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SAISINAJUMI

A549 -cilveka plausu karcinomas Siinu linija
Al% - audzgja augSanas atruma inhibicija
procentos

AIF — apoptozi inducgjosais faktors

ATF — adenozina trifosfats

B16 - pelu melanomas Stinu linija

B16-F10 - pelu melanomas $tinu linija
BBSKE - 1,2-[Bis(1,2-benzisoselenazolone-
3-(2H)-ketona)] etans

BHK?21 - Sirijas kamja nieres fibroblasti
CaCo - cilvéka resnas zarnas
adenokarcinomas stinu linija

CCLS8 - pelu sarkomas §tinu linija

CNS — centrala nervu sistéma

DCF - 2°,7 -dihlorfluoresceins

DCFDA - 2,7 -dihlorfluoresceina diacetats
DMEM - Dulbeko modificeta kultiveéSanas
vide

DMSO - dimetilsulfoksids

DPPH - 2,2-difenil-1-pikrilhidrazils

DTNB - 5,5'-ditiobis-(2-nitrobenzoskabe)
DTT - ditiotriétols

DZ% - dzives ilgums procentos

EDTA - etilendiaminotetraetikskabe
GABA - y-aminobutanskabe

Gpx - glutationa peroksidaze

GSH - glutations

GS-Se-SG - seléna diglutations

HDAC - histonu deacetilaze

HepG2 - cilvéka hepatocitu karcinomas Stinu
linija

HT-1080 - cilveku fibrosarkomas $iinu Iinija

HUVEC-2 - cilveka nabas saites vénas
endotglija Stinu Iinija

I.p. — injekcija véderdobuma
(intraperitoniali)

ICs0 — savienojuma 50% inhibgjosa
koncentracija

IL-18 - interleikins-18

IL-1p - interleikins-1§

INF-y - interferons-gamma

KB - cilveka leik€mijas Stinu Iinija

L1210 - pelu leikémijas $tnu linija

LDso — savienojuma deva, kuras ietekmé iet
boja 50% dzivnieku

MCEF-7 - estrogén-pozitiva, cilvéka krits
adenokarcinomas $anu linija
MDA-MB-435s - cilveka kriits melanomas
Stnu lnija

MES-SA - cilvéka dzemdes sarkomas $iinu
linija

MG-22A - pelu hepatomas §tinu linija
MMP — matriksa metaloproteinazes

MRNS — matriksa RNS

MSC - selenometilcisteins

MTT - 3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolija bromids

NADH - nikotinamida adenindinukleotids
NADPH - nikotinamida adenindinukleotida
fosfats

NBT - nitrotetrazolijs zilais

Neuro2A - pelu neiroblastomas §tinu Itnija
NF-kB — kodola transkripcijas faktors

NIH 3T3 - pelu embrionalie fibroblasti



NNGH - N-izobutil-N-(4-
metoksifenilsulfonil) glicilhidroksamskabe
NR — neitralais sarkanais

OAV/EB - akridina oranzais/etidija bromids
OD - optiskais blivums

P388 - pelu leikémijas Stnu linija

PBS - fosfata buferis

PMA - forbol-12-miristat-13-acetats
pro-IL-18 - interleikina-18 prekursors

s.c. — injekcija zem adas (subkutani)

S-180 - pelu sarkomas $iinu linija

SAF — skabekla aktivas formas

SAHA - suberoilanilida hidroksamskabe
SeC — selenocisteins

SELA — selencisteinasintaze

SELD - selenfosfat sintaze-2'

SeM - selenometionins

SeMC - selenmetionilselenocisteins
SHSY5Y - cilvéka neiroblastomas Stinu
linija

Smac/DIABLO - mitohondrialais proteins,
kas saistits ar apoptozes procesu

SOD - superoksida dismutaze

TBH - t-Butilhidroperoksids

TNF-R - audz&ju nekrozes faktors

TrxR - tioredoksina reduktaze

tRNS — transkripcijas RNS

UGA kodons — stop-kodons, kas signalizé
par translacijas procesa beigadm

VEGF - asinsvadu endotélija augSanas

faktors



ANOTACIJA

Selena noteicosa loma struktiiras — pretvéza aktivitates pétijumos. 1. Domraceva,
zinatniskie vaditaji: Dr.habil.chem., prof. Grigorijs Veinbergs, Dr.chem. Pavels Arsenjans.
Promocijas darbs, 112 lappuses, 15 att€li, 19 tabulas, 260 literatiiras avoti, pielikums.

Latvie$u valoda.

Pedeja gadsimta laika pieaugot apkartéjas vides piesarnojumam, cilveki arvien biezak
sava ikdienas dzive nonak saskaré ar kaitigam un potenciali kancerogenam vielam, ka
rezultata pieaug saslimstiba ar vézi. Nakotng ir nepiecieSami selektivi pretvéza preparati ar
pec iespéjas mazakiem blakus efektiem. Seléns ir viens no unikaliem un neaizvietojamiem
mikroelementiem cilvéka veselibai. Ir noteikta savstarpéja sakariba starp seléna limeni
ikdienas uztura un risku saslimt ar dazada veida audzgjiem, ka ari, notiek sekmiga ta
izmantoSana dazu véza formu arstésana. Darba galvenais merkis ir veikt seléna saturoSo
savienojumu struktiiras — pretvéza aktivitates petijjumus, lai padzilinatu zinasanas un iegatu
pilnigaku informaciju par So savienojumu darbibas mehanismiem. legitas zinasanas laus
radit jaunus perspektivus selenu saturoSus pretvéza agentus, kas spétu nomakt audzgju
augsanu vai noverst ta veidoSanos. Darba ir veikti struktiras — pretveza aktivitates petijumi
neorganisko un organisko selénu saturoso savienojumu klases. Starp parbauditiem organiska
amonija selenitiem ir atklati perspektivi pretvéza agenti ar spgju nomakt pelu sarkomas S-180
augsanu. Salidzinajuma ar plasi izmantoto toksisko natrija selenttu, ka seléna avotu vairakos
uztura bagatinatajos un vitaminu kompleksos, jaunos organiska amonija hidroselenitus var
izvirzit par audzeju profilakses Iidzekliem salidzinoSas devas ka natrija selenitu. 1,2,3-
Selendiazola savienojumu klasg atrastie aktivie atvasinajumi sp&j nomakt audzgja augsanu in
vivo un ir ar nelieliem toksiskiem blakusefektiem. Selénazolinija salu klasé tika atrasti
savienojumi ar izteiktu antiproliferativo sp&ju uz audzeju Sanam in vitro. Viens no
seleénazolinija saliem ir 1270 reizes efektivaks uz hepatomas MG-22A, neka natrija selenits.
Savienojumu augsta aktivitate un izcila Skidiba, salidzinot ar Ebselénu, lauj pretendet uz
potencialu pretvéza agenta atklajumu. Izpétiti kondenséto selenofénhinolonu un
selenofénkumarinu antiproliferativa efekta darbibas mehanismi uz laundabigam un normalam
sanam. Viens no iesp&jamajiem antiproliferativa efekta mehanismiem ir saistits ar apoptozes
aktivaciju, ka ar1 ekstremalu skabekla aktivo formu Iimena samazinasanos Stnas. Promocijas
darba iegatie rezultati dod iespgju secinat, ka seléna atoma ievadisana mérkmolekulas lauj

iegut perspektivus Iidzeklus audzgju arstesanai un prevencijai.



ABSTRACT

Determining role of selenium in the structure - antitumor activity studies. I.
Domracheva, supervisors: Dr.habil.chem., prof. G. Veinberg; Dr.chem. P. Arsenyan. PhD

thesis, 112 pages, 15 figures, 19 tables, 260 literature references, appendice. In Latvian.

In the 20th and 21st centuries, due to environmental pollution, people more often get
involved into contact with harmful and potentially carcinogenic substances that increase the
risk of cancer. In the future, selective anticancer agents with the least side effects will be
required. Selenium is one of the unique and essential trace elements to human health. There
is a definite relationship between the level of selenium in the daily diet and the risk of
developing various types of cancers; this element could additionally be used against some
forms of cancer. The main goal of thesis is to study structure-anticancer activity of selenium
compounds so as to acquire more complete and accurate information on the mechanisms of
their action. Knowledge gained through the present study is to bring a new perspective on
selenium-containing anticancer agents with the ability to inhibit tumor growth or prevent its
formation. The work consists of structure-anticancer activity studies of both inorganic and
organic selenium compounds classes. Among the tested organoammonium selenites,
promising anti-cancer agents with the ability to inhibit murine sarcoma S-180 growth were
found. Compared to the widely used toxic sodium selenite as a source of selenium, which is
widely wused in food supplements and vitamin complexes, new more effective
organoammonium hydroselenites is proposed to be used for cancer prevention in doses
comparable to sodium selenite. Active representatives in the series of 1,2,3-selenadiazole
derivatives are characterized with the ability to inhibit tumor growth in vivo and less toxic
side effects. Selenazolinium salts exhibit, also in vitro, antiproliferative activity against
malignant cells. One of these compounds turned out to be 1270 times more effective on mice
hepatoma MG-22A cell line than sodium selenite. The high activity and excellent solubility
compared to Ebselen make selenazolinium salts eligible for the discovery of potential
anticancer agent. Cytotoxicity and mechanisms of action of selenophenoquinolinones and
selenophenocoumarins on tumor and normal cell lines were studied. One of the possible
mechanisms of antiproliferative effects is associated with the induction of apoptosis in tumor
cells by initiation of caspase-2 and caspase-7 activation, as well as suppression of extreme
levels of reactive oxygen species in cells. Research results lead to the conclusion that the
introduction of selenium atom into inorganic and organic molecules allows to obtain

promising agents for the cancer treatment and prevention.



IEVADS

Petijuma aktualitate

Pagajusa gadsimta laika butiski pagarinoties cilvéku maza ilgumam, saslimstiba ar
laundabigiem audzgjiem ir viens no galvenajiem mirstibas céloniem. Pedgjos gadu desmitos
petnieki visa pasaule aktivi nodarbojas ar jaunu pretvéza aktivo vielu meklgjumiem.
Misdienas ir mainijusas prasibas attieciba uz pretvéza preparatiem, proti, nakotng ir
nepiecieSami selektivi pretvéza preparati, kuriem batu iespgjams mazak nevélamu
blakusefektu lai nepazeminatos pacienta dzives kvalitate. Peédgjo 20 gadu zinatniskie p&tijumi
ir viennozimigi pieradijusi, ka selens ir viens no neaizvietojamiem mikroelementiem ar
svarigam ipaSibam cilvéka veselibas uzturésanai. Ir noteikta savstarpéja sakariba starp selena
Iimeni ikdienas uztura un risku saslimt ar dazada veida audzgjiem, ka ari, selenu saturosus
savienojumus sekmigi izmanto dazu veéza formu arstesana. Seléns ietilpst glutationa
peroksidazes sastava, kas ir viens no pamat fermentiem oksidésanas/reducésanas homeostazé
stunas. Selenam piemit antioksidativas ipaSibas un tam ir efektiva iedarbiba jebkuros
fiziologiskos vai patologiskos procesos, kuru laika notiek pastiprinata brivo radikalu un
skabekla aktivo formu (SAF) producgsana.

P&dgjo gadu laika Latvijas Organiskas sintézes institata veikto pétijjuma rezultata ir
konstatéts, ka selénu saturoSiem savienojumiem piemit pretvéza aktivitate, kura ir atkariga no
jau zinamam un jaunam struktaras — aktivitates likumsakaribam.

Darba meérkis

Nemot véra seléna unikalo lomu cilvéka veselibas saglabasana, darba galvenais
mérkis ir selénu saturoSo savienojumu struktiiras — pretvéza aktivitates petijumi, lai
padzilinatu zinasanas un iegltu pilnigdku informaciju par So savienojumu darbibas
mehanismu. So pétijumu rezultata iegiitas zina$anas laus radit jaunus perspektivus selénu
saturoSus pretvéza preparatus, kas spetu nomakt audz&ju augSanu vai noverst ta veidosanos.

Darba uzdevumi:

1. Pétit amonija un alkilamonija selenitu un teluritu citotoksicitati in vitro uz audzgju Stnu
Iinijam un sp&ju nomakt sarkomas S-180 augsanu in vivo.

2. Aminoskabju, dipeptidu un tripeptidu hidroselenitu rinda veikt struktiiras - pretvéza
aktivitates pétljjumus, nosakot audzg€ja Sunu proliferacijas inhib&Sanu in vitro.
Perspektivakos neorganiskos seléna atvasinajumus pétit in vivo eksperimentos,

izmantojot pelu audzgja modeli ar parpotétu pelu sarkomu S-180.



3. Noteikt véza Stnu Iiniju jutibu pret aizvietoto betainu hidroselenitu atvasinajumiem.
Pamatojoties uz iegutajiem datiem, savienojumus ar augstako citotoksicitati virzit
pétijumiem in vivo.

4. Noteikt 1,2,3-seléndiazolu atvasinagjumu un selénazoliniju salu sp&ju kavét audz&ju $tinu
proliferaciju in vitro un in vivo.

5. Noskaidrot kondensétu selenofénhinolonu un selenofénkumarinu citotoksiska efekta
darbibas mehanismu, parbaudot sp&ju ietekmét kaspazu aktivitati, apoptozes indukciju
$itinas, antioksidativo fermentu sist€mas darbibu un SAF limeni dazadas Siinu Iinijas.

Rezultatu praktiska nozimiba un zinatniska novitate

Darba ir aprakstiti selenu saturoSo neorganisko un organisko savienojumu struktaras —
pretvéza aktivitates petijumi, pamatojoties uz citotoksiskajam ipaSibam in vitro uz audzeju
stnu linijam (cilveku fibrosarkomas HT-1080, pelu hepatomas MG-22A, pelu melanomas
B16 un pelu neiroblastomas Neuro2A), uz nosaciti normalam Stnu linijam (pelu
embrionaliem fibroblastiem NIH 3T3 un Sirijas kamja nieres fibroblastiem BHK21). Ir
atklata organiska amonija selenitu sp&ja nomakt pelu sarkomas S-180 augSanu in vivo.
legtie rezultati dod iespeju rekomendgét jaunos organiska amonija selenitus izmantoSanai
uztura bagatinataju un vitaminu kompleksu sastava, ka seléna avotu, aizvietojot prakse plasi
izmantoto toksisko natrija selenitu.

Eksperimentos in vivo 1,2,3-selendiazola savienojumu rinda atrasti aktivi
atvasinajumi ar spgju nomakt pelu audzgja S-180 augSanu un ar nelieliem toksiskiem
blakusefektiem. Kondensgtiem selénazolinija atvasinajumiem piemit antiproliferativais
efekts in vitro nanomolaras koncentracijas. Cikloheksil selénazolinija atvasinajums inhibe
hepatomas MG-22A Sanu proliferaciju 1270 reizes efektivak neka natrija selenits.
Savienojumu augsta aktivitate un izcila Skidiba, salidzinot ar Ebselénu (2-benzizoselenazol-
3(2H)-ons — glutationa peroksidazes mimétikis), lauj cerét uz potencialu pretvéza agenta
atklajumu.

Izpétits kondenséto selenofenhinolonu un selenofénkumarinu citotoksiskais efekts uz
devinam audzgju Sanu linijam un normalo fibroblastu NIH 3T3 Sanam. Viens no
iespgjamiem savienojumu antiproliferativa efekta mehanismiem ir saistits ar apoptozes
indukciju audzgju stinas. Apoptozes procesa iniciésana ir saistita vismaz ar diviem dazadiem
mehanismiem. Viens cel$ ir saistits ar savienojumu spgju aktivét kaspazi-2 un kaspazi-7.
Ekstremala SAF limepa samazinasanas Suna savienojumu ietekmé ir otrs cels apoptozes
indukcijai audzgju Sunas. Tads selenofenhinolonu un selenofénkumarinu efekts saistits ar

kaspazes-1 aktivaciju, ka rezultata samazinas mitohondriju darbiba. Savienojumu spgja
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inhib&t superoksida dismutazes, glutationa peroksidazes un tioredoksina reduktazes aktivitati

vel vairak samazina SAF limeni.

Apkopojot promocijas darba veikto eksperimentu rezultatus, var secinat, ka selena
atoma ievadisana merkmolekulas lauj iegat perspektivus lidzeklus audzg&ju arstésanai un
prevencijai.

Promocijas darba rezultatu aprobacija
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1. LITERATURAS APSKATS
1.1. Seléns, seléna savienojumi un to metabolisms organisma

96% dzivas materijas sastav no Cetriem elementiem — skabekla, oglekla, tidenraza un
slapekla, tacu dzivajos organismos samé&rojamos daudzumos ir atrasti vél 50 D. Mendelejeva
elementu periodiskas sist€émas elementi, no kuriem 23 ir pieradita fiziologiska aktivitate. No
tiem 11 elementi klasificjami ka mikroelementi, kas ir neaizvietojami un to daudzums
organisma ir neliels (nepiecieSama deva neparsniedz 100 mg diena), no tiem 8 elementi
izvietoti elementu periodiskas sistémas IV un V perioda un tiem ir optimalas proporcijas
starp atoma kodola izméru un elektronegativitati, lai varétu mijiedarboties ar biologisko
sistému molekulam [1]. Sie elementi ir metali — vanadijs (V), hroms (Cr), mangans (Mn),
dzelzs (Fe), kobalts (Co), vars (Cu), cinks (Zn), molibdens (Mo) un nemetali — seléns (Se),
fluors (F) un jods (1) (1.1. att.).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 1 2
H He
> |31 4 S|6] 71 8 P2 10
Li || Be B CIJ NI OI| F Ne
3 1112 13111415 (16|17 | 18
Na || Mg Al || Si|| Pl S| Cl| Ar
4 [19]20][ 2122|237 F24 257 267 F27 [ 28 290800 [ 31 |[ 3233 35136
K |[CalfSc| Ti|[M ]| Cr|Mni| Fe| Co| Ni|CullZn]| Ga | Ge| As Br || Kr
5 37 |[38|[39|[40][ 41 |fa2][ a3 ][44 |[45|[46 |[47 |[48][49|[50|[51 |[52 |[53][ 54
Rb| Sr| ¥ || Zr | Nb|[Mo]l Tc [Ruf|Rh | Pd|Ag| Cd]|l In || Sn || Sb| Te || "IN Xe
6 55 || 56 721173747576 || 77| 78| 79| 80| 81| 82| 83| 84| 85| 86
Cs || Ba Hf || Ta || W ||Re || Os || Ir || Pt ||Au||Hg|| TI || Pb || Bi || Po || At || Rn
7 |87] 88 104|(105||106|107|108((109|(110|(111|(112|{113|/114||115||116|/117|/118
Fr || Ra Rf ||Db || Sg |[Bh | Hs || Mt || Ds || Rg || Cn ||Uut|| FI |[Uup| Lv |[Uus|Uuc

57 || 5B (59| 60|61 62| 63(64(65|66]| 67| 68| 69I( 70| 71
La || Ce|| Pr " Nd ||Pm||Sm|| Eu || Gd || Tb || Dy || Ho || Er || Tm|| Yb || Lu

89 |[90]/91)/92| 93| 94| 95| 96| 97| 98| 99 |[100|(101|/102|/103
Ac||Th|lPa|l U ||Np| Pu(|Am||Cm|| Bk || Cf || Es ||[Fm|/Md|| No|| Lr

1.1. attels. Mikroelementu izvietojums elementu periodiskaja sistema (oranza krasa)

Zviedru Kkimikis J. Berc€liuss (JOns Jakob Berzelius) 1817. gada atklaja jaunu
kimisko elementu — selénu. Toksiskuma dél 20. gs. pirmaja pusé tas tika uzskatits par
nevelamu. 1933. gada tika atklats, ka seléns ir toksisks liellopiem, ja to bariba ir augi, kuros
Sis elements ir augsta koncentracija [2]. 20 gs. otraja pus€ viedoklis par seléna lomu mainijas,
tam tika atklatas jaunas biologiskas Tpasibas un zinatniskajos rakstos [3] seléns tika atzits par
neaizvietojamu mikroelementu zurku uztura. 1973. g. tika konstatéts, ka seléns ietilpst

glutationa peroksidazes (Gpx) sastava, kas Stnas ir viens no pamat fermentiem
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oksidésanas/reducésanas homeostaze [4], un kops §1 laika, petijumu gaita tika atrasti dazadi
selénu saturosi proteini, noskaidrota to loma augu un cilvéka §tinu metabolisma un ietekme
uz cilvéku veselibu [5], ka ari paradita sakariba starp seléna Iimeni ikdienas uztura un dazu
dzivnieku un cilvéka audzgju gadijuma skaitu. Turpmakaja laika perioda zinatnieku interese
par seléna pretvéza un citam biologiskam Tpasibam ir tikai palielindjusies. Zinatnieki ir
atklajusi plasu seléna un selénu saturo$o proteinu biologisko Tpasibu un funkciju spektru
cilvéka organisma, ir pieradita seléna sp€ja noverst aterosklerozi, artritu, dazu audzg&ju tipu
veidosanos, paléninat novecoS$anas procesus, ka ari novérst vairogdziedzera darbibas
traucgjumus, kardiovaskularas saslimsanas, CNS patalogijas, virieSu neauglibu un organisma
imiino funkciju traucgjumus. Seléns stimul€ organisma imiino sistému kimijterapijas laika un
tam ir radioprotektivas Tpasibas [6]. Seléns ka mikroelements ir nepiecieSams gan $iinu, gan
humoralas imunitates normalai funkcioné€Sanai [5, 7], tam piemit spéciga pretiekaisumu,
pretvirusu iedarbiba, tas kavé HIV, AIDS [5] un kimiskas kancerogen&zes progresésanu [8].
Selénam raksturigas ari antioksidativas Ipasibas un tas efektivi pasarga organismu jebkuros
fiziologiskos vai patologiskos procesos, kuru laika notiek paaugstinata brivo radikalu un
skabekla aktivo formu producéSana. Seléns paaugstina organisma izturibu maksimalu fizisko
slodzu un oksidativa stresa gadijumos, ka ar1 paaugstinatas smago metalu koncentracijas
apstaklos [9].

Pieradits, ka selénam ir unikala loma cilvéka fiziologija. Seléns organisma nonak tikai
ar baribu un ir nepiecieSams un neaizvietojams cilvéka un dzivnieku di€tas komponents.
Rekomendg&jama diennakts deva ir 55-70 pg. Galvenais seléna avots ir graudaugi, ipasi
kviesi. Selenu satur ar1 jiras produkti un gala. DaZi augi var uzkrat Iidz pat 0,1% seléna un
dazu savvalas augu un sénu toksiskums ir saistits ar augstu seléna saturu. Daudz seléna, ja §1
elementa Itmenis ir augsts apkartgja vide, sp&j uzkrat raugi un prokarioti, to skaita spirulina.
Brazilijas riekstos ir augsta selénu saturoSu aminoskabju koncentracija. Ari acai ogu (Euterpe
oleracea) ella konstatéta augsta selénorganisko savienojumu koncentracija, kas nosaka $1
produkta spécigas antioksidativas ipaSibas. Parasti organiskajos savienojumos seléns ir
divvertiga forma. Jaatzime, ka dzivnieku valsts produktos dominé selenocisteins, bet augu
valsts produktos — selenometionins. Organiska seléna biopieejamiba lietojot kvieSu miltus vai
galu ir Iidziga [10-12]. Ja seléna saturs partikas produktos ilgstosi ir zemaks par 11 pg/diena,
iestajas seléna deficits un tas izraisa dazadus veselibas traucgjumus (1.4. att.), piem., muskulu
distrofiju (balto muskulu slimiba), fatalo kardiomiopatiju (KeSana slimiba), hondrodistrofiju
(Kascina-Beka slimiba), depresijas [13]. Daudz mazaka méra ar partiku tiek uznemti seléna

neorganiskie savienojumi - seleniti un selenati.
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1.2. attela ir paradita seléna metabolisma shéma organisma. Neorganiskie seleniti un
selenati ar glutationa palidzibu tiek reducéti un, izveidojoties daziem starpmetabolitiem, gala
rezultata parverdas par seleniidenradi [14]. Sads seléna metabolisma cel§ ir saistits ar
superoksida veidoSanos.

Biologiskajos organismos seléna organiskie savienojumi atrodas selénu saturoSu
aminoskabju  veida - k@  selenocisteins  (SeC), selenometionins  (SeM),
selenometionilselenocisteins (SeMC). SeM lauj selénam 35 reizes aktivak iesaistities
organisma vielmainas procesos, neka neorganiska seléna savienojumi. Dala, ar baribu
uznemta, SeM tiek transaminéta, veidojot alaninu un metanselenolu, kur§ talak vai nu
metil&jas un tiek izvadits, vai demetil€jas [idz selentidenradim. SeC var nespecifiski ieslégties
audu olbaltumvielas cisteina vieta. Sada SeC ieslégsanas olbaltumvielas ir atkariga no
organisma nodro$inatibas ar séru. Dala SeC var deselenizgties, veidojot selenitus [15], vai ar
B6 vitamina atkarigas selenocisteinliazes ietekmé, veidojas seléntidenradis (H2Se) [16, 17] un
elementarais Se, ka starpsavienojums. Turklat, organisma nonakusSais SeC pats nepastarpinati
olbaltumvielas neieslédzas. SeMC gala rezultata ari demetiljas lidz HoSe [15]. Tadg&jadi
organisko un neorganisko seléna savienojumu metabolisma rezultata péc vairakiem
starpposmiem veidojas H2Se. Seléntidenraza veida seléns uzkrajas dzivaja organisma un $ada
veida var iesaistities selenoproteinu sint€z€, vai peéc metiléSanas tas tiek izvadits no
organisma. Metilselenskabe (MeSeO2H) un sintétiskie seléna savienojumi, ka aprakstits
literatura [18], transform&jas par MeSeH bez B-liazes lidzdalibas.

Atskiriba no citiem mikroelementiem, kuri nekovalenti saistas ar proteiniem, seléns
atrodas polipeptidu selenocisteina sastava. Selenocisteins ir cisteina analogs, kura séra atoms
ir aizvietots ar selénu un jaatzimé, ka SeC nav tiesi iekod@ts DNS struktiira. Sintezgjot SeC,
uz mRNS tiek izmantots kodons UGA, kurS parasti ir stop-kodons, ar noteikumu, ka p&c $1
kodona seko Tpasa stimul&josa nukleotidu seciba. Lai ieslégtu UGA kodonu, no seril-tRNS ar
selenocisteinasintazes (SELA) palidzibu tiek sintez€ta selenocisteina-tRNS, kur seléna
donors ir selénfosfats. Selénfosfats veidojas no ATF un selenida, izmantojot selénfosfat
sintazi-2' (SELD), kura arf ir selénu saturo$s ferments [19].

Paslaik cilvéka organisma ir atklati 25 selenoproteini. Glutationa peroksidaze (Gpx)
un tioredoksina reduktaze (TrxR) piedalas oksidéSanas — reduc€Sanas procesos audos.
Jodotironindejodinaze (DIO) piedalas tiroido hormonu metabolisma. Vairaki selenoproteini

izpilda signalproteinu funkcijas vai nodrosina seléna parnesi un uzglabasanu (1.3.att.).
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1.2. Selenu saturoso savienojumu darbibas mehanisms organisma

Pétijumi gan prekliniskos, gan kliniskos izmé&ginajumos ir apstiprinajusi ka dazadi
seléna savienojumi darbojas ka pretvéza agenti. Apkopojot lidzSin€jos pétijumus, kas
aprakstiti vairakos zinatniskas literatiiras apskatos [20-24] par dazadu seléna savienojumu
pretvéza darbibas mehanismiem, var izdalit pamatvirzienus:

e Seléna savienojumi ietekmé skabekla aktivo formu (SAF) limeni §una. Saja
procesa selénam ir duala darbibas forma: no vienas puses — seléns ir Stinas
fermentativas antioksidativas sistémas dala, no otras - paaugstina SAF Iimeni
§tna, jo selénu saturo$o savienojumu metabolisma procesa veidojas superoksids
un daziem seléna savienojumiem piemit prooksidantu IpaSibas.

e Seléna savienojumi inici€ Stnu bojaeju apoptozes cela, aktivéjot dazadus
mehanismus: proteinkinazu, kaspazu vai mitohondrialo apoptozes indukcijas celu.

e Seléna duala daba — antioksidants / prooksidants, izpauzas ka divejads efekts uz
DNS. Atkariba no seléna kimiskas formas, tas var izraisit gan DNS bojajumus
gan tas reparaciju.

e Seléna savienojumi bloké Stnu dzives ciklu, inhibé angiogenézi un véza
metastazeéSanos.

Péc pedgjo gadu pétijumu rezultatiem var spriest, ka galvenais seléna savienojumu
pretvéza iedarbibas mehanisms galvenokart ietver apoptozes indukciju un $tinu proliferacijas
inhibiciju (1.4.att.). Seléna sp&ja kavet angiogenézi un véza metastazesanos, apvienojuma ar
sp&ju modulét antioksidativo un prooksidativo sistemu lidzsvaru §iina, lauj tos uzskatit par

perspektiviem pretvéza agentiem.

1.2.1. Selénu saturosie savienojumi un apoptozes process

Misdienu pétijumos par seléna savienojumu pretvéza darbibas mehanismiem vairuma
gadijumu tiek uzsvérta to spgja kavét Siinu dzives ciklu un inducét apoptozi. Lai gan visi
pétnieki piekrit, ka selénam S$ajos procesos ir izskirosa loma, tacu ta darbibas mehanisms Iidz
galam nav noskaidrots.

