46.

3. Anti-HIV ucéinky

Obdobné jako jiné pentacyklické triterpeny byla
v minulosti u BA testovana anti-HIV aktivita. Tato vlast-
nost byla uspé$né prokazana, ackoliv vysledky testd neby-
ly pfilis uspokojivé, nebot’ zminény Gcinek byl pozorovan
az pii pomémé vysokych koncentracich'’. Vysledky této
studie v8ak nevyhnuteln€ vedly k syntéze a testovani fady
derivatl. Jeden zprvnich pozitivnich vysledkli pfinesl
derivat kyseliny betulinové — RPR103611 (obr. 6, 19a),
ktery vykazoval mnohonasobné vyssi aktivitu vaéi viru
HIV (cit.*’). Vyznamnym derivatem s velmi silnou inhi-
bicni aktivitou byl 3-O-(3,3-dimethylsukcinyl)derivat
betulinové kyseliny, neboli bevirimat*®. Nicméné u dospi-
vajicich samcich krys byla zjisténa toxicita vici dopami-
nergnim a serotoninergnim nervovym zakonenim, za
soucasného podani bevirimatu a metamfetaminu. Vzhle-
dem ktomu, Ze vyznamné procento nakazenych virem
HIV je také drogové zavislych, mize byt vyvolana neuro-
toxicita zavaznym problémem pii aplikaci 1é¢iva®.

Vétsina 1éCiv urCenych pro antiretroviralni terapii
(ART) putisobi né€kolika riznymi mechanismy. Jednd se
nejcastéji o inhibitory reverzni transkriptasy, proteasy, €i
integrasy™. Soucasna kombinovana ART nedokaze kom-
pletné zastavit infekci, pouze potlacuje jeji projev. Dlou-
hodoba terapie ma tak za nasledek nékolik vyznamnych
negativ vedoucich k selhani 1é€by jako napt. chronicka
toxicita®’, nutnost velmi dobré spoluprice pacienta™,
a predevsim se pfi dlouhodobém podavani jednoho typu
1é¢iva zvysuje riziko vzniku rezistentnich kment>’. Sou-
Casnym trendem je tak hledani novych latek, jejichz me-
chanismy jsou zaloZeny na odliSném principu. RPR103611
zabranuje tvorbé komplexu ,,virova castice — napadena
bunka“, znemoziuje tak vstup infekénich ¢astic viru
HIV-1 do neinfikovanych bunék?’. Velmi brzy byla obje-
vena rezistence kmenl s mutaci v glykoproteinu gp4l
virové obalky™. Unikatni mechanismus blokace vstupu
neni v ART pfiliS§ bézny, a proto by mohlo byt
v kombinované 1é¢bé dosazeno vyznamného pokroku.
Jinym ptikladem je pravé druhy jmenovany derivat, beviri-
mat. Ten pusobi jako inhibitor dozravani ¢astic viru HIV-1
(maturaéni inhibitor)*®. Inhibice dozravani virovych &astic
se skute¢nd ukazuje jako kriticky bod zasahu™. B&hem
faze dozravani virova proteasa opakované Stépi Gag poly-
protein za soucasného uvolnéni jednotlivych strukturnich
proteinti. Poslednim krokem je $tépeni p25 Gag (CA/SP1)
na funkéni p24 (CA) protein. Inhibici posledniho kroku
vznikaji virové castice s nespravné vytvofenou maturni
kapsidou, které nejsou schopny dalgi infekce™. Bevirimat
postoupil do druhé faze klinického testovani®’ . B&hem
faze Il byla pozorovana redukce viru pouze u 40-50 %
pacientd. U zbyl¢ casti doslo ke vzniku rezistence pfiroze-
nou polymorfni variaci v Gag polyproteinu. Dalsi klinické
studie tohoto 1é&iva byly zastaveny®. Vétsina derivatd BA
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je pripravovana a studovana s vizi vyvoje l1éCiva pro paci-
enty nakazenych rizikovéj§im virem HIV-1. Néekteré deri-
vaty BA byly téZ Gsp&n€ testovany vici méné rozsifené-
mu a pomaleji postupujicimu kmenu viru HIV-2 (cit.®").

4. Derivaty

Vzhledem k vySe zminénym vyznamnym vlastnostem
BA neni zadnym ptekvapenim, ze se ji zacalo vénovat
velké mnozstvi vyzkumnych skupin po celém svéte. Pred-
métem jejich studii je jak zkoumani podrobného mechanis-
mu uc¢inku v jednotlivych piipadech aplikace, tak vyzkum
zabyvajici se piipravou a testovanim novych derivatl.
Nejvétsi prekazkou v uvedeni do klinické praxe je prave
lipofilni charakter této latky. Za poslednich nékolik desitek
let byly pfipraveny stovky derivati, které mnohdy vykazo-
valy lep$i rozpustnost ve vodé. Nicméné s derivatizaci se
napiiklad vytratil sledovany efekt, doslo k rychlému vzni-
ku rezistence, ¢i k dramatickému zvySeni toxicity vuci
normélnim buiikdm. U protinddorovych preparati dochazi
Casto ke ztrat¢ inhibiéni aktivity vi¢i nékterym typlim
tumoru, ale k vyznamnému posileni G¢inku vaci jinému
typu tumoru. U anti-HIV derivati bylo pak nalezeno néko-
lik tzv. ,,vad¢ich struktur, neboli strukturnich motivii BA
pravdépodobné vedoucich k vytvoreni ucinného l1éciva. Na
z4klad¢ pozorovanych vztahdi mezi strukturou a aktivitou
derivati BA jsou neustdle pfipravovany nove, U¢innéjsi
latky proti HIV, rakoving, ¢i malarii.

Nejcasteji se BA modifikuje v polohach C-3 a C-28.
Pti adici na dvojnou vazbu mezi atomy uhliku C-20 a C-29
nedochazi obvykle k vyraznému posileni aktivity, naopak
se aktivita Casto vytraci. Tento poznatek plati obecné jak
pro protinadorové, tak i pro anti-HIV &inky***%2,

Zvysené rozpustnosti nemusi byt dosazeno jen zava-
dénim polarnich funkénich skupin, ale také naptiklad pii-
pravou farmaceuticky akceptovatelnych soli®, vytvofenim
inkluzniho komplexu s vhodnym nosi¢em, kterym muze
byt napiiklad B-cyklodextrin®, & formulaci do liposomu®.

