Uni wer sytet w Biagymst ok
Wydziag Chemid.i

Pawed Adam GrzeS

Selenosteroidyi metody syntezy przy wykorzystaniu nowych
i kl asycznych reagent - -w sel

Rozprawa doktorska

Promotor: dr hahbprofUaBabel | a Jast

Bi a 268280k



Pragnhn ser dec z nprenmotorpwd dliz ihabk oaalzelli
Jastrzinbski ezia pnrioefo.cedwBn N opi ekn nau

rozwoju oraz anielskN cierpliwoSi

Dz i n kiruNlarcie Malinowskiej i mgr Joannie Romanowskiej za
wsparcie podczas pisania niniejszej d

laboratorium.

Dz i n #dringbeAdamowi Tylickiemu prof. UwBz a cenne wskaz:-\

dotyczNce czinSci biologicznej niniejs:z

Dzi nkujMamieno $iostizeza okazane wsparcie |

mo Ul i woSci



AFortisfortunaa di uvat o

Terencjusz



Ac
APAF
APTS
BID
DCM
DIBAL
DIPEA
DMAP
DOX
DTT
Et

FT3
FT4
Glso
GPX
H9c2
HelLA
ICs0
LDA
MCF-7
mCPBA
MIC
MsCI
NMR
PDHB
Py
ROS
THF
TsClI

Wykaz skr -t - w

acetyl
czyn

3-aminopropylo trietoksysilan
bi agko proapoptyczne
dichlrometan
wodorek diizobutyloglinu
diizopropyloetyloamina
4-dimetyloaminopirydyna
doksorubicyna
ditiotreitol
etyl
trijodotyronina
tyronina
stiUenie hamuj Nce wzrost 50% kom
peroksydaza glutationowa
I i ni a k tkanki sekcomejszczura

l inia kom-rkowa raka szyj ki ma cC i

stiAUeni e hamugzmka 50% danego

diizopropyloamidek litu

|l inia kom-rkowa nabdgonkowego r ak
kwas metechloroperoksybenzoesowy

najni Usze stnUenie inhibitora
chlorek mesylu

spektroskopia magnetycznego rezonansu magnetycznego
dehydrogenaza pirogronowa

pirydyna

reaktywne formy tlenu

tetrahydrofuran

chlorek tosylu



{ LA &

10.

~

G§NBT OA

Streszczeni e .w..j.nzyku..p.ol.ski.m.l

Streszczeni e w...nzylku..an.g.l.e.l.s.ki
Gl PraCy. ..ot e 2
CZ A ST UrdWa.t. 8.l @b, 3
Om:- wi eni e..WY.N Ko W, 10
POodsSumMOwWaNIi€ I WNIOSKI........cccciiiiiiiiiii e 35
Dorobek NAUKOWY..........uuueeiiiiei e 37
LIEEIAIUIAL ..ot e e e e 39

Publi kacje stanowi.Nc.e...r.a.z.p.r.awf3

OSwi adczeni a..ws.p...J.a.Ut.o. . W roeeee. 93

m

dpkto






l1.Streszczenie w jnzyku pol skim

Wostatnich | atach wzrosgo zainteresowal
zawi er aj Nc jy bubdowievselsnB@ jl & n z e wzjg Ibidlebieznena s w
wgaSci wod@ailUnNpe®hin w o npy proksydaza glutatosowdk - w
zawieraj Nca wn <Kwdiymvnymntsred en odpowi ada
oksydacyjnego i ochronnl enaed ROSHNI k owy mi
zwi Nzkawmeraj Ncym w swojej budowie selen
odpowi adaj Ncy =za trflat)sf or madiyiwntNryirfjokdotnyr
fT3) czyli hor monu wytwarzanego przez tarc

Sel enost ersoN maem nikigiszej dysertacjis \ni e | ige 2imp N
zwi NzW-literat ur ze i stni ejieh spnieryvai jestcee moigi s - w
dotyczNcych i chcznydpaSci woSci biolog

W ramach prowadzonych przezenni e ,bap@|a&c o weetgdy m
otrzymywani a nowych pochodnych steroido
selenoorganiczne. Do mprowadzonych syntez substralne t wo dost npne st e
ich pochodne. F u n kzcg sotnoas| o/ vpzagie onwykerzystanie i d - w
reagentaSantiep (PhSezZnCl), system dwufazowy w k reagerdy rm disBlenki
or az Ssprzngani e el ektrofil owych reagent -
alkinami.Otrzymanez wi Nz ki zostadgy przebadane pod kN
we wsp-gpracy z zakgadem Farmakol ogi i Do ¢
w Biagymstoku oraz z Wydziagem Biologid.i
niniejszej rozprawgchhoptlliyk®pji sameo wzasir
oraz bygy prezentowane na konferencjach o



2.Streszczenie w jnzyku angiel skim

In recent yearshere has been an increased interest in the synthesis of organic
compounds @ntaining selenium or selenoorganic fragments. Selenium, due to its
biogenic properties, plays an important role in mammalian organisms. Glutathione
peroxidase, which contains selenium in its active center, is responsible for regulating
oxidative stress ah protecting against reactive oxygen species (ROS). Another
important compound containing selenium in its structure is deiodinase, an enzyme
responsible for the conversion of thyroxine (fT4) into the active form of
triiodothyronine (fT3), a hormone produtby the thyroid gland.

Selenosteroids, which are the subject of this dissertation, are a relatively
unexplored group of compounds. There are few descriptions of their synthesis in the
literature, and even fewer regarding their biological properties.

As pat of my research, | have developed methods for obtaining new steroid
derivatives containing selenoorganic groups. | used readily available steroids or their
derivatives for the conducted syntheses. Steroid functionalization was carried out using
Santi's eagent (PhSeznCl), a twahase system utilizing diselenides as reagents, and
the coupling of electrophilic selenoorganic reagents with terminal alkynes. The obtained
compounds were examined for their biological properties in collaboration with the
Departmat of Experi ment al Phar macol ogy at the N
the Faculty of Bi ol ogy at the University of
have been described in three internationally published papers and have been presented

at natonal and international conferences.

3. Cel Pracy

Celem niniejszej pracy bygo oalzagicowani e
steroid-kisel egmwddNrzgani czne. Steroidy stanowi!l
Swiecie ssak-w pegnibdogcayc mpeopolesterobd i g dlby f unkc
waUnym el ementem bgony kom-r kowe | or az sub
mns ki ch i Ue Es ki throidy m\a j We dzyasytnd sowani e j al
przeci wal ergiczne, przeciwzapalne rne i mmunos
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znane sN ze swoich wgaSciwoSci przeci woks
PogNczenie tych dw-ch r-Unych klas zwi N
pochodnych o nieznanych wgaSciwoSciach bic

W syntezie selenost eroy dt-avl prosalanjoiwi &

epoksyd-w przy uUyciu PhSezZnCl , reakcjn
alkin-w steroidowych z elektrofil owymi re
sol ami miedzi (1). Otrzymane zwi iNmkod zost e
kNt em wdaSci woSci antybakteryjnych i prze
Nal eUy podlie e Sltieroi dy jako grupa zwi
czNsteczkami naseeawygfgil didmuN strukturif, szt
reaktywnych grup funkcyjnych. Opisane \Wteraturze metody funkcjonalizacji
zwi Nzk-w w podstawni ki zawierajNce selen
steroid.
Uzyskane wyni ki opubl iPowano w 4 artykdt
P1P A. Grzes K. NiemirowiczL a s k o ws k a, H Ca promish@lgbtidle nost e
compounds with pl eiotropic bi ol ogi cal ac

Journal of Steroid Biochemistry and Molecular Bioldf3(2021) Impact factor 5.011

P2 1. JastrzebskaS. Mellea, V. Salernd® . A . , LGSiemiej&yk, K. Niemirwicz-

Laskowska, R. Bucki, B. Monti, C. SanAPh Se Zn C| i n the Bynt hes
HydroxyPhenyl sel eni des Having Antibacteri al £
Int. J. Mol. Sci., 2(®), 212120197019 IF 6.208

P3P. A . , BGMante N. WawrusiewicZurylonek, L. Bagnoli, L. Sancinetd,
JastrzebskaC. Santi, Simple ZMediated Selenoand ThieFunctionalization of

Steroids at €1 Position, Int. J. Mol. Sci2022 23, 3022IF 6.208

P4 P. A. Grzes A. Sawicka, K. Niemirowicdaskowska, P. Wielgat, D. Sawicka, H

Car , I . J a s-promotedb syrithasis AfMterbidal ethynyl selenides having
anticancer activityo JourJournal of Stero
(2023 106232IF 5.011

A 7

4. CznSli |l iteratur owa

W ci Ngu ostatnich wize#adi rztaeorbessea weonvaan o
zwi NzeRwwerzaj Ncych wzet wnpgtadinecrug eNiceNn akt y
bi ol o §lidk Sekeiljako pierwias e k waUny bi ol owgisgak ew
w postaci selene n z y oraab i a & e k y k gakieyeenzynu jest peroksydaza

gut ati onowa zawierag$ Ncanwcpgwiogienn stiektoad
3



ukgadu krwionoSnego pr ze®7.r eZaek t waipipérd u froa ma
wgaSci woSci terapewitNzkny zeet @@lyr omanper oj ekt o
i zsyntezowane <twd Nazikd - wswpjepsaidos ugriphveasie
selenoorganiczneMi mo Ue sel enosteroi dto wielé znicwystfipuj |
wykazuje wimefowiepe8oksydazy glutationowej, [
przeciwnovwotworowe i przeciwdrobnoustrojowgd]. Sel enost eroi dy otrzym
poprzez pr zywarcizae nd &wiueysenppdocstergidu  aZteomvz gl i du
na swoj N b udmonfe nzywipNozdkzii etlei I na dwie grupy.