Seléna savienojumu pretvéza efektivitate korelé ar to kimisko uzbtvi un devu,
pieméram, to pretvéza efektivitate in vivo korel€ ar sp&ju regulét Stinas dzives ciklu, veicinat
apoptozi un inhibét audzgja $tinu migraciju un invaziju in vitro [22]. Literatara ir aprakstita
seléna savienojumu spé&ja veicinat dazadu audz€ju Stnu apoptozi: prostatas, taisnas zarnas,

aknu, leik€mijas un limfomas [25].
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P&dgjo gadu pétijumi parada, ka seléna savienojumi sp€j inducét apoptozi péc atSkiriga
darbibas mehanisma atkariba no Siinu tipa, seléna savienojuma un ta metabolisma $iina.
Piemé&ram, seléna oksids izraisa kaspazes-3 aktivaciju ar tai sekojoSu apoptozes indukciju,
turpreti natrija selenits spgj inducét apoptozi bez kaspazu aktivacijas. Stinas mitohondrialo
funkciju moduléSanai ir noteicoSa loma apoptozes norises mehanisma. Cits apoptozes
indukcijas mehanisms tiek saistits ar glutationa un SAF Iimeni §tina. R.Sinhaanda vadita grupa
[26] apkopoja pétijumus par biologiskiem mérkiem organisma, kuru aktivacija vai ekspresija
mainas selénsaturo$o savienojuma ietekmé, ka rezultata notiek apoptoze, Sie biologiskie mérki
ir:

v’ $anu dzives cikla regul&josie proteini (Rb, p53, ciclini A, B, D1 un E, p16, p21 un p27,

cdk2, cdk4 and cdc2, gadd34, 45 un 153);

v mitohondriju faktori (Bcl-2, BAX, BAK, BID, citohroms ¢, SAF);
signalproteini, proteinkinazes (PKC, PI3-K, Akt, ERKs 1 & 2, p38 MAPK, JNK),

<

proteazes (piem., kaspazes 3, 6, 7, 8 un 9, kalpaini);
angiogenézes faktori (VEGF, MMP-2, IMVD);
DNS transkripcijas faktori (NF-«xB un AP-1);

audzgja supresijas géni (piem., p53);

D N N NI N

poliamina un reducéta glutationa (GSH) Iimenis.

1.2.2. Apoptozes indukcija modul€jot proteinkinazu aktivitati

Zinams, ka proteinkinazes regulé Stnu dzives ciklu, augSanu un diferenciaciju,
apoptozi. Dazadu kinazu stimulacija izraisa mérkolbaltumvielu fosforilésanu, kas saistita ar
programmgjamas §tnu naves regulaciju un atbilstoSo transkripcijas faktoru funkcioné&Sanu.
Dazadi seléna atvasinajumi ietekmé atskirigu kinazu iedarbibu, piem., metilselenols, viens no
SeM metabolitiem, inhibé kinazes ERK1/2 aktivitati fibrosarkomas HT-1080 S$iinas [27].
Taisnas zarnas audz&ju HCT116 un SW620 augSanas kavéSana, iedarbojoties ar natrija
selenitu, saistita ar kinazes JNK aktivaciju [28]. Dazu selenocianatu grupas savienojumu
darbibas mehanisms saistits ar iedarboSanos uz proteinkinazi Akt, kas inhib& apoptozes
procesus. Proteinkinaze Akt piedalas Stinu cikla regulacija un inducé olbaltumvielu sintézi,
tapec ta ir svarigs faktors audu augSanas regulacija. 1,4-Fenilénbis(metilén)selenocianats (p-
XSC) inducé androgénatkariga LNCaP un androgénneatkariga LNCaP C4-2 cilvéka prostatas
audz€ja Stnu 1inijas apoptozi, samazinot kinazes Akt fosforilacijas limeni. Uz §Tm $tnu linijam
SeM uzrada lidzigu iedarbibas efektu [29]. 4-Fenilbutilizoselenocianats (ISC-4) samazina
proteinkinazes Akt3 aktivitati un 3 reizes paaugstina taisnas zarnas audz&ja HT-29 Sunas

apoptozes limeni [30].

19



1.2.3. Apoptozes indukcija modul€jot kaspazu aktivitati

Stinas iespgjami divi galvenie apoptozes indukcijas celi modulgjot kaspazu aktivitati:

1. Mitohondrialais celS. Mitohondriji veic apoptozes indukcijas procesa galveno
funkciju. Apoptotiskajas $tinas ir palielinata mitohondrialo membranu caurlaidiba. Iek$§tnu
balansu starp pro- un anti- apoptotiskaiem Bcl-2 géna saimes locekliem regulé proapoptotisko
vielu izdalisanos no mitohondrijiem, pieméram, AIF, endonukleazes G, Smac/DIABLO un
citohroma c. lzdaloties citohromam ¢ no mitohondrijiem, citoplazma veidojas apoptosomas,
kuras aktivé kaspazi-9 un uzsak $iinas apoptozes procesus.

2. ledarbiba uz apoptozes receptoriem. Apoptozes receptori ir olbaltumvielu CD95
(Apo-1 vai Fas) un TNF-R (audzgju nekrozes faktors) saime. AktivEjoties apoptozes
receptoriem, kaspaze-8 ierosina biokimisko reakciju k&di, ka rezultata notiek $tinu apoptoze.

Sobrid cilveka organisma ir identificétas 12 kaspazes, kuras péc funkcionalajam Ipagibam
var iedalit sekojosas grupas: citokinu aktivatori (kaspazes -1, -4, -5, -12); efektoro kaspazu
aktivacijas induktori (kaspazes -2, -8, -9); efektoras kaspazes — apoptozes izpilditaji (kaspazes -
3, -6, -7); kaspazes -10 un -14 [31-33].

Seléna savienojumu rinda, kuriem piemit kaspazu aktivitates modulacijas spgjas,
atseviski  tieck izdaliti selénu saturoSie heterocikliskie savienojumi. 1,2-[Bis(1,2-
benzisoselenazolone-3-(2H)-ketona)] etans (BBSKE) uzrada kaspazes-3 aktivitates modulaciju
méles véza Tca8113 Stnu linija [34]. 2,5-Bis(5-hidroksimetil-2-selenienil)-3-hidroksimetil-N-
metilpirols (D-501036) ir 1,3-selénazolin-4-ona atvasinajums ar plaSu pretvéza aktivitates
spektru, kur§ inducé€ apoptozi, aktivjot kaspazes-9 un -3, atkariba no devas un iedarbibas

ilguma [35].

1.2.4. Sakariba starp apoptozi un skabekla aktivo formu (SAF) Iimeni §ina

Ir plasi izpétitas seléna savienojumu antioksidantu un prooksidantu 1pasibas, kuras lauj
tiem ietekm&t SAF Itmeni $iinas. Apoptozes indukcijas mitohondrialais cel$ ir tiesi saistits ar
SAF generéSanu S§tna. Oksidativais stress ir universals $tnu bojajuma mehanisms dazadu
genézes patologiju gadijumos un tam ir raksturiga paaugstinata ick$Stinas SAF generésana, kas
ir antioksidativo un prooksidativo sistému lidzsvara trauc&jumu sekas [36]. SAF veidoSanas
galvena vieta $ina ir mitohondriji, tau gadijumos, kad SAF limena paaugstinasanas iemesli ir
areji, oksidativa stresa rezultata iestajas mitohondriju un citu $tnas komponentu bojajumi,
proti, mitohondriju iek$€ja membrana veidojas nespecifiski kanali ar augstu jonu caurlaidibu,
rezultata mitohondriju matrikss uzbriest, plist aréja membrana un citoplazmas olbaltumvielas

kopa ar citohromu C izplust starpmembranu telpa. Starp $im olbaltumvielam ir faktori, kas

aktiv€ apoptozi, tai skaita prokaspaze-9.
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Sobrid koncepcija, ka SAF izraisa tikai bojajumus $iinas funkcionganas procesos, tick
parskatita no jauna. Plasu popularitati ir ieguvis termins ,,oksidativa regulacija”, kas parada
oksidésanas-reducésanas procesos modificéto proteinu aktivo lomu §tnu funkciju regulacija
[36-38]. Nobela prémijas laureats Dr. DZeims Vatsons (James Watson) atzim&ja SAF divéjado
darbibas raksturu. Vins§ nosauca SAF par ,,pozitivo dzives speku”, atbilstoSi nozimigai lomai
apoptozes procesd. Sis process ir viens no galvenajiem mehanismiem, ar kura palidzibu
iesp&jams atlasit biologiski disfunkcionalas struktiiras, kuras vartu apdraudét organisma
izdzivoSanu. No otras puses, skabekla SAF aktivas formas, bez Saubam, ir pazistamas ar savu
sp€ju neatgriezeniski bojat olbaltumvielas un nukleinskabes (DNS un RNS). Perioda, kad
organismam nav nepiecieSama SAF, lai atbrivotos no ,,nekontrolgjamam” §tinam, kas pastavigi
notiek normalos apstaklos, tas tiek neitraliz&tas ar olbaltumvielam-antioksidantiem.

Siinas aizsargmehanisms pret SAF un oksidativo stresu ietver sevi vairakas pakapes:
preventivo mehanismu, atjaunojoSo mehanismu, fizisko aizsardzibu un antioksidativo
aizsardzibu. Antioksidativa Stnu aizsardziba sastdv no divam dalam: fermentativas un
nefermentativas. Fermentativo antioksidativo aizsardzibu nodroSina fermenti: glutationa
peroksidaze, tioredoksina reduktaze, superoksida dismutaze un katalaze; nefermentativo -
glutations, askorbinskabe (C vitamins), tokoferols (E vitamins), karotinoidi, flavonoidi u.c.

Tadgjadi seléns dazadu selenoproteinu veida piedalas organisma antioksidativajos
procesos. Sobrid vairakos pétfjumos pieraditas seléna protektivas Tpasibas pret brivo radikalu
kaitigo iedarbibu. Vairums seléna biologisko funkciju organisma saistitas ar ta
antioksidativajam 1paSibam. Selenocisteina klatbiitne fermenta aktivaja centra, salidzinot ar
cisteinu, biitiski palielina ta katalitisko aktivitati. Piem&ram, formatdehidrogenaze, kas satur
selenocisteinu, ir 300 reizes aktivaka ka cisteinu saturosa, un cits piemers - cisteina atlikuma
aizvietoSana ar selenocisteinu gliceraldehid-3-fosfatdehidrogenaze, pieSkir fermentam
peroksidazes funkcijas [39].

Seléns stimulé metionina parveérSanos par cistetnu un glutationa sintézi, kas ar1 veicina
organisma kop€jo antioksidativo potenciala palielinasanos un lipoperoksidu detoksifikaciju.
TieSi seléna augsta antioksidativa aktivitate izskaidro ta radioprotektivas ipaSibas, kas ir
augstakas neka tiola savienojumiem. Seléns veicina aizsardzibu no skabekla toksiskas ietekmes
paaugstinata atmosféras spiediena (hiperbarija), UV un y-starojuma apstaklos. Mazas un
vidgjas devas seléns veic efektivu mitohondriju antioksidativo aizsardzibu, kas ir izteiktaka
neka a-tokoferolam. Seléns ka antioksidants darbojas ari hepato- un kardioaizsardzibas
procesos [40].

No otras puses, seléna savienojumiem piemit prooksidativas ipasibas. Ir izpétitas triju

savienojumu: natrija selenita, selenocistamina un diselenodipropionskabes sp&ja izraisit
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glutationa oksidésanos ar superoksida generaciju [41]. 2010.g. ir aprakstiti 59 selénorganiskie
savienojumi - superoksida generatori [42], to skaita bis(4-aminofenil)diselenids, kuram
pieradita ar SAF modulaciju saistita apoptozes indukcija limfoidas leikémijas CCRF-CEM

Sunas.

1.3. Selena toksiskais efekts

Galvena probléma seléna savienojumu izmantoSanai terapija un profilaks¢ ir diezgan
Saurs devas diapazons starp seléna terapeitisko un toksisko devu. Saskana ar arstu
rekomendacijam, cilvékam diennakti nepiecieSami vid€ji 55 pg seléna. Virusa infekciju
(herpes, HIV) arstésanas laika seléna deva var palielinaties lidz 600 pg diena. Seléna
savienojumu pretvéza efekts uz atseviSkiem audzgju veidiem paradas pie devas 200-300 pg
diena. Turpreti, seléna toksiskais efekts ir 750-800 pg diena. Saind€Sanas ar selénu un
selenozes pazimes paradas, ja seléna deva ir vairak neka 1540 ug diena [43, 44]. Ka nevélamas
blakusparadibas, pardozgjot selénu, noveéro adas izsitumus, sliktu dasu, izteiktu nogurumu,
matu izkriSanu, nagu augsanas izmainas un depresiju.

Seléna toksiskums un biopieejamiba ir atkariga no savienojumu kimiskas dabas. Seléna
neorganiskie savienojumi ir toksiskaki neka organiskie, jo ir ierobezota galvena toksiska
metabolita — seléntidenraza (hidroselenida anjons) utilizacijas iesp&ja. Seléns elementara
(pazistamas tris alotropiskas modifikacijas: melna stiklveidiga forma, peléki heksagonalas
formas kristali un kiegelsarkana amorfa forma) veida acimredzot ir nekaitigs cilvékam, tacu
kaitigs kimiski saistita veida. Seléna savienojumi organisma var nonakt caur plausam,
gremoSanas traktu vai adu.

Neorganiskais seléns cilvéka organisma var ieslégties selenocisteina, bet nekad
neieslédzas selenometionina. Eksperimenti ar iezimétu selenometioninu-75 [45, 46], paradija,
ka SeM iesledzas dzivibai svarigu fermentu reproducésanas ciklos, padarot tos nepilnveértigus.
Tiek uzskatits, ka intoksikacijas gadijumos ar selénu, nave iestajas tadel, ka seléns ir biologiski
tuvs séram, tacu kimiski aktivaks un tas pakapeniski nomaina séru fermentu sist€mas, izraisot
neatgriezeniskus organisma bojajumus. Nemot véra metionina un selenometionina ievérojamo
fizikali-kimisko 1pasibu lidzibu, SeM ir sp&jigs aizvietot metioninu olbaltumvielas un process
notiek péc specifiska mehanisma: atbilstosa tRNSmet ,klidas”, pienemot metionina vieta ta
seléna analogu [15]. SeM nespecifiski ieslédzoties olbaltumvielas, netiek ievérota jebkada
noteikta stehiometrija. Neskatoties uz to, SeM ir labs seléna avots specifisku selenoproteinu
sintéz€, tacu tikai taja gadijuma, ja organisms ir pietickami nodroSinats ar séru metionina

forma. SeM ieslégSanas process olbaltumvielas un atbrivoSanas no tam proteolizes procesa
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notiek 1&ni, ar So apstakli, acimredzot, ir saistits ievérojami zemaks SeM toksiskums, salidzinot

ar selenitiem, uznemot tos perorali [15, 47].

1.4. Neorganiskie seléna savienojumi

Gandriz divu gadsimtu laika ir sintezeti dazadu klasu selénu saturosi savienojumi un
pétitas to TpaSibas. Seléna valence kimiskajos savienojumos nosaka ta biologiskas ipasibas.
Literattira paradits ka, seléns ir efektivs ar oksidacijas pakapi +4, tacu Selenati ir tik pat efektivi
(oksid. pakape +6), ja tos var reducét lidz pakapei +4 [48]. Dazadu klasu seléna savienojumi
organisma metaboliz€jas atSkirigi un galarezultats ir atSkirigs. Savienojumi aktivé dazadus
biologiskas iedarbibas molekularos mehanismus un lidz ar to ir at$kirigs toksiskums un
pretvéza efekts.

Visplasak izpétitie Se saturoSie neorganiskie savienojumi ir seléntidenrazskabe (H2Se),
selena dioksids (SeO2), natrija selenits (Na»SeOs), selénpaskabe (H2SeOsz) un seléna
diglutations (GS-Se-SG). Vispiemérotakie neorganisko seléna savienojumu rinda, ka
terapeitiskie Iidzekli véza arstéSana, ir seleniti (SeOs?). Vairakos pétijumos, tie uzradija
ieveérojamu citotoksicitati mikromolara diapazona pret laundabigajam plausu [49, 50], prostatas
[51], kakla [52], olnicu [53] un resnas zarnas [54, 55] Stnam, ka ari primaras cilvéku aktas
mieloidas [56] un limfoblastiska [57] leikémijas Stnam. Zinots, ka medikamentu rezistentas
Stinas kltst daudz jutigakas pret kimijterapiju, ja pievieno selenitus [53, 58]. Natrija selenits
kombinacija ar kamfotecinu pastiprina dzemdes kakla v&za Stnu supresiju [59], ka arT uzlabo
S-fluoruracila, oksaliplatina un irinotekana citotoksicitati uz resnas zarnas véza Stnu Iinijam
[60]. Vel jo vairak, Sis savienojums butiski uzlabo staru terapijas efektu arstéjot hormonu
neatkarigos prostatas audz&jus [61]. In vivo eksperimenti ir apstiprinajusi selenitu terapeitisko
potenci gan attieciba uz prostatas un taisnas zarnas audz€jiem [62], gan limfoproliferacijas
modelos [63, 64], tacu selenttu efektivitati biitiski nomac to toksiskums.

Seléna savienojumu pretvéza aktivitate ir proporcionala to katalitiskajai aktivitatei.
Izpétits, ka dazadu seléna savienojumu rinda vislielako aktivitati novéro seléna diglutationam.
Sis savienojums tika patentéts ka kancerostatisks preparats pret plaudu karcinomas §inam,
zarnu apvalka adenokarcinomu, melanomu, piena dziedzeru adenokarcinomu, gliomu,
medulloblastomu, audzgju transformé&tiem fibroblastiem un keratinocitiem, ta augstas
citotoksiskas aktivitates dél. Otrs aktivakais un visvairak izpétitakais savienojums ir natrija
selenits. Sim savienojumam ir pieradits pretvéza efekts uz vairakiem audz&ju veidiem, tadu
augstais toksiskums ierobeZo ta izmantosanu. Sobrid natrija selenitu izmanto biopiedevu veida.
Natrija selenatam (NaSeOs), kura Se oksidacijas pakapé ir +6, piemit antiangiogenézes

ipasibas [65]. Dazada pretvéza aktivitate aprakstita ari seléna metabolitiem.
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Seléniidenrazskabei augstas devas piemit antioksidativa aktivitate, Stnu proliferaciju
modul&josas un imiino sisteému stimul&josas 1pasibas. Metilselenols bloké Stinu cikla G1 fazi,
stimul€ kaspazes atkarigo apoptozi, inhibé angiogené&zi un véza stinu invaziju [22].

Misdienas aptiekas ir pieejams plass uztura bagatinataju klasts, kuri satur neorganisko
selénu. Neorganiska seléna biopieejamiba ir viena no neatrisinatam problémam. Mineralvielas,
tai skaita seléns, var veidot helatus ar aminoskab&ém. Helati dabiska cela veidojas gremoSanas
procesa, kad kunga skabes un fermenti hidrolizé olbaltumvielas Iidz aminoskabém.
Aminoskabes saistas ar mineralvielam, nodrosinot to parnesi caur zarnu sieninam. Nemot véra
Sos procesus, ir izveidoti seléna kompleksi ar aminoskabém, lai paaugstinatu neorganiska
seléna biopieejamibu, pieméram, Vitacost Complexed Selenium - Albion® Selenium Glycinate
Complex, kur glicins ir helators, ka arT natrija selenits tiek apvienots ar selénu saturo$am
aminoskabém: L-selenometioninu un Se—metil L-selenocisteinu (pieméram, Life Extension®

Super Selenium Complex).

1.5. Organiskie seléna savienojumi

Cilveka organisma ir atrastas divas selénu saturoSas aminoskabes - selenocisteins un
selenometionins, kas ieklaujas dazadu selenoproteinu sastava. Visplasak izpétitas ir glutationa
peroksidazes, selenoproteina P, jodotironindejodinazes un tioredoksina reduktazes biologiskas
funkcijas. Sobrid cilvéka organisma ir atrasti un identificéti vairak ka 25 selenoproteini, kuri
piedalas imiingjas reakcijas, aizsarga DNS, lipidus un lipoproteinus pret bojajumiem, uztur
normalu vairogdziedzera darbibu, nepiecieSami matu un nagu veselibai, ka arT sekme veseligu
spermatozoidu razoSanu. Dazadu selénu saturoSo aminoskabju iedarbibas mehanisms un
biologiskais efekts ir atskirigs. Se-metilselenocisteins (MeSeC) var izmainit dazu kolagéna tipu
génu un proteinu ekspresiju, kas izraisa ekstracelulara matriksa izmainas un rezultats ir
izmainas prostatas Stinu mitozes procesa [66]. Citi autori saista MeSeC pretvéza efektu ar ta
metabolita — metilselenola iedarbibas efektu, kurS ir pétits uz transgénas peles modela ar
prostatas adenokarcinomu, ievadot MeSeC perorali [67]. 2011. g. atklaja jaunu MeSeC
metabolitu - a-keto skabes analogu, kuram ari tika pieradits pretvéza efekts [68]. Pastiprinatu
pétnieku interesi izraisa viens no SeM pretvéza darbibas mehanismiem, kas saistits ar SeM
metabolitu sp&ju inhibét histonu deacetilazes (HDAC) aktivitati, ko pavada olbaltumvielu
oksidésanas - reducé$anas modulacija [69].

Japanu zivsaimniecibas zinatnes pétniecibas institita lidzstradnieki ir atklajusi zila
tunca derigas ipasibas, identific§jot ta asinis un audos augstu 2-selenil-N,N,N-trimetil-L-
histidina saturu. Sis savienojums ir ergotioneina 1,4-seléna analogs, kuru nosauca par

selenoneinu (1.5.att., ). Selenoneina klatbiitne tika konstatéta ari citu zivju (skumbrijas,
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tilapijas, makreles) asinis, hepatopankreata, liesa, sirdi un skeleta muskulos, ka arT ciiku nierés,

kalmaru hepatopankreata, vistas guza, aknas un sird1 [70].
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1.5.attels. (a) Metilselenocisteins, (b) selenometionins, (c) selenoneins, (d) selenocistins, (e)

selenodiglutations.

Neskatoties uz to, ka SeM darbibas mehanisms, kur$ saistits ar véza veidoSanos, ir
saméra daudz pétits, maz ir darits, lai novert€tu SeM ietekmi uz Stinu proliferaciju. Jaunakajos
p&tijumos ir pieradits, ka SeM kavé kolorektalo [71, 72], plauSu [73, 74], kriits un prostatas
véza Stnu augSanu, ka ari konstatéta citotoksicitate attieciba Uz melanomas $tnam [75, 76],
taCu, selénu saturo$as aminoskabes uzrada pretaudz&ju aktivitati iev€rojami augstaka
koncentracija (mikromolarais diapazons), neka seléna reducétas aktivas formas. Nesen zinots
par iesp&ju izmantot SeM, kombingjot to ar joniz&joso starojumu, tas dod iesp&ju turpmak SeM
izmantot plauSu véza arsteéSana [77]. Lidzigi SeM, selénometilcisteins (MSC) proponéts par
efektivu agentu Stinu proliferacijas kavésanai vidéjas un augstas koncentracijas cilvéka mutes
dobuma plakansiinu, resnas zarnas un kriits karcinomas $iinas [78, 79]. Neskatoties uz MSC
augsto toksicitati, péd&jos gados petniecku uzmanibu piesaistija, ta sp&a modulét
metastazéSanas procesus. MSC angiogenézes inhib&Sanas rezultata kavé audz&ja augSanas
atrumu [80, 81], uzlabo pretvéza zalu piegadi audzgja, tadgjadi radot terapeitisko sinergiju in
vivo. Pieradits, ka MSC spgj potencét irinotekana un tamoksiféna pretvéza efektu un aizsarga
pargjas organisma Stinas no $1 preparatu toksicitates [82-84].

Selenocistins — diselenids, kas veidojas oksid€joties selenocisteinam, nesen piesaistija
uzmanibu ar savu augsto pretvéza aktivitati un lielisku terapeitisku selektivitati uz cilvéka véza
Stnam, neskarot normalas Stnas (1.5.att., d) [85]. Testos in vitro pieradits, ka selenocistins
efektivi iedarbojas uz cilvéka melanomas, dzemdes kakla un plausu véza S$tunam [86].
Kombingtaja terapija selenocistins pastiprina 5-fluoruracila aktivitati uz melanomas Stinam
[87], arT individuali selenocistinam ir spécigs pretvéza efekts in vivo, ievérojami kavéjot

audz€ja augSanu, bet neizraisot dzivniekiem svaru zudumu [88], tacu ta izmanto$anu pretvéza
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terapija kavé slikta Skidiba tideni. Tapéc talakie pétijumi tika pievérsti citu selenidu un
diselenidu sint€zei un to antiproliferativas aktivitates parbaudeém.

Atklats, ka selénu saturoSiem hinazolina un pirido[2,3-d]pirimidina atvasinajumiem
zemas mikromolaras koncentracijas piemit augsta citotoksicitate attieciba pret dazadam cilvéka
véza Stnu lmijam. E. Moreno lidzstradnieku grupa ir atklajusi bis(4-aminofenil)diselenida
sp&ju kavet limfoleikozes Siinu augSanu [89]. Talako mekl&jumu rezultata tika sintez&ti dazadi
jauni difenildiselenidu atvasinajumi un pétita to ietekme uz v&za stnu proliferaciju [90, 91].

Imidoselenokarbamati un hinolinimidoselenokarbamati uzradija sp&ju iznicCinat cilvéku
prostatas véza Stnas mikromolaras koncentracijas (1.6.att.) [92, 93], turklat,
imidoselenokarbamati efektivi iznicina kriuts veza un limfoblastiskas leikémijas S$iinas.
D.Desaja lidzstradnieku grupa izstradaja suberoilanilida hidroksamskabes (SAHA) seléna
analoga sintézes metodes un paradija ka tie veiksmigi inhibé dazadu plausu véza Stnu Iiniju
proliferaciju salidzinot ar SAHA [94, 95]. B.Romano pétnieku grupa zinoja par jauniem
metilselenokarbamatu klases savienojumiem, kuriem piemit augsta citotoksiska aktivitate
attieciba pret vairakam cilvéka véza Stnu Imijam (ICso < 10 uM) [96]. Vairakus nesen
sintez€tus selénocianatu atvasinajumus perspektiva varés izmantot ka pretvéza preparatus. 1,4-
Fenilénbis(metilén)selénocianats (p-XSC) uzrada augstu efektu pret prostatas un mutes
dobuma karcinomas $tnam (1.7.att.) [97, 98]. Vélak sintezétie fenilalkilizoselénocianati —
dabigo fenilalkilizotiocianatu seléna izostéri, kas uzradija savu efektivitati in vitro pret
melanomas, prostatas, kriits, glioblastomas, sarkomas un resnas zarnas véza $tinu linijam, gan
in vivo, inducgjot butisku audz&ja izméra sarukSanu, vienlaicigi neizraisot dzivnieku svara
kritumu. P&c struktiiras-aktivitates sakaribu pétijumu rezultatiem tiek secinats, ka audz&ja
inhibgjosa iedarbiba palielinas pieaugot savienojumu lipofilitatei [99].

Selénu saturosie heterocikli ir vl viena savienojumu klase, kas ped&jos gados piesaista
arvien lielaku uzmanibu. Ebseléns (2-fenil-1,2-benzizoselenazol-3(2H)-ons) ir pirmais
veiksmigais piemérs (1.8.att.). Pirmoreiz tas tika iegits 1924.g. [100] un to plasi pétija ka
pretickaisuma Iidzekli ar antioksidativam 1pasibam. Nesen Sim heterocikliskajam
savienojumam ir pieradita sp&ja kavét cilvéka krits, resnas zarnas un hepatomas véza $tnu
proliferaciju [101, 102, 103] un, japiebilst, ka seléna loma $aja gadijuma ir noteicosa, jo scra
terapeitiskai izmantoSanai.