4.1. Protinadorové derivaty

4.1.1. C-3 derivaty

Kyslik vazany v poloze C-3 (obr. 1) se zda byt esenci-
alnim substituentem'”. Oxidovana forma BA, betulonova
kyselina (obr. 2) je aktivn&j$i naptiklad viigi melanomu®.
Na druhou stranu je i typickym piipadem, kdy dochézi ke
ztraté aktivity napiiklad vigi rakoving prostaty &i plic®.
Acetylace hydroxylu v poloze C-3 nema vyznamnéjsi vliv
na zménu cytotoxicity’®, nicméné nékteré 3-O-acyl-
derivaty s elektronegativnimi substituenty vykazuji silné
antiangiogenni uéinky*’. Kyslikovy atom miize byt také
nahrazen atomem dusiku (obr. 3). Napiiklad derivaty
3-hydrazono-20,29-dihydrobetulinové kyseliny (1-3) vy-
kazuji podstatné vyssi toxicitu vici endothelidlnimu karci-
nomu plic*. Z fady glykosylovanych derivati byla nejvét-
§i pozornost vénovana B-p-glukopyranosidu BA (4), ktery
vykazoval dobrou rozpustnost a zvySenou cytotoxicitu
viiéi rezistentnim nadorovym buitkam®*®’. Za ti¢elem zvy-
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Obr. 3. Vyznamné protinadorové C-3 derivaty

Seni rozpustnosti byla aplikovana strategie konjugace BA
za vzniku tzv. proléciva, které se v organismu enzymatic-
ky rozstépi. Prikladem mohou byt C-3 konjugaty
s rozvétvenymi  polyethylenglykolovymi  spojovacimi
mustky (PEGy), které jsou 250-750% rozpustnéjsi ve vodé
a zaroveit dochazi k zachovani protinadorové aktivity®®.
Jinym pfistupem mize byt zavadéni polyamind. Spermino-
vy C-3 derivat (5) vykazoval velmi dobrou cytotoxicitu
napiiklad vici bunkdm rakoviny prsu. Analogicky C-28
derivat BA byl toxicky i na normélni buiiky®’. Tyto amfi-
filni molekuly jsou diky pfitomnosti sperminového fetézce
schopny utvéfet zmifiované supramolekulérni gely'’.

4.1.2. C-28 derivaty

Pti porovnavani oxidovanych forem betulinu, ktery
sam o sob& nevykazuje pfili§ silné cytotoxické ucinky,
bylo zji$téno, Ze mezi vlastnostmi C-28 aldehydu a BA
neni piili§ velky rozdil”®”'. Timto zjisténim byl vyvracen
puvodni ptedpoklad, Ze pro Gcinnost je nezbytna pritom-
nost karboxylové skupiny v poloze C-28 (obr. 1) a dale se
predpoklada, ze pravé karbonylova skupina je esencialnim

Referat

farmakoforem. Nejcastéjsi modifikaci v této poloze je
tvorba esterti, ¢i amidi (obr.4). Priprava amidd
s aminokyselinami mutize zvySovat rozpustnost ve vodé”
(6). Specialnim ptipadem C-28 derivatu je latka NVX-207
(7), kdy pfi deacetylaci v poloze C-3 dochazi ke ztraté
aktivity. Tato latka vykazuje velmi dobrou rozpustnost,
selektivitu a téz je cytotoxicka vuci Siroké skale nadoro-
vych bunéénych linii’>. Obdobné jako u C-3 derivatd byla
navrzena prolé¢iva modifikovanad v poloze C-28, jako
napf. 28-O-B-p-glukuronopyranosid BA (cit.”). Azidothy-
midinovy derivat BA (8) pfipraveny ,,click® reakci vyka-
zoval oproti BA témét Ctyfndsobnou Ucinnost vii¢i nekte-
rym typtim rakoviny.”> Vyhodou iontovych sloudenin BA
je minimalni strukturni modifikace a vyrazné zvyseni roz-
pustnosti. K ,,vysolovani je mozné pouzit latky, které jsou
farmaceuticky akceptovatelné, netoxické, pripadné dispo-
nujici aditivni biologickou aktivitou. Pfedpoklada se, ze
vzhledem k mirné kyselému prostfedi v nadorovych bun-
kach dochazi po vstupu do buiky k obnoveni ptivodni
struktury. Mezi latky, u kterych byla prokdzéna vyznamna
selektivni cytotoxicita, patii derivaty benzalkoniovych
a choliniovych kationtd (9-10, obr.3)’®. Tyto derivaty
vykazuji t¢Z velmi dobrou anti-HIV aktivitu skrze inhibici
dimerizace proteasy, ¢imz se zasadné liSi v mechanismu
ucinku od niZze rozebiranych derivati s anti-maturacni
aktivitou, plisobici na kapsidovy protein”’. Na zakladé
predpokladu dobré rozpustnosti iontovych sloucenin byly
dale pripraveny ucinné estery BA s ligandy obsahujicimi
kvartérni amoniovou skupinu v molekule (11)7%.

4.1.3. Dalsi derivaty s protinadorovou aktivitou

Rada studii se zabyva modifikacemi kruhti lupanové-
ho skeletu (obr. 5). Mezi latky, které stoji za pozornost,
patii enony, odvozené od Dbetulonové kyseliny
s elektronegativnim substituentem v poloze C-2 (obr. 1
aobr. 5), které vykazuji az 59x vyssi cytoxicitu nez BA
(12)”°. Seko-anhydridy vykazuji vyznamné posileni cytoto-
xicity viiéi mnohym nadorovym bun&énym liniim (13)*.
Studie zabyvajici se derivatizaci kruhu E demonstruje
potencial ,,nové“ skupiny velmi ucinnych latek souhrnné
oznaovanych jako betulininy (14-16). Rada z nich vyka-

Obr. 4. Vyznamné protinadorové C-28 derivaty BA


file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_68#_ENREF_68
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_69#_ENREF_69
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_19#_ENREF_19
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_70#_ENREF_70
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_71#_ENREF_71
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_72#_ENREF_72
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_73#_ENREF_73
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_74#_ENREF_74
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_75#_ENREF_75
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_76#_ENREF_76
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_77#_ENREF_77
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_78#_ENREF_78
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_79#_ENREF_79
file:///C:/Users/CSCH/Documents/CHL10-20/Drašar/Drasar%20upravR.docx#_ENREF_80#_ENREF_80