W pierwszej, atom seilNnany estchbsztpodsSaikeN n
t wor zNc o d p-dubiarglaseldének §SicHematt #b). W drugiej grupie selen
jest wpowadzany poprzez ugrupowanie sglenomoznikowe czy benzoseleneazolowe
(Schematl.c,d).

b)

SeMe

HO

Schemat.Podzi ag selenosteroid-w ze wzglnd

Pocz Nt kowoidysneilee nbysdyr or akt owane jako now
o okreSlonych wgaSciwoSciach biologicznych.
pawonininyl, z wi Nz k u o wgaSciwoSciach odstraszaj
z k o Ec o wy c lprowadzaag jesiv grupa fenylosebeva w wyniku addyciji
el ektrofil owdjdo wgrupypkarbongojvej steroidul. Otrzymana
selenopochodn@ poddawana jest reakcji madtenke m wodor u. Po czym na

eliminacjaPhSeOHz utworzeniem olefiny9] (Schemat 2.)
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Schemage . Ko owy etap ot-Ad.zymywania p

Il nnym przykgadem z astakespoduktopiraz eg gicd anset
4 jest syntezd 5b-hydroksysteroid w b fi d N ¢ yymimmetabolitaki p & ws t aj Ncy m
W ostatnim trymestrze ci NOy | quadj zNkci e jn.a
dehydroepiandrosteroh DA a nast fpni leselebhytowymlotrzgmano f e ny
pochadnNzys k anpoddanw redkejiezkMCPBA w4 O AL nastApni e
zdi et yl oami mléﬁnﬁd(SchenyaB) 1p-Nk

1.LDA O 1. MCPBA; -40°C e}
THF -78°C 2. CCly,Et,NH
2. PhSeBr SePh temp. wrzenia §

HO 3

dehydroepiandrosteron

OH
HO

15pB,17a—dihydroksypregnelon

SchemaB. Syntezd 5b,17U-dihydroksypregnelonu

WydajmeN odN otrzymywan iest reakejd obveasat er oi d
pierScieni a Sterpidowysegollsgdvzeogsot.a§ ot warty w obec



[ obojntnego tl enkunlgWiwynkq te] reakcji tiggkano Br o ¢ k m:
hydroksyselenek6z wy daj noSci N[12]12% ( Schemat 4

W

PhSeH
o\“ A|203
/s, —_—

10min

Schemat 4Synteza selenosterai®.

Zmodyfi kowaaNr znyeiyowdaini a sel enosteroid-w
oksiran-w zaprebg o\ pemszp] mBtodaie epoksyd r e ago wa g
z diselenkienpoddanym wczeSniejszej [18].dW deug)igj i z boro
metodzie s el enol zostag uzyskany poprzez dzi aga
ul trad¥Twin&mms pos - b (@arshydréksyelekk - svz esrt eeg &tird owy c h
(Schemat 5)14].
O

/O/‘??z
seliee

-
-

~o
‘JJJ ©
(RSe),
Zn, HCI /@/i"'—
MeO ultradzwieki MeO

Schemat5 Ot rzymywani e selenosteroid-w w reak

epoksydowego

W 1990 Suginomegtalotrzymag sel enost eatomiselepu z awi er a
w szkielecie stroidu W pierwszym etapi&U-cholestar3-on utlenionop r z yciuu Uy
MCPBA uzys k 2ijl10Ndzyskaaekiaktony zredukowamozy pomocy DIBAL
ot r zy raktgleN11 i 12, k tpr ze k s zdo ajgdepochoalnychl3 i 14
z wykorzystaniem Hg@.. Nastnpnym etapem byga transf
zwi Nz k - wlijodogozhodnej 15 pr z y uUOyciu j odku tri met

W przedostatnim etapie uzyskangelenocyjanki16-17 poprzez dodanigednego



ekwiwalentu KSeCN rozpuszczego w acetonie do jodopochodngp. Ostatnim
etapem otrzymywanid-selenocb | est anukbygaziwelNpkzw uUyci u
NaBH, (Schemat 6)15].

HgO-l,
pirydyna, CgHg
hv

—_—
OHCO e MogSil I\i:b/
ccly
+
w | A
A A
14
[

NaBH,
THF, EtOH

DIBAL
CH,Cl,

CgH17

KSeCN NCSe
aceton

NCSe-_~= Se
H

18
16 17
Schemat 6Synteza 3elenocholestaru 50-cholester3-onu.

T

Anal ogi cznN Seastestihario dos ptreymariay selenosteroidu
zwbudowanym atomem sel e20wy ko reiyesrt3igiNenijua ki
5U-androstarl6-on 19. (Schemat Y.

Tn
Tn

19 20

Schemat 7Synteza 1&elenoandrostanu

Innymzotrzymanych sel enost er odgochedma23) e st S

otrzymana zdiosgeniny. W pierwszym etapie grupa hydroksylowa w poZy<3i jest

7



poddawana tosylowaniua nastnpni e szuW swnika tyah jraakcjiz Na N
otrzymano azydekteroidowy2lzodw - conN konf i gQ3rVdeynikt na wngl
nastnpnyszZqt agce €&k u z-gterdidaz®o katmi rmyo poddano re
z izocyjanianemfeny uzyskuj Nc o c 23 (Bchemat8)ll6].poc hodn N

1. Ac,0, BF3xEt,0

O 1l Py 2. Ac,0, DMAP
2. NaNj % 3. Hp, PA(OH),/C
HO diosgenina N3* 21 e
2

NCSe

Schemat 80trzymywanie selermocznikowej pochodné&3 z wykorzystaniem

diosgeniny.

Il nny mi selenosteroi dami bindNcymi mi met y k ami
steroidowe pochodne ebselenu. W pierwszym etapie dokonano transformacji grupy
hydroksylowej w pozycjiC-3 n a gr upn Raminmod oeyrhamo fragment
ebselenowy. W pierwszynetapie kwas -&aminobenzoesowy poddawany jest diazowaniu
z azotanem(ll) sodu i kwasem solnymOt r zymana s - | di azoni ow
z diselenkiem soduW wyniku tej reakcji uzyskiwanyjest dimer kwasu 2,0
di sel enobi sbenz dimerpoddaganyestr&k <t mprzi e hl or kiem tio
w efekcie chlorek 2(chloroseleno)benzoesowyW ostatnim etapie przeprowadzono
spr zhogbaunifer agment -w w So bdp wocsekivhnezpackodgdo wy m
26 (Schemat 9)16].



COOH
X
' ™ NH,

O 1. MsCl, Et;N
2. NaN3 1) NaNO,, HCI
W § 2) Na,Se,
Pd(OH),/C § 3) SOCl,, DMF
HoNY COOCI

x = 9 SeCI

HO
diosgenina

O 1. MsCl, Et;N EtsN
2. NaNj;
—_—
3. Hy, g
Pd(OH),/C
HO (OH) - % \
R H,N R
R Se 25R=58H X=H,H
smilagenina R =53 HX = H,H 26R=5aH X=0
hekogenina R =5a HX = O _/

Schemat 90trzymywanie steroidowych pochodnych ebselenu

Opisano r - wni ®¥nt ez n ycht epocbodnyah w ebselenu
z wykorzystaniemd ehydr oepi androsteronu. W pierw
hydroksyloaminyw S maovi s ku kwaSny m27ultraymanyamiaék o k s y m
poddano r e d u kogj@noboromvodarkl wadi & chlorku moliday(V)
uzyskuj Nc 28mi @esaenbdoimdet apgan ibgydgwz g wk Nz k
z sel en ap(BohdmatdPjiN.

0
NOH NH,
_NHZOH, HCI § NaBH;CN §
o § MoCls, NaHSO, ~ §
H
dehydroepiandrosteron 28
‘(R
_~..COOCI =
R o
SeCl N-Se
29
—_—
30
HO yield: 17%-46%

[R = H, 3-Cl, 4-Cl, 6-Cl, 3-F, 4-F, 5-F, 5-CHz, 4-OCH3, 5-OCHs, 4-N02]

SchematlO. Otrzymywanies el enesteroi d-w na bazie de



Il nnymi selenosteroidami o wjNaSgowhnhdadneach
pregnelonuW pierwszym etapie substrat podesy jest rakcji z semikarbazydem
d a jsBhokarbazon3?) . Uz ys kany pzrwieNkzsezéto adijonsetimagdo
selenodiazoll83) z wykorzystaniem tlenku selenu(lV) i kwasu octowedyzyskano

szereg pochodnyan w § a S ¢ ipwezi®rowoaworbwyctiSchemat 11[18].

hig
—N.
” NH,
NHQCONHNHszCI g
—_—
AcONa
RO 32
N

N/,/\Se /\H/H \/\H/E Clsc\n/a
SeOAcOH ¢ %
=ELD 0 Q00
33
Wydajnosc: 13 % - 56% N\ A
Qﬁf‘i Qﬁﬁi
O (6]

Schematll Synteza selenosteroid-w

CznSi l iteratur owa stanowi fragment
| JastrzebskaP A. Grzes K. NiemirowiczL a s k o ws k a , H Car¥r, ASel er
promising hybrid compounds with pleiotropic biological activity: synthesis and
bi ol ogi c dournabotSteeoicBioshémistry and Molecular Biolod313(2021) ,
bindM©pwejl i kacj N skgadaj NcN sin na dysertacijhn

5.0m:- wi eni e wyni k- w

W publikacji P2 pr zedst awi gem metodn otrzymywani
pomocN Pf#z&.eedger® Bantiegp) Odczynni k ten w przeci wie

nukl eofil owych reagent - w sel enoorganicznych
stabiindci N. mReb@rka j przepr owadzal ,reagearserulegak ach wod
gwagt ownekmgadowi w Kk Cmatakickyzig es izin td 2zeareank i m s pe

reaktywnro-Sérny mk z wpokéydama mio syl anami , U,-BDwi Nzkam

nienasyconymi oraz halogenkami &bkvymi i arylowymi (Schemat 12)19].
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SePh OH

OH SePh
14-100%
o SePh
(0} NO,
(0]
SePh
30% N
Ar-Br 0
50%
H20 H,0 ’
©/SeZnCI
Et-OTs
H,0
\_ SePh H,O C8H17YBr
90% CH;

SePh

60%

Schemat12 Reakt ywnoSi PhSet@m@d z r - Unymi

W swoich badaniach postanowi gem spr awc
zez wi Nz k ami st & @aiydno wyerhiu ot r zy metargidowychs z er e g
popr zez z MERBAcw BCM (Tabela L Opr - cz epoksyd-w z
r e a k t ynwyehopSchodnych steroidowyctPhS&nCl (Tabela 2.