Lai palielinatu Ebseléna $kidibu, nezaudgjot biologisko aktivitati, talakie p&tjjumi tika
veérsti uz ta struktiiras modificéSanu. Viens no veiksmigiem savienojumiem ir Etaseléns (1,2-
[bis(1,2-benzizoselenazolon-3-(2H)-keto)Jetans), kas pazistams ari ka BBSKE. So

savienojumu sintezg&ja un detaliz€ti izpétija prof. H.Zeng ar lidzstradnieku grupu. Savienojums
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demonstré ieveérojamu pretvéza efektivitati attieciba uz dazadam cilvéka véza formam un
merenu toksicitati in vitro un in vivo pétijumos [34, 104-108]. Pavisam nesen, Etaseléns
kombinacija ar cisplatinu tika test€ts in vivo. Salidzinot ar cisplatina efektu, kombinétaja
terapijas procesa noveroja savienojumu sinergiju, samazinot audz€ja izméru un vienlaicigi
pasargajot organismu no cisplatina toksicitates [109], tac¢u, neskatoties uz daudzsoloSiem
rezultatiem, Skidibas palielinaSanas probléma netika pilniba atrisinata. M. Liu zinatnieku grupai
izdevas iegiit Gident SkistoSu Etaseléna formu radot micellu kopoliméru, ka rezultata novéroja
pretaudz&ja aktivitates paaugstinasanos [110]. Diselenoféna atvasinajumam D-501036 (2,5-
bis(5-hidroksimetil-2-selenofenil)-3-hidroksimetil-N-metilpirols) nesen tika atklatas pretvéza
pasibas ar plaSu aktivitates spektru pret vairakam cilvéka véza §tinam (ICso<1 pM diapazona)
[35, 111, 112]. Jaatzimeé, ka D-501036 piemit selektiva sp&ja kavet véza Sunu, 1pasi

multirezistentu $tnu augSanu, vienlaicigi neskarot normalas $tinas (1.9.att.).
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1.6.attels. (a) imidoselenokarbamati, (b) hinolinimidoselenokarbamats, (¢) Se-SAHA, (d)

selenokarbamoil atvasinajumi
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1.7.attels. (a) Seléenhinazolini u pirido[2,3-d]pirimidini, (b) diarildiselenidi, (c) p-XSC, (d)
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1.8.attels. (a) Ebseléns, (b) Etaseléns
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1,2,5-Selénadiazoli ir interesanta savienojumu klase jaunu pretvéza preparatu
meklgjumos. Pieméram 1,2,5-selénadiazolo[3,4-d]pirimidina-5,7(4H,6H)dionam piemit plass
antiproliferativas aktivitates spektrs uz vairakam cilvéka véza $tnu Imijam [113, 114].
Selenofeéniltiazolidinona atvasinajumiem raksturiga izteikta antiproliferativa iedarbiba pret

resnas zarnas audz&ja HT29 $tnu augsanu [115].
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1.9.attéls. (a) D-501036, (b) un (c) 1,2,5-selenadiazoli

PlaSi pétijumi ir veikti attieciba uz selénu saturoSo nukleozidu sintézi. Balstoties uz
dabigu savienojumu struktiru, 1983. g. tika sintez&ts tiazofurina analogs — Sselénazofurins
(1.10.att.). Savienojums paradija izteiktu pretvéza aktivitati attieciba uz pelu leikémiju P388,
Luisa plausu un osteogéno sarkomu dzivniecku modelos [116], tacu N-aizvietotiem
atvasinajumiem tika konstatéts absoliits aktivitates zudums testos in vivo [117], savukart,
apmainot selénazola ciklu pret selenofénu, ieguva vél vienu perspektivu pretvéza agentu.
Selenofénfurina citotoksiskas aktivitates ITmenis ir salidzinams ar selénazofurina lIimeni [118].
P&dgjos gados uz fluorcitozina [119], timidina [120] un uridina bazes [121] izstradatas ar1 citu
selénu saturoSo nukleozidu ieglisanas metodes.
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1.10.attéels. (a) Selenazofurins, (b) selenofenofurins, (c) selenoarabinozofuranozilcitozins, (d)
metilseléenotimidina atvasinajumi, (e) selénuridina atvasinajumi
Promocijas darba ir apkopoti vairaku gadu pétijumi, kuri tika veikti Latvijas Organiskas
sintézes institita ar dazadiem selénu saturoSiem savienojumiem. P&tjjumu gaita sintez&tiem
neorganiskajiem un organiskajiem seléna atvasinajumiem veikta struktiiras-aktivitates analize
ar mérki noskaidrot struktiiras-aktivitates likumsakaribas, tadgjadi atlasot selénu saturosSus
atvasinagjumus ar augstu pretvéza efektu, vienlaikus méginot samazinat nevélamus seléna

toksiskos blakusefektus.
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2. REZULTATI UN TO IZVERTEJUMS

2.1. Neorganisko seléna atvasinajumu struktiiras - aktivitates analize

Vairakos pétijumos [52, 122-124] ir paradits, ka neorganiskais natrija selenits spgj
iznicinat audzgja Stinas izmantojot dazadus darbibas mehanismus. Viens no tiem ir saistits ar
oksidativo stresu, ka rezultata audz&ju Stunas selektivi tiek bojati mitohondriji, vienlaicigi
pasargajot normalos audus. Ka jau iepriekS minéts, galvena probléma, kas saistita ar
neorganisko seléna savienojumu izmantoSanu terapija, ir Saurs devu diapazons starp
arstniecisko un toksisko seléna devu. Lai samazinatu seléna toksiskumu un saglabatu pozitivo
biologisko efektu, pétitas natrija selenita kombinacijas ar dazadiem vitaminiem, piemé&ram,
natrija selenitu kombinacija ar E vai C vitaminu klinika izmanto kataraktas un tiklenes makulas
degeneracijas profilaksei [125]. Kombinacija ar E vitaminu samazina seléna toksisko efektu
eksperimentos ar zurkam [126]. Selenita kombinacija ar tokoferolu plasi izmanto veterinarija
ka dzivnieku uztura bagatinataju.

Balstoties uz zinasanam par seléna unikalo lomu cilvéka veseliba, Latvijas Organiskas
sint€z€s institiita tika sintez€ti dazadi neorganiska seléna atvasindjumi: amonija un
metilamonija seleniti, aminoskabju, di- un tripeptidu, ka ar1 betainu hidroselentiti, alifatisko
aminu un N-heterociklu hidroseleniti. PlaSs savienojumu klasts tika sintezets, lai veiktu So
savienojumu struktiras-aktivitates analizi un noskaidrotu likumsakaribas, kas lautu atlasit
efektivus seléna atvasinajumus ar augstu pretvéza efektu un vienlaikus pec iespgjas zemakam
seléna toksisko blakusefektu izpausmém.

Struktiiras-aktivitates petijumi tika uzsakti ar So savienojumu antiproliferativa efekta
salidzinajumu, nosakot savienojumu citotoksicitati in vitro uz audz&ju $tnu linijam: cilvéku
fibrosarkomas HT-1080, pelu hepatomas MG-22A, pelu melanomas B16 un pelu
neiroblastomas Neuro2A. Papildus tika izmantotas vél divas Stnu Iinijas: pelu embrionalie
fibroblasti NIH 3T3 un Sirijas kamja nieres fibroblasti BHK21, kas nav izdaliti no audzgjiem,
bet ar virusu palidzibu transforméti kultiira in vitro. Sis §Ginu linijas nosaciti sauc par normalam
Sinam un biologiskajos pétijumos izmanto ka normalo $inu modeli. Tomér par pilnigi
normalam tas nevar uzskatit, jo tam ir dazas audz&ju Stnu Ipasibas, pieméram, neierobezota
$anu proliferacija [127]. Stnu dzivotspéja tika noteikta ar MTT (3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolija bromids) palidzibu, kas parada dzivo $tinu mitohondriju fermentu aktivitati.

Lai novertétu un salidzinatu savienojumu iesp&jamo toksisko efektu, izvéleta metode,
kas ir alternativa LDso testam in vivo. Testa noteikta savienojumu bazala toksicitate uz pelu
fibroblastu stnu Itnijas NIH 3T3 un aprékinata savienojuma paredzama akita toksicitate (LDso)

[128]. Iegutie dati lauj novertét vairaku savienojumu toksisko efektu, neizmantojot lielu
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dzivnieku skaitu toksicitates noteikSanai, un atlasit perspektivakos savienojumus turpmakajam
parbaudém in vivo. Izmantojot $adu pieeju, dzivnieku izmantoSanu eksperimentos var
samazinat vismaz par 50% [129]. Savienojumu pretvéza efekts in vivo tika noteikts izmantojot

pelu audzgja modeli ar parpotétu pelu sarkomu S-180.

2.1.1. Amonija un alkilamonija seleniti

Medicina plasi tiek izmantota vairaku arstniecisku Iidzeklu kombinéta terapija,
pieméram, asinsspiediena normaliz&$anai, osteoporozes, psoriazes u.c. slimibu, ar1 laundabigu
audz€ju arstéSana. Lidzigas tendences ir ar1 profilaktiskaja medicina, 1pasi véza profilakse
[130]. Pozitivu mijiedarbibu starp dazadiem agentiem iesp&jams sagaidit, ja tie iedarbojas uz
vairakiem meérkiem, tadejadi papildinot iedarbibas mehanismu, pieméram, modulét dazadus
posmus kancerogenézes procesa. Apvienojot dazadus agentus, var panakt arstnieciska efekta
potencé€Sanu un samazinat iesp&jamos nelabvéligos blakusefektus [131]. Literatura ir publicéti
pétijumi par seléna sp&ju pasargat organismu no cisplatina toksiska efekta terapijas laika [132],
savukart, seléna konjugatam ar cisplatinu (NH3)4PtCl>SeOs ir pieradits citotoksiskais efekts un
specifiska telomerazes inhib&Sanas sp&ja endometrija audz&ju stnas [133].

Amonija un metilamonija selenitiem un teluritiem ir paradits antiproliferativais efekts
uz vairakam audzgju Stnu Iinijam [134]. Eksperimentalaja darba iegutie rezultati salidzinati ar
natrija selenita efektu. Rezultati apkopoti 1. tabula.

Natrija selenits (1) paradija augstu citotoksicitati uz cilvéka fibrosarkomas HT-1080
(IC50=2 uM). Citotoksiskais efekts uz normalam $anam NIH 3T3 ir 20 reizes zemaks (IC50=23
uM). Viszemakais efekts natrija selenitam novérots pret hepatomas MG-22A (IC50=64 uM)
sinam. Amonija selenitam (2) ir selektiva iedarbiba uz dazadam Stnu Iinijam. Augstakais
citotoksiskais efekts novérots uz fibrosarkomas HT-1080 (ICso=1 uM) — lidzigi ka natrija
selenitam. P&c antiproliferativa efekta samazinasanas audzgju $tnu linijas var izvietot sekojosa
seciba: HT-1080 > Neuro2A > MG-22A > B16. Citotoksiskais efekts uz normalam stunam NIH
3T3 ir 2 reizes augstaks (ICs0=13 uM), salidzinot ar natrija selenitu. Ar1 uz BHK21 §tnu linijas
efekts ir praktiski lidzigs. Metilamonija (3) un dimetilamonija (4) selenitu citotoksicitate uz
visam parbauditajam audzg&ju Stnu linijam ir vel augstaka, tomér selektivitate uz dazadam stnu
Itnijam saglabajas, nedaudz mainas Iiniju seciba. Metilamonija selenita (3) un dimetilamonija
selenita (4) efekts samazinas sekojosa seciba: HT-1080 > Neuro2A > B16 > MG-22A.
Citotoksiskais efekts savienojumiem 3 un 4 uz normalam Sanam NIH 3T3 ir attiecigi 11 un 25
reizes augstaks (ICs0=2 un 0,9 puM), salidzinot ar natrija selenitu. Bazala toksicitate
savienojumiem 2, 3 un 4 ir lidziga, aprekinatais LDsp attiecigi ir 49, 57 un 43 mg/kg, un tie ir

apméram 2 reizes toksiskaki ka natrija selenits. Analiz€jot iegiitos rezultatus, var secinat, ka
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ievadot metil grupu amonija selenita molekula, paaugstinas citotoksiskais efekts gan uz
audz€u S§Gnam, gan arl uz normalam Sunam. Vienlaicigi metilgrupa neietekmé bazalas

toksicitates limeni.

1. tabula
Amonija selenitu un teluritu antiproliferativais efekts in vitro un pretvéza efekts in vivo
1Cso, uM Bazala Au(vlzéja
Nr. Formula o Mo Bie Nea NI mlzsl_lg:? ¢ ﬁluh%ﬁg?;
mg/kg) in vivo, %
1  NasSeOs 2 64 nt nt 23 105 68
2 (NHg4)2SeOs 1 22 47 8 13 49 16
3 (MeNHj3);Se0s 05 4 2 1 2 57 47
4 (Me:NH,);SeO; 0.9 5 2 0.8 0.9 43 10
5  [(HOCH.CH)MeNHHSeOs 33 40 30 7 54 nt -26
6 [(HOCH.CH.)MeNH]HSeO; 17 34 32 21 48 nt nt
7 [(HOCH,CH,)sNH]HSeOs 12 26 395 31 165 nt 81
8  (NHu).TeOs 8 10 11 2 175 413 8
9  (MeNHz3),TeOs 15 26 13 14 763 887 17
10 (Me2NHy):TeOs 18 24 36 14 2091 1540 7
nt —nav testéts; “ — “ — audz€ja augsanas aktivacija.

Etanolaminu atvasindgjumu s€rija tika parbauditi trfs savienojumi: N-metil-N-
etanolamonija hidroselenits (5), N-metildietanolamonija hidroselenits (6) un trietanolamonija
hidroselenits (7). Etanolamonija hidroselenits (5) paradija augstaku citotoksisko efektu uz
neiroblastomas Neuro2A (ICs0=7 uM), uz pargjam audzgju Iinijam ICsp ir no 30 lidz 39 uM,
savukart, di- un trietanolamonija hidroseleniti (6, 7) efektivi inhibé fibrosarkomas HT-1080
augSanu (ICsp=17 un 12 pM). Uz pargjam audz&ju Stnu linijam efekts ir apméram vienads
(IC50=30+39 uM). Savienojuma 7 citotoksiskais efekts, iznemot ietekmi uz melanomu B16,
salidzinot ar etanolamonija hidroselenitu (5), ir 13 reizes zemaks (IC5=395 uM). Siinu
proliferacijas supresija Siem trim savienojumiem (5, 6, 7) uz normalas $iinu linijas NIH 3T3 ir
zemaka neka natrija selenitam, bet viszemakais efekts ir trictanolamonija hidroselenitam (7)
(IC50=165 uM). Salidzinot amonija un metilamonija selenitus ar etanolamonija hidroselenitiem
var secinat, ka citotoksiskais efekts uz visam $iinu Iinijam samazinas.

Seléns un teldrs ir VI grupas elementi, tacu dzivajos organismos teliirs nav sastopams
ka mikroelements. Aizvietojot savienojuma molekula selénu ar teliru, savienojumu
antiproliferativais efekts un toksicitate samazinas. Amonija teluritam (8) saglabajas selektiva
iedarbiba, un $aja gadijuma visjutigaka pret to ir pelu neiroblastoma Neuro2A. Visi tris teliira

izostéri (8-10) parada viszemako efektu uz embrionaliem pelu fibroblastiem NIH 3T3.

31



Antiproliferativais efekts metilamonija (9) un dimetilamonija (10) teluritam ir zemaks neka
attiecigajiem selenitiem. Japiebilst, ka ar1 bazala toksicitate ir 4-15 reizes zemaka neka natrija
selenitam. Sie dati parada, ka seléna un teliira loma §linu metabolisma ir at3kiriga.

No visiem parbauditiem amonija un metilamonija selenitiem un teluritiem tikai
metilamonija selenits (3) eksperimentos in vivo paradija mérenu audz€ja augSanas kavéSanas

sp&ju (47%), toties trietanolamonija hidroselenits (7) butiski kavé audzgja aug$anu - par 81%.

2.1.2. Aminoskabju, dipeptidu un tripeptidu hidroseleniti

Mineralvielas, tostarp seléns, var veidot helatus ar aminoskab&ém, kas nodroSina to
transportéSanu caur zarnu sieninam. Pieradits, ka N-acetilcisteinu kombinacija ar natrija
selenitu var izmantot, ka potencialu pretvéza agentu, jo seléna toksiskais efekts samazinas
[135]. Nemot v&ra Sos procesus, lai paaugstinatu neorganiska seléna biopieejamibu, izveidoti
vairaki seléna kompleksi ar aminoskab&m.

Aminoskabes, di- un tripeptidi viegli reagg ar in situ pagatavotu selénpaskabi (H2SeO3),
Skidinot seléna (IV) oksidu Gideni. Rezultata veidojas attiecigie hidroseleniti [136]. Dazadiem
aminoskabju, di- un tripeptidu hidroselenitiem tika konstatéts antiproliferativais efekts.
Rezultati ir apkopoti 2. tabula. Analiz€jot iegiitas struktiiras-aktivitates attiecibas ir redzama
citotoksiska efekta atkariba no aminoskabes dabas. Glicina hidroselenitam (11) ir augsts
citotoksiskais efekts uz fibrosarkomas HT-1080 (ICso=10 uM). Uz audzgju sinam MG-22A,
Neuro2A un normalam $tGnam NIH 3T3 un BHK21 efekts ir salidzino$i vienmérigs (ICso
attiecigi ir 15; 20; 25 un 22 uM) un 2 reizes zemaks neka uz HT-1080. Salidzinosi augstais
efekts uz fibrosarkomas HT-1080, iesp&jams, ir saistits ar to, ka glicins ietilpst kolagéna
sastava, turklat, glicina daudzums var sasniegt 35% [137]. Interesanti, ka viszemaka jutiba pret
glicina hidroselenitu (11) ir melanomas B16 Siinam (ICs0=101 uM). Literatiira ir minéts, ka
pievienojot pelu uzturam glicinu, tiek inhib&ta hepatocitu proliferacija kancerogéna WY-
14.643 ietekm@ un inhib&ta melanomas B16 audzgja augsana par 50-75% in vivo, tomér glicins
neietekmé melanomas B16 proliferaciju in vitro. Autori izvirzija hipotézi, ka glicins
neiedarbojas tie$i uz audz€ju Stnam, bet kavé audz€ja augSanu in vivo inhib&jot angiogenézi
[138]. Atskiriba no glicina, glicina hidroselenits (11) in vitro inhibé melanomas B16
proliferaciju.

B-Alanina hidroselenits (12) uzradija augstu antiproliferativo efektu uz visam audzgju
stnu linijjam. Uz hepatomas MG-22A citotoksiskais efekts ir visaugstakais (ICso=2 uM), bet uz
pargjam Siunu linijam ICsp ir [idzigs un svarstas robezas no 9 lidz 17 uM. Uz normalam Stnu
Iinijam NIH 3T3 un BHK21 B-alanina hidroselenita (12) citotoksiskais efekts ir tikpat augsts,

ka uz audz€ju Sinam. B-Alanins ka P-aminoskabe, olbaltumvielu sastava neietilpst, tas ir
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aminoskabju vielmainas produkts. B-Alanina struktiira atrasta vairaku svarigu biologiski aktivu
vielu sastava (karnozins, anserins, koferments A, pantoténskabe). Organisma B-alanins tiek
sintezets aknas. Paradits, ka pievienojot dictai B-alaninu, Zurku aknas paaugstinas oglekla
tetrahlorida izraisitais hepatotoksiskais efekts [139], bet pelu aknas B-alanins darbojas pretgji -
samazina oglekla tetrahlorida izraisito hepatotoksicitati [140]. Novérotais [-alanina
hidroselenita izcilais citotoksiskais efekts tieSi uz hepatomas $iinam, iesp&jams, saistits ar to, ka
B-alanina metabolisms ir cieSi saistits tieSi ar aknu audiem un hidroselenits var traucet
metabolismu, izraisot hepatotoksisko efektu.

Serina hidroselenits (13) in vitro paradija augstu citotoksisko efektu uz hepatomas MG-
22A un neiroblastomas Neuro2A $iinam, ICsp uz abam §tinu Iinijam ir 13 uM. Tomer augstu
citotoksisko efektu novérojam ari uz normalas $tnu Iinijas NIH 3T3 (ICs0=11 uM). Efekts uz
fibrosarkomas HT-1080 ir 4 reizes zemaks. Mazak jutigas pret serina hidroselenitu ir
melanomas B16 un nieru fibroblastu BHK21 $tnas (ICsg uz abam $tnu linijam ir 135 uM).
Eksperimentos in vivo serina hidroselenits uzradija labu pretvéza efektu, audz€ju augSanas
inhibicija sasniedza 51%. Serins spé€lé svarigu lomu purinu un pirimidinu biosintézeé Siina.
Serins ir glicina un cisteina biosintezes prekursors. Tam ir svariga loma ar1 vairaku fermentu
katalitiskaja funkcija. Augsts serina hidroselenita antiproliferativais efekts var tikt saistits ar to
sp&ju iesaistities un bloket vairakus Siinas dzivotspgjai svarigus procesus.

Nakamos tris hidroselenttus apvieno augsts audzgja augSanu stimulgjoss efekts in vivo.
Treonina (14), glutamskabes (15) un tirozina (16) hidroseleniti stimulé audzgju augsanu in vivo
attiecigi par 192, 144 un 98 %. Tirozina hidroselenitam in vitro nav efekta uz melanomas B16.
Iesp&jams, tas ir saistits ar tirozina iesaistiSanos melanina sintéz¢ [141]. Zinams, ka B16
melanomas S$iinas ir tirozin-atkarigas un tirozina koncentracijas samazinasana inhibé
melanomas $tinu proliferaciju [142].

Prolina hidroselenits (17) uzradija augstu antiproliferativo efektu gan uz audz&ju, gan
uz normalam S$Gnu linijam. Augstakais citotoksiskais efekts ir uz hepatomas MG-22A,
fibrosarkomas HT-1080 un fibroblastiem NIH 3T3, ICsp ir attiecigi 5, 7 un 6 uM, tomer
atSkiriba no pargjam Siinu linijam nav liela: uz B16 un Neuro2A audzg&ju Stnu linijam iegiitais
IC50=12 uM. Organisma daudz prolina satur saistaudu olbaltumviela — kolagéns. Fibrosarkoma
un fibroblasti producé kolagénu un prolina metabolisms $ajas §tinas ir augstaks neka citas.
Kolagéns ir nepieciesams Stinu adh&zijas un invazijas nodrosinasanai. Pieradits, ka selenits
inhibeé HT-1080 fibrosarkomas $tnu invaziju, samazinot $inu adh&ziju ar kolagénu [143].
Prolina hidroselenita citotoksicitate ir augstaka tieSi uz fibrosarkomas HT-1080 un

fibroblastiem NIH 3T3, toties uz citu §iinu tipiem efekts ir tikai nedaudz zemaks. So efektu var
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izskaidrot ar to, ka kolagéna loma adhé&zijas procesa ir universala visam Stinam. lesp&jams,
prolina hidroselenits ietekm€ Sos procesus §tna, tapec efekts ir aptuveni lidzigs visos audos.
2. tabula

Aminoskabju, dipeptidu un tripeptidu hidroselenitu antiproliferativais efekts in vitro un
pretvéza efekts in vivo

1Cs0, uM Audzgja
Nr.  Aminoskibe'HSeO;  HT-  MG- .. Neuro NIH BHK ﬁlulﬂfl‘g‘;‘i
1080  22A 2A 3T3 21 | invivo. %
+ OH
11 HaN/\[( 10 15 100 20 25 22 16
(@]
Hltl OH
12 W 17 2 12 9 5 14 4
(0]
+NH,
13 ”OWOH 43 13 135 13 11 135 51
(0]
NH3
14 WOH 53 148 264 138 122 148 192
OH (6]

NH3
15 HOOCWOH 83 91 362 322 181 91 -144
(6]

H,

16 HOWOH 110 129 * 232 105 65 98

0]

+N
OH
17 Q-ﬁ 7 5 12 12 6 10 1
0]
H

(0]
Y o
*
18 (\ I 19 16 209 21 12 -18
N 2
H
H (0]
|
19 Hsﬁ/ﬁ(“\)kw 77 42 * * 180 153 33
(e}

T (o]
+ N
O
20 H3N/\[f \¢H 47 52 315 315 164 151 1103

113

* - parbauditajas devas efekta nav; nt- nav testéts; “—“ —audzgja augsanas aktivacija.
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2. tabula. Turpinajums

IC50' “’M Alleéja
Nr.  Aminoskabe*HSeOs HT- MG- .. Neuro NIH BHK ﬁluh%;"’l‘g?z
1080 22A 2A 3T3 21 in Vivo, %
T (0]
+ N H
21 HN OH 51 * * * 69 36 toksisks
T ft
OH
i V[‘L
99 + N OH 31 11 314 167 66 16 -46
S S ¢
(6] H (0]
H
H\}\r OH
23 h o 16 39 nt nt nt nt 51

Vél viena aminoskabe, kura izmantota ka baze hidroselenitu sintézei, ir histidins.
Histidina hidroselenits (18) in vitro parada augstu citotoksisko efektu uz fibrosarkomas HT-
1080, hepatomas MG-22A, ka arl uz normalam S§tnu linijam NIH 3T3 un BHK21 (ICso
attiecigi ir 19, 16, 21 un 12 uM). Efekts uz melanomas ir apmeram 10 reizes zemaks (ICs0=209
uM), bet uz neiroblastomas efekts paziid. Histidins ir vairaku fermentu sastava, ka ari
prekursors histamina sint€zei. Histamins veidojas no histidina ar histidin-dekarboksilazes
palidzibu. Histamins ir svarigs neirotransmiters un ka mediators piedalas neironu Stnu
proliferacija gan normalos, gan audz€ju audos. Ir zinama histidina ietekme uz aminoskabju
akumulaciju neiroblastomas un astrocitomas $tinas [144]. Paaugstinats histidin-dekarboksilazes
Iimenis konstatéts melanomas Stnas [145]. Histidina hidroselenita (18) nesp&ju ietekmét
neiroblastomas S§tnu proliferaciju var saistit ar plasu histidina lomu neironalo audu
metabolisma un proliferacija, bet zems citotoksiskais efekts uz melanomas var but saistits ar
histidina dekarboksilazes paaugstinatu aktivitati melanomas Stnas. Histidins piedalas smago
metalu detoksifikacija un izvadiSana no organisma caur aknam un nierém. Tas nozimg, ka Sajas
Stinas histidina hidroselenits (18) var tikt iesaistits citos metabolisma celos neka neironalajas
Stnas. lesp&jams tas ir iemesls augstam citotoksiskajam efektam uz nieru fibroblastu BHK21
un hepatomas MG-22A $tinam.

Parbauditajam glicina hidroselenita tripeptidam (22) antiproliferativais efekts uz
melanomas B16 samazinas 3 reizes (IC50=314 uM) salidzinot ar glicina hidroselenttu (11), bet
ar glicina hidroselenita dipeptidu (19) efekts ziid. Glicins ir svarigs CNS neirotransmisijas
inhibttors. Literatira nav datu par glicina citotoksisko efektu fiziologiskas devas uz nervu

sunam, bet glicina hidroselenita (11) ICso uz neiroblastomas Neuro2A S$tnam ir 20 uM.
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Salidzinot savienojuma di- un tripeptida citotoksisko efektu, noveérots, ka tripeptida (22)
gadijuma tas samazinas (ICs0=167 uM), bet dipeptidam (19) efekta nav. Ari uz pargjam Sinu
linijam dipeptidam (19) ir zems efekts. Gly-Leu hidroselenita (20) citotoksiskais efekts, lidzigi
ka savienojumam 22, arl ir zems un viszemaka aktivitdte ir uz melanomas B16 un
neiroblastomas Neuro2A (ICso uz abam linijam ir 315 uM). Gly-Ser hidroselenita (21) efekts ir
lidzigs ka savienojumam 19, ar1 $aja gadijuma citotoksiskais efekts nav novérojams uz
melanomas B16, neiroblastomas Neuro2A, ka ari uz hepatomas MG-22A $tunam. Uz par€jam
linijam citotoksiskais efekts ir lidzigs ka tripeptidam 22. Parbaudot So glicina atvasinajumu
efektu in vivo, noskaidrots, ka vienigi glicina dipeptids (19) nedaudz kavé audzgja augSanu -
inhibicija sasniedz 33%. Glicina hidroselenits (11) neietekmé audzg€ja augSanu, glicina
hidroselenita tripeptids (22) un Gly-Leu hidroselenits (20) stimulé audz&ja aug8anu attiecigi par
46 un 103%, bet Gly-Ser hidroselenits (21) parada loti augstu toksisko efektu in vivo, ka
rezultata visi dzivnieki gaja boja.

Savienojums 23 ir B-fenil-y-aminobutanskabes (fenibuts) hidroselenits. Fenibuts ir
neirotransmitera y-aminobutirskabes (GABA) inhibitors. Tas tiek izmantots ka psihotropas
zales depresijas arstéSanai. Savienojuma 23 citotoksiskais efekts uz fibrosarkomas HT-1080 ir
16 puM, bet uz hepatomas - 39 uM. Tika noteikta arT bazala toksicitate un aprékinatais LDso
sastada 277 mg/kg, kas ir divas reizes zemaks neka natrija selenitam. Fenibuta hidroselenits
uzrada aktivitati ar in vivo, tas inhibé audzgja augsanu par 51%.

Visiem parbauditiem aminoskabju hidroselenitiem citotoksiskais efekts uz normalam
Stinu Iinijam ir salidzinams ar efektu uz audz€ju Stnu linijam. Vairaki savienojumi uzrada

zemaku citotoksisko efektu vai efekta neesamibu uz melanomas un neiroblastomas Stunam.

2.1.3. Betainu hidroseleniti

Betaini ir trialkilaizvietoto aminoskabju ieks€jie sali. Betaina molekula satur pozitivi
lad@tu ceturtgjo slapekla atomu un negativi ladétu karboksilgrupu, veidojot bipolaro jonu. Tie ir
plasi sastopami gan augu valsts pasaulé, gan bezmugurkaulniekos un augstako dzivnieku
organismos. Vienkar$akais betainu parstavis ir trimetilglicins, kas paSlaik zinams ar
nosaukumu betains. Pirmo reizi tas tika izdalits no bieSu sulas. Betains aktivizé Stnu
membranu fosfolipidu biosintézi. Trimetilglicins cilvéka un dzivnieku organisma ir metilgrupu
donors. Tadgjadi betains, darbojoties kompleksa ar B6 un B12 vitaminiem, neitralizé toksisko
aminoskabi homocisteinu. Ar metilgrupu parnesi saista betainu pretvéza efektus. Ir pétita
betaina (uznemot ar uzturu) sp&ja samazinat plausu v€za attistibas risku, kas saistits ar
smékeSanu [146]. Betainu tradicionali izmanto arT ka hepatoprotektoru [147]. 2010. gada zila

tunca asinis tika atrasts jauns unikals selénu saturosSs savienojums. Tas ir dabigais heterocikls -
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2-selenil-No,No,Na-trimetill-L-histidins, ergotioneina seléna analogs, kuram konstatétas
augsta ITmena antioksidativas Tpasibas [70].