Chem. Listy /74, 658—667 (2020)

Referat

Obr. 5. Dalsi protinadorové derivaty BA

zuje cytotoxicitu i proti rezistentnim liniim nadorovych
bunék, ackoliv nebyla prokazana jejich zvySena solubilita
ve vodnych roztocich®'. Byla piipravena cela fada silné
cytotoxickych soli BA (34—40x ucinngjsich nez BA), jez
maji ve své struktufe vézany trifenylfosfoniovy kation
(reprezentativni ptiklad — latka 17). Tyto sole byly navrze-
ny na zaklad¢ faktu, ze kationovy trifenylfosfoniovy zby-
tek (R-PPh;") v molekulach je schopen cilené transporto-
vat biologicky aktivni latky do mitochondrii nadorovych
bun&k®'. Pro mozné vyuziti BA v radioterapii a pro sledo-
vani distribuce BA in vivo (ptipadné diagnostice) byl pii-
praven derivat znadeny "*'T (molekulérni struktura derivatu
neni v publikaci vyobrazena). Byla prokdzéna selektivni
akumulace v nadorovych bunkach. Iodovany derivat by
mohl najit uplatnéni v radioterapii, zvlasté pti 1é¢bé hepa-
tocelularniho tumoru cilenou radionuklidovou brachytera-
pii*>. Pro bliz&i porozuméni uéinku a detekci za soucasné-
ho vyvolani apoptozy byl syntetizovan konjugat BA-bis
(aryliden)indolu (18). Touto studii byla potvrzena selektiv-
ni bunécna lokalizace i cytotoxicita proti nadorovym bun-
kam v porovnani s doxorubicinem®’.

19aR'=OH,R?=H 19b R'=H, R?=0OH
EC50= 45 nM ECs(J: 20 nM
CCsp=>9 uM CCsp=>3,3 [M
[HIV-1; MT-4]* [HIV-1n14.3 WT; MT-4186

Obr. 6. Vyznamné derivaty BA zabraiujici vstupu HIV-1 do buiiky

662

4.2. Anti-HIV derivaty

4.2.1. Derivaty zabranujici vstupu viru HIV-1 do bunky
Jak jiz bylo uvedeno vyse, jednim z prvnich derivati BA,
u kterého byla prokazana schopnost zabranit vytvoreni
komplexu ,,infek¢ni ¢astice viru HIV-1 a napadené bunky*
byl derivat y-aminokyseliny ((35,45)-4-amino-3- -
hydroxy-6-methylheptanové kyseliny) RPR103611 (19a,
obr. 6)*" a jeho isomeru IC9564 (19b, obr. 6)*. Latka 19b
na rozdil od 19a pravdépodobné zabrafuje vstupu viru do
bunék vazbou na jinou ¢ast glykoproteinu virové obalky
(gp120). V tomto piipadé, jako i v dalSich, dochazi
k mutacim a vzniku rezistence (obr. 6)**. Zavérem t&chto
studii bylo, Ze 3B-hydroxyl je esencialnim substituentem
pro tento mechanismus G¢inku. Malé zmény ve struktute
BA na kruhu A jsou pfi¢inou uplné ztraty ucinku.
3B-Hydroxylova skupina neni vhodnym mistem chemic-
kych modifikaci. Stejné€ tak je dilezitd i amidova vazba
v poloze C-28, nebo délka uhlovodikového fetézce vaza-
ného na karbonyl**™®. Aktivita derivatu pak zfistiva zacho-
vana i v piipadé€, Zze je 3-hydroxyaminokyselinovy zbytek
nahrazen L-leucinem®’. Obdobnou aktivitu a lepi rozpust-
nost v porovnani s latkou 19b vykazovala i latka 20
(obr. 6), ktera je navic derivatizovana v poloze C-29. Tato
poloha se zd4 byt vhodnym mistem pro zavadéni substitu-
entli zvysujicich hydrofilitu, bez ztraty aktivity (obr. 6)*.

EC50= 90 nM
CCs0=>10 uM
[HIV-1 43 WT; MT-2]%°
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ECso= 10 11 nM
CCso= 16,8 £ 14,5 uM
[HIV-1yL 4.5 WT; MT-2]105

ECs0= 5,9 n\M
CCso= 13,2 M
[HIV-1nL4.3 WT; MT-4]%

ECso=46 nM
CCso= 12,1 uM
[HIV-1y 4.3 WT; MT-4]%2

e
N o
0
HOW
27
o ECso= 16 £ 3 1M
CCqo= >5 M

[HIV-1y 4.3 WT; MT-41%7

CCso= >10 uM

31

ECs0= 16 + 13nM
CCso= 27,2 uM

[HIV-1y 4.3 WT; MT-2]104

Obr. 7. Vyznamné maturacni inhibitory HIV-1

o ECso= 31 nM
CCs=8,6 'M
[HIV-1y 4.3 WT; MT-4]%°

O ECgy= 19+ 54 nM
CCsy= >4,5 ;M
[HIV-1, 4.5 WT; MT-4]%3

ECs=29 nM
CCso=>10 uM
[HIV-1 WT; MT-41°2

H
o ECs,=6,5+0,8 nM
CCyy= >10 uM
[HIV-1y4 5 WT; MT-417

30
ECs0=5+3nM
CCs0= 0,195 £ 0,013 uM
[HIV-1y14.3 WT; MT-4]10

ECso= 1,9+ 1,2 nM
CCs0=9,2 4 1M
[HIV-1yL4.3 WT; MT-2]105
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4.2.2. Maturacni inhibitory HIV-1