Pierwsze eksperymentypr zepr owadnanemi egg@wni ni e i
5,6-epoksycholestau (34, 35) Zastosowano mieszanii z o médJib w stosunku 4:1
z wykorzystaniem PhSezZnCl w warunkaabpisanych dla otwarcia epoksydu
w zawiesinie wodnej orazw THF w temperaturze pokojowejZastosowane
warunki procesmi e przyni osqgy oczekiwanych rezul't
odczynnikain situ i prowadzeniereakcji w temperaturze wrzenia o pr owdod zi g o
otrzymania transhydroksyselenku36. Nieprzereagowany epoksy@5 odzyskagem
il oSci owo met od NSchemat bErPeatvdompdohnie gvoodem Nraku

11



reakt ymwinzooSmeedr u j est powstawanie niekorzystne
wy ni k aglé g ngm@ hydroksylowej przyC-5 zorientowanej w konfiguracii

synwzgl ndem grupyl9 met yl enowe|j

Zn, THF
PhSeCl — > PhSeznCI Em— @
t. wrzenia

Se
HO
4 N THF

. OH
t. wrzenia, 3h 36 (75%)

HO

o

. ) 34 (50.,60—epoksy

< mieszanina > |
4a:1pB

35, 5B,63—epoksyd

HO

35 (5B,6p—epoksyd)

HO
. /

Schemat 13. Reakcja otwierania epoksydu z odczynnikiem Santiego

Schemat 14 obrazuj e po ®scbjastvspawddewamey § Nc z ni €
obecnoSci N aksjalnej @1 praez cm atbkynukkaofilowy e | W po

jest moUliwy wydgNcznie od3Mmniej zatgdoczonej
© zatloczenie steryczne
Cl<_ .Se Q
Zn
") o
|
/O N~/ —_— HO
H N/
3 OH
37 38

OH

Se

OH C 40

Zn,
zatloczenie
steryczne

Schemat 14. Prawdopodobny meadbwyechizz m ot wi er

regentem Santiego
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Tabel a 1 przedstawi a uzyskaimReakcjepr od uk
prowadzi ge momacowanycllla &paksydi84. W ni ekt - rych pr:
czas reakcj i nawetdot6gagiznwy dgu Uony

substrat Czas(h) produkt

3

HO BN HO
SePh

Brak reakgcji

HO

®)

Tabela 1. Produkty eakcj i ot wi erania epoksyd:-w z

13



Opr - cz e pterdiddwychy w a k ¢ j i inpeopbah@deestaroidowe
posi adaj Nce w s wbUbjjreepasysoego ketonplaktaneorazidksyra d
(Tabela2).

substrat Czas(h) produkt
6
Brak reakcji
AcO NOH
6
Brak reakcji
0]
3
Brak reakgciji
AcO
3
Brak reakcji
HON

Tabela 2. ReaktsytveroSid-.iwmnmy PhSezZnCl

Bior Nc pod uwagnfn pr oozkvsiyNizadeleny nes tvajga Sci w
przeprowadzony eksperymerg pr awdz aj Ncy w § a Sotrdymaoe§a | reduk
selenosteroid86. W tym celu zostaga 'WNMPIr'Ssgstana s|
NMR. Eksperyment polegadg na36do ck&kmiiwadenpr wb
nadtlenku wodoru i obserwacje zmian na widff@eNMR. Po cagkowite]j kor
zwi Nzku zaobser woaasitoa miae wiarmji edi ast er oi zome
36A-B CD;sOD: 901 i 866 ppm. Nastnpnym etapem by
ilo S citiotreitblu (DTT) i redukcja otrzymanyclrs e |l enot | enk- 8 do subs
Ki n e tregkcjiibadano poprzeZH NMR. Proces o k apoaoiny, si n bar
poni eowalld pgodzi nach jadmiebz%rWbWwamloegde konwer :

14



por - wnaanritao S| bsélemuwyghbsa 15 eninut. [2D Powodem tak niskiej
konwersji jestprawdopodobnesiine z at g ec aweorki- § at(BcmamatS. el enu
H20; H,0

Se
HO

OH 36

o 36A-B _/

HO,, HO,
I e
S
HO HO SH
DTTox DTTred

Schemat 15Eksperymen s pr awd z a | Nedykcywejoazgmanegm S ¢ i

selenosteroid@6.

Przeprowadzone badani a bi ol ogiczne mi

przeci wbakteryjnych otrzymanych selenoster

zwi Nzk-w o tych wgasnoSciach stanowi duC
rosnNcej |liczbyhpzakadeEybywoykompadporne ba
powoduj Nce zapr zest an iPseudbmemas aeiginodsakierii of i | m

odpowi edzi al nej za zakaUenia u pacjent - -w
moUe whYnym el ement em mdzwa jdil]yrkowe| kIl asy :

Pomiar zmian w luminescencji Pseudomonas aeruginosg e st gat wyn
narzfidziem w ocenie Uywot22oRysunek Ipakiztje r i i [
Ue wszystkie pozéeeesni dyanmep Jyela¢ NNanavytias d &
akt ywwp®hzywaek 38Bzwwi plar - wnani u do pozostag:

zwi Nz k- w. Z a 0 bds B% wpadela chemilumimesaenpp 10 minutach

i nkubacj i przy najwyUsz&gn zaflakej hdmwfp B
por -wnywdb aktywnoScibisottagrkdoasr odwoawnyycchh awn t syt 0
odpowi adajkNoyoaembOOWzrostowi wartoSci mini
(MIC). Uzyskane wyni ki sugeruj N, Ue pogoU¢

15



imodyfikowa I akt ywnoSIi pDodatkawp, aktyak$ie rsyy mtNet yzowany
zwi Nzk-w por-wnano z aktywnoSci N kolistyny,
P. aeruginosa Co ci ekawe, zaobserwowano, Ue stos
odpowi adaj Ncej I1xMIC nie wpgyWaaerugiaosaf unkcj n
wywoganych przez szczepy opor ne dkratnie e ki . Na
winkszego od MIC zaburza funkcjn kom-rek w
A B

Zwigzek 36 Zwigzek 36’
14 1.4
—~ 1 ‘2 —~ 1 '2 —a— kontrola
2 = —e— 1 pg/mL
S; 1 s 1 —r— 5 pg/ml
* ——1
0,8 808 —e— 20 pg/mL
© Q
S < e 50 pg/mL
g 0,6 g 0,6 —a— 100 pg/mL
9
@ 04 £ 0,4
£ £
5 0.2 3 02
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Czas (min) Czas (min)
C1'4 Zwigzek 38 D1,4 Zwiazek 40 E 14 kolistyna
5.\ 1,2 S 1.2 S 1,2
< 1 * < 1 = < 1 *
% 0,8 ;-4- 038 § 038
g 06 2 06 3 06
] ] o
£ 04 £ 04 £ 04
3 02 3 o2 3 02
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Czas (min) Czas  (min) Czas (min)

Rysunek 1. ObniUenie ak Psewdonmssi met abol

aeruginosgpr zy uUyci uselenbsteziydnawm yw hpor - wnani u do Kk

W ramach innych eksperyment-w zastosow:
w celu okreSlenowamryoH n®&lcdorzapstirganiacisd - w
tworzenias i i b akt er y Prreegowanselenostérdidg uddoine do
hamowania tworzenia sin biofil mu i skut ec
W macierzy biofilmu w spos-b zaleUny od c:
w przypadkd zZwinNzkwewne bygJjo zastosowanie \
Og/ ml ) , aby 050 %W g hMimo we&kmigao t wor zeni a S |
W przypadku dojrzagego biofil mu, ut wor zon
przetestowanymi substancj ami (> 20 Oglr
OywotnoSci biofil mu3odplwijednd %,doa azwioND|

dl a z &3 W prkypadku kolistyny, jej stosowaniew 1-k5r ot ni e wi fkszyr
16



stfiUeniu minimalnego stnUenia hamuj Nce
ograniczenia metabol i ¢Rysurek 2) 38V Bwnw88¢C i
przetestowanych substancji mMbg zatem pom-c W opracowa

strategi | pr zeci wk Bseutlomonaszaeragingsa kit A r i ¢ fei
bezpoSrednio zwi Nzany z zakaUeni ami szp
medycznych, a takUe stanowi g ge-kwgnyNe h p r

zakaUe@® takich jak zapalenie pguc u pa
amfipatyorinN pnaetestowaaych cBt erodiod:ived
ceragenin, kt - -re posiadaj N szerokie sp
konieczne ani®23dal sze bad

A B C
— —_ 48 h —_ 72h W zwiazek 36
5 14 5 14 S5 14 iazek 36
; : ; W zwigze !
< 42 < 2 < 2
= © ] W zwigzek 38
£ 1 £ 1 5 1
2 £ = m zwiazek 40
S o8 2 08 2 08
= = g
g 06 2 06 _E 06
0 o a2
% 04 g 04 g 04
c
02 £ 02 2 02
IS © 0 0
10 20 50 100 10 20 50 100 10 20 50 100
[ug/mL] [ug/mL] [ug/mL]
Rysunek 2. Badani e akt ywnoSci otrzymanych

powstawanientiofilmu bakteriiPseudomonas aeruginopa 24, 48 i 72 godzinach.
W publikacji P3 opisamm s y nt ez n s e lweopacisl b system d - w

dwufazowy opracowany przez Saeti A orazmodyfi k atejjmBtody syntezy,

kt -pal ega na generowaniu nukl eofi | owyc
w uk g ad zrozpusaezaldikaorganiczny [24]V pierwszym etapie diselenek
poddaway jest reakcjiz akt ywowanym pcryznekjiSecmi oadvyj Necwi
kompl&k s o wy , Kkt -ry natyhwhmemssorewpmu@generu
selenol oraz chlorek cynku(l1Rf/sunek 3.

RSe-SeR RSeH ZnCl
zolty Et,O bezbarwny
H20 ZnCl,
RSe-Zn-SeR

Rysunek 3System dwufazowij24].
17



Met oda t a pozwal a na funkcjonalizacjn
z bardzo dobrymi wydajnoSci ami . System dwui

w reakcjach z halogenkanapoksydamoraz reakcji Michaela (Tabela 4].

Substrat Produkt Czas(h)|Wy daj (P®
CH3(CH2)5BF CH3(CH2)5SEPh 72 85
<O SePh OH 4 78
m‘* mePh
19:1
(0] OH 4 99
N
\/W \/\)\/SePh
0 o) 2 91
\)J\ PhSe/\)J\
X CO,Me PhSe/\/COZMe 2 79
o] (@) 2 88
ﬁ PhSe’ %

Tabela3.Rea k cj e wy br awsystemie dnufazowyfPd]lt - w

W swoich badani ach postanowi gem wykorzy
otrzymywani a weMynikn ceaktjidiclaelad Jadlv mat eri ag testo
zast os andrestpaiop o s i & d k JUl-sienasyconego ketonu orazelienek
difenylu jako reageni{Schemat 15 Pi er wsze pr -by nie przynios

rezul.tat - -w

EtDAc {

HZO/HCI{

Rysunek.3 Synteza selenosteoid-w w syster

18



thsez
Zn/HCI/EtOAc
_— brak oczekiwanego produktu
@)
Schematl6. Nieudana synteza selenosteroidu z androstedionem.
PrzyczynN braku reakcj.i androstedionu

prawdopodobniez awada przestrzenna wystfApuj Nca p
w szkielecie steroidowynW z wi Nz ku z p owiydJesm yamipeorsitia nou b
1,4-androstedies8,17-dion oraz octan prednizonuz e wzgl ndu n a ob
dodat kowego wi Nzani @-Ca@yumekjfnego w pozycji

OAc

O
1,4 androstedien-3,17-dion octan prednizonu

Rysunek4St ruktury zwi Nzk-w model owy

Br ak oczekiwanego produkt uprocedry musi g
w systemie dwufazowym(Rysunek %, k t -proal e g a §,aabyrnpa odbagwvianiu
roztworu przenieSIi rozkamulido bé&pol hyink z awiae

substrat w at mosferze g Zmian aobop ¢wo e cpwani@ a pow
ocz&kiwanego produktdl (Schemat 1)