P&tijuma turpinajuma parbaudits antiproliferativais efekts betainu hidroselenitu sérijai.
Rezultati par savienojumu citotoksisko efektu ir apkopoti 3. tabula. Gandriz visi betaina
hidroseleniti uzradija augstaku vai natrija selenitam Iidzigu citotoksisko efektu uz audzgju Sinu
Iinjjam, iznemot savienojumu 31. Trimetilglicina hidroselenits (24) paradija augstu
antiproliferativo efektu uz fibrosarkomas HT-1080 un hepatomas MG-22A (ICso=4 uM). Uz
hepatomas ta efekts ir 15 reizes augstaks neka natrija selenitam. Ari bazala toksicitate ir
nedaudz augstaka ka natrija selenitam (LDso=74 mg/kg). Aizstajot trimetilamina fragmentu ar
pirazolinija heterociklu (25), citotoksiskais efekts praktiski neizmainas, bet bazala toksicitate
nedaudz samazinas - 11dz 128 mg/kg.

Pagarinot alifatisko dalu, savienojumam (3-karboksietil)trimetilamonija hidroselenitam
(26) citotoksiskais efekts uz HT-1080 paaugstinas 4 reizes un nedaudz samazinas efekts uz
hepatomas MG-22A (ICs0=7 uM), salidzinagjuma ar (3-carboksimetil)-trimetil-amonija
hidroselenitu (24). Bazala toksicitate samazinas lidz 138 mg/kg. V&l pagarinot alifatisko k&di
lidz propilgrupai, savienojuma (3-carboksipropil)-trimetil-ammonija hidroselenitam jeb y-
butirobetaina hidroselenitam (27) citotoksiskais efekts mainas tikai uz fibrosarkomas HT-1080
- tas paaugstinas 37 reizes (ICs0=0,11 uM), salidzinot ar trimetilglicina hidroselenitu (24).
Tatad alifatiskas k&des garums ievérojami ietekme antiproliferativo efektu uz fibrosarkomas
HT-1080 stnam.

Citotoksisko efektu ietekmé ne tikai alifatiskas kédes garums, bet ari pie amina
pievienotas grupas. Savienojumiem ar karboksietilgrupu, nomainot vienu metilgrupu pie amina
uz etilgrupu, (28) iegitais citotoksiskais efekts uz HT-1080 un MG-22A izlidzinas (ICso = 4
uM) un bazala toksicitate ir 82 mg/kg, savienojuma efekts klist lidzigs trimetilglicina
hidroselenita (24) efektam. Savienojumiem ar karboksipropilgrupu aizvietojot divas
metilgrupas pie amina ar izopropilgrupam (29), citotoksiskais efekts samazinas lidz 9 uM HT-
1080 gadijuma un Iidz 12 uM uz MG-22A, bet aprékinatais LDsp praktiski nemainas, salidzinot
ar 27 savienojumu. Aizvietojot amina grupu ar pieclocekla heterociklu - pirolidinu (30),
citotoksiskais efekts uz abam S$Gnu Ilinjjam ir vienads, ICs0=4 pM un LDs=90 mg/kg.
Metilpiperidilaizvietotam betaina hidroselenitam (31) novérota citotoksiska efekta
samazinasanos uz abam linijam, uz HT-1080 1C5=23 uM, bet uz hepatomas MG-22A - 123
uM. Bazala toksicitate ari samazinas 10 reizes, LDsp=931 mg/kg, tomér selektivitate uz
dazadam S§unu linijam saglabajas, efekts uz fibrosarkomas $tanam ir 5 reizes augstaks ka uz

hepatomas $tnam. Pirazolinija atvasinajumam (33) citotoksiskais efekts uz fibrosarkomas HT-
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1080 paaugstinas 10 reizes (ICs0=0,9 uM), bet efekts uz hepatomas un bazala toksicitate,
salidzinot ar 29 savienojumu, nemainas. Savienojumiem ar karboksipropil grupu, aizvietojot
amina grupu ar morfolinu (32), atkal noverota citotoksiska efekta atSkiriba starp Stnu linijam.
Antiproliferativais efekts uz fibrosarkomas ir 3 reizes augstaks, bet bazala toksicitate gandriz
nemainas un ir 95 mg/kg. Skabekla atoma ievieSana alifatiskaja k&deé (36), noved pie
citotoksiska efekta selektivitates uzlaboSanas. Fibrosarkomas HT-1080 S$tnu supresija
palielinas 6,6 reizes (ICs50=0,9 uM), bet bazala toksicitate samazinas, LDsg ir 179 mg/kg. 1-(2-
Karboksimetoksietil)-1-metilmorfolina hidroselenitam 36 ir viszemakais toksiskais efekts starp
betaina atvasinajumiem ar augstu citotoksisko efektu. Savienojumam 35 ar aminogrupu un ar
metoksilgrupu alifatiskaja kédé ICso uz abam linijam atkal ir vienads (ICsp=4 uM), bet bazala
toksicitate — 119 mg/kg.

Par savienojuma 34 betaina bazi izmantots plasi pazistams komercials preparats -
pregabalins (tirdzniecibas nosaukums Lyrica). Pregabalins ir pretkrampju zales, ko licto
neiropatisku sapju, dazu hronisku sapju c€lonu arsté$anai, pieméram, fibromialgijas gadijuma
[148]. Pec 3. tabulas datiem, pregabalina hidroselenitam (34) piemit antiproliferativs efekts uz
audz€ju Stinam. Citotoksiskais efekts uz fibrosarkomas HT-1080 ir augstaks neka uz hepatomas
MG-22A (ICsp attiecigi ir 3 uM un 30 uM). Bazala toksicitate ir 99 mg/kg.

Analizgjot iegutos rezultatus, parbauditos betaina hidroselenitus var sadalit divas
grupas. Pirmaja grupa ir savienojumi ar lidzigu citotoksisku efektu uz abam audz€ju Stnu
Iinijam: 24, 28, 30, 35. Otraja grupa ir savienojumi, kuriem citotoksiskais efekts uz
fibrosarkomas HT-1080 ir augstaks neka uz hepatomas MG-22A: 29 (atskiriba ir 1,3 reizes), 25
(2 reizes), 32 (3 reizes), 31 (5 reizes), 36 (6,7 reizes), 26 (7 reizes), 33 un 34 (10 reizes), 27 (32
reizes). y-Butirobetaina hidroselenits (27) uzrada vislielako citotoksiska efekta selektivitati
starp HT-1080 un MG-22A stinam — atskiriba ir 32 reizes (attiecigi ICso ir 0,11 uM un 4 pM).
Viens no §1 efekta izskaidrojumiem var tikt saistits ar atSkirigu y-butirobetaina dioksigenazes
ekspresijas Iimeni aknas un saistaudos. y-Butirobetaina dioksigenaze ir ferments, kur§ katalize
L-karnitina veidoSanos no y-butirobetaina un aknas §1 fermenta limenis ir visaugstakais [149,
150], tatad aknu Stnas attiecigais hidroselenits var tikt metaboliz&ts un citotoksiskais efekts
samazinas. y-Butirobetaina dioksigenazei nav viena strikti specifiska substrata, ferments var
izmantot arT dazus modificétus substratus [151, 152]. Piem&ram, mildronatu iesp&jams oksid&t
[153], veidojot virkni produktu, tai skaita malonskabes semialdehidu, dimetilaminu,
formaldehidu un (1-metilimidazolidin-4-il)etikskabi. Meldonija hidroselenitam (26) atskiriba
starp citotoksisko efektu sasniedz 7 reizes. lesp€jams, ari pargjie savienojumi var but S§1

fermenta substrati.
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3. tabula

Betainu hidroselenitu antiproliferativais efekts in vitro un pretvéza efekts in vivo

ICso, pM Bazala Audzeja
- . . toksicitate augsanas
Nr (Amins)H"HSeOs HT-1080 MG-22A (LDso inhibicija
mg/kg) in vivo, %
P
24 /N\)LOH 4 4 74 nt
4 (0]
/
25 /N+\/ILOH 3 7 128 nt
0
26 1 7 138 100
Me3lﬂ\LlNH/\)kOH
|, O
27 /NMOH 0.11 4 82 100
28 /\llf/\/\[(OH 4 4 82 87
| 5
Y o
+
29 \rN\\/\)LOH 9 12 99 88
(0]
30 C\N\"'\/\/U\OH 3 3 90 83
| OH
31 < N:W 23 123 931 100
(0] O
32 + 3 10 95 100
e,
/
7N i
33 e~ 0.9 9 111 nt
(0]
34 nlﬁ\/EjL 3 30 99 nt
“\ OH
Ill+ OH
35 N0 4 4 119 100
T
0/\ i
36 bNV\/O\/MOH 0.9 6 179 nt

\

nt — nav testets
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Savienojumiem 26-32 un 35 tika parbaudits pretvéza efekts in vivo. Visi savienojumi
inhibé audzgja augSanu par 80-100%. Detalizéta in vivo pretvéza efekta un savienojumu

blakusefektu analize dota nodala 2.1.6.

2.1.4. Heterocikliskie amonija hidroseleniti

Jauni hidroselentti ar heterociklisku organisko bazi iegiti, seléna dioksidam reaggjot ar
heterocikliskajiem aminiem, un tiem tika konstatéts antiproliferativais efekts [154, 155].
Rezultati par heterociklisko amonija hidroselenttu biologiskajam ipasibam apkopoti 4. tabula.
Savienojumu antiproliferativais efekts mainas atkariba no izmantotas heterocikla bazes.

Imidazols ir piecloceklu aromatiskais heterocikls, kas ietilpst aminoskabes histidina
molekula. Kopa ar pirimidinu tas veido purinu - daba visplaSak sastopamo slapekla atomu
saturoSo heterociklu. Imidazola gredzenu satur vairaki arstnieciskie lidzekli, pieméram,
pretséniSu preparati, antibiotiki (nitroimidazols), sedativie preparati (midozolams) [156, 157]
un CNS stimulatori (kofeins, teobromins) [158]. P&d&jo gadu pétijumos dazadiem imidazolu
saturoSiem atvasinajumiem ir pieradits antiproliferativais efekts [159].

Imidazolinija hidroselenits (37) uzradija vienadi augstu antiproliferativo efektu
(IC50=3+5 uM) uz visam parbauditajam audzgju S$unam. Uz normalam NIH 3T3 S$tnam
citotoksiskais efekts ir 11 reizes zemaks (IC50=45 uM). Savienojumam ir selektiva ietekme uz
audzg&ju Stinam.

Piridinija selenitam (38), salidzinot ar imidazola atvasinagjumu (37), novérota
citotoksiska efekta samazinaSanas uz audz€ju S$Gnu linijam no 4 lidz 10 reizém. Piridina
gredzens ir B3 vitamina jeb nikotinskabes, ka arT vairaku medikamentu sastava [160]. levadot
aldoksima grupu piridina, tas hidroselenits (39) neuzrada citotoksicitati pret HT-1080 un MG-
22A sinu lijam, bet ICso uz NIH 3T3 $tnu linijas ir 147 pM. Aizstajot aldoksima grupu ar
amidoksimu (40), savienojumam paradas augsts citotoksiskais efekts uz fibrosarkomas HT-
1080, hepatomas MG-22A un neiroblastomas Neuro2A §tinam (attiecigi 14, 17 un 11 puM) un
tas ir nedaudz augstaks neka piridinija selenitam (38). Jauzsver, ka uz melanomas B16
citotoksiskais efekts ir apméram 6 reizes augstaks (ICsp=2 puM) neka uz citam linijam.
Literattira ir paradits, ka nikotins akumulgjas audos, kas satur melaninu, modul&jot melanina
sintezi, antioksidativo fermentu darbibu un samazina cilvéku normalo melanocitu dzivotsp&ju
[161], bet nikotinskabes hidroksamats inhib& melanina sintézi pelu melanomas B16-F10 $tnas
[162]. Iesp&jams, tapéc piridinija selenitiem ir selektiva ietekme uz melaninu saturoSiem

audiem.
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Talak hidroselenitu veidoSanai tika izmantoti 2,2'- un 4,4 -bipiridini. Abi regioizoméri
viegli veido helata kompleksus ar lielako dalu parejas metalu joniem, tai skaita ar dzelzi, bet
4,4 -bipiridins ir prekursors zinamam herbicidam - Parakuat (N,N'-dimetil-4,4"-bipiridinijs).
Literatara ir paradits, ka 4,4 -bipiridins var traucét elektronu parnesi biologiskajas sistémas
[163]. Abiem 2,2 -bipiridinija (41) un 4,4 -bipiridinija (42) hidroselenitiem novérots augsts
(Iidzigi savienojumam 40) citotoksiskais efekts uz fibrosarkomas HT-1080 un hepatomas MG-
22A, 1Csp ir robezas no 11 lidz 18 uM. Abiem savienojumiem citotoksicitate ir augstaka uz
neiroblastomas Neuro2A (ICso ir 9 un 3 uM) un melanomas B16 (ICso=2 uM). Literattra
paradits, ka 2,2 -bipiridinijs in vivo eksperimentos pelém uzrada neirotoksisko efektu deva 300
mg/kg, bet 4,4 -bipiridinijs $ada deva ir letals. P&c literatiras datiem, herbicids Parakuat traucé
dopaminergisko neironu darbibu [164]. No iegutajiem eksperimentalajiem datiem var secinat,
ka 4,4 -bipiridinija hidroselenitam (42) ir augstaks citotoksiskais efekts uz neiroblastomas
stinam neka regioizoméram (41). Augsts bipiridinija hidroselenitu efekts tieSi uz melanomas
$tinam var tikt izskaidrots ar to sp&ju saistit metalu jonus. Paradits, ka melanins reakcija ar Fe?*
(Fentona reakcija), paaugstina tidenraza peroksida veidoSanos, turklat stipra helatora klatbiitné
(piem., EDTA) efekts pieaug [165]. Lidziga ictekme ir konstatéta melaninu saturo$os
dopaminergiskajos neironos smadzenu melnaja viela (substantia nigra) [166]. Bipiridinijs ir
stiprs metalu helators un tas varétu biit viens no augsta citotoksiska efekta izskaidrojumiem. Uz
normaliem embrionaliem fibroblastiem NIH 3T3 2,2 -bipiridinija hidroselenitam (41)
citotoksiskais efekts ir salidzinosi 2—15 reizes zemaks neka uz audzgju stinam (ICs0=30,2 uM),
savukart, 4,4 -bipiridinija hidroselenitam (42) parbauditajas devas nav citotoksiska efekta uz
NIH 3T3 sanam. M.Michel-Buono grupa izpétija, ka 4,4-bipiridiniju ICso, péc 11 dienu
inkubacijas uz normaliem cilvéka keratinocitiem NHK, ir 100-1000 uM, ka arT 4,4-bipiridinija
ietekmé netika konstatéta keratinocitu displazija (saistaudu attistibas trauc€jumi) [167].
Eksperimentalie dati, kas paraditi 4. tabula ir iegiiti pec 72 stundu inkubacijas ar savienojumu
un maksimala izmantota deva bija 100 uM. Tatad, var secinat, ka 4,4 -bipiridinija
hidroselenitam (42) ir selektiva ietekme uz audzgju Stunam.

Vel viena heterociklu klase, kas $aja darba tika parbaudita, ir kondensétie heterocikli.
Ka piemérs izmantots hinolins. Hinolina kodols ir dazu dabigo vielu (alkaloidu) un vairaku
farmakologiski aktivo vielu sastava. Hinolina atvasinagjumiem ir konstatétas vairakas
biologiskas aktivitates: pretmalarijas, antibakteriala, pretséniSu, prettarpu, kardiotoniska,
pretkrampju, pretickaisuma, pretsapju un pretvéza [168, 169]. Eksperimentos in vitro tika
parbauditi hinolinija selenits (43) un 6-bromohinolinija selenits (44). Augstakais
antiproliferativais efekts noverots savienojumam 44. No parbauditajam audz&ju Sinam,

augstaka ietekme ir pret neiroblastomas Neuro2A un melanomas B16 §iinam (1Cso attiecigi ir 5
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un 2 uM). Noverota selektiva ietekme arl uz citam audz&u Stnam, bet uz normaliem
fibroblastiem NIH 3T3 savienojumam citotoksiska efekta nav. Hinolinija selenitam (43)
citotoksiskais efekts uz Neuro2A un B16 Siinam ir attiecigi 7 un 100 reizes zemaks neka 6-
bromatvasinajumam (44) un citotoksiskais efekts novérojams ari uz normalam §tnam,
IC50=178 uM. Literatura ir aprakstits, ka hinolina savienojumi sp&j inhibét melanina
produkciju cilvéka ada [170]. Iesp&ams, ka augsts 6-bromohinolinija selenita (44)
citotoksiskais efekts tieSi uz melanomas $tinam var bt saistits ar sp&ju modulét melanogenézes
procesu.

Fenantrolins ir kondenséts heterociklisks savienojums, kas var veidot kompleksus ar
vairakiem metalu joniem [171]. 1,10-fenantrolins veido kompleksu ar dzelzs (II) jonu un ir
nosaukts par “ferotnu”. Tas ir metaloproteinazu inhibitors, kura darbibas mehanisms ir saistits
ar fenantrolina sp€ju saistit metala jonus fermenta aktivaja centra [172]. Péc 4. tabulas datiem
o-fenantrolinija selenttam (45) ir augsts citotoksiskais efekts uz audz&ju stnu linijam, ICsp ir ap
2 uM, iznemot melanomas B16 §tnas, kur efekts ir nedaudz zemaks - 1Cso ir 12 uM. Diemzél
augsta citotoksicitate novérota ari uz normalas §anu linijas NIH 3T3 (ICs0=3 uM). Sads
vienlidz augsts citotoksiskais efekts uz visiem S§Gnu tipiem vartu but saistits tie$i ar
fenantrolinija sp&ju saistit metalus un neselektivi traucét vairaku metalu saturoSo fermentu
darbibu $tGna. o-Fenantrolinija hidroselenits (45) uzradija pretvéza efektu in vivo, audz&ja
augSanas inhibicijai sasniedzot 39%.

Darba tika parbauditi divi benzimidazola atvasinajumi: benzimidazolinija hidroselenits
(46) un 2-merkaptobenzimidazolinija hidroselenits (47). Benzimidazola atvasinajumi ir plasi
pétiti un izmantoti farmakologisko vielu dizaina. Tiem ir konstatéts pretmikrobu, un pretvirusu
efekts, ka arT pretdiabéta un pretvéza aktivitate [173]. 2-merkaptobenzimidazola
atvasinajumiem ari ir zinams pretmikrobu efekts, ka arT antihistamina, neirotrofs un analgétisks
efekts [174]. Benzimidazolinija hidroselenits (46) parada Iidzigu antiproliferativo efektu uz
visam parbauditajam Stnu Iinijam, ICsp svarstas no 16 lidz 29 uM. Savienojuma lidzigais
efekts visos gadijumos var biit saistits ar to, ka tiek ietekméti bazalie fiziologiskie mehanismi.
Pieméram, viens no literatiira aprakstitiem benzimidazola antiproliferativa efekta darbibas
mehanismiem ir saistits ar mikrotubulina producé$anas inhibiciju $unas. Sads darbibas
mehanisms ir 11dzigs tradicionalas kimijterapijas zalu darbibai, pieméram, taksani un kapmirtes
alkaloidi bloke Stinu daliSanos Siinas cikla metafazé (G2/M fazes) [175]. Benzimidazolinija
hidroselenits (46) ir otrais no visiem parbauditajiem heterocikliem, kur§ uzrada pretvéza efektu
in vivo - audzgja augSana tiek inhib&éta par 51%. Interesanti, ka abiem heterocikliskajiem
savienojumiem (benzimidazolinija selenits (46) un o-fenentrolinija selenits (45)), kuri paradija

efektu in vivo, nav antiproliferativa efekta selektivitates uz dazadiem $tnu tipiem.
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4. tabula

N-Heterociklu hidroselenitu antiproliferativais efekts in vitro un pretveza efekts in vivo

. . 1Cs0, uM Audzgéja augSanas
Nr. (NH hetero_mkls) HT- MG-  Neuro NIH inhibicija
HSeOs B16 in vivo 9
1080 22A 2A 3T3 In vivo, %
[ NN
37 N N 4 5 4 3 45 nt
\—/
38 \ ;N—H 22 33 17 34 nt nt
HON\ —
— * *
39 \ +/N H nt nt 147 25
HON —
40 \ * N—H 14 17 11 2 25 27
/
H,N
o8
41 N\ N= 18 11 9 2 30 -28
H
VANV x ]
42 H N{r / o N 16 15 3 2 48
)
43 +N\H 23 29 37 187 178 -28
44 15 17 5 2 * nt
45 2 2 2 12 3 39
46 21 29 28 21 16 51
H
/
N
47 ©[+\>—SH 143 253 nt nt 80 37
N
H
* - parbauditajas devas efekta nav; nt- nav testets; “ — “ — audz€ja augSanas aktivacija.
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2.1.5. Sililakliltioaizvietotie N-heterociklu hidroseleniti

Sililalkiltioaizvietotie N-heterocikli viegli reagé ar selénpaskabi, veidojot attiecigos
amonija hidroselenitus. Reakcija ar labiem iznakumiem notiek istabas temperatiira (67-94%)
[176]. Eksperimentos in vitro sililalkiltioaizvietotiem N-heterociklu hidroselenitiem noteikta
ietekme uz dazadu $tnu Iiniju proliferaciju. legiitie rezultati apkopoti 5. tabula. Lielaka dala no
sililalkiltioaizvietotiem N-heterocikliem paradija augstu antiproliferativo efektu uz
fibrosarkomas HT-1080, hepatomas MG-22A, melanomas B16 un neiroblastomas Neuro2A
Stnu Iinijam. Lai izpétitu lipofilitates ietekmi, eksperimentos tika izmantoti savienojumi ar
divam dazada garuma sililalkiltio k€dem.

Eksperimentos in vitro tika parbauditi N-metilimidazola atvasinajumi. N-Metil-2-[(3-
trimetilsililmetil)tio]-imidazolinija hidroselenitam (48) piemit augsts citotoksiskais efekts uz
fibrosarkomas HT-1080 (ICso=1 uM), bet zemaks - uz melanomas B16 un neiroblastomas
Neuro2A, attiecigi ICso ir 11 un 6 uM, tomér citotoksiskums uz normalam $tinam ari ir augsts,
ICs0 = 6 uM. Hepatomas MG-22A s§inu proliferacijas supresija (ICso = 143 uM) ir 119 reizes
zemaka neka fibrosarkomas HT-1080 un 23 reizes zemaka neka normalo Stinu BHK21
proliferacijas supresija, bet bazala toksicitate ir 2 reizes zemaka neka natrija selenitam (LDso =
260 mg/kg). Trimetilsililpropiltio-atvasinajumam (49) citotoksiskais efekts uz visam audzéju
stnam ir lidzigs, ICso = 3 + 5 uM. Citotoksiskais efekts uz normalam Stinam pieaug 11 reizes
(ICso = 0.56 uM), bet bazala toksicitate 4 reizes (LDsp = 60 mg/kg), salidzinot ar 48
savienojumu.

(3-Trimetilsililpropil)tiopirimidina hidroselenita (50) antiproliferativais efekts uz
fibrosarkomas HT-1080 un melanomas B16 ir vienads (ICso = 3 uM), bet uz hepatomas MG-
22A efekts ir 7 reizes zemaks, savukart uz neiroblastomas Neuro2A pilnigi pazid. Citotoksiska
efekta nav arT uz normalam Stnam BHK21, bazala toksicitate, salidzinot ar 49 savienojumu,
samazinas 2 reizes.

Darba tika parbaudita savienojumu grupa, kur izmantoti kondens&tie heterocikli.
Izmantojot hinolinu ka heterocikla bazi konstat&jam ievérojamu toksiska efekta samazinasanos
- bazala toksicitate 2-[trimetilsililmetil)tio]hinolinija hidroselenitam (51) ir 972 mg/kg, kas ir 9
reizes mazak neka natrija selenitam, un 2-[trimetilsililpropil)tio]hinolinija hidroselenitam (52) -
LDso=517 mg/kg. Savienojumu antiproliferativais efekts uz audzgju Stinam ir atskirigs un Stinu
jutigums pret savienojumu mainas atkariba no sililalkiltio kédes garuma. Savienojumam (51) ar
sililmetiltio k&di audz&ju Stnu linijas, pec citotoksiska efekta samazinasanas, var izvietot
sekojosa seciba: HT-1080 > Neuro2A; B16 > MG-22A, bet savienojumam (52) ar sililpropiltio
kédi iegistam sekojoSu secibu: B16 > HT-1080 > MG-22A > Neuro2A. ICso abiem

savienojumiem svarstas apméram vienadas robezas, 51 - no 1 lidz 49 uM, bet 52 - no 3 lidz 42
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uM. Savienojumu 51 un 52 citotoksiskais efekts uz normalam $inam BHK21 ir lidzigs audzgju

stnam, ICs attiecigi ir 6 un 10 uM. Ja salidzina rezultatus ar hinolinija selenitu (43), redzams,

ka sililalkil k&de molekula dod augstaku antiproliferativo efektu uz audzgju Stinu linijam, tomer

vienlaikus pieaug citotoksiskais efekts uz normalam $inam. EksperimentoS in Vvivo Sie tris

selentti ar hinolina bazi neparadija ievérojamu efektu.

5. tabula

Sililtioaizvietoto N-heterociklu hidroselenitu antiproliferativais efekts in vitro un pretvéza

efekts in vivo

ICSO lJ,M BaZﬁlﬁ AudZéja
NF Formula ’ toksicitate | augsanas
' HT- MG- B16 Neuro BHK (LDso inhibicija
1080  22A 2A 21 mg/kg) | in vivo, %
+/H
/ N
48 q %SCHZW% 1 143 11 6 6 260 nt
Ly
N
O
49 NTTS(CH) SiMe, 3 3 4 5 0.56 60 10
b,
)
50 3 21 3 * * 134 12
N/)\S(CHZ)SSiM%
X
51 » 1 49 11 1 6 972 13
N SCH,SiMe,
X
52 » 5 9 3 42 10 517 22
N S(CH,),SiMe,
N
53 @K%scmweg 9 58 8 3 5 222 nt
S
N
54 @K\>78(CH2)3SiMe3 5 13 7 27 6 594 21
S
SCH,SiMe,
NZ~ N
55 K | \> 3 17 8 38 4 312 39
\N 'il
CH,SiMe,
S(CH,),SiMe,
2 39 8 10 31 421 -3

N N\
%1 | hll>

S(CH,),SiMe,

* - parbauditajas devas efekta nav; nt- nav testets; “ —

* — audzgja augSanas aktivacija.
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Benztiazolinija hidroselenitiem in vitro novérojam lidzigu efektu ka savienojumiem ar
hinolina bazi: antiproliferativais efekts uz audzg&ju $tinam ir atskirigs un S$inu jutigums pret
savienojumu mainas atkariba no sililalkiltio k&des garuma. Trimetilsililmetiltio atvasinajumam
(53) peéc citotoksiska efekta samazinasanas audz€ju Stnu linijas izkartojas sekojosa seciba:
Neuro2A > B16 > HT-1080 > MG-22A; trimetilsililpropiltio analogam (54) — HT-1080 > B16
> MG-22A > Neuro2A. ICsp svarstas robezas no 5 lidz 58 uM. Citotoksiskais efekts uz
normalam §tinam BHK21 arf ir [idzigs ka uz audz&ju Sinam. Savienojumam ar garako sililalkil
keédi (54) bazala toksicitate ir 3 reizes zemaka (LDso = 594 mg/kg), salidzinot ar 53
savienojumu. Trimetilsililalkiltiopurini 55 un 56 inhibé audz&ju §tnu augsanu, ICso ir robezas
no 2 lidz 39 uM. Citotoksiskais efekts uz normalam sinam BHK21 ar1 ir audz&ju §tinu [iment.
Bazala toksicitate purina savienojumam 55 ir 312 mg/kg, bet savienojumam 56 - 421 mg/kg.

Apkopojot rezultatus par sililalkiltioaizvietotiem N-heterociklu hidroselenitiem var
secinat, ka sililalkiltio k&des garuma pieaugums ievérojami samazina bazalo toksicitati, bet
antiproliferativais efekts uz audzgju §tinam paliek augsta limeni, tomér nav konstateta selektiva
ietekme tikai uz audz&ju Stinam. Visiem savienojumiem novéerota atskiriga ietekme uz dazadam
Stinu linijam, pie tam selektivitate mainas atkariba no heterocikla veida, kas tiek izmantots ka
baze, un sililalkiltio kédes garuma.

Pretvéza efektu in vivo paradija tikai 6-[(trimetilsililmetil)tio]-9-(trimetilsililmetil)

purinija hidroselenits (55) - audzgja augsana tiek inhib&ta par 39%.

2.1.6. Neorganisko seléna atvasinajumu pretvéza efekts in vivo un toksiskie blakusefekti

Savienojumu pretvéza efekts noteikts izmantojot pelu audzgja modeli uz ICR pelém ar
parpotetu pelu sarkomu S-180. Savienojumi tika ievaditi i.p., nakoSaja diena péc audz€ja
parpotéSanas. Izmantotas tris savienojumu ievadiSanas shémas:

A - 1.,un 3. diena, deva 10 mg/ kg;

B-1.,2.,4.,7.,un 8. diena, deva 10 mg/kg;

C-1,2,3.,4.,7., 8. un9. diena, deva 3 mg/kg.

Eksperimenta gaita tika novertéta audzgja augsanas atruma inhibicija (Al%) un dzives
ilguma izmainas (DZ%), salidzinot ar kontroles grupas dzivnieku raditajiem. legttie dati par
neorganiska seléna atvasinajumu pretvéza efektu in vivo un to toksiskajiem blakusefektiem ir
apkopoti 6. tabula. Natrija selenita aktivitate parbaudita dazadas devas. levadot kop&jo devu 20
mg/kg (kas parsniedz in vitro noteikto LDso=3,5 mg/kg) visiem dzivniekiem grupa audzgja
inhibicija ir 100%, bet péc eksperimenta beigam visi dzivnieki iet boja toksisku blakusefektu
del. Samazinot kopg&jo devu Iidz 10 mg/kg, audzgja inhibicija ir 68% un, neskatoties uz to, ka

visiem dzivniekiem ir novérojams svara zudums, kas liecina par savienojuma toksisko efektu,
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tikai 20% dzivnieku iet boja, bet par€jiem dzives ilgums palielinas par 104%. Samazinot

kopgjo devu lidz 2 mg/kg, audzgja inhibicija ir 53% un dzives ilgums palielinas tikai par 55%,

tomér toksiskie blakusefekti ir tadi pasi, ka ar devu 10 mg/kg. Sie rezultati vélreiz parada

galveno problému, kas saistita ar seléna savienojumu izmantoSanu terapija un profilakse,

selénam ir diezgan Saurs diapazons starp seléna terapeitisko un toksisko devu.