Vyse zminovany C-3 ester BA s 2,2-dimethyl-
sukcinanhydridem (21) se zdal byt jednim z nejvétsich
Gisp&chil v boji s infekei virem HIV-1 (obr. 7)*. Nicméné
selhdni 1écby nakazenych vedly k zastaveni klinickych
testll. Strukturni motiv bevirimatu (21) je ale nesporné
vhodnou predlohou pro ptipravu fady jinych latek, které
by disponovaly lepsimi farmakokinetickymi a farmako-
dynamickymi vlastnostmi. Lepsiho ucinku pak bylo dosa-
zeno u disubstituovanych isomerd, 3,28-di-O-(dimethyl-
sukcinyl)betulinu®. Vzhledem k zdanlivé nezaménitelnosti
substituentu v poloze C-3 bylo pfipraveno nepieberné
mnozstvi inhibitord ,,druhé generace s modifikaci
v poloze C-28 (obr. 7). Nékteré dokazou prekonat rezisten-
ci viru oproti ptivodni slouceniné. Z téchto C-28 derivati
pak nejvétsi aktivitu vykazovala latka 22. Navazanim cyk-
lického sekundarniho aminu je navic dosazeno vyssi meta-
bolické  stability®™.  Vyznamny byl objev  tzv.
»privilegované struktury* (voln¢ ptelozeny z angl. Privi-
leged Structures), tj. substituovanych C-28 piperazinylami-
di (23)°. Naslednou konjugaci s dalsi ,,privilegovanou
strukturou® odvozenou od skoficové kyseliny (24)°' bylo
dosazeno jeSt€¢  uspokojivéejsi Pojem
»privilegovana struktura“ oznacuje motivy, ¢asto pfitomné
v ptirodnich latkach, které maji afinitu k Sirokému spektru
receptorii a obecn¢ zlepsuji biodostupnost, biologickou
aktivitu & metabolismus 1é¢iva’ . Za zminku stoji také
dobie rozpustny methoxyethoxymethylovy derivat (25)™.
Vliv konformace struktury na aktivitu byl zkouman pomo-
ci rigidnich makrocyklickych derivati (26), které¢ vykazo-
valy Géinek obdobny 21, nicméné zadny nebyl schopen
prekonat piirozené se vyskytujici mutaci®. Derivatizaci 21
v poloze C-28 se podafilo pfipravit i dudlné aktivni kon-
strukty, latky LH15 (27), LH55 (28) a 29, ptsobici jednak
jako maturaéni inhibitory, ale soufasné dokazi zabranit
vstupu virové &astice do buiiky”>*®. Pravé kombinaci vice
mechanismii se da obvykle nejlépe rezistence ptekonat. Na
zéakladé téchto poznatkd byla také piipravena fada aktiv-
nich latek odvozenych od 3-O-(3,3-dimethylglutaryl)betu-
linové kyseliny”’, napt. alkylaminoderivati (30). Tyto
latky prekonavaji pfirozenou rezistenci vzniklou polymorf-
ni variaci v Gag polyproteinu®®. Byla také piipravena série
derivatt 21 substituovanych v riznych pozicich fluorem.
Fluor je pro svou vysokou elektronegativitu a maly atomo-
vy polomér ¢asto inkorporovan do novych struktur vyvije-
nych jako potencialni 1é¢iva®”. Pouze pii substituci
v poloze C-29 doslo k zachovani anti-HIV aktivity, coz
naznacuje, Ze tato pozice by mohla byt dal§im vhodnym
mistem modifikace'”. Ptiprava jinych 3-O-acyl derivati
vedla vétinou ke ztratd sledované aktivity'®', nicméné
pravé predpoklad zachovani vzdalenosti mezi uhlikem C-3
a karboxylovou skupinou vedl k Gsp&sné ,,cross-coupling™
syntéze dalsiho aktivniho C-3 derivatu s navazanou benzo-
ovou kyselinou (31)'”*. Objeveni latky 31 pak nevyhnutel-
n¢ vedlo k syntéze dalSich derivatll, z nichz BMS-955176
(32) vykéazala schopnost uspésné piekonavat rezistenci,
kterd byla zasadni piekdzkou u ptivodniho 21. BMS-
955176 je také velmi dobfe rozpustna, tudiz je, v zasadg,
mozné i jeji peroralni podani'®.
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HO
33
ECso= 150 + 40 nM
CCso= >70 uM

[HIV-2¢rx3; TZM-b 1183

Obr. 8. Priklad inhibitoru HIV-2

4.2.3. Derivaty s anti- HIV-2 aktivitou

Vétsina latek, které byly dosud ptipraveny, ale i latky,
které jsou predmétem soucasnych studii, vykazuji selektiv-
ni aktivitu vuci viru HIV-1. Ackoliv virus HIV-2 neni
v civilizovanych c¢éastech svéta tolik rozSifen, jde
o nevylécitelnou infekci, kterd vede k imrti pacienta.
Vzhledem k tomu, ze oba viry vykazuji genetickou homo-
logii pouze asi z 50 %, neni zddnym piekvapenim, ze vét-
Sina latek, které inhibuji Sifeni jednoho typu, je vici druhé-
mu typu neaktivni'®. Vzhledem ktomuto piedpokladu
vznikla série latek odvozena od RPR103611, ktera se lisila
v délce alifatického uhlovodiku, ktery je vazan v poloze
C-28. Bylo zjiSténo, Ze molekula se zkracenym substituen-
tem na fetézec o délce 5-ti uhlikti miize vykazovat inhibic-
ni aktivity v&i viru HIV-2 (33, obr. 8)°'.

5. Zavér

V piipad¢ hledani derivati BA s anti-HIV aktivitou
bylo v poslednich letech u¢inéno mnoho zésadnich pokro-
ki vedoucich k nalezeni n€kolika vhodnych kandidatli na
nové lécivo. U protinadorovych preparati je pak situace
ponékud komplikovanéjsi, nebot’ existuje velké mnozstvi
rtuznych bunéénych linii, které jsou jinak citlivé vici roz-
dilnym derivatim. Hledani idealniho kandidata pro vyvoj
je BA intenzivné studovana jiz od 90. let minulého stoleti,
nepodafilo se dosud pfipravit zZadny dostate¢né ucinny
a bezpecny derivat pouzitelny v klinické praxi, jez by
mohl byt uveden na trh jako registrované 1é¢ivo.

Tento prehledovy clanek vznikl z podpory interniho
grantu z rozpoctu na realizaci aktivit Institucionalniho
planu VSCHT Praha v roce 2020 a instituciondlniho gran-
tu MSMT A1_FPBT 2020 _004.
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1. Introduction

Betulinic acid (BA) is a natural pentacyclic lupane-
type triterpene (Fig. 1) with a wide range of pharmacologi-
cal indications. It gained more attention in the 1970s when
its inhibitory activity against tumor cells was observed.
BA is a white crystalline substance which is almost insolu-
ble in water (0.02 g/mL, room temperature)' and only
sparingly soluble in common organic solvents. BA shows
no absorption in the UV-VIS region. One of the first stud-
ies describes the extraction and isolation of BA from the
leaves of Vaugquelinia corymbosa® or the leaves and flow-
ers of Hyptis emoryi’. BA can be found in the upper white
part of the bark of plants of the Betulaceae family, but also

in others, such as Ziziphus spp.*, or Syzygium spp.’