RChH
RCh), 3 ﬂ underAr

rt,3h

Rysurek 5 Modyfikacjaprocedurysystem dwufazowego.
19



o)

Schemat 17

PrzeprowadzinifNe mr eiakecrj tily ¢ z
oczekiwany selenosterofaD.

r-Une
di sel enki
odczynni k
w warunkach
roztmi-as za

oczyszczano

Synteza

di selhamikil owdedmomnak npny

otrzymagem

skiol epnee 2 4

41
selenosteroidu w zmodyfi ko

oect anzeyrs kpy Bdni
Postanowi gem wi nc
byg
pogerlezw rzakagme ave/ymar gqan

otrzymal ser

wygNcznie d

Gringarda a nast [2p]nPo 24 gddeithehni e s el ¢
gaonwWawhoyntreesgo nasycony roztw-

godzi nSurowy prodokt c no Sc i

p o0 pw etaeol lulk chmmatdgraficanie. éSchiemat 39

1. Mg, THF

_Br > Com_ A
R 2. Se0 24 godziny R-Se—Se—R
3. NH,4Cl,powietrze,
24 godziny R= grupa alkilowa
lub arylowa
Schemat 19Syntezadis e |l en K- w [ 25
Halogenek Diselenek Wy daj (/4 9
o™ o0 | ”
42
Se—Se
43
52
cl Br mO%—%@m
44 A
55
44B

Tabela 4. Uzyskane diselenki

20



Uzyskane diselenki 42-44 Tabela 4)z ost agy

wy k o eymagngmat an e

nowych pochodnych %,4-androstediet8,17-dionem. Wyniki zebrano w Tabeli 5

Diselenek Produkt Wy daj (S
SHRY;
Se
R 70
1) 45
O
Se
39 - 48
46
O
o af
Se
40 51
47
o
Cl
T, uf
41 2e 81
o) 48
L 2
Se
42 R 64
49
(e}

Tabela 5. Otrzymane selenosteroidy na bazie 1,4 androst&diédionu.
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Analogiczne r eakcj e

modelowega octan prednizonu (Tabela 6).

przeprowadzi § esabstrgur zy

Diselenek Produkt Wy daj Boo
OAc
54
39 52
40 46
41 34
42 96

Tabela 6. Selenosteroidyrzymane na bazie octanu prednizonu

22
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Zmodyfi kowanN proceduwn ide Yatrgympvamiaw a §J e m
ti ost &%55 (Rygsunek 6). Wy ahdjcmabha generowanie tiolu z Iinut do
60 minut

OAc

Rysunek 6 Otrzymane tiseroidy w systemie dwufazowym

Przeprowadzone badani a bi ol ogiczne mi

antyproliferacyjny déha7us Wsepconmnsieal neen owsélzeer Soni i de-

zostagy pr zebadan eleLar ®bsdrwagjai mikrodkapowa wika ¥ a |

mniejszN |iczbi oraz gorszy stan khom-rek
selenosteroid- w. Po 48 pogdod awipfayovlke m e bapea
sel enoszaebseowowtm wz mni ej szonN | iczbi kom-rek

z kontagwsdzyNstankdh- r ek zaobser wowanao wn dlz bbb &mw
gdzie odnotowano naj mni ej s z N l i czbn kom-r ek pr z

hodowlanego. (Rysunek 7).
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Rysunek 7. Obserwacja mi kkootakéieozpowa Kkom:- i
selenosteroi dami 2Zw j-Kkeotio@dMMod owd a kom-rek ze
zwi Nz48,iCéhmdowl a kom-r ekD-hedopwl Hzkbemr ek ze

zwi Nz&k.Semzagkami zaznaczono odklejaj Nce sin

martwe | ub apoptyczne kom:-r ki

Zost aga dponazsecag- oqgwoawv a a n &loinz av &lkturackzpbo y
trzechdniach eksperymentu, gdy kultukao nt r ol na o s i Kapfluengia oko §o
Uzyskanewy ni ki  p oistomeseatystyezinigfy z al eUne od stnlUeni a
tempa wzrostu w hodowlach z dodatkiem badanycs el enost eroi d-w w zak
od50do2000M. Naj wi nkszN aktywnoSIi 47 gddieiptzy cyj nN w
st nUe OM(uwyke®C, Rysunek 8z aobser wowano jedynie 15,6
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stosunku do kulturk ont r ol nej

przyrost
pod

l i czby kKom:

zahamowanierozwoju kultury (wykres B,
antyprolwylaaycwa MiigawizNee pr zy OM jedyiiee38% u
k o (mykreséd kRyswnelp8y. r -

stwierdzono

Rysunek

selenosteroid:-

rek

39 %

na

a Qvitpraideecajika wi @0 ei
| i Mnzibeyj skzoym-w pegky w

t empo

z2h@& mo

Wzr ost

wp g wiv &l46kprey 50 OV odnotowano39,8%, a przy 1000M 14,8%

w poar prayn280nOMu niz enkaolnt cafj Ko

Rysunek

l i czby

.—r>

- - &9
L S R P

selenosteroid 438

komorki x 10%ml

© 4

50 100 150 200
uMm

selenosteroid 46

50 100 150 200
M

selenosteroid 47

50 100 150 200
M

8 .

Zmi ana | iczby

W po

8) .

Naj sgab
200

wnani

hodowl anych |

3 dni ach

dzi ¢

N a

podstawi e

stinUeni a
(Rysunek
OM d9. a

9) .

War

danych

s eloe nwgigyorg rparantetn G d | a

toSci t
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180
160
140
- 120
=
e
2 80
o -
60
40 .
3 =
0
48 46 a7
selenosteroid

Rysunek 9. Por -sybadanych selevostr d ccf meédiara |
Gwi azdkN oznaczono r-Unichn is#@tnN statysH

W celu zbadania mechanizmu dziagania bad.
profi.l przeUywal noSci kom-rek oraz apopt oz
Wykonana analiza cytometryczna potwierdzi ga
selenosteroidi wdukajjisi pnoegsuNapoptozy odno:
pochodneft7 (Rysunek 1

control 50 uM 100 pM 200 uM
4, APOPTOSIS PROFILE . APOPTOSIS PROFILE 4, APOPTOSIS PROFILE 4 APOPTOSIS PROFILE
Dead Late Apop./Dead “IDead Late Apop./Dead Dead Lale Apop./Dead Dead Lafe Apop./Dead
. 34 35 o 3
g o E oA E i’ E
3 2 5 2 s .;?‘ 3 2 g 24
s g ——— s
14 ; 14 1
Early Apop. olve ' Early Apop. oLve Early Apop. otive = = annonop.
0 1 2 3 4 0 1 2 3 4 0o 1 2 3 4 0 1 2 3 4
Live ANNEXIN V  Apoptotic Live ANNEXINV  Apoptotic Live ANNEXIN V  Apoptotic Live ANNEXINV  Agoptone
0.5% 1.2%* 3.6% *

_—43%%

7.8% *—\ 1.3%*

20%— | —2.0% 8.0% X

|- —se%* 22%*~ |

.

] livecells | | dead cells | late apoptotic/dead cells [l early apoptotic cells

Rysunek 10. Por-wnanie profili apoptyczn:
HelLa oraz w r-Unych 48t HUen iomgam mye Ipe recesdtsd raonii
cyt ome preyigcazdnoNvy DPihha gr amy ko gmrwec e@mtzew)s traovd kag &N
poszczeg-Ilnych rodzaj -w kom-rek, zestawion

Gwi azdkami zaznaczono wartoSci i stotnie r
26



W |literaturze jest ma$oci woSor mapcpiapdpt
sel enostTearkdied -wjaSci woSci wykazywaga poch
ugrupowanie Nenyloselenomocznikowe w pozycfC3 [26]. W tych badaniach
stwierdzono okodo 60% kom-28k.0miekawey c z ny c
autozy nie wykazali takich samych wgdgaSci woS
pochodnej diosgeningel enosteroidy o takich samych w
w swych pracaclHuang Y.et al [27,28,29. W naszych badaniach selenosterdili
w st ns0@Mpioowodowad apoptozin okogo 70% kom-r

Hodowle in vitro kom: r e la Helt est owany mi zwi Nz Kk
por -wnanie wzgl fidnnedjukek Nryeshjgia pgepit .o wi Nz a
z syntezN Spho$resd et eb tt o wmdukgcra k szpwi eNszjki- wg e r
zwi Nzanych ze syntezN c ho lAg) gdoleseneolvano dlaH MG C R
zwi NA&i-48wodr - Unizewi iNGZ.kaublat omi ast ekspresj a
i stotnie zmniejszonazwi Nz ipadozas gdpozastpo Uy wce
zwi Nz ki ni e ekspresiptegoniggny  1©® e ¢ n o S #8 wz wpi oNCzykwic e
zwi hkszygdga ekspregepuBl prwagomt okpchndélgdh a w
do kom-droewkk ahgch w o0b e d6niod3 cgdzie pavion zego- w

transkryptusniogd ndami evnipdprsiwmaini u z kontr ol

APAF1, lptr ordaik d st an o wiapoptasdma t[39 wtwiesdkogoa d n i k

zmnigjszenie k spresji pod wpdspoweam zweinMzkicw i do ¢

jego ekspresji 47. przypadku zwi Nzku
Uzyskane wyni ki suger ud Ni a Jbaddimeh me c t

selenosteroiddi 48., k Z ws Batkii e | hathei] &, wdziosd a
w podobny spos-b, 4ambdzasmigedy dowiaNZkekve
dziagani a.

Wzr ost eksHMGER,]SQLE igCa¥P51AMw pr - bkach zawier

zwi N6k #8, wpgywa na tempo szl aku mewal onowe

cholesterouOdpowi ed¥ kom-rek polegaj Nca na indu
prowadzil do wzrostu stinUenioai th&loenst &i olp
j e] des tObsielriwnavajny. wzr ost ekspresj.i tych

hi potezn, Ugkosamymetabolity thelesteropdryowadz N do dest a
bgony kom-r kowej . Kl ucz owa anapodzassozwoja k u me

nowotworu.31,32] . Aktywacja gen-w odpocaholesgedolii al ny
27



j est cechN charakterystyczna wi el u rodzaj

nowot wor owe przed dziaganiem | ek-w i ukga
stabil i zoane-jrik doweojn.y Kk
Destabilizacja bgony Kom-r kowe | spowodow

ni eprawi djowecalkht pwgwale wn Nt apapoayo bugeduiee go s z | @
zmienionse Kk spresj a genuvestBkDywBiwagkopBEBest kapsazhn

prot eiareiNcj at or owN zewn Nt r zpo.c Doserwowane szl ak
zmniejse ni e ekspresji g enu jegt RlIAckFolvym ckybnikienre go pr od
apoptosomu, nbUebrboynin Nr ekaoknt-jr ek nowot wor owyc

ograniczenie aktywacji Kaspar wawN t r z pegacshlakulapoptoZ@3].