6. tabula

Neorganisko seléna atvasinajumu pretvéza efekts in vivo un

toksisko blakusefektu salidzinajums

Kopéja Toksiskie
NI Ievsz;ldélrs;:las leg;\?;a Al%  DZ% blakusefekti
mg/kg a b
2 53 55 ++ +
Na,SeOs A 10 68 104 ++ +
20 100 16 +++ +++
7 B 50 81 nt + +
13 C 30 43 nt - -
19 C 30 33 nt +H+
23 A 20 51 213 + -
26 A 20 100 149 | +++  ++
27 A 20 100 288 | +++ +
28 A 20 87 80 +++ -
29 A 20 88 134 ++ -
30 A 20 83 16 +H+
31 A 20 100 20 F++ +
32 A 20 100 265 | +++ -
35 A 20 100 94 +++ ++
40 C 21 27 nt - -
45 B 50 39 nt +H+ +
46 C 21 51 nt - -
53 C 12 39 nt - -

nt - nav testets;

a - dzivniekiem noverots svara zudums: + - vaji izteikts; ++ - izteikts tikai dalai dzivnieku grupa;

+++ - stipri izteikts visiem dzivniekiem grupa.

b - dzivnieku skaits, kas iet boja toksisko efektu dél: + - 20% dzivnicku iet boja;

++ - 40-60% dzivnieku iet boja; +++ - 80-100% dzivnieku iet boja.
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Izvértgjot toksisko efektu izpausmes dazadiem hidroselenitiem eksperimentos in Vivo,
konstatéts, ka tikai diviem savienojumiem: serina hidroselenitam (13) un benzimidazola
hidroselenitam (46) nav konstateti toksiski blakusefekti, bet pretvéza efekts attiecigi ir 43% un
51% (kopgja ievadita deva ir 30 un 21 mg/kg, kas ir salidzinams ar natrija selenita daudzumu
attiecigi 22,2 un 14,7 mg/kg). Vel diviem savienojumiem toksiskie blakusefekti ir daudz
zemaki neka natrija selenitam un neviens no dzivniekiem neiet boja toksisko efektu del.
Ievadot fenibuta hidroselenitu (23), tikai nelielai dalai dzivnieku novérojam vaji izteiktu svara
zudumu, bet audzg&ja inhibicija sasniedz 51% un dzives ilgums pieaug par 213%.

(3-Karboksipropil)diizopropilmetilamonija hidroselenitam (29) toksiskie efekti ir
izteikti tikai daziem dzivniekiem, turklat audzgja inhibicija sasniedz 88% un dzives ilgums
picaug par 134%. V&l var atzimét 4-(3-karboksipropil)-4-metilmorfolinija hidroselenitu (32).
Saja gadijuma, neskatoties uz to, ka visiem dzivniekiem ir stipri izteikts toksisks blakusefekts
(svara zudums), eksperimenta laika neviens no dzivniekiem neiet boja toksisko efektu dél un ir
novérota 100% audzgja inhibicija, ka ar1 dzives ilguma pieaugums par 265%.

Diviem savienojumiem tika noteikta LDsg in vivo izmantojot “up-and-down” metodi
[177]. Savienojumam (3-karboksipropil)-trimetil-amonija hidroselenitam (27) LDs0=33 mg/kg
(bazala toksicitate in vitro 82 mg/kg) un meldonija hidroselenitam (26) LDso=102 mg/kg
(bazala toksicitate in vitro 138 mg/kg). Péc literatiras datiem NazSeOs in vivo LDsg=3,5
mg/kg, selenocisteinam - LD50=35,8 mg/kg un selenometioninam - LDso=4,3 mg/kg [178-180].
Tas parada, ka izmantojot kombinaciju ar organisko bazi var samazinat selenita toksisko efektu

Iidz 29 reizem.

2.1.7. Neorganisko selena atvasinajumu ietekme uz glutationa peroksidazes un
katalazes aktivitati

Skabekla aktivas formas (SAF), tadas ka superoksids un tidenraza peroksids, tiek
generétas Stinas mitohondrijos normala oksidativas elposanas procesa, ka ari oksidéSanas-
reducéSanas fermentu darbibas rezultata. Superoksidam ir 1ss pussabrukSanas periods, bet
kombinacija ar slapekla oksidu, tas var veidot loti aktivu peroksinitritu, kas spontani vai
fermentativi var transforméties par tdenraza peroksidu un molekularo skabekli [181].
Udenraza peroksidam ir garaks pussabruk$anas periods neka Superoksidam un tas var
parvietoties caur membranam tiesas difuzijas cela vai caur transporta kanaliem [182].
Paaugstinats tidenraza peroksida Iimenis var novest pie tiolu oksideSanas un izraisit oksidativo
stresu. Udenraza peroksida Iimena regulacija pasarga $inu no loti aktiva un postos$a
hidroksilradikala (OH), kur$ veidojas fidenraza peroksida reakcija ar Fe?* (Fentona reakcija).

Standarta apstaklos Fentona reakciju limité neliels brivo parejas metalu daudzums $iina, bet tas
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var pieaugt oksidativa stresa apstaklos, kad paaugstinas iek$$tinu Gidenraza peroksida limenis
un atbrivojas Fe (II) katjons no iek$siinu depo [183]. No otras puses neliels tidenraza peroksida
daudzums $iinai ir nepiecieSams, lai nodroSinatu svarigas tiolsaturoSo proteinu modifikacijas,
starp- un iekSmolekularo disulfidu veido$anos. Udenraza peroksidam ir ari sekundara signala
parnes€ja loma ieksSStinu signalu transdukcija, modulgjot oksidéSanas pakapi redoks—
atkarigajam cisteinam, lai veicinatu kinazes funkciju [184]. Glutationa peroksidaze (Gpx),
katalaze un peroksiredoksins ir galvenie fermenti tidenraza peroksidu utilizacijai §tina.

Natrija selenits ir atzits ka potencials antioksidants. Ta ka seléns atrodas glutationa
peroksidazes aktivaja centra, pétijumos ir paradits, ka pievienojot selénu uztura, neorganiska
vai organiska forma, tiek nov@rots Gpx un katalazes aktivitates picaugums asinis, aknas,
sperma un citos audos. Pieaug ar fermenta ekspresijas limenis un Gpx mRNA Iimenis. Sis
efekts tika atklats ziditaju (tai skaita cilvéka) [185, 186], ka ari zivju [187] un putnu [188]
organismos. Analogisku efektu novéroja uz primarajiem hepatocitiem [189] un taisnas zarnas
CaCo audzgju sunam [190]. Natrija selenits aktiveé ar attiritu Gpx fermentu [191].

7. tabula

Amonija un metilamonija selenitu un teluritu ietekme uz glutationa peroksidazes
aktivitati
Inhibicija, %

Nr. LGpx EGpx PGpx
1x10“M 1x10'M 1x10“M 1x10'M 1x10“M 1x10'M
2 7345 56+12 66+11 52+15 74+10 1747
3 86+1 242 50+6 38+10 66+7 11+2
4 6145 16+1 43+6 2948 68+16 242
7 5045 97+21 46+6 55+16 40+14 -28+6
8 2543 53+3 49+11 40+11 1045 0+3
9 39+10 2345 27+7 34+12 18+3 0+2

‘ — “ — fermenta aktivacija.
PGpx — glutationa peroksidaze no pelu aknam, LGpx — no pelu asinim un EGpx - komercials ferments
no liellopu aknam

Lai noskaidrotu savienojumu sp&ju ietekm&t antioksidativo fermentu darbibu, tika
parbaudita to ietekme uz katalazes (izdalita no verSa aknam) aktivitati un uz glutationa
peroksidazi, kas izdalita no dazadiem avotiem: PGpx — no pelu aknam, LGpx —no pelu asinim

un EGpx - komercials ferments no liellopu aknam.
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Iegltie rezultati par amonija selenitu (2-4) un teluritu (7-9) ietekmi uz glutationa
peroksidazi apkopoti 7. tabula. Amonija, metil- un dimetilamonija selenitiem ir vienads efekts
uz visiem trim Gpx variantiem. Savienojumi inhibé fermenta aktivitati par 43-86%, savukart,
teluriti inhib€ tikai Gpx no pelu un liellopu aknam. Literatiira ir paradita teliira sp&ja inhibét
Gpx hepatocitos. Teliirs spgj saistities ar selenproteiniem un inhibét to katalitisko aktivitati
[192, 193], turklat savienojumu inhibicijas sp&ja zemaka koncentracija ir augstaka. Efekts
samazinas savienojumu rinda: amonija telurits (8) > metilamonija telurits (9) > dimetilamonija
telurits (10). Teluriti neietekmé vai vaji ietekmé eritrocitu Gpx, 50 fermentu par 40% inhibé
tikai amonija telurits.

8. tabula

Neorganisko seléna atvasinajumu ietekme uz glutationa peroksidazes un
katalazes aktivitati

NI, Katalazes EGpx N, Katalazes EGpx
inhibicija, %  inhibicija, % inhibicija, % inhibicija, %

2 nt 66+11 20 5+4 nt

3 -9+2 50+6 21 715 nt

4 -14+5 4216 22 -11+2 46+6
5 17+4 nt 23 11+2* nt

7 -2+1 4616 37 10+8 nt

8 11+2* 49+11 39 17+3 26+2
9 9+2* 277 40 15+3 50+5
10 11+1 nt 41 2312 nt
11 177 nt 42 16+1 nt
12 99+1 62+3 43 15+4 nt
13 100+3 2618 44 5+2 nt
14 16+3 nt 45 20+1 52+10
15 94+5 nt 46 5+3 nt
16 1443 nt 47 12+7 3612
17 12+7 21+1 50 -9+6 nt
18 845 nt 51 16+2* nt
19 99+1 nt

Savienojumi parbauditi koncentracija 0.1 mM. EGpx — glutationa peroksidaze no liellopu eritrocitiem.
*- savienojumi parbauditi deva 0,01 mM, lielakas koncentracijas savienojumi izkrit nogulsnés.
nt- nav testéts; “ — “ — fermenta aktivacija.

Analizgjot rezultatus par savienojumu ietekmi uz katalazes aktivitati 8. tabula, var
secinat, ka no visiem parbauditiem aminoskabju hidroselenitiem katalazes aktivitati par 100%
inhibé tikai B-alanina (12), serina (13) un glutamskabes (15) hidroseleniti, ka arT glicilglicina

hidroselenits (19). Neviens no parbauditajiem heterocikliskiem hidroselenitiem (37-51)
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katalazes aktivitati neietekm@. PB-Alanina (12) un serina (13) hidroseleniti inhibé ari Gpx
aktivitati attiecigi par 62% un 26%. Diglicilglicina hidroselenits (22) inhibé Gpx tikai par 46%.
No heterocikliskiem hidroselenitiem, Gpx inhibé lidz 50% tikai 4-amidoksimopiridinija
selenits (40).

Aktiva Gpx un katalazes inhibicija §tinas var izsaukt oksidativo stresu, kas sp&j inducét
apoptozi audzgja Stinas. Tas var€tu biit viens no iesp&jamiem So savienojumu antiproliferativa

efekta darbibas mehanismiem.

2.1.8. Optimalie neorganiska seléna atvasinajumi audzéja augSanas supresijai

Apkopojot  visus eksperimentos iegutos rezultatus par neorganiska seléna
atvasinajumiem, 2.1. att€la ir paraditas optimalas organiskas bazes iesp€jamo pretveza
savienojumu dizainam. Izmantojot Sos atvasinajumus, izdevas saglabat vai pat uzlabot
savienojumu pretvéza efektu in vivo, ka ar1 pilniba vai dal&ji noverst toksiskos blakusefektus

salidzinot ar natrija selenitu.

+

NH, /L |
HO\/%(OH NSO T OH
SO

13 29 23

2.1.att. Optimalas organoamonija hidroselenitu struktairas

2.2. Organisko seléna atvasinajumu struktiiras-aktivitates analize

Salidzinot ar neorganiskajiem seléna savienojumiem, organiskie seléna savienojumi ir
perspektivaki biologiski aktivu vielu radisanai, to vieglakas biopieejamibas un zemaka
toksiskuma del. Tadel pedejos gados ir veikti plasi bioorganiskie pétijumi par dazada tipa
selénu saturo$iem organiskiem savienojumiem. To daudzveidigas biologiskas ipasibas un sp&ja
iesaistities dazados biologiskajos procesos lauj ievérojami plasak izverst perspektivu pétijumu
lauku. Zinatniskaja literatira ir aprakstits liels skaits heterociklisko selénu saturo$o
savienojumu - izoselénazoli, selénsulfidi, seléndiazoli un seléntriazoli [194]. Vairaku
heterociklisko selénu saturoso savienojumu klaSu izp€tei pieveérsamies ari Saja darba.

2.2.1. Selendiazolu antiproliferativas ipasibas

Savienojumi ar seléndiazola ciklu ir piesaistijusi plasu pé€tnieku uzmanibu, jo

metabolisma procesa rezultata biologiskajas sistémas tie sp&j darboties ka seléna donori.

Pedgjos gados ir plasi aprakstiti pétijumi par seléndiazolu atvasinajumiem, ka rezultata tiem ir
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konstatéts plasSs biologisko aktivitasu spektrs, pieméram, 4-aril-4H-hromeno[4,3-d]-1,2,3-
selendizola atvasinagjumiem ir izteikta citotoksiska aktivitate uz cilvéka leikémijas KB,
adenokarcinomas A549, hepatomas SMC-7721 un kunga véza SGC-7901 $unu linijam [195].
Jaunai savienojumu Kklasei - 5,7-diaril-4,4-dimetil-4,5,6,7-tetrahidropiridin[3,4-d]-1,2,3-
seléndiazoliem ir konstatéta pretmikrobu un pretséniSu aktivitate [196]. Savukart, 1,2,5-
selénadiazoli spgj inhib&t tioredoksina reduktazi, tadéjadi izmainot audz&ju $tnu jutibu pret
jonizgjosa starojuma iedarbibu [197]. Pieradits, ka 6-fenil-7(6H)-izoselenazolo[4,3-
d]pirimidons inhib& pelu leikémijas P388 attistibu in vivo [198]. Augsts inhibicijas efekts uz
leikémijas L1210 $tnam ir atrasts 2-amino 4-aizvietoto selénazola savienojumu klasé [199].

Saja darba tika parbaudita vairaku 4-metil-1,2,3-seléndiazol-5-karbonskabes amidu
atvasinajumu sp&ja nomakt Jaundabigu audz&ju Stnu augSanu [200]. Eksperimentos iegitie in
vitro un in vivo rezultati apkopoti 9. tabula.

Kopuma savienojumi in vitro uz audz&ju $tunu linijam HT-1080 un MG-22A paradija
zemu antiproliferativo efektu. 4-Metil-1,2,3-seléndiazol-5-karbonskabes dimetilamidam (57)
un di(izopropil)amida analogam 58 nekonstatéts citotoksiskais efekts uz fibrosarkomas HT-
1080, bet hepatomas MG-22A siinas ir jutigakas pret Siem amidiem — iegatie ICso raditaji ir
attiecigi 160 uM un 113 uM. Ari 4-metil-1,2,3-selenadiazol-5-karbonskabes (R)-(1-feniletil)
amidam 59 piemit selektivs citotoksiskais efekts uz dazadam $tnu Iinijam - uz fibrosarkomas
HT-1080 tas ir 3,4 reizes zemaks neka uz MG-22A, savukart, ta (S)-enantioméram 60
selektivitate ziid un iegttais citotoksiskais efekts uz abam Stinu Iinijam ir vienads (ICso=111 un
114 uM). Antiproliferativais efekts nedaudz uzlabojas ciklisko amidu 61-63 rinda, pirolidina
atvasinajumam 61 ir vidéja citotoksicitate: uz HT-1080 ICso ir 78 uM un uz MG-22A - 135
uM, bet piperidila atvasinajumam 62 uz HT-1080 $inam ta pazeminas lidz 120 uM un
praktiski paziid aizstajot piperidilgrupu ar morfolinu savienojuma 63. Uz hepatomas amidam
63 citotoksiska aktivitate saglabajas, [Cs0=131 uM. Jaatzimg, ka uz hepatomas MG-22A ar
visiem atvasinajumiem iegiits apméram vienads antiproliferativais efekts (ICso ir 105 - 160
uM). Kopuma seléndiazoliem 57-63 piemit vid€ja vai zema antiproliferativa aktivitate in vitro.
Visiem §Ts s€rijas seléndiazoliem ir zema ari bazala toksicitate, LDso=800+1442 mg/kg.

Neskatoties uz lidzigiem citotoksicitates raditajiem in vitro, in vivo testos tika iegtti
atskirigi rezultati. 4-Metil-1,2,3-seléndiazol-5-karbonskabes amidu atvasinajumiem 57-63
pretvéza efekts in vivo noteikts uz pelu sarkomas S-180. Divas dienas ievadot savienojumu 57
deva 2 mg/kg, iegiita sarkomas augSanas inhibicija par 58% (eksp. 11. diena). Diemzel
savienojumam ir negativi blakusefekti — elposanas traucgjumi dzivniekiem vienlaikus ar svara
zudumu par 17%. Izmantojot savienojumu, kura metilgrupas nomainitas pret izopropilgrupam,

iegiti sliktaki rezultati - amids 58 stimulé audz€ja augSanu par 32%. Diviem optiskiem
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izomériem (59 — (R)-izomérs; 60 — (S)-izomérs) konstatéts pretéjs efekts in vivo. (R)-izomérs

sp&j nedaudz inhib&t sarkomas augsanu (par 20%), bet (S)-izomers stimulg tas augsanu (23%).

9.tabula
Seléndiazolu antiproliferativais efekts in vitro un pretveza efekts in vivo
O ICs0, pM Bazala Audzeja | Toksiskais
Ry Se toksicitate | augSanas efekts,
Nr. N ¢ e yep— e
/ | N HT-1080 MG-22A (LDso inhibicija svara

R, N mg/kg) | invivo, % | zudums, %
57 Me:zN * 160 1134 58 17
58 (i-Pr)2N * 113 1755 -32 0

Ph H
59 J—N 454 132 1029 20 3

Me \

Ph H

60 >*N 111 114 1442 -23 0

Me \

—

61 ¢ N 78 135 977 85 23
62 ( N— 120 105 800 71 8
63 0 N— * 131 1145 0 8

\__/

* - nav citotoksiska efekta; ““ — “ — audz€ja augsanas aktivacija.

Eksperimentos in vivo ar cikliskiem amidiem 61-63 elposanas trauc&umi pelém netika
konstatéti, bet novérojam svara zudumu par 8-23%. Pirolidina amids 61 izsauc audzgja
augSanas atruma inhibiciju par 85%, tacu uzrada arT lielako toksisko efektu starp cikliskajiem
atvasingjumiem (svara zudums 23%). Piperidina analogs 62 inhibé sarkomas S-180 audzgja
augSanu par 71% un tam ir tikai neliels toksiskais blakusefekts (svara zudums 8%).
Morfolilatvasinajums 63 neietekm& sarkomas S-180 augSanu un izraisa dzivniekiem svara
zudumus par 8%. Balstoties uz eksperimentos iegiitajiem datiem var secinat, ka amida
fragmenta modifikacijas stipri ietekmé seléndiazolu pretvéza ipasSibas, pat minimalas izmainas

strukttira spgj uzlabot sarkomas S-180 augSanas supresiju, vai pretgji - aktivét audzgja augsanu.
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2.2.2. Kondensétu selenazolinija salu antiproliferativa aktivitate

Ir sintez&ta jauna kondenséto heterociklu klase — selénazolinija sali — savienojumi ar
Se-N" kovalento saiti. Péc kimiskas uzbuves Sie heterocikliskie savienojumi atgadina Ebseléna
struktiiru. Galvenais Ebseléna izmantoSanas limitgjosais faktors ir ta slikta skidiba
fiziologiskaja vide. Selénazolinija salu gadijuma §is faktors ir pilniba novérsts. Noskaidrots, ka
saite Se-N* ir stabila vide lidz pH<8.0. So jauno selénu saturo$o heterociklisko savienojumu
sp&ja kavet véza Stnu augsanu tika pétita in vitro izmantojot cilvéka fibrosarkomas HT-1080,
pelu hepatomas MG-22A un cilvéka krits adenokarcinomas MCF-7 §tnas, noteikta
savienojumu bazala toksicitate in vitro un aprékinata savienojumu paredzama akata toksicitate
(LDsp). Par savienojumu 64-70 citotoksiskumu iegitie rezultati apkopoti 10. tabula.

10.tabula

Kondensétu selénazolinija salu antiproliferativais efekts uz Sanu Iinijam in vitro

Bazala
|Cs0, uM toksicitate
Nr. Formula (LDso
HT-1080 MG-22A MCF-7 mg/kg)
1 Na,SeOs3 1.7 64 17 105

Br
64 TN OH 2.8 2.8 3.1 142
/N\Se
Br
OH
AN
65 m@ 0.07 0.05 0.50 99
~N-gg
Br

OH

TN
66 | T 0.11 0.23 15 98
N-st
Br
AL pPH
67 N ? 0.12 0.34 0.29 70
Br
N OH
| TL 0.40 0.22 0.39 144
68 ~N<g Ph
€ Ph
Br
s-— _PH
69 K\/NtSe 2.5 5.0 3.2 80
\ Br
N~ OH
70 g\/NtSe 2.5 1.2 15 120
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Visas eksperimentos izmantotas v€za Siinu Iinijas ir jutigas pret metilhidroksietil-
aizvietoto selenazolopiridinija hloridu 64, iegutais ICso ir no 2.8 lidz 3.1 pM, bet bazalas
toksicitates Itmenis ir 142 mg/kg. Divu metilgrupu nomaina pret cikloheksil aizvietotaju krasi
uzlabo savienojuma 65 antiproliferativas ipaSibas - citotoksiskais efekts uz hepatomas MG-
22A stnam ir 0.05 uM. Salidzinot ar natrija selenitu (1), savienojums 65 ir 1270 reizes
efektivaks uz MG-22A Sunam, 24 reizes - uz HT-1080 Stnam un 34 reizes - uz Krits
adenokarcinomas MCF-7 stinam, tomé&r bazala toksicitate abam vielam ir vienlidz augsta (LDso
ir 105 un 99 mg/kg). Savukart metilgrupas ievadiSana piridina gredzena pat Cetrkart pazemina
selénazolinija 66 citotoksicitati, salidzinot ar savienojumu 65, bet bazalas toksicitates Itmenis
paliek nemainigs (LDs0=98 mg/kg). Cikloalkilgrupas palielinasana Iidz cikloheptil neietekmé
selenazolopiridinija 67 citotoksicitates efektu uz v€za Sunam, bet paaugstina ta bazalo
toksicitati. Fenilgrupas ievieSana strukttiras spirta fragmenta, kura tika realizéta savienojuma
68, pazemina bazalo toksicitati Iidz 144 mg/kg, vienlaicigi neietekmé&ot ta augsto
antiproliferativa efekta ltmeni (ICs50=0.22+0.40 pM). lesp€jams, tas ir saistits ar vielas
stabilitates palielinaSanos in vitro citotoksicitates noteik$anas testa apstaklos. Analizgjot 10.
tabulas datus, redzams, ka piridina gredzena maina pret tiazolu un N-metilimidazolu noved pie
savienojumu antiproliferativas aktivitates pazeminasanas - savienojumu 69 un 70 citotoksiskais
efekts uz veézu Sunu Iinijam svarstas no 1.8 Iidz 5.0 pM. Selenazoloimidazolinija 70 bazala
toksicitate ir 1.5 reizes zemaka neka selenazolotiazolinija analogam 69.

Kopuma So jauno selénu saturoSo heterociklisko savienojumu klasi var vertet ka loti

citotoksisku pret véza Sunam eksperimentos in vitro. Savienojumu 64-70 augsta citotoksiska

_____

preparatu radiSanu nakotng.

2.2.3. Benzselenofénu citotoksicitate in vitro

Aizvietoto benzselenofénu klases savienojumu pamatstruktiras ir atspogulotas 2.2.
att€la. Savienojumiem parbaudita citotoksiska aktivitate uz cilvéka fibrosarkomas HT-1080,
pelu hepatomas MG-22A [201], ka ari noteikta So savienojumu bazala toksicitate in vitro uz
pelu fibroblastu NIH 3T3 Stnu linijas un aprékinata savienojumu paredzama akiita toksicitate
(LDso). Péc eksperimentali iegiitajiem datiem ST tipa savienojumus (a)-(g) var raksturot ar
vidgji vai vaji izteiktu sp&ju kavét audzgja Stunu augSanu in vitro. Bazala toksicitate gandriz
visiem benz[b]selenoféniem svarstas no 400 lidz 2300 mg/kg. Iznémums ir polikondensétie
benz[b]selenofenu (f) atvasinajumi. So savienojumu rinda bija atvasinajumi, kuru ICso uz véza

Stnu linijam ir 5.0 uM, ka arT noverots, ka Sie savienojumi maina HT-1080 stnu morfologiju.
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Diemz¢€l, sliktas Skidibas dg] $i tipa savienojumi nav perspektivi pretvéza agenta kandidata

mekl&jumos.
R
Ar(HetAn y / Ar(HetAr), N-H Ar(HetAr)\S
Se  OEt Se OFEt Se  OEt Se  OEt
@ (b) (© (d)

Ar(HetAr)
CN N= N—H
O e
Se OR Se O Se

(e) (® @
2.2. attéls. Benzselenofénu pamatstruktiiras

(a) 3-Aril(hetaril)benz[b]selenofeéni, (b) 3-etinilbenz[b]selenofeni, (c) 3-aril(hetaril)aminobenz[b]
selenoféni, (d) 3-aril(hetaril)tiobenz[b]selenoféni, (e) 3-cianobenz[b]selenofeni, (f) polikondensétie

benz[b]selenofeéni, (g) 3-aril(hetaril)karboksamidobenz[b]selenofeni.

2.2.4. Selenoféenkumarinu un selenofenhinolonu antiproliferativais efekts

Sakotngji pétot hinolonu atvasinajumus, tiem tika konstat€tas antibakterialas un
pretmalarijas pasibas [202, 203]. Miusdienas hinolona klases antibiotikas: ciprofloksacins,
norfloksacins, pefloksacins, lomefloksacins un ofloksacins, tiek veiksmigi izmantotas
bakterialo infekciju arstéSanai un profilaksei [204]. Ir konstatéts, ka N-metilfuro[3,2-c]hinolona
atvasinajumiem piemit citotoksiskais efekts pret daziem audz€ju veidiem, it Ipasi melanomas
un zarnu véza S$unam [205]. Organiskas Sint€zes institiita tika sintez&ta heterociklisko
savienojumu rinda — selenofénkumarinu un selenofénhinolonu atvasinajumi [206, 207].
Selenofénkumarinu un selenofénhinolonu atvasinajumu citotoksisko ipasibu parbaudém in
vitro izmantotas 10 Sanu linijas: fibrosarkomas HT-1080, melanomas MDA-MB-435s,
adenokarcinomas MCF-7, sarkomas MES-SA, karcinomas A549, neiroblastomas SHSY5Y,
sarkomas CCLS8, hepatomas MG-22A, hepatocitu karcinomas HepG2 un normalo fibroblastu
NIH 3T3 Stnas. Selenofénhinolonu atvasinajumu parbauzu rezultati apkopoti 11. tabula.
Salidzinot 3-brom-5-metil-2-(piperidilmetil)selenofén[3,2-c]hinolonu (71) ar ta [2,3-c]-
regioizoméru 72 noverots, ka savienojumam 71 piemit izteiktaks citotoksiskais efekts, Tpasi
pret sarkomas MES-SA stnam (ICs0=6 puM). Nomainot piperidil aizvietotaju ar morfolinu,
savienojuma 74 citotoksiskais efekts samazinas, tomér [3,2-C]-regioizoméram 73 ari novérota
citotoksiska efekta selektivitate tikai uz pelu un cilvéka hepatomas Stinam (ICso=5 pM).
Selenofénhinoloniem piemit zema bazala toksicitate, savienojumiem ar piperidil aizvietotaju

LDso=522 mg/kg, bet morfolinmetil analogiem - LDso = 906+2000 mg/kg.
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Kumarini veido svarigu savienojumu klasi ar plaSu biologisko ipasibu spektru.
Literatira aprakstitas kumarinu pretvéza, pret-HIV, antikoagulantu, spazmolitiskas un
antibakterialas 1pasibas [208-210]. Dazadiem kumarinu atvasinajumiem piemit arT citotoksiska
aktivitate in vitro un in vivo [211, 212]. Sobrid jau ir izstradati arstnieciski preparati ar plasu
iedarbibas spektru (piem., Psoralen, Angelicin, Xanthotoxin, Bergapten, Nodakenetin).
Preparats Osthole efektivi inhibé kriits audz€ja Stnu invaziju, migraciju un MMP aktivitati
[213].