Although BA is a widespread secondary metabolite in
the plant kingdom, its content in the plant material itself is
not very high. Thus, mere extraction from plant material is
not sufficient to obtain it. BA can be easily prepared semi-
synthetically® or by microbial biotransformation’ from
another naturally occurring triterpene, namely betulin (Fig.
2). Plant material can contain up to 20% of it by weight of
dried material®. Professor Lowitz described the occurrence
of betulin in birch bark already in 18™ century’.

The synthetic transformation of betulin towards BA is
depicted in Fig. 2. Betulin is oxidized by a mixture of
chromium oxide and sulfuric acid to form betulonic acid.
Stereoselective reduction of 3-oxo group by sodium boro-
hydride gives BA.

Despite the low solubility in aqueous solutions, BA is
gaining a lot of attention due to a wide range of interesting
biological effects. Moreover, low toxicity in the mouse
model (500 mg/kg)'® is very promising. Less significant
effects of BA include a weak antimicrobial'', or spas-
mogenic'? activity. More interestingly, in vitro toxicity to
the parasitic protozoan Plasmodium falciparum was ob-
served". However, unfavorable in vivo test results have
ruled out the potential use of BA as a new antimalarial
agent'®. New and more effective derivatives are still being
developed'®. One of the current studies also suggests the
possible use of BA in the treatment of diabetes type 2
(ref.'®). As mentioned above, BA itself has a very low
toxicity. Surprisingly, BA is selectively cytotoxic against
tumor cells'®. To the last but not least significant effects of
BA belongs its antiviral activity against HIV'’,

In addition to its wide range of biological activities,
BA is capable of the so-called "self-assembly" by non-
binding interactions'®. Due to this process, various stable
supramolecular gels can be formed. This property can be
used mainly in combination with derivatives more easily
soluble in water for developing a targeted drug dosing
system'. An ointment containing 20% BA was subjected
to clinical testing (NTC00346502) for the treatment of

23 24
betulinic acid

Fig. 1. Numbered molecular structure of BA
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oxid::tion1
HO

betulin

Fig. 2. Synthesis of BA from betulin

dysplastic nevi. Nevertheless, the testing process was sus-
pended for financial reasons.

Natural origin, excellent availability, antitumor, anti-
viral effects, and a very low toxicity make BA an ideal
candidate for the development of a new drug. BA is cur-
rently the subject of many extensive studies. The develop-
ment of new BA derivatives most often focuses on modifi-
cations leading to alterations in bioavailability and an in-
crease in specific biological activity towards cancer.

2. Antitumor effects

Probably the most exciting property of BA is its se-
lective cytotoxicity. BA induces apoptosis in a number of
tumor cells even at low nanomolar concentrations but has
no effect on non-tumor cells®. The ability to cause target-
ed apoptosis results in an unprecedentedly favorable thera-
peutic index. This puts BA in an absolutely privileged
position compared to currently used drugs for cancer ther-
apy (e.g., taxol, vincristine). Most of such substances are
highly cytotoxic, not only to tumor cells but also to
healthy cells. This activity might result in undesirable side
effects. The mechanism responsible for the selectivity of
BA is still under discussion. However, it is thought to be
very likely associated with lower pH (<6.8) in tumor
cells’’. BA suppresses some deubiquitinases and reduces
overall oncoprotein levels. This fact may explain the above-
mentioned selective effect™.

Another advantage of BA is its mechanism of action.
There is not only one pathway but several possible mecha-
nisms by which BA is able to induce apoptosis. One of
them is the direct action of BA on the mitochondrial mem-
brane. It is thought that BA is incorporated into the phos-
pholipid bilayer, resulting in a significant increase of the
permeability of the outer membrane. Its depolarization and
the release of cytochrome ¢ into the cytosol is then respon-
sible for triggering apoptosis. This process is independent
of the p53 protein®’. Among other associated actions, reac-
tive oxygen species (ROS) are formed, which cause a non-
specific damage®*?. In normal (non-tumor) cells, BA
function seems to be opposite as it acts as an antioxidant
and aids in the uptake of ROS®®. The result is the induction
of caspase activity due to mitochondrial damage (activates
caspases 3 and 8)*’. Therefore, what comes to pass is the
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OH NaBH, THF BA

reduction betulonic acid

cell membrane cleavage, cell shrinkage, DNA fragmenta-
tion, and nuclear fragmentation”. BA further exhibits
topoisomerase I (ref.?®) inhibitory activity and, through the
proteasome-dependent and independent regulatory path-
way, it is responsible for inhibiting the function of tran-
scription factors Sp1, Sp3, and Sp4 (ref.?’). BA is also able
to inhibit the activation of the stress transcription factor
NF-kB, which imparts resistance to apoptosis of the dam-
aged (also non-tumor) cells. It is just this property that can
be used to prevent cancer’’. Although another study sug-
gests that, depending on the cell line, this transcription
factor might be more activated®'. The slightly different
way in which BA inhibit tumor growth in vivo is imped-
ing or at least slowing of angiogenesis processes. BA was
thought to be able to inhibit the significant angiogenic
factor aminopeptidase N (encoded by ANPEP gene). The
way in which it occurs has not been elucidated yet**. Later
studies showed that the antiangiogenic effect is achieved
through modulation of mitochondria®. The ability to stop
the cell cycle in G2 or M phase was demonstrated, but
even without providing a clear mechanistic reason’.

The ability to induce apoptosis and inhibit further
growth were studied for BA and its derivatives on plethora
of cell lines of diverse tumor types in vitro; further, in the
most promising cases, in vivo studies in mice were per-
formed. Apoptosis and growth inhibition have been ob-
served in many tumor cell lines responsible for melano-
ma,'® neuroblastoma, medulloblastoma, leukemia, colon,
breast and lung cancer”, glioma®,prostate can-
cer’® ovarian cancer’’,cervical cancer’®, endothelial carci-
noma®’, cancer of the neck, head and pancreas40, rhabdo-
myosarcoma, osteosarcoma, hepatocellular carcinoma®' or
esophageal cancer*.