Bi or Nc pod wuwagn powyUej przedstawiony
dzi aganie cytostatyczne badanych znmi Nzk-w w
kom-rkowN i indukcji zewnNtrzpochodnego szl a

Zwi N47evk przeprowadzonym eksperymencie nie
ekspresjn gen-w zwi Nzanych ze szl akiem mawal

APAF1 i BID.Bi or Nc pmgbnawsaghni ejsze dziaganie cyi

wyci NgnNi wni oneagc#BisuUamakaktrylwviacj i mechani zm- v
w przypadku mniej aktywnych pochodnydi6i 48. Nal eUy zauwaUOyl, UOe
genu PDHB jesbgraniczonap od wpgywem47.poBihaghej kodowane |
PDHB stanowi k | kompleksudghydredertpay chimpir lo ni anowej |, Kt -
katalizuj e ok syda pippgramidlu  do edetgleCo, kg y Irayc j jile s t

kl uczowym metabolitem wielu proces-w katabo
anabolicznych jak synteza kwas: - v [3dguszczow)
Zahanowani e t e reakcji prowadzi do obni Ueni e

l i pid-w co dal e]j przyczynia sin do dezorgani
proces - w mo Ue byl gg-wnym powodem naj m
antyprolifer @mRypunektlh zwi Nzku
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HMGCR SQLE
300 - 300 >
© G 250 ; =T 250
g% 200 i g%
Q‘-‘
_2§ * %_é 200
23 %g 150
%E 100 S5 100 -
22 22
50 50
0 4 0 -
probka 48 46 47 prodka . 46 47
kontroina selenosterold kontroina s010N0810r010
CYP51A1 PDHB
= 300 -
300 -
« ) = P = 250 A
ey '+ .
§§ o %é 150 -
150
g:‘,m ] 25 i
22 2 *
50 50 1
0 Hoa 0 e
48 46 47
kontroina  *° e:t)lot{gglc:roucsa7 kontroina selenosterold
APAF1 BID
300 - 300 -
o 5 250 - o T 250 1
5< 5s .
5= 200 - 5 £ 200 |
28 28
w% 150 - g% 150 |
%Ewo : g.,’f 100 {1
é 50 i‘o, 50 -
0 4 0 -
probka 4 46 47 procka 48 46 47
kontroina selenosterold kontroina selenosterold
Rysunek 11. Por-wnanie wzglndnej ekspr
ekspozyciji kultur HeLa na badane selenosteroidy.
Podsumowuj Nc wyniki wstfipnych bada@ bi
danych moUna stwierdzilszickeddlalpmise a daejl Ne |
wgaSci woSci cytostatyczne w por-wnaniu do
takimi jak abirateron[35,36 czy doksorubicyna[37,39 . Wy ni ki te zact

dal szych badacE.
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Opi sane powyUejgiczmad asit an olwii pplikadjir a g me n

I. Jastrzebska, N. Wawrusiewigzu r y | one k , P. A. GrzeS, E. Gr
ASteroidal selenides as proapoptotic factors: a preliminary siugyr zes §gan e j do
recenziji.

W publikacji P4 pr zedst awi gem me tsoedinenos rey my dvaw
wwyni kKu sprzngani a-wesmienal dypeolycal i el ektrof i
selenowymi z zastosowaniemk at al i zat or - w miedzi (1). W
zoptymalizowano

Substratem modelowynb y § koctanl 2-@&tynylo-25R-5 $pirostar3 b, -1 2 U
diol 60 otrzymany w wyniku reakcji octanu hekogeniny9 z odpowiednim

odzynnikiem Gringarda (Schemat)20

——MgClI

THF 0°C

AcO AcO

Schemat 20. Otrzymywanie substratu modelowego

W celu uzyskani a n aprzepyoWaslzamy¢ch reakejid aj no Sci
przebadadgeamp uwspzgcyzva |l mo k -iw, k atteam fPerwaae destyyw
mi agy na odmWwiedniego/rbzpuszczalnika oraz temperatury reakcji. Wyniki

zestawi gerfm w Tabel.

St—:m St——=——SePh + St—————5St

DIPEA 61 62

60 _
rozpuszczalnik
temperatura . o

PN

St= AcO OH

Schemakl S p r =mtérgidowegoealking PhSeCl
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Rozpusczalnik| Temperatura| Wy d aj 629 Wy d a | 630
% %

DCM RT - -

DCM R - -

THF RT - -
Toluen RT - -
Toluen R - -

DMF RT - -

THF R 16% 25%
DMF 100ACQ 83% -

Tabela7. Wpgyw rozpuszczalnika i temperat

Analizuj Nc wyni ki 2z apowayllsz erje atkacj el inine

gdy uUOywany j est rozpuszczalni kczyntoepol at
w tenperatur ze pokoj owe|j czy podczas podgr
prowadzi do tworzenia pro#ut u s pr zngania Gl aser a. Naj |
reakcja z DMF w temperaturze 14D. Warto ,inddmiae nini i reakoc
kompatybilne z wraUOliwym wukgadem spiro:

powstawania dodat kowych produkt: -w ubocznyc
W drugim et api e optymali zacji war unk- - w re
katalizatory miedziowe. Wyniki zestawionow Tab&li Naj | epsze rezult a

st osuyx.Nc Cu

katalizator Wy daj oS
Cuwl, 83
CuO 0
CusQ 0
CuOAc 0
CuCl 27
FeCb 0
Cul 16
Tabela8. Wpgyw katalizatora miedzi owego
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Po dokonaniu 0 pt y pnacésy mpaacowana metodologiak - w
zosaJa zastosowanm wllsat err@0j6éBy6eihg7c(@tizymianych

przeze mnie w ramach projekugysku j Nc¢ oczeki wa@abelade | enoster oi ¢

Substrat Produkt Wydaj %o

83%

AcO
64 64%

AcO AcO

/ / OH
Se
PH

96%

AcO

=
63%
67 69
MeO MeO

Tabela9. Otrzymaneselnost er oi dy w wyni ku sprzngani i

steroidowymi.
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Otrzymane pochodnpr zebadano wdadSkENwe®ci madi ol og
Uni wersytecie Medycznym wmBkaljygisit oRaSwi a
Celem tych bada$x ibwojSac i o cpernzae cnakiy piersiv dNa wo r o w
podstawie danych WHO z 2020 r ak nmiliomar si Zo
kobiet i zanotowano ponad 6800 0 zgon - w Z39t4@.go powodu

Otrzymane selenosteroidy zostagy poddar
ich wgaSci woSci pr zeci wnzoewortowardozwyncyhc.h Ptiees
ocenahemolizy czyli zdoIn& c i do niszczenia zdrowych ko
potencjalnych lek w | e st odrzucanych z powodu pote
kom-r ek goSs paderpzao.wadZ ony m eksperymenci e
czerwonych ludzkichkrwinek jako modelubadawczego,umo Ul i wi aj Ncyc h
potencjalnych zniszcze® w organizmie | udz
(Rysunek 120t r zy ma n 61, 65 66i Bckiar akt er yakjt MwaboBcnN
hemolitycznN1®O zYgesdtaowcaene zwi Nzki wykaz:
mindzy 1% a 2, 5%, co |jest poni Ue|j mi ndzyn
kt -ry jesty mrlapphal@v-am Na podstawi e uzyska
pot wi er dzwszystkie zsydtetyzowane selenki steroidowena j N dobr N
hemokompatybi IwioeSdniie bdiod Ns toodspoowani a w poda

Jednym z niepoUNdanych skutk-w prowadz
wpgyw na funkcjonowanie serca. Ustal ono,
zwi Nzana | est z sercem, lintracyllsitnasmaw
hor monal nN or az i nhi bitor ami ki nazy tyr c
doprowadzi do niewydol noSci43.sWwaelnaceny ub po
kardi otoksycznoSci otrzymane zwi NzokwiN z os't

H9 C2, bAdNcych model enki pzedstawipoe na wygresi@ b a d a E.

(Rysunek 12) wskazuj N, Ue wszystkie bada
zmi any l i czby kom-r ek w hodowl i . Nat omi
metabolicznejbadangji ni i kom-r kowwj \6Awk ktaidmimi y Ue
powoduj e statystycznie zahamowanie prolif
12).

W celu okreSlenia wgaSciwoSci hamuj Ncy

poddane dzi a®h6es6e6ieawi Nalkmensi el 180t0#4MleTE od O
przez 24 godziny a nastnpnie przeprowadz

[ zdol noSci do proliferacji. Wykres D (Ry:
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testowanychv pwir Nawkawiiu. dWz yksoknatnreo | wy ni ki p ok
zwi N65 B6ii 69w st nU@gniiulhamowagy UywotnoSi kom-re
Zwi nkszenie stnUenia dla wszystkich zwi Nzk-
wszystkich badanych sel enossyazony - -mi.a§Nyajzswil M
66i 69.

W dalszych badaniach postainNmkionosabkbpr aa.l
r - wn o wtkerganiai redukcjiw b adanych hodowl ach. Zostagy
zwi Nzane ze stresem oksydacyjnym ww,tym ROS.
przeprowadzono poiary oparte na luminometrii [44Na wykresie F (Rysunek 12)
tylko selenosteroidé9 s powodowad znaczny wzrost stiiUeni
rodni k-w przQimstld pPedbukardolt@nOly pr zyrost w por -
pr-by kontrol nej

Aby l epi ej poznal mechani zm odpowi edzi
przeprowadziliSmy test aktywnoSci kaspazy 3
apoptozy. Na wykresie G (Rysunek 12) mo Ue my
linii MCF-7 maksymalna kt ywno Sbbkaswawgna j68.stModlnaa zwi N

przyj NI, Ue mechanizm Smierci kom-rki jest
zaleUna od il oSci generowanego ROS.
Aby | epi e]j okreSlI il potencjag selenoster

war tisQllabadanychzv Nz k- w oraz doksorubicyhy (DOX).
w Tabelil0.

Pochodna IC 50 [OM]
MCF-7 H9c2
61 >100 >100
64 >100 >100
66 54 N 18 >100
69 77 N 17 >100
DOX 49 N 2, 3¢ 5,5 N 1, ¢

Tabelald. War tsgb&adianly@h zwi Nzk - w.
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100
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| 9]
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e w3
2 2
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& 4 £
@ n g 4
2 P — %
0 ]
100 pg/mL 100 pg/mL
Rysunek 12.