Eksperimentu rezultati par selenofén[2,3-c]- un [3,2-c]kumarinu antiproliferativo efektu
apkopoti 12. tabula. Piecas audz&ju Sunu linijas un normalas $tnas NIH 3T3 neuzradija
jutigumu pret 3-bromo-2-(1-hidroksi-1-metiletilselenofén[3,2-c]hromen-4-onu (75), tomér uz
Cetram audz&ju Imijam citotoksiskais efekts tika noverots, tas ir: neiroblastoma SHSY5Y
(LDsp=42 uM), plausu karcinoma A549 (LDsp=92 uM), hepatoma HepG2 (LDso=69 puM) un
pelu sarkoma CCL6 (LDso=47 uM). Zems citotoksiskais efekts uz parbauditajam $tnu linijam
noverots [2,3-c] analogam 79, iznemot cilvéku fibrosarkomas HT-1080, pelu sarkomas CCLS8
un pelu hepatomas MG-22A Stinas (ICs50=32+36 pM). Piperidilmetil aizvietotam [3,2-c]
regioizoméram 76 ir augsts citotoksiskais efekts, 11dzigi ka savienojumam 75, uz sarkomas HT-
1080 un CCLS8 stnam (IC50=34+36 uM) un uz hepatomas MG-22A (I1C5=32 uM). [2,3-C]
regioizomérs (80) uzrada augstu antiproliferativo efektu uz visam audz&ju S$tnu linijam
(IC50=11+39 uM), zemakais efekts ir uz normalam stnam NIH 3T3 (IC50=43 uM).
Savienojumi ar morfolina aizvietotaju (77 un 81) paradija izteiktu citotoksiska efekta
selektivitati uz dazam $tnu linijam: abiem savienojumiem vidg&ji augsts efekts pret MDA-MB-
435s (1C50=48+61 uM) un MCF-7 (IC5=51+71 uM). [2,3-C] regioizom&ram 81 augsts pret
A549, SHSYS5Y un CCL8 sinam (ICs0=11+14 uM) un zemaks [2,3-C] regioizoméra 77
gadijuma uz $Tm pasam Stinam (ICsp=43+59 uM). Uz peér&jam Sunu linijam citotoksiskais
efekts ir loti zems. Abi savienojumi (77, 81) nav citotoksiski uz normalas Stnu Iinijas NIH 3T3
un to bazala toksicitate ir zema (LDsp=1476+2000 mg/kg). DaudzsoloSus rezultatus paradija
aminometilselenofénkumarini 78 un 82. Abiem regioizomériem ir augsts citotoksiskais efekts
uz visam testétajam audz&ju Stnu linijam (ICsp =5+48 uM). Augstako efektu novérojam [2,3-C]
regioizomeram 82 uz sarkomas MES-SA (ICs=5 pM). Savienojumu 2-morfol-4-ilmetil-3-
(piridilamino)selenofen[3,2-clhromen-4-onu  (83-85) rinda konstatéts, ka 2-piridilamino
atvasinajumam 83 uz vairumu audzg&ju §tinu nav citotoksiska efekta vai tas ir zems. Toties 3-
un 4-piridilaminokumariniem 84 un 85 ir augsts citotoksiskais efekts uz visam, tai skaita uz
normalam, Stnam (ICs0=9+49 uM). Bazala toksicitate visiem savienojumiem ir zema

(LDs0=484+2000 mg/kg).
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Apkopojot iegiitos rezultatus, var secinat, ka selenofenkumariniem 75-85 ir izteikta
selektiva iedarbiba uz dazam audz€u Stnu Iinijam un parsvara §ie savienojumi nav
citotoksiski uz normalam S§tnam NIH 3T3. Augstaku antiproliferativo efektu parada
metilpirazolil aizvietotie savienojumi (78, 82) un 3- un 4-piridilaminokumarini (84, 85).
Bazala toksicitate selenoféenkumariniem 75-85 (LDso=334+2000 mg/kg) vairuma gadijumu ir

par kartu zemaka, neka natrija selenitam (1) (LDsp=105 mg/kg).

2.2.5. Selenofénhinolonu un selenoféenkumarinu antiproliferativa efekta darbibas
mehanismi
Eksperimentos in vitro un in vivo par 85 selénu saturo$o savienojumu antiproliferativo
efektu iegutas struktiiras — aktivitates sakaribas dod iesp&ju atlasit biologiski aktivakos
savienojumus to darbibas mehanismu turpmakajiem  pétjumiem. Izvéletajiem
selenofénhinolonu un selenofénkumarinu atvasinajumiem ir augsta antiproliferativa aktivitate
uz parbauditajam audz&ju $tnu Iinijam un zems toksiskais efekts. Lai noskaidrotu iesp&jamos
antiproliferativas darbibas mehanismus tika veikti sekojosi p&tijumi:
a) noteikta savienojumu sp&ja inducét apoptozi Stinas un ietekmét ar apoptozes procesu
saistitos faktorus;
b) noteikta savienojumu sp&ja neitralizét brivos radikalus, ietekmé&t $tinu fermentativas
antioksidativas sistémas darbibu un skabekla aktivas formas (SAF) [imeni Stnas;
c) parbaudita savienojumu spgja regulet matriksa metaloproteinazu (MMP) aktivitati un
angiogengezi.
2.2.5.1. Apoptozes indukcija MCF-7 audzgju Sainas
Dzivajos organismos $inu apoptoze ir ieprogramméta organisma siinu bojaejas forma,
kuras gaita Stna sadalas ar membranu parklatos fragmentos, kurus talak sp&j fagocitet
makrofagi vai savam vajadzibam izmantot citas Siinas. Viena no galvenajam apoptozes
funkcijam ir dzivotnesp&jigo (mut€joSo, inficéto) Stnu likvidéSana, neizraisot iekaisumu.
Audzgja Siinu sp&ja izvairities no apoptozes un turpinat nekontrol&ti dalities, ir viena no
galvenajam laundabiga audz€ja Stinu pazimém un tapec savienojumu spé&ja inducét audzgju
§tinas apoptozi ir svarigs pretvéza terapijas mérkis [214]. Cits $tinu bojaejas process — nekroze
— notiek traum&jot §inas (mehaniski, kimiski) vai arT infekcijas gadijuma. Stnas sabriik un
izpliidusSais $tnu saturs izraisa iekaisumu apkartgjos audos [215].
MCF-7 stinas tika audz€tas 4 un 24 stundas selenofénkumarinu un selenofénhinolonu
atvasinajumu klatbutné. Apoptotisko un nekrotisko $inu skaitu noteica veicot dubulto
krasoSanu ar akridinoranzo un etidija bromidu. legiitie rezultati apkopoti 13. tabula un 2.3.

attéla. Petitie selenofénhinoloni (71-74) izraisa apoptotisko Stnu skaita pieaugumu MCF-7
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Stnu linija. Starp regioizomériem atrasta atSkiriba procesa attistibas atruma: ar [3,2-C]
regioizomériem (71, 73) apoptotisko Stnu skaits pieaug Iidz 20+30% jau p&c 4 stundam, bet
p&c 24 stundam visas $tinas iet boja (2.3. att., B, C, F, G) ; savukart ar [2,3-C] regioizom&riem
(72, 74) sis process norit 1énak - péc 4 stundam apoptoze netika noveérota, bet péc 24 stundam
apoptotisko $tinu skaits sasniedz 60+78% (2.3. att., D, E, H, I). Ar apoptozes procesa atruma
atskiribu var€tu izskaidrot arT atskirigu ICsg regioizoméru pariem (71, 73 - 1C50=13 un 26 uM;

72, 74 - 1C50=82 un 42 uM). Morfolina atvasinajumi (73, 74) neizsauc nekrotisko $iinu skaita

palielinasanos.
13. tabula
Apoptotisko un nekrotisko MCF-7 §iinu skaita izmainas savienojumu ietekmé
ICso, 4 st. inkubacija 24 st. inkubacija
N Y Apoptoze, % Nekroze, % | Apoptoze, % Nekroze, %
kontrole - 7£1 2+1 10+4 1+1
71 13 30+6* 39+7* d d
72 82 943 12+3* 78+13* 31+13*
73 26 20+4* 5+1 d d
74 42 12+4 945 60+£14* 846
75 * 12+3 2+1 nt nt
76 * 17+4 7£3* 30£7* 3+2
77 51 30£6* 1+1 9+3 5+1
78 16 31£7* 25+4* 50+3* 1+1
79 100 11+2 3+4 1316 1+1
80 19 8+2 1+1 31+1* 33+2*
81 71 15+7 1+1 1242 140
822 17 41+16* 17+£7* d d

Stinas inkubgja ar savienojumiem deva 100 uM 4 un 24st.
a — 1 stundu inkubacija ar savienojumu, péc 4 stundu inkubacijas visas §tnas iet boja; d - visas $linas iet boja; nt —
nav testgts, * - ttest p<0.005.

Selenofenkumarinu rinda Cetri savienojumi (75, 76, 79, 81) neietekmé apoptotisko un
nekrotisko Stnu skaitu. Aktivakais savienojums apoptozes/nekrozes pétijumos ir N-
metilpiperazilmetil kumarins 82 (2.3. att., S, T). Apoptotisko Stinu skaits pieaug loti strauji -
jau péc 1 stundas tas sasniedz 41%, bet péc 4 stundam visas $linas iet boja, toties [2,3-C]
analoga 78 klatbutné efekts izpauzas 1€nak un péc 4 stundam apoptotisko $tnu skaits ir 30%,
bet péc 24 stundam - 50% (2.3. att., N, O). Morfolil [2,3-c] regioizoméram 77 apoptotisko

Stnu skaits péc 4 stundam pieaug 1idz 30% un savienojums neietekmé nekrotisko §tinu skaitu
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(2.3. att., L, M). Jaatzimée, ka péc 24 stundam apoptotisko Siinu skaits atgriezas normas robezas
un, iesp&jams, ka $aja gadijuma Stinas adaptejas pret savienojuma iedarbibu.

Lai noskaidrotu iesp&jamos apoptozes indukcijas celus, tika parbaudita savienojumu
71-74, 78, 82 ietekme uz vairaku kaspazu aktivitati MCF-7 audzgju Stnas. Kaspazu aktivitate
ir viens no svarigakajiem aspektiem apoptozes procesa.

Kaspazes ietilpst aspartatatkarigo cisteina proteazu fermentu grupa. Ir identificetas
Cetrpadsmit dazadas kaspazes, kuras, atkariba no substrata specifiskuma, var iedalit tris
apakSgrupas: | grupa — kaspaze-1, 4, 5, 11, 12, 13 un 14, nozimigas iekaisuma procesos; Il
efektoras kaspazes (kaspaze-3, -6 un -7) [216, 217].

Aktivakajiem savienojumiem 71-74, 78 un 82 tika noteikta ietekme uz kaspazu -1, 2,
3/7, 4,5, 6,8,9, 10 aktivitati. Stnas 4 stundas tika paklautas savienojumu ietekmei (deva 100
uM), un pec tam noteikta kaspazu aktivitate. legttie rezultati ir apkopoti 14. tabula.
Selenofén([3,2-clhinoloni 71 un 73 izraisa kaspazes-1 aktivaciju par 56 un 37%, bet
regioizomériem 72 un 74 ir zemaks efekts — tikai par 27 un 15%. Selenofénkumarina
metilpirazolila atvasinajumi 78 un 82 arT spgj aktivét kaspazi-1, attiecigi par 23 un 38%.

Kaspaze-1 ir interleikina-1p (IL-1P) konvertgjosais ferments, ta katalizé neaktiva IL-1f3
prekursora konversiju aktiva forma. Makrofagos kaspaze-1 aktivé interleikina-18 prekursoru
(pro-1L-18), rezultata veidojas IL-18, kurs stimulé interferona-gamma (INF-y) sintézi un FAS-
liganda ekspresiju. Sie procesi nosaka kaspazes-1 lomu, kas saistita ar iekaisuma procesu
regulaciju caur citokiniem [218]. Kaspazes-1 deficits izsauc pretiekaisuma citokinu sintézes
supresiju un samazina iekaisuma reakciju [219]. Kaspazes-1 aktivacija izsauc S$tinu navi
piroptozes cela (viens no programmeétas Stinu naves veidiem, kas ir saistits ar organisma atbildi
bakteriala iekaisuma procesd). Piroptozes rezultata notiek DNS saskelSana, pretiekaisuma
citokinu aktivacija un Siinu iekS€jais saturs izpliist starpStnu telpa [220, 221], tatad
selenofénhinoloniem un selenofénkumariniem var prognozet ietekmi uz iekaisumu procesiem
organisma. Japiebilst, ka savienojumu regioizomériem efekts atskiras.

Parbauditic savienojumi aktivé ari kaspazi-2, kas ir viena no apoptozi inici¢josam
kaspazém. Augstaku efektu izraisa [2,3-C] regioizoméri un selenofénhinoloniem efekts ir
augstaks, neka selenoféenkumariniem (attiecigi 22+46% un 9+21%). Apoptozi inducgjosie
faktori: DNS bojajumi, citoskeleta sabruksSana vai karstuma Soks, izraisa neaktivas pro-
kaspazes-2 aktivaciju un talak caur virkni proteinu tiek aktivéta prokaspaze-8 [222, 223].
Kaspaze-2 kalpo ar1 ka transportieris kaspazei-3 no Siinas citozola uz kodolu [224], ka arT ir
iesaistita apoptozes indukcijas cela, kas izraisa citohroma C un citu mitohondrialo faktoru

izplisanu no mitohondrijiem [225].
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Ka redzams 14. tabula, neviens savienojums neietekmé kaspazi-8, bet notiek kaspazes
-3/7 aktivacija (testeSanas komplekta tiek izmantots substrats, kuru sp&j konvertet abas
kaspazes). Zinams, ka MCF-7 $iinas neekspresé kaspazi-3 un apoptoze norit secigi aktivgjot
kaspazes -9, -7 un -6 [226-229], tad€jadi varam secinat, ka MCF-7 §Ginas savienojumu ietekmé
tiek aktivéta kaspaze-7. Piperidina selenofénhinolonu atvasinajumiem (71, 72) ir visaugstakais
efekts uz kaspazi-2 - aktivacija sasniedz 52+170%. Arl $aja gadijuma novérojam atskirigu
efektu dazadiem regioizomériem.

Apkopojot iegtitos datus par apoptozes indukciju MCF-7 §tinas var secinat, ka viens no
parbaudito  selenofénhinolona un selenofénkumarina atvasinajumu iesp&jamajiem
antiproliferativa efekta mehanismiem ir saistits ar apoptozes indukciju audzgju S$tnas un
aktivé arT kaspazi-1, kas saistita ar iekaisuma procesu norisi organisma. Savienojumu
izomerija ietekmé& apoptozes attistibas atrumu un pakapi. Selenofénhinoloniem ir raksturiga
sp&ja inducét apoptozes procesus audz€ja $tnas un to regioizoméru selektivitate ir augstaka
salidzinot ar Selenofénkumarinu regioselektivitati.

14. tabula

Kaspazes aktivitate MCF-7 §iinas savienojumu ietekme (aktivitate, %)

Kaspaze
Nr.

1 2 3/7 4 5 6 8 9 10

kontrole | 100+10  100+7  100+4  100+16 100+17 100+11  100+7  100+4 10044
71 156+2  132+18 270+1  97#21 87+2 85+1 84+3 91+13 1064
72 127+3  146+11 15249 10345 8815 87+4 88+3 86+1 97+3
73 137+1 122412 128422  91+4 82+11 91+2 87+2 92+9 95+3
74 115+15 14524 14614 76+18 88+4 93+3 99+9 102+12  99+1
78 123+15  109+22 114+12  73+23 95+16 98+1 10246 93+1 107+9
82 138+13 12143 134+6 84+13  107+17 89+4 114+18  108+11  97+3

2.2.5.2. Savienojumu ietekme uz antioksidativo fermentu aktivitati

Savienojumu antiproliferativa efekta darbibas mehanisma noskaidroSanai veikti
pétijumi par selenofénhinolonu un selenofénkumarinu spéju ietekmét Stinu antioksidativo
fermentu sistému darbibu. Superoksida dismutaze (SOD) un glutationa peroksidaze (Gpx)
stna veido antioksidantu fermentu grupu, kuras darbibas rezultata tiek lidzsvarots un reguléts
SAF limenis §inas, tadgjadi pasargajot tas no oksidativa stresa. So fermentu nelidzsvarota vai

nepilniga darbiba ir saistita ar vairakiem patologiskiem stavokliem organisma, tai skaita ari
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audzgju attistibu. SOD kataliz€é superoksida dismutaciju par skabekli un tidenraza peroksidu,
kurs talak ar Gpx palidzibu tiek parveidots par tideni [230].

Stinu okside$anas-reducésanas lidzsvara regulacija piedalas ari tioredoksina reduktaze
(TrxR), kas kataliz€ reducéta tioredoksina veidoSanos $iinas. Tioredoksins ir iesaistits vairakos
svarigos procesos - sakot no ribonukleotidu reduc€Sanas par dezoksiribonukleotidiem Iidz
ksenobiotiku, oksidétaju un radikalu detoksifikacijai Stina [231].

Selenofénhinolonu un selenofénkumarinu ietekmes noteikSanai uz SOD fermenta
aktivitati izmantoti fermenti no dazadiem avotiem: attirits ferments no liellopu eritrocitiem
(SODeritrocitu), MG-22A un HepG2 $tinu homogenatiem, ka ari pelu aknu homogenata. 15.
tabula apkopoti iegttie dati. Visi selenofénhinolona atvasinajumi (71-74) inhibeé SOD
aktivitati pelu aknu un pelu MG-22A Stnu homogenata par 39+89%, bet uz SOD no cilvéku
HepG2 siinam inhibg&josais efekts ir tikai morfolina atvasinajumiem 73 un 74. Var secinat, ka
selenofénhinolona piperidina atvasinajumi (71, 72) specifiski inhibé tie$i SOD izoformu no
pelu audiem. Salidzinot regioizoméru ietekmi, morfolina atvasinajuma [3,2-C] regioizoméra 74
efekts sasniedz pat 86%, bet [2,3-C] regioizoméra 73 — tikai 26%. Uz attirita fermenta
regioizoméru selektiva ietekme ari ir labi izteikta - [3,2-C] regioizoméri 72 un 74 parada
augstaku inhib&joso efektu (attiecigi 40 un 30%), neka [2,3-C] regioizomeri.

15. tabula
Selenofenhinolonu un selenofénkumarinu ietekme uz SOD aktivitati

SOD, inhibicijas %

Nr. SODuriracis HepG2 §1‘1_nu MG-22A §E1nu Pelu akn_u
homogenats homogenats homogenats

71 22 +6 -9 10 32 +5 68 +15
72 40 +12 -51 46 78 +25 51+25
73 17 +3 26 +14 82 +3 53 +18
74 30 +5 86 +16 89 +11 55 5
75 -8 +17 2 +6 20 +2 29 +4
76 20 +4 18 +13 -25 £7 39 +6
77 -1 £10 -1 +14 37 +20 23 7
78 -20 £12 -37 £18 -9 12 -27 14
79 -11 +4 518 42 +5 912
80 -20 +4 75 +30 -6 £10 2549
81 13 +6 -145 -23 +14 -12 £13
82 29 +6 41 +15 -2 48 34 +9

Savienojumu koncentracija 100 uM. “ — * — fermenta aktivacija.
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Selenoféenkumarini neuzrada ietekmi wuz attirita SOD fermenta, iznemot 82
savienojumu, kuram novérojams neliels inhib&joss efekts (29%). SOD aktivitati cilvéka
hepatomas HepG?2 $iinas inhibg tikai divi no savienojumiem: 80 un 82, bet uz pelu hepatomas
MG-22A siinu SOD iedarbojas citi atvasinajumi: 77 un 79, tomér kopuma selenofénkumarinu

Savienojumu ietekme uz glutationa peroksidazes aktivitati tika parbaudita hepatomas
MG-22A un HepG2 $tnu homogenatos un pelu aknu homogenata, ka peroksida avots tika
izmantots t-butilhidroperoksids (TBH) . Rezultati apkopoti 16. tabula.

Visi selenofénhinoloni un selenofénkumarini inhibé Gpx aktivitati cilvéku HepG2 $iinu
homogenata no 53 lidz 100%. Uz Gpx no pelu hepatomas MG-22A S§inam tikai diviem
savienojumiem (75 un 77) nav inhib&josa efekta, pargjie savienojumi inhibé Gpx par
44+100%. Interesanti, ka praktiski visi savienojumi neietekmé pelu aknu Gpx aktivitati
(homogenats iegiits no veseliem dzivniekiem) un tikai savienojumam 80 ir inhib&joSs efekts
(37%). legitie dati lauj izdarit secinagjumus, ka selenofénhinoloniem un selenofénkumariniem

varétu biit selektiva iedarbiba uz audzgju $iinas eso§am glutationa peroksidazes izoformam.

16. tabula
Selenoféenhinolonu un selenoféenkumarinu ietekme uz Gpx un TrxR aktivitati

. Gpx, inhibicijas % inhigcxi;s v,
HepG2 Siinu MG-22A Siinu Pelu aknu HepG2 Siinu
homogenats homogenats homogenats homogenats

71 93 +10 89 +4 12 +0 56 +2

72 98 +6 100 +0 26 +4 84 +8

73 59 £9 65 +6 1+1 68 +15

74 63 £9 44 +16 21 £15 96 +2

75 98 +4 -29 +12 14 +1 47 +5

76 100 £5 75 %12 21 £11 57 +8

77 82 19 65 12 5+12 69 £2

78 53 11 53 +18 4 £13 52 +4

79 96 +7 62 +1 11 £10 54 £12

80 85 +17 63 +6 37 15 19 +13

81 72 £7 64 +18 19 +16 -8 £7

82 81 +21 -27 +17 17 +14 10 +5

Savienojumu koncentracija 100 uM. “ —“ — fermenta aktivacija.
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Savienojumu ietekme uz tioredoksina reduktazes aktivitati noteikta hepatomas HepG2
stinu homogenata. Rezultati apkopoti 16. tabula. Visi selenofénhinoloni (71-74) inhibé TrxR
aktivitati, noverota izteikta efekta atSkiriba starp [3,2-c] un [2,3-C] regioizom&riem. Inhibicija
efektivaka ir ar [3,2-C] regioizomériem (72, 74) - ta sasniedz 84 un 96%, bet ar [2,3-C]
regioizomériem (71, 73) — 56 un 68%.

Izteikta selektiva iedarbiba uz TrxR ir ari starp selenofénkumarinu regioizomériem,
iznemot atvasinajumus ar 1-hidroksi-1-metiletil aizvietotaju (75, 79), kuriem nav atskiribas
starp regioizomériem un inhibicija abos gadijumos ir 50%. Par&jo savienojumu [3,2-C]
regioizoméri (76-78) TrxR aktivitati inhibé par 52-69%, bet [2,3-c] analogiem efekts nav

noverots.

2.2.5.3. Selenofenhinolonu un selenoféenkumarinu brivo radikalu neitralizeSanas spéja

Dazadu biokimisko reakciju rezultata organisma nepartraukti veidojas brivie radikali.
Viena no aizsardzibas sisttmam, kas pasarga organismu no brivo radikalu ietekmes, ir
nefermentativa antioksidativa aizsardzibas sist€éma. Tas sastava ietilpst A, C un E vitamini,
glutations (GSH), B-karotins, urinskabe, tioktinskabe, ubikvinons (koenzims Q10). Atbilstosi
literatiiras datiem vairakiem selénu saturo$iem savienojumiem ir pieradita sp&ja neitralizet
brivos radikalus, pieméram, Ebselénam [232].

Lai pieraditu selenofénhinolonu un selenofénkumarinu sp&ju neitralizét brivos
radikalus, noteikta to spgja neitralizet superoksida un peroksila radikalus (ROO"). Superoksida
noteikSanas metode [233] ir balstita uz superoksida generaciju PMS-NADH sistema. NADH
tieck oksidéts, bet krasviela nitrotetrazolija zilais (NBT) tiek reduc€ta krasaina forma.
Savienojumu spé&ja neitralizét peroksila radikali noteikta ar ORAC metodi [234]. Peroksila
radikalis reagé ar fluorescento krasvielu un rezultata veidojas nefluoresc€joss produkts.
Savienojuma spg€ja inhib&t So reakciju dod iesp&u novertet ta sp&ju neitralizét peroksila
radikalus.

Literatara ir aprakstita selénu saturoSu savienojumu sp&ja generét superoksidu,
oksidéjot GSH. Superoksida koncentracijas detektéSana notiek ar lucigenina palidzibu [235].
Izmantojot So testu var spriest par savienojumu prooksidanta Tpasibam.

legiitie rezultati par savienojumu sp&ju neitraliz€t brivos radikalus un generét
superoksidu apkopoti 17. tabula. Peroksila radikalus spgj neitralizét selenofénhinolona
piperidina atvasinajumi (71, 72), ICsp attiecigi ir 780 un 560 uM. Nomainot aizvietotaju ar
morfolinu, [3,2-C] regioizoméram (73) §is sp&jas zud, bet [2,3-C] regioizom&ram (74) —
pastiprinas (ICs50=163 uM). Ar superoksidu reagg tikai selenofénhinolonu [3,2-C] regioizoméri

un savienojumam ar morfolinu (73) efekts ir augstaks (ICs50=550 uM). Salidzinajumam test&to
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Se-metionina un 7-hidroksikumarina sp&jas saistit peroksila radikali ir daudz augstakas
(IC50=2+6 uM).

Kaut gan abi 1-hidroksi-1-metiletil regioizoméri 75 un 79 nespéj saistit peroksila
radikali, pargjie selenofénkumarinu atvasinajumi spg neitralize€t peroksila radikali un
augstakais efekts piemit piperidina atvasinajumiem (78, 82), I1Cso attiecigi ir 87 un 62 pM.
Piridilaminokumarini 83-85 ar1 sp€j neitralizét superoksidu un savienojuma 84 spgja saistit
peroksila radikali ir visefektivaka (ICso = 4 uM), kas ir lidzigi ka 7-hidroksikumarinam un Se-
metiontnam.

Sp&ju generét superoksidu in vitro, oksidéjot GSH, paradija tikai tris savienojumi: 1-
hidroksi-1-metiletil)selenoféenkumarini 75, 79 un 3-piridilaminokumarins 84. Citotoksicitates
testos in vitro savienojumiem 75, 79 uz vairakam Stnu lnijam ir zems citotoksiskais efekts vai
ta nav (skat. 12. tab.). Ka viens no iesp&jamiem iemesliem S$im apstaklim var&tu bt saistits ar
So savienojumu prooksidativajam Tpasibam un nesp&ju saistit brivos radikalus. Savienojumam
84 ir augsts citotoksiskais efekts (ICs50=13+49 uM) un tas ir ne tikai prooksidants, bet ari

efektivi neitralizé superoksidu un peroksila radikalus.

17. tabula

Selenofenhinolonu un selenofénkumarinu spéja neitralizet brivos radikalus un
generét superoksidu

1Cs0, uM Superoksida
NI Superoksids Peroksila radikalis gensl;a\?" b
Se-metionins >1000 6 -
kumarins - >1000 -
7-hidroksikumarins 60 2 -
71 >1000 780 -
72 - 560 -
73 550 - -
74 - 163 -
75 - - 627
76 710 598 -
77 >1000 398 -
78 - 87 -
79 - - 950
80 >1000 320 -
81 >1000 1000 -
82 260 62 -
83 1000 nt -
84 160 4 1875
85 500 nt -

“-” —nav efekta; nt - nav testéts
2.2.5.4. Savienojumu ietekme uz SAF Iimeni audzéju Sanas in vitro
Skabekla aktivas formas (SAF) normalos biologiskos procesos $iinas veidojas neliela

daudzuma un tam ir svariga loma iekssiinu signalu parraidé un homeostazé [236]. Lai noteiktu
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savienojumu ietekmi uz SAF (hidroksila, peroksila u.c. radikali) limeni $tinas, tika izmantota
fluorescgjosa krasviela 27,7 -dihlorfluoresceina diacetats (DCFDA). Ar ieks$Stnas esterazu
palidzibu DCFDA procesa gaita tiek deaciléts Iidz nefluoresc&joSam savienojumam, kur§
reaggjot ar SAF oksidgjas par fluorescgjoso 2°,7 -dihlorfluoresceinu (DCF).

Lai iegiitu pilnigu informaciju par savienojumu ietekmi uz SAF limeni $§tina izmantotas
divas eksperimenta shémas (2.4.att.). Pirmaja varianta, sh€éma A - S$iinas inkub&tas ar
savienojumiem 10 min vai 24 stundas un péc inkubacijas mérits SAF Itmenis §tinas. legiitie
rezultati dod priekstatu par savienojuma spg&ju ietekmét SAF Iimeni $iinas un izraisit
oksidativo stresu. P&c otras shémas B - Stinas vispirms inkub&tas ar savienojumiem 10 min vai
24 stundas un péc inkubacijas tika izraisits Stnas oksidativais stress, ka peroksida avotu
izmantojot t-butilhidroperoksidu (TBH). Sinas atbilde uz stimulaciju ar peroksidu ir SAF
[imena pieaugums. ST eksperimenta shéma parada savienojumu sp&ju modulét $tinas izturibu

pret izraisito oksidativo stresu.