The subject of other studies is also the possibility of
combining the effects of both BA and other substances
already used in chemotherapy or radiotherapy. Enhanced
inhibiting effect of the combination of BA and ionizing
radiation on the growth of some tumor cells was
proved***, as well as an achievement of apoptosis induc-
tion with some current antitumor drugs such as doxorubi-
cin, VP16, taxol, mithramycin A, cisplatin or vincris-
4045 Increased susceptibility of resistant tumors to,
e.g., S-fluorouracil or oxaliplatin were observed with com-
bination administration*.
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3. Anti-HIV effects

Similar to other pentacyclic triterpenes, BA has been
tested for anti-HIV activity in the past. This property was
successfully demonstrated, though the results were not
very satisfactory, since this effect has only been observed
at relatively high concentrations'’. However, this fact inev-
itably led to the synthesis and testing of a number of other
derivatives. The first positive results were described for
the derivative RPR103611 (Fig. 6, 19a), which showed
many times higher activity against the HIV*’. Another
significant derivative with a very strong inhibitory activity
was 3-0-(3,3-dimethylsuccinyl)betulinic acid, also known
as bevirimat*®. On the other hand, bevirimat was found to
be toxic to dopaminergic and serotonergic nerve endings
in adolescent male rats. Thus, the concomitant administra-
tion of bevirimat and methamphetamine might be a serious
problem because a high percentage of people living with
HIV are also drug addicts™.

Most antiretroviral therapy (ART) drugs have several
different mechanisms of action. Among them drugs inhib-
itingnucleoside and nucleotide reverse transcriptase, prote-
ase or integrase *° are often applied. The current combined
ART cannot completely stop the infection, but only sup-
presses its manifestation. Long-term therapy thus results in
several significant negatives leading to treatment failure,
such as chronic toxicity’' and the need for patient coopera-
tion”’; above all, however, the long-term administration of
one type of one drug increases the risk of the development
of drug resistance®. The current trend is to search for new
substances ,with novel mechanisms of action. Compound
RPR103611 prevents the formation of a "virus particle-
infected cell" complex, blocking HIV-1 infectious parti-
cles from entering uninfected cells*’. Resistant strains with
a mutation in the gp41 glycoprotein of the viral envelope
were discovered very soon>. A unique mechanism of en-
try blockade is not very common in ART, and a significant
progress could therefore be made in combination therapy.
Another example is the second mentioned derivative,
bevirimat. It acts as an inhibitor of HIV-1 particle matura-
tion*s. The inhibition of the viral particle maturation does
prove to be a critical point of intervention®. During the
maturation phase, the viral protease repeatedly cleaves the
Gag polyprotein while releasing individual structural pro-
teins. The final step is the cleavage of p25 Gag (CA/SP1)
into a functional p24 (CA) protein. Inhibition of the last
step produces immature virus particles that are incapable
of further infection®. Bevirimat has previously advanced
to the second phase of clinical trials*"°. During the phase
I, a reduction in the virus in only 40-50% of patients was
observed. The remaining group developed resistance by
natural polymorphic variation in the Gag polyprotein.
Therefore, further clinical trials of this drug were interupt-
ed®. Most BA derivatives are being prepared and studied
with a vision for drug development for patients infected
with the high-risk HIV-1 virus. Nevertheless, some BA
derivatives have also been successfully tested against the
less common and slower-moving strain of HIV-2 (ref.®").
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4. Derivatives

Given the important features of BA mentioned above,
it is no surprise that a large number of research groups
around the world have begun to address it. The subject of
their studies is both the investigation of the detailed mech-
anism of action in individual cases of application and re-
search dealing with the preparation and testing of new
derivatives. The biggest obstacle in putting BA into clini-
cal practice is its lipophilic nature. Hundreds of derivatives
have been prepared over the last few decades, often with
better water solubility. However, with derivatization or
particular skeleton modification, the pristine effect disap-
peared, resistance developed rapidly, or toxicity to normal
(non-cancerous) cells increased. In antitumor derivatives,
a loss of inhibitory activity against some types of tumor
have been often observed but, on the other hand, at the
same time a significant enhancement of the effect against
another type of tumor appeared. For anti-HIV derivatives,
several so-called "lead structures" or structural motifs of
BA, probably leading to the development of an effective
drug, were established. Based on the observed relation-
ships between the structure and activity of BA derivatives,
new and more effective substances against HIV, cancer, or
malaria are constantly being synthesized and tested.

Most often, BA is modified at positions C-3 and
C-28. Usually, the addition to the double bond between the
C-20 and C-30 does not significantly enhance the activity,
and the activity often disappears. This finding is generally
valid for both antitumor and anti-HIV effects™ %%,

Increased solubility may not only be achieved by the
introduction of polar functional groups but also by, e.g.,
the preparation of pharmaceutically acceptable salts®, by
forming an inclusion complex with a suitable carrier such
as B-cyclodextrin®, or by formulation into a liposome®.

4.1. Antitumor derivatives

4.1.1. C-3 derivatives

The oxygen atom in the hydroxyl group at the C-3
position (Fig. 1) appears to be the essential pharmaco-
phore'’. The oxidized form of BA, betulonic acid (Fig. 2)
is more active against, e.g., melanoma®. On the other
hand, it is also a typical case of loss of activity against, for
example, prostate or lung cancer®.

Acetylation of the hydroxyl at the C-3 position has no
significant effect on the change in cytotoxicity’®; however,
some 3-O-acyl derivatives with electronegative substitu-
ents show strong antiangiogenic effects™. The oxygen
atom can also be replaced by a nitrogen atom (Fig. 3). For
example, 3-hydrazono-20,29-dihydrobetulinic acid deriva-
tives (1-3) showed significantly higher toxicity to endothe-
lial lung cancer”. Most attention was paid to BA p-p-
-glucopyranoside (4), which showed increased solubility
and, within the plethora of glycosylated derivatives, also
a good cytotoxicity toward resistant tumor cells®*®’. In
order to increase the solubility, a strategy of the BA conju-
gation with other hydrophilic molecules to form the so-
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Fig. 3. Important anticancer derivatives

called "prodrug" was applied. The prodrug is then cleaved
enzymatically in the body and thus releases the active
component at the desired tissue. C-3 conjugates with
branched polyethylene glycol linkers (PEGs), which are
250-750 times more soluble in water while maintaining
antitumor activity®®, may serve as examples of such pro-
drugs. Another approach stems from the introduction of
polyamines. The spermine C-3 derivative (5) showed
a very good cytotoxicity against, e.g., breast cancer cells.
The analogous C-28 derivative of BA was toxic to normal
cells®. These amphiphilic molecules are able to form the
supramolecular gels due to the presence of the spermine
side chain®.