6. Podsumowanie i wnioski

Niniejsza rozprawa doktor ska prezentu
wgaSci woSci ami bi ol ogicznymi otrzymanych ¢
PowyUsze zwi Navkidgjwg r pymaredaur opi sanyc
Wymagady one jedmwalk!l modyhiak aspjeicyfeécznN si
ukgadaz obecnoSi reaktywnych grup funkcyjr
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Procedura otrzymanire gealt @ mo sStaenrtaiedg-ow wy ma
mody f i k ac jnietody ppishngj o étenaturze Reak cj e mudzdn@a gy byl |
w temperaturze wrzém rozpuszczalnikaa odczynnikb y § otr zigsipwany
Pomimo zastosowanyclw a r u nprowadzonych syntez P h Se Zn C| znal azg |
zag osowani e w ot wi eraniu epoksysteroid:-w,
steroidowych.

Uzyskane 36z3wG 88z kOipr zebadano pwddaSkNtweorsci ch
antybakteryjn$clwykazwwBdgfieksi |l ne wjgaSci woSci
powstawaniu biofilmu antybiotykoopornej bakteftseudomonas aeruginosaraz
hamuj Ncych metabolizm tej bakteri:i

Met odol ogi a uzys k4bniSaz wkerzystanieresysesmuo i d - w
dwuf azowego, rmodyelUkwgmagwggl ndethdagggi nal n
sifA otrzymal serin nowych selenosteroid-w :
okazaga si A erkite spocidiiyéhn oSW g arsizcza opartych r
predni zonu. Zwi Nz ki te ulegagy rozkgadowi p
warunki atmosferyczne.

Selenosteroidy 4648 zost agy przebadane o%oid kNt e
cytostatycznychPr zebadanycwpgwwNzk -w na zachowani e
HelLa. Wszystkie zwiNzki wykazagdgy wgaSci woSc
destabilizacj. bgony kom-rkowej . Badani a e
bi osyntezin chol est gr oplout wjireekcadi afag Xmy dab raggrame ja
zwi NzkNajsilniejsze dzidapjoanniieewawly kdaozdyaw akjo wzow i oN
ekspresjn ,gkeonduuj RO&lGo bi agko odpowi edzi al ne
pirogronianu do AcetylCoA, k't - ry | est kl uczowym wnet abol it
katabolicznych i anabolicznych.

Otrzymanoselenosteroidyl, 64,661 69w opar ci u o0 sprzngani e
al ki n -oidowysht z PhSeCl katalizowang o | a mi miedzi (1). Zost a
optymalizaciawar unk - wpopakefi wyb- - r roppdsgzczamikee dni e go
katalizatora oraz temperatury.

Selenosteroidy6l, 64, 66i 69z o0st agy kompl eksowo przebad
wgaSci woSci pr Zecsitvamjoyw gptrwoerpyrcolrwadz one badani :
hemol i zy. Uzyskana wa&5% ofivierdraa i gdzi dmbe N 1
hemokompatWykondnmro-Sini eU b adchrkiaa dioceoaklksycznoS

poniewalU jednym ze skutk-w wubocznych terap
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ni ewydol noSi serca. Uzyskane dane pot wier
H9C2. Dodatkavo ocenionoc y t o t o k szyskanyctos8lénopochodnych Z wi Nz Kk i
6566i69w st nU@mLihamowagy UywotnoSi kom:-rek
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ARTICLE INFO ABSTRACT

Keywords: It is established that steroid based agents are an example of compounds obtained from natural patterns and are of
SCIC“.“““ greal importance due to their application in the prevention and treatment of diseases. Selenosteroids are hybrids
Steroids formed by attaching Se-moiety to a steroid muleulle In these types of hybrids, selenium can be present as
Selenosteroids 1 PO 1 1

< selenide or as a part of arbaz cyanates, st ea, elc. Attaching a Se-moiety to a
Synthesis

biologically active steroid might enhance the biological properties of both fragments. Available literature in-
dicates that these kinds of hybrids demonstrate significant anticancer activity, which renders them interesting in
is and demonstrate that seleno-steroid

Biological activity

terms of medical use. In this review, we present varions methods of synthes

compounds are promising molecules for further pharmacentical application.

1. Introduction

The last few decades have witnessed a surge of interest in the syn-
thesis of organoselenium-based compounds due to their pleiotropic
properties and association with their promising biological activity
[1-4]. Sel a crucial bioel t, is found in mammalian organ-
isms in the form of sel ymes and proteins, which play a key
role as a redox modulator in protecting the cell against oxidative damage
[5-7]. Based on the published literature, there are more than 50 iden-
tified selenoprotein families, despite, their role not being fully
researched. For example, deiodinases are involved in the regulation of
thyroid hormone activity through reductive deiodination. On the other
hand, it is presumed that selenoprotein N plays a putative role during
muscle development [8]. Numerous studies have concentrated on the
new selena-compounds to indicate their therapeutic and protective po-
tential. For this purpose, different types of selena-compounds based on
steroid moiety have been designed and synthesized in recent years.
While selenosteroids are not compounds found in nature, many of them
display interesting biological properties and have been identified as
glutathione peroxidase mimics, antioxidants, antineoplastic, antimi-
crobial, etc. [9]. Additionally, it should be emphasized that they are

Abbreviations: ADD, 1,4-androstadi

involved in other biological processes which might exert an impact on
their pharmaceutical applications. In effect, evaluation of their mimetic,
such as selenosteroids might provide additional information about their
function. Moreover, it could also lead to the development of new targets
for the treatment of different diseases, including cancerand those that
possess metabolic etiology. However, in most cases, a lack of complex
biological studies is observed, and in effect, their characteristics are not
fully known while their potential remains hidden. Selenosteroids (SeSt)
are compounds formed by attaching a selenium-moiety to a steroid
system (Fig. 1). According to their structure, selenosteroids can be
divided into two groups: In the first group, selenium is directly con-
nected to the steroid molecule to form alkyl or aryl selenide (Fig. 1a-b).
In the second group, seleruum is introduced to compounds in the form of
lones, etc. (Fig. 1c-d).

The review is divided into two parts. In the first part, the methods of
selenosteroids synthesis are presented, while in the second one their
biological activity is discussed. In this review, we would like to present
synthesis methods in which a Se-moiety is attached directly to a steroid
molecule and in which selenium is present in a group connected with the
steroid molecule. The data will not be specified chronologically, but
rather non-linearly in order to reveal a narrative related to the

| rea, benzi

3,17-dione; AIBN, azobisisobutyronit; BHT, butylated hydroxytoluene; BSA, benzeneneseleninic anhydride; DPPH, 2,2-

diphenyl-1-picrylhydrazyl; GPx, glutathione peroxidase; MCPBA, m-chloroperoxybenzoic acid; ROS, reactive oxygen species; SeSt, selenosteroid; TBTMG, t-butyl-N",

N',N",N"-tetramethylguanidine; TIIF, tetrahydrofuranc; TIIP, tetrahydropyran.
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procurement and usage of selenosteroids.
2. Selenosteroids synthesis

2.1. Synthesi. hods in which a S ety is
steroid molecule

hed directly to a

The free-radical addition of selenosulfonate (p-tolyl-802SePh) to
readily available acetylenic steroidal starting material 1 caused the
production of selenosteroid 2 as 1,2-adduct with high regio- and ster-
eoselectivity. Selenosulfonation gave 1,2-adduct with 80 % yield. The
obtained Se-compound 2 was a crucial intermediate for the synthesis of
marine sterols (24,28-dehydroaplysterol and xestosterol) containing a 24-
methylene moiety. The synthesis pattern is presented in Scheme 1a [10].
The attainment of SeSt 2 occurred through the reaction with radicals
formed via PhSeSO2Ar decomposition (Scheme 1b) [11].

Synthesis of biologically active steroid substitutes via selenosteroid 4
was described [12]. The literature revealed that the elimination of
selenoxide resulted in olefin production [13]. This methodology, known
as the selenenylation-elimination procedure, was used in the synthesis of
15p-hydroxysteroids, which are steroids of the human perinatal period.
An example of the application of selenoxide elimination in the synthesis
of 15p,17a-dihydroxypregnenolone (6) is presented in Scheme 2.

Pavoninin-1 is a shark repellent substance. One of the final steps in
the preparation of pavoninin-1 was the reaction to obtain the
o,f-unsaturated ketone steroidal aglycone. For this purpose, seleneny-
lation of steroidal ketone 7, oxidation of the resulting selenide 8, fol-
lowed by elimination were used [14]. The reaction sequence is shown in
Scheme 3.

The biological activity of some D-ring-secoestrogens led to the pro-
duction of different secosteroids related to dehydroepiandrosterone
(DHEA). To obtain D-ring-secosteroids, oxidation of the steroidal sele-
nide 10 to the selenoxide 11 followed by the seleno-Pummerer reaction
were applied (Scheme 4). The 16-acetoxyselenide diastereomers 12
‘were converted into secosteroid 14 [15].

The detection and evaluation of steroid residues in biological mate-
rials are essential for pharmacological examinations. For this purpose,
the synthesis of '3C-labeled steroids was performed. The key step of
13¢3-androstanes synthesis includes a hetero-Michael reaction that is
composed of 1,4-androstadiene-3,17-dione (ADD). One of the Michael
adducts was selenosteroid 15, which had undergone an ozonolysis re-
action (Scheme 5). The result 16 was then transformed into
[2,3,4-1°C3]-ADD [16].

Estrogens were treated with benzeneselenyl halides (PhSeCl and

\ )
steroid part
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PhSeBr) and as a result of the estradiol (17a) and estrone (17b) reaction
with benzeneselnyl chloride 2-phenylselenyl steroidal derivatives 18a
and 18b were obtained (Scheme 6). In addition, 4-phenylselenylestro-
gens were observed (10 % yield for 4-phenylselenylestradiol and 12 %
for 4-phenylselenylestradione). A corresponding process of PhSeBr with
estradiol gave a product of steroid halogenation (2- and 4-bromo com-
pounds). There was no observable reaction of estrogens with phenyl-
selenyl iodide [17]. 2-Phenylselenylestrogens were then converted into
the corresponding 2-halogenated estrogens.

Steroidal phenylvinylselenides 19-20 were products of ketonic
hydrazones reaction with PhSeBr in the presence of t-butyl-N’,N',N”",N"-
tetramethylguanidine (TBTMG) [18]. The yields obtained in this pro-
tocol were high, 87 % for 15a and 83 % for 15b. The reaction occurred
via the diazonium ion (i), followed by N, abstraction. The formed phe-
nylselenium cation (ii) was then attacked by a bromine anion followed
by an elimination process. The presumed mechanism of the process is
presented in Scheme 7.