5 5

E - £

Kontroles Siinas = Kontroles $tinas . o

%] - ]

Stinu inkub&3ana ar savienojumu t g Stinu inkubé&Sana ar savienojumu . t 2
= 1 =

< <

vl v

10 min vai 24 st, inkubacija 10 min vai 24 st. inkubacija

2.4. attéls. SAF Iimena noteikSanas shema
A —savienojuma ietekme uz SAF limeni; B - savienojumu sp&ja modulét $iinas atbildi uz stimulaciju ar
peroksidu.

legiitie rezultati par SAF Iimena izmainam savienojumu ietekmé apkopoti 18. tabula
un 2.5. attéla. Peéc 10 min inkubacijas strauju SAF Iimena kapumu pelu hepatomas MG-22A
un cilvéka kriits audz&ju MCF-7 §tinas izraisa tikai savienojums 82, attiecigi 158 % un 152%
(2.3.att., shema A). Ka atziméts ieprieks, savienojums 82 vienigais no selenofénkumariniem
izraisa atru $tnu bojaeju apoptozes cela jau péc 4 stundam. Interesanti, ka ar savienojumu 82
apstradatajas MG-22A un MCF-7 §unas, péc stimulacijas ar peroksidu (2.4. att., shéma B),

SAF limenis pieaug attiecigi par 59% un 100% mazak neka kontroles $tnas. lesp&jams, ka
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pats savienojums izsauc maksimalo oksidativo stresu un papildus stimulacija ar peroksidu
nesp¢j izsaukt tik pat lielu atbildi ka kontroles $tinas. Lai noskaidroti ilgstosu savienojuma 82
efektu uz SAF limeni, $tnas tika audz&tas 24 stundas ar savienojumu deva 25 uM (péc 4
stundam ar 82 savienojumu deva 100 uM iet boja). Rezultata noveérots, ka SAF limenis
samazinajies par 66% uz pelu hepatomas MG-22A un par 95% uz cilvéka hepatomas HepG2
stunam, tadgjadi var secinat, ka HepG2 $uinas SAF veidosanas ir pilniba bloketa, turklat ir
trauc€ta ar1 Stnu sp&ja atbildét uz ar€jo stimulatoru (peroksidu). Hepatomu MG-22A un
HepG2 sunas, kas tika inkub&tas ar savienojumu 24 stundas, SAF limena kapums péc
peroksida pievienoSanas ir zemaks ka neapstradatajam kontroles Stinam, attiecigi par 95% un
68%. Interesanti, ka SAF Iimenis MCF-7 $tinas p&c 24 stundu ietekmes neatskiras no kontroles
Stinam, atskiriba no hepatomas Stinam.

Savienojuma 82 [3,2-c] regioizomérs 78, péc 10 min inkubacijas ar MG-22A §tnam,
neietekm& SAF Itmeni, bet Stinu atbildi uz peroksidu samazina tikai par 24%. MCF-7 §tunas
noveérots SAF limena piecaugums par 38% un $iinu atbilde uz stimulaciju art ir augstaka par
35%, toties ilgstosa savienojuma ietekmé& (24 st.) izraisa MCF-7 un MG-22A $tnas SAF
Iimena kritumu A un B eksperimenta variantos par 29+87 %. Cilvéka hepatomas HepG2 Sunas
78 savienojums SAF limeni neietekmé.

Analizgjot iegiitos rezultatus, var atzimét divas likumsakaribas, kas labi redzamas 2.4.
att€la. Pirmkart — savienojumu regioizomériem ir at$kirigs modul&joss efekts attieciba pret
SAF limeni $tna. Otrkart — regioizoméru ietekme ir atSkiriga uz pelu un cilvéku hepatomas
Sunam (sugu specifiskums) un ir noveérojama ietekmes atSkiriba starp cilvéka hepatomas un
kriits véza §tinam (audu specifiskums).

Selenofénkumarinu s€rijas savienojumu ietekme uz hepatomas HepG2 S§tnam ir
augstaka neka uz kriats audzéja MCF-7 Stnam, kas var but izskaidrojams ar augstaku
oksidésanas-reducéSanas fermentu aktivitati un daudzumu hepatocitos salidzinajuma ar kriits
audiem. Savienojumiem ar metilpirazolil (78, 82) aizvietotajiem modul&josais efekts uz SAF
Itmeni ir visaugstakais - SAF veidosanas §uinas tiek blok&ta dazos gadijumos lidz pat 87+92%.
Piperidina aizvietotiem savienojumiem (76, 80) efekts jau ir zemaks, maksimalais inhibicijas
efekts sasniedz tikai 52%. Savienojumi ar metilpirazolila (78, 82), ka art ar piperidina (76, 80)
aizvietotaju par 35+95% bloke Siinu atbildi uz stimulaciju. Ievadot molekula morfolinu (77,
81) tiek panakts pretejs efekts, bet viens no regioizomériem péc 24 stundam izraisa SAF
daudzuma pieaugumu cilvéka Sanu kultiras par 71+77%. Turklat, uz hepatomas HepG2

Stnam tas ir [2,3-C]-, bet uz krits audzéja MCF-7 $iinam - [3,2-C]-regioizomérs.
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2.5. attels. SAF Iimenis $uinas péc 24 stundu apstrades ar savienojumiem

SAF limena pieauguma inhibicija (%) salidzinot ar kontroles Stnam.

Selenofen[3,2-clhinolonu atvasinajumu 71 un 73 ilgstoSa ietekme uz $tinam samazina
SAF limeni parbauditajas Stnu Iinijas, SAF veidoSanas $iinas tiek blok&ta par 25-76%.
Piperidil [2,3-c] analogam 72 uz cilvéka $tnu Iinijam ir lidzigs efekts, bet uz pelu Stnu linijas
efekta nav. Japiebilst, ka morfolil[2,3-c]hinolons 74 nespgj icteckmét SAF limeni S$unas,
iznemot cilvéka hepatomas Siinas HepG2, kuras efekts ir pret€js neka 73 savienojumam, SAF
daudzums pieaug par 57%.

Sekojosa likumsakariba konstatéta 2-morfol-4-ilmetil-3-(piridilamino) selenofen[3,2-

c]lhromen-4-onu (83-85) rinda. Savienojumi bloké SAF veidosanos visas §tinu linijas un $tnu
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sp&ju atbildét uz ar€jo stimulu (peroksidu). Efekts pieaug rinda: 2-piridilamino (83) < 3-
piridilamino (84) < 4-piridilaminokumarins (85). Visaugstakais efekts ir 85 savienojumam:
SAF limenis blokéts par 58+62% un §tinu sp€ja atbildet uz argjo stimulu — par 34+84%.

Analizgjot iegilitos rezultatus, var secinat, ka selenofénhinoloni un selenofénkumarini
ar augstu citotoksisko efektu parsvara samazina vai pilniba bloké SAF veidoSanos §iinas, ka
arl samazina Stinu atbildi uz argjo stresa signalu. Se-metioninam, 7-hidroksikumarinam un
citotoksiski neaktivajiem 1-hidroksi-(1-metiletil)selenofénkumariniem (75, 79) sada efekta
nav.

Pedgjos gados tiek uzsverts, ka SAF sp€lé ne tikai destruktivu lomu, bet fiziologiskos
daudzumos ir arkartigi nepiecieS8ams $tnu dzivotspgjai. Udenraza peroksids augsta
koncentracija izraisa §inu navi, bet zema koncentracija darbojas ka iekssinu signalmolekula
[237, 238]. H20: citozola veicina tirozina fosforiléSanos, ka rezultata tirozina fosfotaze tiek
inaktivéta un vienlaikus aktivéta tirozinkinaze [239].

Parbaudito selenofénhinolonu un selenofénkumarinu citotoksiska efekta mehanisms ir
saistits nevis ar SAF Iimena picaugumu un oksidativo stresu, kas noved pie apoptozes, bet ar
ekstremalu SAF limena samazinaSanos §tinas, ka rezultata tiek traucéti signalceli, kuros ir
iesaistiti superoksids un tdenraza peroksids, rezultata Stina iet boja apoptozes cela. Literatiira
ir paradits, ka kaspazes-1 aktivacija samazina mitohondriju elpoSanu un SAF Iimeni
hepatocitos [240]. No eksperimentos iegitajiem datiem var secinat, ka savienojumi izsauc
kaspazes-1 aktivaciju un tas, iesp€jams, ir viens no mehanismiem, kas rezultata noved pie SAF
Iimena samazinasanas. SOD inhibicija un savienojumu spé&ja neitralizét brivos radikalus, it
ipasi peroksila radikali, v&l vairak pazemina SAF limeni. Lidzigs efekts, kad zems SAF
Iimenis ir par iemeslu $iinu apoptozei, atklats dihidromiricetinam uz HepG2 $tnam. Autori
konstat&ja, ka pievienojot nelielu H.O> daudzumu vienlaikus ar dihidromiricetinu, apoptoze

Stnas neattistas [241].

2.2.5.5. Savienojumu ietekme uz matriksa metaloproteinazu (MMP) aktivitati un
angiogenézi

Arst&jot audz&jus ir svarigi ne tikai inhib&t vézu Stinu proliferaciju, bet arT ietekmét
procesus, kar ir saistiti ar audz€ju Stinu invaziju un audzgja attistiSanos. MMP spélé svarigu
lomu audzgju $tnu invazijas un metastazéSanas procesa [242].

MMP aktivitates noteik$anai tika izmantots “MMP Inhibitor Profiling Kit” (BIOMOL).
TestéSanas komplekts satur sekojoSas metaloproteazu izoformas: MMP-1 — kolagenaze-1,
MMP-2 - zelatinaze-A, MMP-3 - stromlizins-1, MMP-7 — matrilizins-1, MMP-8 -
kolagenaze-2, MMP-9 - zelatinaze-B, MMP-10 - stromlizins-1, MMP-12 — makrofagu
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metaloproteaze, MMP-13 - kolagenaze-3, MMP-14 — membranas 1-tipa matriksa MMP.
NNGH  (N-izobutil-N-(4-metoksifenilsulfonil)glicilhidroksamskabe) tika izmantots ka
standarta inhibitors.

Matriksa metaloproteazes ietilpst kalcija atkarigo Zn-saturoSo endopeptidazu grupa,
kas atbild par starpstinu matriksa veido$anu un parbiivi. Normalos fiziologiskajos apstaklos $o
fermentu ekspresija organisma ir minimala. Fermentu hiperekspresija ir novérojama
patologiskos organisma stavoklos, tai skaita onkologisko saslim$anu gadijumos. Kliiskie un
prekliniskie pétijumi ir devusi pozitivus rezultatus So fermentu inhibitoru ka pretvéza agentu
izmantoSana. Matriksa metaloproteazu inhibitoru izmantoSana ir viens no miusdienu pretvéza
terapijas virzieniem.

MMP - 2, 7, 9, 13, 12, 14 ir proteolitiskie fermenti, kas atbild par ekstracelulara
matriksa degradaciju dazadu patalogiju gadijumos, ieskaitot audz€ja invaziju un
metastazé$anas procesus. MMP-7 ekspresija prostatas dziedzera epitélija, aizkunga dziedzeri,
zarnu trakta u.c., ka ari hiperekspresija vairakos audzg&jos. MMP-1 atbild par 2. tipa kolagéna
degradaciju un piedalas reimatoida artrita attistibas procesa. Sis ferments tick producéts
fibroblastos, bet audzgjos notiek ta hiperekspresija. MMP-3 un MMP-10 ir prokolagenazes ar
augstu aktivitati, kas piedalas skrimslaudu degradacija, kas noved pie audu sabrukSanas artrita
gadijuma. MMP-8 sagrauj kolagénu un piedalas daudzos ickaisuma procesos [243-245].

Angiogenéze ir fiziologisks process organisma, kad veidojas jauni asinsvadi. Audzgja
attistiSanas un augSanas gadijuma audz€ja Stnas izdala augSanas faktorus, kas stimulé
angiogenézi un jaunizveidotie kapilari nodrosina audzgja vielmainu [246]. Savienojumu spg&ja
inhibét MMP aktivitates un to ietekme uz angiogenézi tika pétita in vitro un in vivo.

Angiogenézes pétijumos in vitro tika izmantota cilvéka nabas saites vénas endotélija
Sunu Inija (HUVEC-2). Kapilaru tikla struktiras veidoSanos noveéroja, audzg€jot endotélija
Stnas uz ekstracelulara matriksa (matriggels).

Savienojumu ietekme uz angiogengzi in vivo pétita izmantojot pelu modela sistému ar
matrigélu. Darbam in vivo tika izmantots ekstracelulars matrikss (BD Matrigel™ Basement
Membrane Matrix High Concentration) uz Balb/c AnNCrl pelu matitém. Pelém zem adas tika
ievadits matrigéls, kas sajaukts ar augSanas faktoriem un test€jamo savienojumu, un noverots

kapilaru veidosanas matrigg€la slan.
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Rezultati par savienojumu ietekmi uz MMP un angiogenézi apkopoti 19. tabula. Pé&c
iegttajiem datiem, tikai tris savienojumi inhibé¢ MMP (inhibicija tiek uzskatita par novérojamu, ja
ta sasniedz >30%) - un tie ir selenofénkumarini.

Savienojums 82 selektivi inhibé tikai MMP14 (33%), ka arT tam ir augsts inhibgjoss efekts
uz angiogengzes procesu: par 84% in vitro un par 30% in vivo. Savienojums 83 inhibé€ MMP2 par
32%, pilnigi neietekm& angiogen&zes procesus in vitro, bet in vivo inhibicijas efekts sasniedz
36%. Savienojums 85 inhibé MMP2 par 54% un MMPI14 par 40%. Nosakot ietekmi uz
angiogenézi, savienojumam 85 novéro pret&ju efektu ka savienojumam 83 - in vitro inhibicija

sasniedz 95%, bet in vivo efekta nav.

Apkopojot visus pétijumus par iesp&jamiem selenofénhinolonu un selenofénkumarinu
antiproliferativa efekta darbibas mehanismiem, var secinat sekojoSo:

a) viens no iesp&jamajiem antiproliferativa efekta mehanismiem ir saistits ar apoptozes
kaspazi-7,;

b) selenofénhinoloniem un selenofénkumariniem var prognozét ietekmi uz procesiem kas
saistiti ar iekaisumu norisi organisma;

c) selenofénhinoloni un selenofénkumarini izraisa krasu SAF limena samazinasanos $una,
un §1 efekta iemesls iespgjams ir kaspazes-1 aktivacija, kuras rezultata samazinas
mitohondriju elpoSana, un savienojumu sp&ja inhibét SOD aktivitati, ka ar neitralizet
brivos radikalus;

d) ekstremala SAF Iimepa samazinasanas S$una ir v&l viens cels, ka rezultata
selenofénhinoloni un selenofénkumarini audzg&ju $tinas izraisa apoptozes indukciju;

e) N-metilpiperazilmetil kumarins (82), 2- un 4-piridilaminokumarini (83, 85) ieteckmé MMP

aktivitati un angiogenézi.
3. EKSPERIMENTALA DALA

3.1. Lietotie regenti un aparatiira

Daudzkanalu spektrofotometrs (Tecan Infinitel00, Austrija); homogenizators Ultra
Turrax T25 (Ikawerk, Janke and Kunkel Inc., Vacija); fluorescentais mikroskops (Eclipse TE300,
Nikon, Japana); mikroskops (Nicon Inverted Microscop ECLIPSE TE300) ar digitalo fotokameru

(Nicon Coolpix990); laminarais velkmes skapis; CO. inkubators (Hereaus); ultra zemas
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temperatiiras saldétava (Innova U101, New Brunswick scientific), $kidra slapekla glabaSanas
sisttma (CRYO Plus2, TermoScientific), datorprogrammas Prism 3.0, Image-Pro Plus 5.1.,
Magellan 6.

2°,7 -dihlorfluoresceina diacetats (DCFDA); Dulbeko modificéta kultivéSanas vide
(DMEM); 2,2-difenil-1-pikrilhidrazils (DPPH); 5,5-ditiobis-(2-nitrobenzoskabe) (DTNB);
ditiotrictols (DTT); etilendiaminotetractikskabe (EDTA); glutationa peroksidaze no bullu
eritrocitiem; glutations (GSH); nikotinamida adenindinukleotids (NADH);  nikotinamida
adenindinukleotida fosfats (NADPH); nitrotetrazolijs zilais (NBT); neitralais sarkanais (NR);
akridina oranzais; etidija bromids; forbol-12-miristat-13-acetats (PMA); t-butilhidroperoksids
(TBH); asinsvadu endotélija augSanas faktors (VEGF); 3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolija bromids (MTT); fetalais govs serums; glutamins; ekstracelularais matrikss (BD
Matrigel™ Basement Membrane Matrix High Concentration); fibroblastu augSanas faktors
(bFGF); heparins; adrenalins; licllopu seruma albumins (BSA); zelta tiomalats; N-isobutil-N-(4-
metoksifenilsulfonil)-glicilhidroksamskabe (NNGH); p-nitro-tetrazolija zilais (NBT); 2,2'-
azobis(2-amino-propana) dihidrohlorids (AAPH); fluoresceins; dimetilsulfoksids (DMSO). Visi
reagenti no firmas Sigma, Acros Organic.

Stinu kultiiru audz&$anai izmantots sterils plastiks no firmas "Sarsted" (Vacija).

3.2. Pétijuma objekti

3.2.1. Selenu saturosie savienojumi

Neorganiskie seléna savienojumi 2-56 un organiskie seléna savienojumi 57-85 sanemti no
Organiskas sintézes institiita Farmakomodulatoru sintézes grupas vad. Dr. kim. P.Arsenjana.

Izmantoti komercialie savienojumi: natrija selenits, L-selenometionins, L-selenocisteins;
un 7-hidroksikumarins (Sigma).
3.2.2. Biologiskie objekti pétijumos in vitro un in vivo

a) Stunu kultaras.

P&tijumos in vitro izmantotas sekojoSas stinu Iinijas:

A549 — cilveka plausu karcinoma;

B16 — pelu melanoma;

BHK?21 - Sirijas kamja nieres fibroblasti;

CCLS8 - pelu sarkoma,;

HepG2 — cilveéka hepatocitu karcinoma;

79



HT-1080 — cilveka saistaudu fibrosarkoma;
MCF-7 — cilveka krits adenokarcinoma;
MDA-MB-435s - cilvéka kriits melanoma;
MES-SA - cilveka dzemdes sarkoma;
MG-22A — pelu hepatosarkoma,;
Neuro2A — pelu neiroblastoma;
NIH 3T3 - pelu embrija fibroblasti;
S-180 - pelu sarkoma;
SHSY5Y - cilveka neiroblastoma.
Stnu Ilinijas iegitas no ATCC un ECCC kolekcijam. HUVEC-2 - cilvéka nabas saites vénas

endotélija Stnas, iegiitas no ,,BD™ Biosciences”.

b) Laboratorijas dzivnieki

Eksperimentos izmantotas ICR un Balb/c AnNCrl peles (20-23 g), sesu ned€lu vecuma.
Peles iegtitas eksperimentalo dzivnieku audzeétava Charles River (Francija) un Rigas Stradina
universitates eksperimenta dzivnieku audz&tava (Latvija). Dzivnieki tika turéti grupas pa 5 (btru
izmérs 43x27x15cm, konstanta temperatara 22+2°C, relativais mitrums 55+15%, ventilacija 15-
20 gaisa apjomu nomaina/st un 12 stundu gaismas/tumsas cikls. Dzivnieku uzturéSanai izmanto
pakaisus no firmas “Basic micro” (Holande) un baribu no firmas “Lactamin” (Zviedrija). Bariba
un tdens ir pieejami ad libitum. In vivo eksperimentu protokolus ir akceptéjusi LR Partikas un

Veterinarais dienests un LZP Etikas komisija.

¢) Siinu un audu homogenati

Sinu homogendtu pagatavo$ana. Stnu masu audzé standarta $inu kultive$anas vide
DMEM, kas satur 10% fetalo serumu, 4 mM glutaminu, termostata 37°C un 5% CO> atmosfera.
Stinas ar skrapi savac un atmazga ar PBS buferi 2 reizes, centrifuggjot 10 mindtes 1400 apg/min,
4°C. Stinam (107 $tnu) pievieno 1ml auksta liz&josa bufera (10 mM Tris, 150 mM NaCl, 0.1 mM
EDTA, ImM DTT, pH=7.5). Sinu masu homogenizé 5 min, 10000 apg/min un veic tris
sasaldesanas /atsaldeSanas ciklus Skidraja slapekli. Homogenatu centrifugé 15 miniites 11000
apg/min, 4°C. Supernatantu savac un glaba -70°C.

Audu homogendata pagatavosSana. Peles eitanizé ar ketamina - ksilazina injekciju un

iznem aknas. 1g audu pievieno 5 ml liz§josa bufera (10 mM Tris, 2M NaCl, ImM EDTA,
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pH=8.0). Homogenizé 5 min, 10000 apg/min. legiito homogenatu centrifugé 15 min. 12000g,
4°C. Supernatantu savac un glaba -70°C.
Proteina koncentraciju supernatanta nosaka ar test€Sanas komplekta palidzibu (protein

assay kit, Bio-Rad).

3.3. Eksperimenti in vitro

3.3.1. Citotoksiska efekta noteikSana

Dzivo Stinu daudzumu nosaka ar vitalo krasvielu MTT (3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolija bromidu), kas parada dzivo Stnu mitohondrialo oksidoreduktazu aktivitati.
Mitohondrialie fermenti reduce MTT tetrazolija sali par neSkistoSu formazanu, kam ir purpura
krasa [247].

Stinas audzeé standarta $tnu kultivéSanas vide DMEM, kas satur 10% fetalo serumu, 4
mM glutaminu, bez antibiotiku klatbutnes, termostata 37°C un 5% CO; atmosfera.
Eksperimentam S$iinas uzs€j uz 96 laucinu platém kultivéSanas vide DMEM kopa ar testéjamo
savienojumu dazadas koncentracijas un kultive 72 st. P&c inkubacijas ar savienojumu, pievieno
MTT skidumu (gala konc. 0.2 mg/ml) katra plates laucina. Inkubé 3 stundas (37°C, 5% CO), péc
tam vidi ar MTT skidumu nonem un saistito krasvielu ekstrahg, pievienojot 200 ul DMSO.
Paraugu optisko blivumu (OD; 540 nm) nosaka izmantojot daudzkanalu spektrofotometru (Tecan
multiplate reader Infinite100). Aprékina dzivo Stnu daudzumu (%). ICso (Savienojuma
koncentraciju, kuras ietekmé iet boja 50% $tinu) aprékina ar programmas Graph Pad Prism® 3.0

palidzibu.

3.3.2. Bazalas toksicitates noteikSana

NR tests tiek veikts saskana ar standarta protokolu [128]. Pamatojoties uz NICEATM-
ECVAM validacijas pétjjumu rezultatiem, §1 test€Sanas metode ir ieteicama pastavigiem
petijumiem pirms savienojumu akitas toksicitates noteikSanas eksperimentos ar grauzgjiem
[248]. Tests ir piemérots un lietderigi izmantojams, lai noveértétu sakotn&jas devas, tadejadi
dzivnieku izmantoSanu Katra pétijuma var samazinat par 50% [129]. NR citotoksiskuma testa
Stnu izdzivoSanas analize pamatojas uz dzivo Stnu sp&ju absorb&t un saistit vitalo krasvielu
neitralo sarkano. In vitro testa datus var izmantot, lai noveértétu sakuma devu akiitiem per 0S

toksicitates petijumiem uz grauzgjiem.
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NIH 3T3 Siinas kultivé 96 laucinu plates DMEM vide ar 5 % fetalo serumu 24 h. Péc tam
pievieno savienojumu 8 koncentracijas (1000, 316, 100, 31, 10, 3, 1 ug/ml) un turpina inkubaciju
vel 24 st. Kontrolei izmanto neapstradatas Stinas. P&c inkubacijas ar savienojumu, $iinam nonem
vidi un pievieno 150 ul NR (neitralais sarkanais) krasvielas skiduma (0.05 mg/ml NR $kidina
DMEM vide, 24 h inkubé 37°C un pirms lietoSanas filtré caur 0.22 pm filtru). Péc 3 st.
inkubacijas Stinas atmazga ar fosfata buferi (PBS) un saistito krasvielu ekstrahé ar etikskabes,
etalona un tdens maistijumu (1:50:49 v/v). Paraugu optisko blivumu (OD; 540 nm) nosaka
izmantojot daudzkanalu spektrofotometru (Tecan multiplate reader Infinite100). ICso aprékina ar
programmas Graph Pad Prism® 3.0 palidzibu.

LDso noverté izmantojot 1Cso. In vivo LDso sakuma devu aprekina, ievietojot in vitro
iegito ICso vertibu regresijas formula [249]:

log [LDso (MM/kg)] = 0,439 x log [ICs0 (MM)] + 0,621.

Akutas toksicitates kategorijas (pec Globally Harmonized System of Classification and Labelling
of Chemicals (GHS) klasifikacijas):

I toksiskuma kategorija - LDsp < 5 mg/kg;

Il toksiskuma kategorija - LDso > 5 mg/kg < 50 mg/kg (loti toksisks);

111 toksiskuma kategorija - LDso > 50 mg/kg < 300 mg/kg (vidgji toksisks);

IV toksiskuma kategorija - LDsp > 300 mg/kg < 2000 mg/kg (nedaudz toksisks);

V toksiskuma kategorija - LDso > 2000 mg/kg < 5000 mg/kg (praktiski nav toksisks).

3.3.3. Apoptozes noteikSana

Apoptotisko un nekrotisko §tinu skaitu nosaka ar dubultas kraso$anas metodi, izmantojot
fluorescentas krasvielas: akridinoranzo (OA) un etidija bromidu (EB) [250], ar modifikacijam.
AO spgj saistities ar DNS un RNS: saistoties ar DNS dubultspirali veido kompleksu, kas
fluorescé zalaja spektra (530 nm); ar vienpavediena DNS vai RNS veidojas kompleksi, kas
fluorescé sarkanaja spektra (630 nm). Krasviela EB integréjas DNS struktiira un tas fluorescence
noveérojama oranzaja spektra (605 nm). Izmantojot abas krasvielas var diferencét dzivotsp&jigas,
apoptotiskas un nekrotiskas Siinas. AO kraso §tinu kodolus zala krasa, bet EB Siinas var absorbét
tikai caur bojatu membranu un tas kraso kodolu orandz-sarkana krasa. Stnas diferencéjas
sekojosi: dzivotspgjigas Stnas - morfologiski normals izskats ar zalu kodolu; Stnas agrina
apoptozes stadija — zal§ kodols ar kondens€tu un fragmentetu hromatinu, Stinas apoptozes beigu
stadija — kondenséts un fragment€ts oranzi-sarkani krasots hromatins; nekrotiskas Stnas -

morfologiski normalas ar oranzi-sarkanu kodolu.
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Apoptozes noteikSanai MCF-7 $tnas audzé 96-laucinu platé, koncentracija 10000
Stunu/laucina. Péc 24 stundam $iinam pievieno savienojumu deva 100 uM un inkub€ 4 vai 24
stundas. P&c inkubacijas $tinas atmazga ar PBS un pievieno 40 ul OA/EB krasvielu maisjjumu
(100 pg/ml AO un 100 pg/ml EB). Kraso 2 min, $tinas atmazga ar PBS un analiz€ ar fluorescenta
mikroskopa palidzibu 400x palielinajuma. Rezultatus fotografé ar digitalo kameru. Apoptotisko
un nekrotisko SGnu daudzumu aprékinasanai izmanto NIS FElements Basic Research A

programmatiiru. Katra parauga tika saskaititas ne mazak ka 300 Siinas.

3.3.4. SAF daudzuma noteikSana Soinas

SAF limeni $Gnas nosaka izmantojot fluoresc&josu krasvielu - 27,7 -dihlorfluoresceina
diacetatu (DCFDA) [251]. Péc DCFDA iekltsanas $tina, ar iek$Stinas esterazu palidzibu, tas tiek
deaciléts lidz nefluoresc€josam savienojuma, kur§ reag€jot ar SAF (hidroksila, peroksila u.c.
radikali) oksid&jas lidz fluoresc€josam savienojumam - 2°,7 -dihlorfluoresceinam (DCF).

MG-22A, HepG2 vai MCF-7 §tinas audzé 96-laucinu platé, koncentracija 10000 $tnu/
laucina. Péc 48 stundam Stnam pievieno test€jamo savienojumu deva 100 uM un inkub& 10 min
vai 24 stundas. lzmantotas divas eksperimenta shémas (2.4.att.). A-shéma: péc inkubacijas $tinas
atmazga ar PBS un pievieno 5 uM DCFDA $kidumu PBS buferi. Siinas kraso 30 min, 37°C, 5%
CO; atmosfera, péc tam vienu reizi atmazga ar PBS un izméra fluorescences intensitati (EX/Em -
485/535 nm).

Lai noteiktu $tinu sp&ju atbildét uz izraisito oksidativo stresu, Stinas p&c inkubacijas ar
savienojumu apstrada péc B-shémas (2.3. att.): siinam pievieno 200 uM t-butilhidroperoksidu,
inkubg 2 st., atmazga ar PBS un pievieno 5 uM DCFDA $kidumu PBS bufert un kraso 30 min,
37°C, 5% CO; atmosféra. Sinas atmazga vienu reizi ar PBS un izméra fluorescences intensitati.
Aprekina SAF daudzumu paraugos, nosakot savienojuma efekta procentualo attiecibu pret

kontroles $tinam bez savienojuma. Katram savienojumam tika veikti 6 atkartojumi.

3.3.5. Kaspazu aktivitates noteikSana
Kaspazu aktivitates noteikSanai S$tinas izmanto testéSanas komplektu (Caspase
Fluorometric Substrate Set, BioVision) un darbus veic péc protokola. Komplekta ietilpst
specifiski substrati 9 dazadu kaspazu noteikSanai: kaspazes -1, -2, -3/7, -4, -5, -6, -8, -9, -10.
MCF-7 Stnas audzeé 96-laucinu platé, koncentracija 10000 Siinu/laucina. Péc 48 stundam
Stinam pievieno testéjamo savienojumu deva 100 uM, inkub€ 4 stundas. P&c tam plati ar Sinam

centrifugé (1500 apg/min, 5 min), nonem vidi un pievieno liz§joso buferi, inkubé 10 min uz
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ledus, pievieno reakcijas buferi un kaspazei atbilstoSo substratu, inkubé 1 st. un izméra
fluorescences intensitati (Ex/Em — 400/505 nm). Savienojuma ietekmi izsaka procentos pret

kontroles Sunam.