4.1.2. C-28 derivatives

When comparing oxidized forms of betulin, which
itself does not show powerful cytotoxic effects, it was
found that there is not much difference between the prop-
erties of C-28 aldehyde and BA™". This finding refuted
the original assumption that the presence of a carboxylic
group at C-28 position (Fig. 1) is necessary for the efficacy

Review Article

of BA. Therefore, it is further assumed that the carbonyl
group is the essential pharmacophore. The most common
modification in the above mentioned position is the for-
mation of esters or amides (Fig. 4). The preparation of BA
amides via reaction with amino acids can increase the sol-
ubility in water (6)%. A special case of the C-28 derivative
is NVX-207 (7), where deacetylation at the C-3 position
resulted in a loss of activity. This substance showed a very
good solubility, selectivity, and was also cytotoxic to
a wide range of tumor cell lines”. Similar to C-3 deriva-
tives, prodrugs modified at the C-28 position, such as BA
28-0-B-D-glucuronopyranoside, have been proposed’™.
The azido thymidine derivative of BA (8) prepared by the
"click" reaction showed almost four times higher potency
against some types of cancer’”. The advantage of BA ionic
compounds is a minimal structural modification and
a significant increase in solubility. Substances that are
pharmaceutically acceptable, non-toxic, or have additive
biological activity can be used for "salting out." It is be-
lieved that due to the slightly acidic environment in the
tumor cells, the original structure is restored upon entry
into the cell. Substances that proved to have significant
selective cytotoxicity include derivatives of benzalkonium
and cholinium cations (9-10, Fig. 3)’°. These derivatives
also showed perfect anti-HIV activity through the inhibi-
tion of protease dimerization and differ fundamentally in
the mechanism of action from the derivatives with anti-
HIV activity discussed below’’. Based on the assumption
of a good solubility of ionic compounds, active esters of
BA with ligands containing a quaternary ammonium group
in the molecule (11) were also prepared’®.

4.1.3. Other derivatives with antitumor activity

A number of studies deal with modifications of the
lupane skeleton (Fig. 5). Substances of interest include
"enones" derived from betulonic acid with an electronega-
tive substituent at the C-2 position (Fig. 1 and Fig. 5).
These compounds showed up to 59 times higher cytotoxi-
city than BA (12)". Seco-anhydrides showed a significant
enhancement of cytotoxicity against many tumor cell lines
(13)*. A study dealing with the derivatization of E ring of
BA has demonstrated the potential of a "new" class of

Obr. 4. Vyznamné protinadorové C-28 derivaty BA
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Fig. 5. Other anticancer derivatives of BA

highly active substances collectively referred to as betu-
linines (14-16). Many of them also showed cytotoxicity
against resistant tumor cell lines, though no increased solu-
bility in aqueous solutions was demonstrated*'. A number
of highly cytotoxic salts of BA (34 — 40 times more potent
than BA) containing triphenylphosphonium cation
(representative example — substance 17) were prepared.
These salts were designed based on the fact that the partic-
ular cationic residue (R-PPh;"X") bound to the molecules
is capable of a targeted transport of the biologically active
compound into the mitochondria of tumor cells®'. For pos-
sible use of BA in radiotherapy and in vivo monitoring of
BA distribution (possible diagnosis), a '*'I-labeled deriva-
tive was prepared (the molecular structure of the deriva-
tive is not shown in the publication). The selective accu-
mulation in tumor cells was demonstrated. The iodinated
derivative could find an application in radiotherapy, espe-
cially in the treatment of hepatocellular tumors by targeted
radionuclide brachytherapy®. To a better understanding of
the effect and detection under ongoing BA-induced apop-
tosis, a BA-bis(arylidene)indole conjugate was synthesized
(18)®. This study confirmed a selective cell localization
and cytotoxicity against tumor cells compared to doxo-
rubicin.

19aR"'=OH,R?=H 19bR'=H, R?=OH

EC50= 45 nM EC50= 20 nM
CCsp=>9 uM CCs0=>3,3 'M
[HIV-1; MT-4]4 [HIV-1y14.3 WT; MT-4]%

4.2. Anti-HIV derivatives

4.2.1. Derivatives that prevent HIV-1 from entering
the cell

As mentioned above, one of the first BA derivatives,
proved to be able to prevent the formation of a complex of
"HIV-1 infectious particles and infected cells", was
a y-amino acid derivative ((3S5,4S)-4-amino-3-hydroxy-6-
-methylheptanoic acid) RPR103611 (19a, Fig. 6)* and its
isomer IC9564 (19b, Fig. 6). The compound 19a is likely
preventing the virus from entering the cells by binding to
another glycoprotein of the viral envelope (gp120), where-
as 19b not. In this case, as in others, mutations and re-
sistance development was observed (Fig. 6)*. The conclu-
sion of these studies was that 3p-hydroxyl is an essential
substituent for this mechanism of action. Small changes in
the structure of BA on the ring A cause a complete loss of
the required effect; thus, the 3B-hydroxyl group was not
assumed as a suitable site for further chemical modifica-
tions. Equally important is the amide bond at the C-28
position, or the length of the hydrocarbon chain attached to
the carbonyl®>®. Activity of the derivative is retained also
in the case when the 3-hydroxyaminoacid moiety is re-
placed by L-leucine®’. Similar activity and better solubility
compared to compound 19b have been reported with com-
pound 20 (Fig. 6), which is additionally modified at the

EC50= 90 nM
CCsp=>10 uM
[HIV-1n_4.3 WT; MT-2]%

Fig. 6. Important derivatives of BA preventing HIV-1 from entering the cell
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0 ECso= 10+ 11 nM
CCso= 16,8 + 14,5 uM
[HIV-1y 4.3 WT; MT-2]105
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23
ECs0= 5,9 nM
CCso= 13,2 uM
[HIV-1y14.3 WT; MT-4]%

A
o ECso= 46 nM
CCso=12,1 uM
[HIV-1y 4.3 WT; MT-4]%2
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o ECso= 16+ 3 M
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[HIV-1y 4.3 WT; MT-4]%7