Another example of a phenylselenyl group introduced into the ste-
roid molecule was achieved through reaction with PhSeCl [19]. Tri-
substitued olefins (steroidal 5,6-alkenes) were treated with
phenylselenyl chloride in methanol. As a result of cholesterol reaction
with selenylchloride, steroidal selenide 21 was achieved with 62 % yield
(Scheme 8a). Extending the reaction time caused a regio- and stereo-
selective deselenylation process. The probable mechanism of deseleny-
lation is presented in Scheme 8b. Presumably, the involvement of the
neighbouring MeO- group in the displacement of selenonium chloride to
generate the oxonium ion occurred. Subsequently, the nucleophile
reacted with both bridged carbons (at C5 and C6 in the steroid
molecule).

A one-pot procedure to generate F3CSeCl was described [20]. The
reagent for selenylation F3CSeCl was readily prepared from BnSeCF3 and
SO,Cl,. One of the obtained products of direct tri-
fluoromethylselenelation was 2-trifluoromethylselenacholestan-3-one
(22), presented in Scheme 9. The reaction of cholestan-3-one with
F3CSeCl was highly regio- and stereoselective. Fluoroselenylation
occurred in a less hindered C-2u position which is in anti-position to the
19 methyl group [21].

According to research, regio- and stereoselectivity of electrophilic
addition to precisely defined cyclohexene systems present in steroidal
molecules can be controlled by neighbouring groups [22]. For this study,
selenosteroids 24-25, presented in Scheme 10, were obtained. Steroidal
Se-derivative 24-25 were achieved by phenylselenylation with PhSeCl
in the presence of thallium(I) trifluoroacetate. Observed yields of sele-
nylation were excellent (more than 95 %).

(0]
SeMe 0
"\‘\‘
b d
HO Se

is bonded directly to the steroid molecule (a and b), selenium is present in a group (in blue) bonded to the steroid (¢

45



1L Jastrzebska et al.

a)

Journal of Steroid Biochemistry and Molecular Biology 213 (2021) 105975

Ari%SePh SePh  RCu(SePh)Li
B e
benzen 2 THE 0°C
reflux Ar = p-tolyl
OMe
ArO,S, %
NaH
Na,HPO, % *R
EE— . >
THF/MeOH

hy

b)  PhSeSO,Ph —~— PhSe + PhSO,

R= S\l/
24,28-dehydroaplysterol (67%)

§
\(\xestostero/ (97%)

Scheme 1. Synthesis of marine sterols via selenosteroid 2.
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Scheme 2. Synthesis of 150-hydroxysteroid via selenosteroid 4.
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C O C
HO, 7 PhSe HO
OH
OH OI-PH
1 3. The sel yl limination protocol used in the synthesis of pavoninin-1.

The spiroketal moiety of spirostane sapogenins is sensitive to protic
and Lewis acids [23]. As a result of the reaction of steroidal spirostanes
with benzeneselenic anhydride (BSA) in the presence of BF;-Et,0, a C-23
phenylselenide derivative 26 was formed [24]. The reaction of tigogenin
acetate with BSA/BF3-Et20 afforded 23-phenylselenide 26a with 30 %
yield. An analogous reaction of sarsasapogenin acetate created a similar
product 26b. The reaction mechanism was proposed by the authors. The
reactions of spirostane sapogenins with BSA proceeded via enol ether
intermediate (i). Scheme 11 shows the synthesis of SeSt 26.

Spirostanol glycoside dioscin is a secondary metabolite that

represents a broad spectrum of antitumor, antifungal, and anti-
inflammatory activity [25]. To check the cytotoxic activity of selena-
dioscin, the selena analog of dioscin was obtained. Synthesis of seleno-
dioscin was started from pseudodiosgenin 27 readily available from
commercial diosgenin. The key step was steroidal diselenide 28 prepa-
ration followed by cyclization to 26-selenodiosgenin 30 (Scheme 12)
[26].
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Scheme 5. Synthesis of [2,3,4-"*C3]-ADD via selenosteroid 15.
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Scheme 6. Synthesis of 2-phenyl estrogens 18a and 18b.

2.1.1. Methods synthesis of sel oids as potential
hormone receptors

Selenoestrogens were obtained for studies of noninvasive discrimi-
nation between hormone-dependent and hormone-independent mam-
mary tumours [27]. 75Selenium-labeled compounds were selected based
on satisfactory scanning qualities, the long half-life, ease of chemical
procedures, and significant biological stability. To obtain 7a-(phenyl-
seleno)estra-trienol 32, the electrophilic addition of arylselen bromide
and acetate was applied to olefin 31 [28]. The reaction of A%-estardiol
diacetate is depicted in Scheme 13.

agents for

Other potential estrogen-receptor scanning agents were prepared
using a different approach (Scheme 14) [29]. Se-labeled steroidal es-
trogen 36a was obtained from 16,17-olefin 34, via epoxidation with
m-chloroperoxybenzoic acid (MCPBA) followed by selenenylation with
dimethylaluminium methylselenolate [30]. (Phenylseleno)estrone 37
was a product of a lithium enolate 35 reaction with PhSeCl.

Synthesis and binding affinity studies of Se-substituted estrogens
were described [31]. The crucial step of 20-lithio derivative 39 gener-
ation and subsequent introduction of selenium moiety was achieved by
using dimethyl diselenide or diphenylselenide. The methylseleno ana-
logues had a higher affinity for estrogen receptors than the corre-
sponding phenylseleno analogues. The SeSt 40 synthesis is presented in
Scheme 15.

Selenosteroids obtained by the methodology shown in Schemes 14
and 15 were tested for estrogenic and antiestrogenic activity [32]. It was
proven that Se-analog of ethynylestradiol 40 and its SePh-derivative
showed the highest levels of estrogenic activity.

For further study of binding affinity assay, 17«-E- and 17a-Z-phe-
nylselenovinyl estradiols (41a and 41b, respectively) were obtained
[33]. For this purpose, electrophilic destannylation was applied
(Scheme 16). The process required the use of PhSeCl followed by hy-
drolysis. Compounds 41a and 41b were achieved with 85 % and 90 %
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yield, respectively. 17a-E- and 17a-Z-phenylselenovinyl estradiols
41a-b were characterized by higher binding affinity than methylseleno
estradiol 40 and its phenylseleno derivative.

Steroid hormones (progesterone and testosterone) containing orga-
noselenium substituents were prepared with one simple reaction. In
order to do so, 3,3-(ethylenedioxy)pregnenon (42) was treated with
nBuLi and PhSeCl followed by hydrolysis. 21-(Phenylselenyl)proges-
terone 44 was obtained, as shown in Scheme 17. Progesterone Se-
derivatives 44-45 and testosterone derivatives 46a-b were tested for
binding affinity to different steroid hormone-receptors. It was proved

lation of cholestan-3-one.

that only SeSt 44 was effective for binding to the progestin-receptor
[34].

2.1.2. Selenosteroids obtained as a product of epoxide opening reaction
Nucleophilic opening of epoxides leads to 1,2-functionalized sys-
tems. Commonly, such cleavages occur stereospecifically to trans iso-
mers. The steroidal epoxide was opened using selenol in the presence of
neutral chromatographic alumina (activity “Super I" on the Brockmann
scale). The heterogeneous alumina-promoted reaction of epoxy choles-
tane 47 with PhSeH generated regio- and stereospecifically trans
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Scheme 11. The reaction of tigogenin acetate and sarsasapogenin acetate with BSA/BF;-Et,0.

hydroxyselenide 48 with 72 % yield [35]. The result is presented in
Scheme 18.

Two protocols were implemented to introduce selenium into the
steroid system from steroidal epoxide 49 [22]. In the first method, the
epoxide was treated with diselenide followed by the reductive cleavage
of the Se-Se bond using NaBH,. The second protocol used selenolate
species, which were obtained by reductive cleavage of the Se-Se bond of
diselenide using Zn and HCI (ultrasound was used). Superior yields were
obtained with Zn/HCl/ultrasound protocol (90 % vs 63 %). Trans--
hydroxy steroidal selenides 50 were obtained as a result of the SNy
mechanism [36] (Scheme 19).

Reactions of epoxysteroids with in situ formed PhSeZnCl were per-
formed [37]. PhSeZnCl (Santi’s reagent), readily prepared through the
oxidative insertion of elemental zinc into Se-Cl bond of phenylselenyl
chloride, is a modern nucleophilic selenium reagent [38]. The experi-
ment demonstrated that PhSeZnCl reacted exclusively with 5a,
6u-epoxycholestane 51a to give steroidal f}-hydroxy-phenylselenide 52,
as presented in Scheme 20.

As a result of 5a,6a-epoxysteroid reaction with sugar diselenide in
the presence of a reducing agent (NaBH,), steroidal Se-glycosides were
observed [39]. Regio- and stereoselective epoxide opening resulted in
the formation of steroidal derivatives in trans-diaxial positions. As an
example of the steroidal Se-glycoconjugate synthesis, Scheme 21 shows

the synthesis of SeSt 57 from 5,6-epoxystigmasterol 56. Many other
examples of selenium-containing sugars have been described [40].

2.2. Synthesis methods in which selenium is present in a group connected
with the steroid molecule

Encouraged by the antioxidant activity of selenium compounds that
mimic glutathione peroxidase (GPx), it was an inviting idea to link a
selenium atom with a steroid molecule [41,42]. The attachment of a
selenium moiety to a biologically active steroid created a compound that
may enhance the biological properties of both fragments. In this section,
synthesis of SeSt with antiproliferative or/and antioxidant activity is
presented.

In order to check GPx activity, diosgenin-based selenourea 61 syn-
thesis was accomplished [43]. The key process in the protocol was the
reaction of a steroidal amine 59 with phenyl isoselenocyanate 60
(Scheme 22). Tests revealed that obtained selenourea 61 behaved as an
excellent GPx mimic and possessed promising antiproliferative activity.

Synthesis of several Se-derivatives started from diosgenin, hecoge-
nin, smilagenin, and estrone [44]. Regarding antiproliferative activity,
different organoselenium moieties (benzeneselenazoles, selenosemi-
carb i 1 yanates, sel eas, and diselenides) were
introduced into steroid molecules for structure-relationship activity
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Scheme 14. Synthesis of selenosteroids 36-37 [29].

study (Fig. 2).

Additionally, the new SeSt were tested for antioxidant activity [44].
Significantly, some of the described steroidal Se-derivatives were
excellent GPx mimics. Scheme 23 presents the convergent synthesis of
steroidal ebselen analogues 62-64.

Synthesis of subseq lones (ebselen analogues)
steroidal Se-derivatives 67-68 was performed through the process of
oxime 65 reduction to a steroidal amine 66 [45]. The obtained amine 66

benzisc

was then subjected to a reaction with previously synthesized, appro-
priately substituted selenium chloride 67 (Scheme 24). Antitumor ac-
tivity of obtained steroidal ebselen analogues 68 and 69 was tested. The
results of the biological assay showed promising activity in the case of
selected synthesized Se-compounds.

Steroidal selenazoles 72 were prepared for evaluation of their anti-
proliferative activities against several types of human carcinoma [46].
Pregneneolone was used as a starting material. The reaction of
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Scheme 18. The steroidal epoxide opening at alumina surface.

3-substituted steroid 70 with semicarbazide gave the corresponding
semicarbazone 71, which was then transformed into pre-
gnenolone-17-[1',2',3'] selenodiazole 72 (Scheme 25). All information
on the obtained results of in vitro antiproliferative activities is summa-
rized in Table 1.

Several steroidal (phenylseleno)formates derivatives 75 were ob-
tained as precursors of carbon-centered radicals [47]. The procedure of
Se-derivative 75 formation was as follows: steroidal alcohol 73 was
reacted with 20 % solution of phosgene to afford steroidal chloroformate
74, which was then reacted with phenylselenoate. The aforementioned
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procedure is outlined in Scheme 26. antiproliferative agents to restrict tumor growth as well as their ability
to reduce the metabolic activities of bacteria cells and protective role in
3. Selenosteroids biological activity the formation of biofilm are discussed. It should be emphasized that
identification of compounds that possess antineoplastic activity in an era
In this part, the focus is on pleiotropic potential selenosteroids. Based of increasing cancer incidence as well as/or antimicrobial efficacy in
on a recently published study, their potential as antioxidant and addition to an increase in drug-resistance phenomena are a great
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Fig. 2. The seleno-derivatives design [44].

challenge of modern medicine and pose an actual problem in health-care
systems.

The development of civilization and our frequently unhealthy life-
style resulting from it has led to an increase in cancer incidence [48]. In
effect, it has been established that cancer is one of the leading causes of
unnatural death in the world [49]. It is characterized by the presence of
abnormal cells that divide in an uncontrolled manner and invade nearby
tissues. Additionally, cancerous cells might spread to other parts of the
body via the blood and lymph systems. Of the various types of cancer,
the most common organs affected by the neoplastic process are the
lungs, the breasts, colon, and the stomach [50]. Besides recent progress
in medicine, treatment of malignancy that involves chemo - and
radiotherapy, as well as surgery, are associated with high toxicity,
development of chemo resistance and occurrence of undesirable and
traumatic side effects [51]. In light of the above, the search for a new
strategy involving the creation of novel families of chemotherapeutic
agents is a pivotal task in the pharmaceutical industry.

Recent decades have indicated that natural products have gained
great attention due to their application in cancer prevention and

treatment [52,53]. It should be emphasized that over 60 % of approved
anticancer drugs, such as taxol, vinblastine and camptothecin, as well as
molecules that possess promising anticancer activity, such as steroidal
analogues, e.g. diosgenin and its derivatives are derived from a natural
source [54]. In light of this, steroids are attractive polycyclic bio-
molecules that possess a wide range of activities [55]. Due to their high
lipophilic nature, they might easily enter into most kinds of cells via
passing the cell membrane by simple diffusion as well as through
interaction with intracellular receptors [56]. This means that they are
interesting components/basis of hybrid molecules and play the role of
vehicles for targeting different pathologies [57]. It is established that the
structure of compounds determines their biological properties. In effect,
the creation of novel steroid derivatives including modification in
structural features of the steroid moiety, presence of heteroatoms, and
their side chains provides a way to modulate their function. Therefore,
obtaining new curative agents for the treatment of crucial pathologies,
such as cancers and infectious diseases, is a significant opportunity.
Thus, in order to overcome the problems associated with ineffective
cancer treatment and to achieve higher compatibility against host cells,
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Scheme 23. The synthesis of steroidal ebselen derivatives 62-64.

O
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dehydroepiandrosterone 66
coocl
SeCl N-Se
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[ R = H, 3-Cl, 4-Cl, 6-Cl, 3-F, 4-F, 5-F, 5-CHg, 4-OCH3, 5-OCHj3, 4-N02]

Scheme 24. Synthesis of dehydroepiandrosterone seleno derivative 68 and structure of SeSt 69.

several studies including introducing new molecular elements such as
heteroatoms, functional groups, or use of drug carriers have been
described. Due to this in this work we focus on the potential application
of organoselenium derivatives of steroid compounds. To date it has been
established that this class of compound exerts relevant biological ac-
tivities such as anticancer, anti-inflammatory and antimicrobial prop-
erties. Significantly, their strong antioxidant activities, which provide
the possibility of applying them to eliminate different form of oxygen-
and nitrogen- reactive species among others, are attractive agents in
terms of their application in cancer prevention and treatment.

The aforementioned features mean that organoselenium steroid de-
rivatives are currently considered as promising agents with pleiotropic
activities that demonstrate cytotoxicity against malignant cells at lower
doses than normal cells (Fig. 3).

Nevertheless, the number of papers focusing on selenosteroids is
extremely scarce, while the presented studies are incomplete and can
only give partial data that do not offer enough grounds to draw partic-
ular conclusions. The data relating to the biological activity of synthe-
sized derivatives of steroids with organoselenium moiety are
summarized in Table 1.

IC50 - half inhibitory concentration; GISO0- the concentration of the

compound required for reducing the cancer cell proliferation rate to 50
% of its normal value. Cell line: HeLa -human cervical cancer; MDA-MB-
23] - estrogen negative breast cancer; MCF-7 — estrogen-positive breast
cancer; OVCAR-3 — human ovarian adenocarcinoma; HepG2 - liver he-
patocellular carcinoma; NIH3T3 - mouse fibroblasts; A-549 - non-small
lung cancer; K-526 - chronic myelogenous leukaemia; L-02 - normal
human liver; HBL-100 - human milk-derived transforming breast cancer;
T-47D - human breast cancer; WiDr — human colon adenocarcinoma;
SKOV3 - human ovarian carcinoma.

It has been proven that compounds with antioxidant properties
might protect cells from disruption of oxidative balance via neutralizing
the generation of reactive oxygen species (ROS) [58]. It is of great sig-
nificance as oxidative damage plays a crucial role in the etiopathology of
various diseases, including cancer [59]. ROS caused oxidative damage to
basic cell components, such as lipids, protein and DNA, and then play a
role in the initiation of cancer angiogenesis, metastasis, and survival of
neoplastic cells [60,61]. Increased ROS levels, associated with
down-regulation of cellular antioxidant enzyme systems, caused ma-
lignant transformation via different molecular targets and pathways,
such as NF-xB. Recently published reports demonstrate that the appli-
cation of natural products rich in antioxidant compounds might result in
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Fig. 3. Pleiotropic activities of selenosteroids.
a reduction in the incidence of several diseases, such as cancer [54,58]. natural antioxidants with anticancer potential.

The aforementioned activity is connected to the fact that, in the case of Romero-Hernandez et al. indicated that among tested derivatives, N-
agents derived from a natural source, antioxidant properties are well phenyl selenourea showed the greatest biological activity - including
correlated with antiproliferative activity. In effect, it is important to seek excellent free-radical scavenger and a GPx mimetic [43]. Notably, this
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compound showed strong antiproliferative properties as well as the
ability to induce apoptosis against tested human tumour cells, with
higher potency than diosgenin which has been mostly used as a starting
material for the synthesis of steroidal drugs [62,63]. Moreover, this
selenourea has also been proven to efficiently eliminate the ROS pro-
duced endogenously by HeLa cells. In another report, Chen et al. pre-
sented the synthesis and evaluation of cytotoxicity of two anomers of
selenodioscin, derivatives of a representative of spirostan saponin —
dioscin [26]. Their results indicated that f- configurations of glycosides
play a crucial role in the cytotoxicity of the tested agent, while substi-
tution of oxygen at position 26 in dioscin with a selenium atom had no
significant influence on the observed cytotoxicity. The authors suggest
that due to comparable cytotoxicity of selenodioscin and dioscin, similar
molecular mechanisms, including the mitotic arrest of cell cycle and
activation of caspase-3 and caspase-9, might contribute to the cytotox-
icity exhibited by tested agents. Importantly, the authors suggest that
further investigations might indicate some additional beneficial prop-
erties of novel organoselenium derivatives, including antioxidation and
the ability to quench radicals [26].

Our recent study shows that novel derivatives of phenylselenides
decrease the metabolic activity of MDR Pseudomonas aeruginosa and
£ possess the ability to prevent biofilm-formation process [37]. Thus, the
observed proprieties of the tested derivatives might aid in the devel-
opment of effective strategies against MDR Gram-negative strains,
especially Pseudomonas aeruginosa, which is directly associated with
hospital infections via the colonization of medical devices, as well as a
major cause of recurrence and chronic infection, such as pneumonia in
cystic fibrosis patients and wound infections [64,65]. Moreover, due to
the amphipathic nature of phenylselenides and their potential to be
incorporated into into cell membranes and their structural similarity to
analogues of antimicrobial peptides, where a wide range of activity has
been confirmed, including anticancer activity, future research using
these derivatives in the aspect of tumor treatment might produce
promising results [66].

In the study performed by Fuentes-Aguilar et al. structure-activity
relationships for the design of new compounds with organoselenium
moiety for tackling cancer are analysed. Initially, their antiradical ac-
tivity using the DPPH based method and GPx-like activity for the scav-
enging of peroxides in comparison to ascorbic acid, BHT and ebselen are
evaluated. In both tests, results showed that selenoureas were indicated
as the most potent compounds. In another set of experiments, the anti-
proliferative properties of natural steroids derivatives obtained from
8 diosgenin, smilagenin, hecogenin, and estrone with organoselenium
moiety against representatives of cell lines from mostly diagnosed can-
cers, including breast, cervix, lung, and colorectal were tested [44].
& Results indicate that anticancer activity is strongly dependent on the
nature of the organoselenium group, its position on the steroid and the
substituents on the N-aryl fragments. Importantly, regarding ebselen
activity, in most cases synthesized agents indicated higher anti-
proliferative activity. Furthermore, for the tested derivatives GIS0 value
was similar or lower if compared to widely used chemotherapeutic
agents: 5-Fluorouracil and cisplatin, which suggest their significant
potential as an anticancer agent. It should be emphasized that among all
tested compounds selenoureas derivatives were noted as most active
against all tested cell lines. The preliminary results of the perception of
the mode of action showed that the low concentration of compound
induced accumulation of cells in the G1phase of the cell cycle of breast
cancer cell lines. Nevertheless, in the case of the effect on the remaining
cell lines, a slight increase of the S compartment was observed. How-
ever, at higher concentrations cell death was observed in all cell lines.

In a report published by Cui et al. a family of selenadiazolylpreg-
nenolone derivatives was synthesized and their in vitro activity against
PC-3 (human prostate carcinoma), SKOV3 (human ovarian carcinoma),
T47D (human breast infiltrating duct carcinoma), MCF-7(human breast
adenocarcinoma) and HEK293 T (normal kidney epithelial cells) in
comparison to abiraterone was performed [46]. The results indicated
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