ECso= 9+ 2 nM
CCso= >10 uM
[HIV-1y1 4.3 WT; MT-4]°8

31

ECs0= 16 + 13 M
CCso= 27,2 uM

[HIV-1yL4.3 WT; MT-2]104

Fig. 7. Important maturation inhibitors

0 ECgo= 31 1M
CCs=8,6 'M
[HIV-1y 4.3 WT; MT-4]%°

ECso= 19 + 54 nM
CCqy= >4,5 M
[HIV-Ty 4.3 WT; MT-4]%3

ECs0=29nM
CCsp=>10 uM
[HIV-1 WT; MT-4]%2

3 A
ECsy=6,5+ 0,8 nM
CCsp=>10 uM
[HIV-1y 0.5 WT; MT-4197

30
ECso= 5 +3nM
CCs= 0,195 + 0,013 uM
[HIV-TnLs.3 WT; MT-4]0°

\_s:0
o]

32
ECso= 1,9£1,2 "M
CCs=92 4 uM
[HIV-1y 43 WT; MT-2]105
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C-29 position. The latter position appears to be a suitable
site for the introduction of hydrophilicity-increasing sub-
stituents (Fig. 6)**.

4.2.2. Maturation inhibitors of HIV-1

The above-mentioned C-3 hemiester of BA with
2,2-dimethylsuccinate (21) appeared to be one of the great-
est successes in the fight against HIV-1 infection (Fig. 7)*.
However, the failure to treat patients led to the cessation of
clinical trials. In any case, the structural motif of bevirimat
(21) is undoubtedly a suitable template for the preparation
of a number of other substances that might have better
pharmacokinetic and pharmacodynamic properties. A bet-
ter effect was then obtained with the disubstituted isomers,
3,28-di-O-(dimethylsuccinyl) betulin®®. Due to the appar-
ent unmistakability of the substituent at the C-3 position,
a plethora of "second generation" inhibitors modified at
the C-28 position were prepared (Fig. 7). Of these C-28
derivatives, substance 22 showed the most considerable
activity. Moreover, by binding a cyclic secondary amine,
higher metabolic stability was achieved®®. A highly signifi-
cant discovery was the report of the so-called "privileged
structure", i.e., C-28 substituted BA by piperazinyl amides
(23)*. Subsequent conjugation with another "privileged
structure” derived from cinnamic acid (24)°' yielded even
more satisfactory results. The term "privileged structure"
refers to motifs often present in natural substances that
have an affinity for a wide range of receptors and general-
ly improve the bioavailability, biological activity, or me-
tabolism of the drug®®. Also noteworthy is the readily
soluble methoxyethoxymethyl derivative (25)”°. The influ-
ence of conformation on activity was investigated using
rigid macrocyclic derivatives (26). It was found that the
effect was similar to 21; however, none was able to over-
come the naturally occurring mutation®. Derivatization of
21 at the position C-28 also was an inspiration to prepare
dual active constructs, LH15 (27), LH55 (28), and 29,
which act as maturation inhibitors but at the same time are
able to prevent the entry of the viral particle into the
cell”®. It is the combination of several mechanisms that
usually best overcomes resistance. Based on these findings,
a number of active substances derived from 3-O-(3,3-di-
methylglutaryl) betulinic acid have also been prepared”’,
e.g., alkylamino derivatives (30). These substances over-
come the natural resistance caused by polymorphic varia-
tion in Gag pyloprotein®®. A series of 21 derivatives substi-
tuted at various positions by fluorine were also prepared.
Due to its high electronegativity and small atomic radius,
fluorine is often incorporated into new structures devel-
oped as potential drugs’. Only substitution at the C-29
position preserved anti-HIV activity, suggesting that this
position could be another suitable site for modification'®.
The preparation of other 3-O-acyl derivatives mostly led to
a loss of activitywl; nevertheless, the assumption of main-
taining the distance between the C-3 carbon and the car-
boxyl group led to the successful synthesis of another ac-
tive C-3 benzoic acid derivative (31)'*? via cross-coupling
reaction. The discovery of compound 31 then inevitably
led to the synthesis of other derivatives, of which BMS-
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HO
33
ECs= 150 £ 40 nM
CC50= >70 ]JM

[HIV-2¢rx3; TZM-b1163
Fig. 8. Example of anti-HIV-2 inhibitor derived from BA

955176 (32) showed the ability to overcome the resistance
(major obstacle in the case of 21). BMS-955176 also
showed enhanced solubility. Therefore, it might be in prin-
ciple possible to administrate it oraly'®.

4.2.3. Derivatives with anti-HIV-2 activity

Most of the substances that were prepared so far, but
also the substances that have been the subject of current
studies, show selective activity against the HIV-1 virus.
Although HIV-2 is not so widespread in civilized parts of
the world, it is still an incurable infection leading to pa-
tient’s death. Given that both viruses show only about 50%
genetic homology, there is no surprise that most substanc-
es that inhibit the spread of one type are inactive against
the other one'®. With this assumption, a series of sub-
stances derived from RPR103611 were prepared differing
in the length of the aliphatic moiety bound to the C-28
position. It was found that the shortening of a substituent
to a chain with 5 carbons can lead to the HIV-2 inhibitory
activity (33, Fig. 8)°..

5. Conclusion

In the search for derivatives of BA with anti-HIV
activity to find several suitable candidates for a new drug,
many major advances have been made in recent years. The
situation regarding the development of new and more ef-
fective antitumor preparations is somewhat more compli-
cated, as there are a large number of different cell lines
that are more or less sensitive to a particular type of deriv-
atives. Generally, the search of the ideal candidate for new
drug development and evaluation seems therefore much
more difficult. Although BA has been extensively studied
since the 1990s until now, it has not been possible yet to
develop any sufficiently effective and safe derivative for
clinical practice that could be marketed as a registered
drug.

Internal grant from the budget for the implementation
of the activities of the Institutional Plan of the UCT Pra-
gue in 2020 and grant A1 _FPBT 2020 004 supported the
production of this review.
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Review Article

Abstract

Betulinic acid and its derivatives modifying its physi-
cochemical and biological properties contain a promising
pharmacophore, which, so far only experimentally, are
used as a structural basis for substances that function as
antitumor and anti-HIV-1 and -2 agents. An overview of
derivatives, classified according both structural character-
istics and the type of the effect, is given. Although betulin-
ic acid has been extensively studied since the 1990s, it has
not yet been possible to prepare any sufficiently effective
and safe derivative useful in clinical practice that could be
marketed as a registered drug.
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