3.3.6. Angiogenézes pétijumi in vitro

Angiogenézes peétijumos in Vvitro izmanto cilvéka nabas saites vénas endotélija $tnu liniju
HUVEC-2 (,,BD™ Biosciences”). Sainas audzé kultivésanas vidé (BD™ Biosciences) uz virsmas
(BD Biocoat™), kas apstradata ar kolagénu L.

Kapilaru tikla struktiiras veidoSanos noverte, audz&jot endotélija Stnas uz ekstracelulara
matriksa (matrigel, BD™ Biosciences), izmantojot testéSanas komplektu (In vitro angiogenesis
assay kit, Cayman), péc adaptétas metodikas [252].

96-laucinu plates parklaj ar matrigé€lu (40ul/laucina) un polimerizé 60 min 37°C, 5% COz
atmosfera. Siinas uzséj uz polimeriz&ta matrigéla 10000 $inas/laucina, kultivéSanas vide ar vai
bez savienojumiem. Ka angiogenézes standarta inhibitoru izmanto 1 uM JNJ-10198409.
Angiogenézi inducé ar 1 uM PMA (forbol-12-miristats 13-acetats). Stnas 24 stundas inkubé
37°C, 5% COq2 atmosfera, lai vizualiz€tu Stinu organizaciju. Endotélija Stinu diferencé$anos un
kapilaru tikla struktiru veidosanos detekte inverta mikroskopa un fotografée 80x palielinajuma.
Kapilaru tikla struktiiras garumu nosaka ar datorprogrammu ImagePro-Plus 4.1., saskaitot kopgjo
struktiru garumu katra skatu lauka. Struktiiru garumu, kas veidojas PMA klatbiitné pienem par

100%.

3.3.7. Superoksida dismutazes aktivitates noteikSana

SOD fermenta aktivitates noteikSanai izmanto spektrofotometrisku metodi, kuras pamata
ir spontanas adrenalina oksidéSanas lidz adrenohromam inhibicija ar SOD baziska vidé [253].
Reakcija norit 0.05 M karbonata buferi, pH=10.2, reakcijas maisijums satur 6 U/ml attirita
fermenta (cilvéka eritrocitu SOD, Sigma) vai 0.22 mg olbaltv./ml MG-22A §tinu homogenata vai
0.02 mg olbaltv./ml pelu aknu audu homogenatu un 1.8 mg/ml epinefiina; ar vai bez test€jamiem
savienojumiem 100 pM koncentracija. Optiska blivuma pieaugumu nosaka pie 340 nm ar

inhibicijas procentos no adrenalina oksidéSanas Iimena.
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3.3.8. Glutationa peroksidazes aktivitates noteikSana

Glutationa peroksidaze ir ferments, kas sadala H2O2 reducéta glutationa klatbttne. Ta
aktivitati nosaka spektrofotometriski, peéc oksidéta NADPH daudzuma, kas veidojas reakcijas
gaita un ir proporcionals Gpx aktivitate [254].

MG-22A suanu (0.22 mg olbaltv./ml) vai aknu audu (0.02 mg olbaltv./ml) homogenatu
pievieno reakcijas maisijumam, kas satur 1 mM GSH, 0.2 U/ml glutationa reduktazes un 0.4
mg/ml NADPH, ar vai bez parbaudamajiem savienojumiem 100 uM koncentracija. Maistjumu
inkube 10 min un reakciju uzsak, pievienojot t-butilhidroperoksidu (0.001%). NADPH
oksidéSanas Itmeni nosaka meérot paraugu optisko blivumu pie 340 nm ar daudzkanalu
spektrofotometru, mérfjjumus veic 1 reizi miniité, 5 mindtes. No iegiitajiem datiem aprékina

reakcijas atrumu un fermenta inhibicijas % savienojumu ietekmé, salidzinot ar kontroli.

3.3.9. Tioredoksina reduktazes aktivitates noteik§ana

Tioredoksina reduktazes aktivitati nosaka izmantojot DTNB ka substratu [255]. Reakcija
norit 50 mM Kkalija fosfata buferi, pH=7.0. Reakcijas maisijums satur $tinu homogenatu (0.4 mg
olbaltv./ml), 1 mM EDTA, 50 mM KCI, 0.2 mg/ml BSA, 0.25 mM NADPH un 0.5 mM DTNB.
Absorbcijas blivuma izmainas nosaka pie 405 mn uz daudzkanalu spektrofotometra. Ta ka DTNB
ka substratu var izmantot arT citas Stinas esosas reduktazes [256], lai noteiktu tieSi TrxR aktivitati
izmanto 200 uM zelta tiomalatu, kas ir specifisks TrxR inhibitors. Aprekinot reakcijas atrumu
starpibu ar un bez zelta tiomalata, nosaka TrxR fermenta aktivitati un aprékina fermenta

inhibicijas % savienojumu ietekmé, salidzinot ar kontroli.

3.3.10. MMP aktivitates noteikSana

MMP aktivitates noteikSanai izmanto “MMP Inhibitor Profiling Kit” (BIOMOL).
TestéSanas komplekts satur sekojosas metaloproteazu izoformas: MMP-1 — kollagenaze-1, MMP-
2 — zelatinaze-A, MMP-3 - stromlizins-1, MMP-7 — matrilizins-1, MMP-8 — kollagenaze-2,
MMP-9 - Zelatinaze-B, MMP-10 - stromlizins-1, MMP-12 — makrofagu metaloproteaze, MMP-
13 - kollagenaze-3, MMP-14 — membranas 1-tipa matriksa MMP. Ka standarta inhibitors
izmantots NNGH (N-izobutil-N-(4-metoksifenilsulfonil)-glicilhidroksamskabe).

MMP aktivitati nosaka 96-laucinu platé, ka reakcijas substratu izmanto OmniMMPTM
fluorescgjoso substratu Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2. Substrata hidrolizes atrumu
nosaka péc fluorescences (Ex/Em — 328/420 nm) intensitates izmaipam 10 min 37°C ar

daudzkanalu spektrofotometru.
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3.4. Eksperimenti in vivo

3.4.1. Savienojumu pretveZa efekta noteikSana pelu modeli ar parpoteto audzeju

Pelu sarkomas S-180 &iinas koncentracija 5x10° $tinas/uz peli, tika transplantétas ICR
pelém zem adas lapstinu rajona. Eksperimenta izmanto pelu matites (20-23 g), seSu nedélu
vecuma, grupa 5 peles. Savienojumu ievadiSana tika uzsakta 24 stundas p€c audzgja
transplantacijas, ievadiSanas veids — i.p.. Savienojumu iedarbibu novéro péc diviem parametriem:
audzgja augSanas atruma inhibicija (Al%) un dzivnieku dzives ilguma izmainas (DZ%).
Savienojumu iedarbibas efekts uz audzeju tika novertéts péc formulas:

Al% =100 - C, kur C - (audzgja apjoms V grupa ar savienojumu/audzgja apjoms V
kontroles grupa)x100. Audzgja apjoms V(mm?®) tika aprékinats péc elipsoida formulas:
V=4nab?/3, kur a ir maksimalais audz&ja diametrs (mm) un b ir minimalais audz&ja diametrs
(mm). Savienojumu iedarbibas efekts uz dzives ilgumu tika noveértéts péc formulas: DZ=100-

De*100/ DKk, kur Dk- dzives ilgums kontroles grupa, De - dzives ilgums eksperimenta grupa.

3.4.2. Angiogenézes pétijumi in vivo

Tika pétita sintez€to savienojumu ietekme uz angiogenezi in Vivo, izmantojot
visparpienemtu modelu sistému — matrigélu [257]. Darbam in vivo izmanto ekstracelularu
matriksu (BD Matrigel™ Basement Membrane Matrix High Concentration) atbilstosi ,,BD
Biosciences” rekomendacijam, adapt€jot metodi laboratorijas apstakliem. Ka dzivnieku modelis
tika izmantotas Balb/c AnNCrl pelu matites. Pelém veica anestéziju (2% Setona, 10% ketamina
Skidums) un uz muguras zem adas lapstinas apvidi ievadija matrigélu. Kopgjais ievaditas vielas
tilpums ir 500 pl, no kuriem 400 pl sastada gels, bet 100 pl piedevas, kas stimulé vai kave
asinsvadu veidoSanos (VEGF, bFGF, DMEM, heparins, sintezétie savienojumi). Péc 10 dienam
peli eitanize ar ketamina - ksilazina injekciju, matrigélu iznem un noverté angiogenézes procesus.
Gatavo audu griezumus (mirotoms LEICA CM 1850), kraso ar hemotoksilinu-eozinu un
fotografe ar digitalo fotokameru (Nikon Coolpix990) 100x palielinagjuma. Asinsvadu skaitu

nosaka ar programmu Image-Pro Plus 4.1..

3.5. Brivo radikalu neitralizéSanas spéjas pétijuma metodes
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3.5.1. Peroksila radikala noteik§ana ar ORAC

Savienojumu spgjas neitralizét peroksila radikalus nosaka izmantojot ORAC metodi [258].
Peroksila radikalis tiek radits, izmantojot 2,2"-azobis(2-amino-propana) dihidrohloridu (AAPH),
ka detektoru izmanto fluoresceinu. Reakcija notiek melnas 96-laucinu platés, 60 nM Na
fluoresceina skidumam (8kidina 75 mM fosfata buferi, pH=7.0) pievieno savienojumu dazadas
koncentracijas (4-1000 uM) un inkubé tumsa 37°C, 15 min. P&c tam pievieno 40 mM AAPH un
nolasa fluorescences intensitati (EX/Em — 485/535 nm) katru otro minati vienu stundu. M&rfjumi
tiek veikti tris atkartojumos. Savienojumu efektu izsaka inhibicijas procentos no maksimala
fluoresceina fluorescences limena bez savienojuma. ICsp vertibu savienojumiem aprékina ar

programmu GrafPad Prism 3.0.

3.5.2. Riboflavina/NBT sistéma generéta O** radikala noteik§ana

Savienojumu sp&ja neitralizét superoksida radikala veidoSanos tika noteikta testa ar
riboflavinu un krasvielu p-nitro-tetrazolija zilo (NBT) [259]. Reakcija noris 96-laucinu platg,
reakcijas maistjums satur 50 mM fosfata buferi (pH=7.2), 12 mM EDTA, 1 ng riboflavina, 10pul
metanola, testéjamo savienojumu dazadas koncentracijas (0,5-1000 uM) un 5 ug NBT. Reakcijas
maisjjumu 5 min apgaismo ar UV gaismu un absorbcijas intensitati nosaka pie 590 nm.
Savienojumu ietekmi uz superoksida radikalu veidosanos aprékina péc formulas:

inhibicija %= [(ODxontrole - ODsavienojums)/ ODxkontrole ] X 100.

ICso veértibu savienojumiem aprékina ar programmu GrafPad Prism 3.0.

3.5.3. Prooksidantu ipasibas noteik§ana, superoksida generacija

Savienojumu spg&ja generét superoksidu GSH klatbiitne noteikta péc aprakstitas metodes
[260]. Superoksida daudzums noteikts p&c lucigenina luminiscences intensitates. Reakcijas norit
0.05 M natrija fosfata buferi (pH=7.4), kuram pievienots 0.025 pg/ml lucigenina. Paraugs ar tiolu
satur 7 mg/ml GSH. Pievieno test€§jamos savienojumus koncentracija 0.5-1000 uM.
Luminiscences intensitati nosaka ar 30 sekundes intervaliem 20 min ar daudzkanala fluorimetru

(Tecan infinite M1000). Luminiscenci nosaka relativas vienibas.
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SECINAJUMI

Atklats ka amonija un alkilamonija seleniti un teluriti kavé audz&ja Stinu HT-1080, MG-22A,
B16 un Neuro2A proliferaciju in vitro, efektivak neka natrija selenits, kuru parasti izmanto
uztura bagatinatajos ka seléna avotu. Trietanolamonija hidroselenits - aktivakais §is sérijas

savienojums inhib& sarkomas S-180 augSanu in vivo par 81%.

Salidzinot ar zemu aminoskabju, dipeptidu un tripeptidu hidroselenitu citotoksisko efektu uz
HT-1080 un MG-22A audzgju §tinu linjjam, tikai uz aminoetiksabes, 3-aminopropanskabes,
4-aminobutanskabes un 2-(3-aminopropoksi)etikskabes bazes izveidotie N-aizvietotie
betaina hidroseleniti paradija lielisku pretvéza aktivitati in vitro, ka ari augstu audzgju

inhibicijas pakapi in vivo 83+100%.

Heterociklisko amonija hidroselenitu pretvéza aktivitate kopuma raksturojas ar to, ka
savienojumiem nav izteiktas struktiraS - pretvéza aktivitates sakaribas. Imidazolinija
hidroselenitam ir selektiva ietekme uz audz€u un normalam Stinam ar plasu devas
diapazonu, bet o-fenantrolinija, benzimidazolinija, un 2-tiobenzimidazolinija hidroselenitiem

— devu diapazons ir Saurs.

Sililalkilaizvietotie heterocikli ir daudzsolosi citotoksiskie agenti ar saméra plasu
selektivitates diapazonu uz audz&ju un normalam §inam un zemu vai m&renu aktivitati in

Vivo benztiazola vai purina atvasinajumu gadijuma.

4-Metil-1,2,3-selenadiazol-5-carboksiate amidu s@rijas savienojumus raksturo zema
citotoksicitate in vivo un pretrunigs efekts in vivo. Pieméram, N-pirolidil un N-piperidil(4-
metil-1,2,3-seléndiazol-5-il)ketoni kavé sarkomas S-180 augSanu pelés par 85% un 71%, bet
N-[(S)- un N-[(R)-1-feniletil](4-metil-1,2,3-seléndiazol-5-il)ketoniem konstatéts pretgjs

efekts, attiecigi audz&ja augSana tiek inhibé&ta par 20% un stimulé&ta par 23%.

Kondenséti selénazolinija sali — Gdent $kistosie savienojumi ar Se-N* kovalento saiti, uzrada

lidzigu vai augstaku antiproliferativu efektu salidzinot ar natrija selenitu.

Selenofen[3,2-c] un [2,3-C]hinolonu un kumarinu modificé$ana 2. un 3. pozicijas selenoféna

gredzena noved pie augsta citotoksiska efekta in vitro uz 9 audz&ju $tnu Iinijam un zemas
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bazalas toksicitates un paver potencialu iesp&ju perspektivas selénu saturoSo pretvéza

preparatu struktiiras izveidei.

Veiktie audzgu Stnu 1ek$Siinu procesu izmainas péetijumi selenofénhinolonu un
selenoféenkumarinu ietekmé lauj secinat, ka savienojumu zema toksicitate un augsta
antiproliferativa aktivitate ir saistita ar sp&u inducét apoptozi, inhib&t specifiskas
antioksidativas fermentativas sist€émas S§tna, t.i. superoksida dismutazi, glutationa

peroksidazi un tioredoksina reduktazi, un samazinat skabekla aktivo formu daudzumu $iina.
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A simple method for the synthesis of substituted selenopheno[2,3-c] and -[3,2-
c]coumarins by treatment of the corresponding ethynylcoumarins with in situ prepared
selenium(IV) bromide in 1,4-dioxane-water was elaborated. Molecular structures for
selected derivatives were confirmed by X-ray diffraction measurements. The cytotoxic
activity of novel selenophenocoumarins showed higher activity and lower acute toxicity
than sodium selenite on various tumor cell lines as well as an ability for inhibiting matrix
metalloproteinases (MMP-1 - MMP-14), angiogenesis on matrigel in vitro and in vivo. The
compounds exhibit antioxidant and prooxidant properties.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Since the coumarin system is found in the composition
of many natural compounds, derivatives of coumarin have
excited considerable attention. Coumarins constitute an
important class of compounds, with several types of
pharmacological agents possessing anti-cancer, anti-HIV,
anticoagulant, spasmolytic and antibacterial activity,
among others [1a-c|. Of the many actions of coumarins,
antioxidant and antiproliferative effects stand out. A large
number of structurally novel coumarin derivatives have
ultimately been reported to show substantial cytotoxic
activity in vitro and in vivo [ 1d,1e]. On this basis, medicinal
preparations have been obtained and developed with a

* Corresponding author at: Department of Medicinal chemistry, Latvian
Institute of Organic Synthesis, Aizkraukles 21, 1006 Riga, Latvia.
E-mail address: pavel.arsenyan@lycos.com (P. Arsenyan).

http://dx.doi.org/10.1016/j.crci.2014.09.007

wide range of biological activities (Psoralen, Angelicin,
Xanthotoxin, Bergapten, Nodakenetin, etc.). Imperatorin
exhibits an ability for inhibiting malicious tumor growth
[2a]. Osthole is effective in inhibiting the migration and
invasion of breast cancer cells by wound healing and
Transwell® assays and effectively inhibits matrix metal-
loproteinase promoters and enzyme activity [2b]. Also,
unsubstituted coumarin exhibits cytotoxic activity [2c]. On
the other hand, selenium has attracted great interest as an
essential element and certain diseases have been eradi-
cated by dietary supplementation of this element [3a-
c]. Selenium is essential for cell metabolism as a
component of glutathione peroxidase and of other enzyme
systems. Current interest lies in the prevention of certain
cancers by supplementation with selenium [3d-
k]. Selenium appears to operate by several mechanisms
depending on the chemical form of selenium, the nature of
the carcinogenic process, and its dosage. There was no
significant difference in the potencies of selenate, selenite,

1631-0748/© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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selenium dioxide, selenomethionine and selenocysteine to
inhibit the development of mammary tumors, drug-
resistant and drug non-resistant human ovarian tumor
cells [4a]. We reported previously the synthesis and
cytotoxic activity of selenopheno[3,2-c]- and -[2,3-c]qui-
nolones [4b] and 3-substituted benzo[b]selenophenes
[4c]. Taking into account the importance of selenium as
a trace element in the organism and our previous research
[4d-f], the present studies are connected with the
elaboration of synthetic methods, cytotoxic activity
studies, human matrix metalloproteinases (MMPs), angio-
genesis on matrigel in vitro and in vivo inhibition ability,
and antioxidant activity in a series of selenopheno|3,2-c]-
and [2,3-c]coumarins.

2. Results and discussion

During the last decade, benzo[b]selenophenes have
attracted increasing attention in both medicinal chemistry
and materials science. From a synthetic point of view, the
chemistry of selenium is usually quite complicated
[5]. Particularly, the preparation of 2-arylbenzo[b]seleno-
phenes requires multistep protocols, complex reaction
conditions and the use of toxic and hazardous chemicals
[6]. Recently, we reported a novel approach for the
cyclization of arylalkynes with selenium(IV) bromide
prepared in situ by dissolving selenium(IV) oxide in
concentrated hydrobromic acid using cyclohexene as a
bromine molecule scavenger, as well as the utilization of
others selenium(Il) and (IV) halides in the same reaction
[7].

Our synthetic strategies for the insertion of seleno-
phene fragment to coumarins are presented in Scheme
1. We started with the incorporation of an ethynyl
substituent in positions 3 or 4 of 3-bromocoumarin (1)
and 4-(trifluoromethanesulfonyl)coumarin (2), correspond-
ingly, by a palladium-catalyzed reaction with 2-methyl-2-
hydroxybut-3-yne, N-propargylpiperidine, N-propargyl-
morpholine, and N-propargyl-N'-methylpiperazine under

1 3-6
R
o |
X X
I  —
(Oe (ONe
2 7-10

Sonogashira cross-coupling conditions in N-methylpyrroli-
done (NMP) or DMF media using bis(triphenylphosphino)-
palladium(Il) chloride or tetrakis(triphenylphosphine)
palladium(0) as catalysts in the presence of catalytic
amounts of copper(I) iodide and triethylamine as a base.
The desired ethynylcoumarins 3-6 and 7-10 were success-
fully prepared in good to excellent yields.

For the formation of the selenophene ring, we used an
addition reaction of selenium(IV) bromide to the triple
bond. A 1,4-dioxane solution of ethynylcoumarins 3-10
has been treated with in situ prepared selenium(IV)
bromide from selenium(IV) oxide and concentrated
hydrobromic acid at room temperature. Selenophenocou-
marins 11-18 were formed in satisfactory yields (61-72%).
It opens a simple and elegant way to the synthesis of a wide
range of a various substituted selenophenocoumarin
derivatives just in one step.

With the purpose of introducing the amino group in
position 3 of the selenophene ring, a Buchwald-Hartwig-
type coupling has been examined. After optimization of the
reaction conditions, Pd,dbas as a source of palladium(0)
and xantphos as an appropriate ligand were chosen.
3-Bromo-2-morphol-4-yl-methylselenopheno[3,2-c]chro-
men-4-one (13) has been chosen for the modification as a
model compound. According to our results, 2-aminopyr-
idine readily reacts with 13, performing the reaction in
xylene at 120 °C using cesium carbonate as a base. The
desired 2-morphol-4-ylmethyl-3-(pyrid-2-ylamino)-sele-
nopheno[3,2-c]chromen-4-one (19) was isolated from the
reaction mixture in 90% yield. Pyrid-3-ylamino (20) and
pyridyl-4-ylamino (21) chromenones were obtained in
70% and 65%, correspondingly.

The structures of the studied compounds 11, 15, 14 and
21 are shown in Fig. 1. The crystal structures of these
compounds are different (Table 1). The molecular packing
of 11 is characterized by strong intermolecular halogen
bonding between bromide and carbonyl oxygen atoms.
The length of Br18--019 is equal 3.267(4) A, the angle
C3-Br18--019 is 162.3(2)°. In the crystal structure,

R R
Se\ Se
X Br d X NHAr
—_—
0" ~0 0" ~0
11-14 19-21
Br. R
Se
X
0" "0
15-18

Scheme 1. Synthesis of selenophenocoumarins. Reagents and reaction conditions: a: PdCl, (10 mol %), Ph3P (20 mol %), Cul (10 mol %), terminal acetylene
(1.5 equiv), NMP, Et3N, 55 C, 20 h; b: (Ph3P)4Pd (5 mol %), Cul (20 mol %), terminal acetylene (1.5 equiv), DMF, Et5N, rt, 20 h; c: SeO, (2 equiv), conc. HBr,
dioxane, rt,24-48 h; d: Pd,dbas (5 mol %), xantphos (5 mol %), pyridylamine (1.3 equiv), Cs,CO5 (2.7 equiv), Xylene, 120 °C,20 h. 3,7,11,15 (R=CMe,0H), 4,
8,12, 16 (R=CH,N(CH,)s), 5, 9, 13, 17 (R = CH,N(CH,CH,),0), 6, 10, 14, 18 (R = CH,N(CH,CH,),NMe), 19-21 (R = CH,N(CH,CH,),0), 19 (Ar = 2-Py), 20

(Ar =3-Py), 21 (Ar=4-Py).
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Fig. 1. Oak Ridge Thermal-Ellipsoid Plot Program (ORTEP) molecular structures of 11 (A), 15 (B), 14 (C), 21 (D).

molecules associate with centrosymmetric dimers by
means of halogen bonds. Besides, there is a strong
intermolecular hydrogen bond of OH.--O-type between
the hydroxy group and the pyrane oxygen, with a length of
2.828(5) A (H15.-05=2.19A, 015-H15.-05=130°). By
means of these hydrogen bonds, the chains along the
crystallographic axis b form in the crystal structure. The
graph set of these chains is C(8), in accordance with
the classification of hydrogen bond motifs in crystals [8]. In
the crystal structure of 15, there is a strong intermolecular
OH---O hydrogen bond between the hydroxy group and the
carbonyl oxygen (015--019 = 2.871(3)A, H15--019 = 2.01 A,
015-H15:--019 =151°). By means of these bonds, the chains
with graph set C(8) form along the crystallographic axis a. In
this crystal structure, unlike in 11, there is no sigma-hole
interaction with the bromine atom. In molecule 14, the
chair conformation occurs for the piperazine cycle. Also,
this conformation is observed for the morpholine cycle in 21.In
the crystal structure of 11, there are only weak intermolecular
CH---O interactions. A moderate intermolecular NH---O-type
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hydrogen bond between the amino group and the morpho-
line oxygen occurs in the crystal structure of 21. Chain
formation [with graph set C(9)] along the monoclinic axis b
is determined by hydrogen bonds (N21--018=3.108(2)A,
H21--019=2.18 A, N21-H21--018 = 165°).

In vitro antiproliferative activity caused by selenophe-
nocoumarins was tested on monolayer tumor cell lines
CCL-8 (mouse sarcoma), MDA-MB-435s (human melano-
ma), MES-SA (human uterus sarcoma), MCF-7 (human
breast adenocarcinoma, estrogen-positive), HT-1080 (hu-
man fibrosarcoma) and MG-22A (mouse hepatoma). Using
the NIH 3T3 (mouse fibroblasts) cell line the borderline
concentration, relevant to the highest tolerated dose, is
determined for each compound. The basal cytotoxicity is to
be used to predict starting doses for in vivo acute oral LDsq
values in rodent [9] (Table 2). Sodium selenite (Na,;SeOs3)
was used as a reference. According to our data 3-bromo-2-
(1-hydroxy-1-methylethyl)selenopheno[3,2-c|chromen-
4-one (11) and its regioisomer 15 has no in vitro cytotoxic
effect on all studied tumor cell lines, besides, these
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Table 1

Crystal data for the studied compounds.

11 15 14 21

Brutto-formula Ci14H11BrOsSe Ci4H11BrOsSe C17H17BrN,0,Se C21H19N303Se
Formula weight 386.09 386.09 440.20 440.36
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
a, [A] 6.7735(5) 12.3871(4) 9.4797(2) 9.6710(2)
b, [A] 9.4759(7) 6.7767(2) 18.4684(4) 16.4909(3)
c [A] 10.5577(9) 15.9261(5) 9.6250(3) 12.1335(3)
a, [°] 90.465(3) 90.0 90.0 90.0
B.[°] 96.238(3) 91.430(1) 94.217(1) 98.296(1)
¥ [°] 94.580(6) 90.0 90.0 90.0
v, [A%] 671.39(9) 1336.48(7) 1680.53(7) 1914.84(7)
Space group Pi P 24/n P 24/c P 24/c
V4 2 4 4 4
, [mm~1] 577 5.80 4.62 1.99
Density (calc.) [g/cm?] 1.910 1.919 1.740 1.527
26max for data [°] 57.0 59.0 57.0 59.0
Reflection collected 3838 6022 7507 9208

Independent reflections 3395 (Rine=0.029)

3590 (Rine = 0.033)

4202 (Rine = 0.028) 5228 (Rine = 0.029)

Reflections with I > 30(I) 2472 2661 3212 3798
Number of parameters 172 172 208 253

Final R-factor 0.036 0.035 0.050 0.034

WR, index for all data 0.072 0.071 0.131 0.068
Temperature, [°C] -80 -120 -100 -100

Using programs SIR97, maXus SIR97, maXus SIR97, maXus SIR94, maXus
CCDC deposition number 913091 913093 913092 913094

selenophenes are not toxic on NIH 3T3, their acute toxicity
being more than 2000 mg/kg (Table 2). More promising
results were obtained in a series of aminomethylseleno-
phenocoumarins 12-14 and 16-18. 3-Bromo-2-piperid-1-
ylmethylselenopheno|3,2-c]chromen-4-one (12) exhibits
the highest antiproliferative activity in vitro on the studied
tumor cell lines. The best results were obtained with
mouse sarcoma (CCL-8, IC5o=16 wM) and human uterus
sarcoma (MES-SA, IC50=26 uM) cell lines. Morpholyl-
methyl- 13 and N-methylpiperazylmethylcoumarins 14
are less cytotoxic, however, the last one exhibits good
activity on MES-SA (ICs50=9.4 wM), simultaneously with
quite high acute toxicity in vitro (LDsg=334 mg/kg).
Compounds have tumor tissue-specific effects. Notably,
derivative 14 is more cytotoxic than sodium selenite
(ICs0=29 uM). Also, in accordance with the results of
cytotoxic activity selenopheno[3,2-c]Jcoumarins 12-14 are
more active against cancer cell growth than the corre-
sponding selenopheno[2,3-c]Jcoumarins 16-18. In a
series of 2-morphol-4-ylmethyl-3-(pyridylamino)-seleno-
pheno[3,2-c]chromen-4-ones (19-21), we found that
2-pyridylamino derivative 19 has no cytotoxic activity
on studied cell lines, however, 3- and 4-pyridylaminocou-
marins 20 and 21 exhibit a medium antiproliferative effect

117

on tumor cell growth. Notably, selenophenocoumarin
21 was able to inhibit human breast adenocarcinoma cells
(MCF-7, IC50 = 18 uM). Furthermore, selenophenocoumar-
ins 12-21 (LDso=334-2000 mg/kg) are much less toxic
than Na,SeO; (LDsg = 105 mg/kg).

Matrix metalloproteinases (MMPs), also designated as
matrixins, hydrolyze components of the extracellular
matrix. These proteinases play a central role in many
biological processes, such as embryogenesis, normal tissue
remodeling, wound healing, and angiogenesis, and in
diseases such as atheroma, arthritis, cancer, and tissue
ulceration. Matrix metalloproteinase MMP-2 (gelatinase
A) is very active at degrading extracellular matrix
[10]. Inhibition of matrix metalloproteinase enzymes by
synthesized selenolocoumarins 12-21 were detected on
the MMP Inhibitor Fluorimetric Profiling kit using NNGH
(N-isobutyl-N-(4-methoxyphenylsulfonyl)glycylhydroxamic
acid) as a standard. According to our data, selenolocoumarins
12-18 exhibit no ability to inhibit MMPs (Table 3).

However, the introduction of aminopyridyl moiety
bromo substituent in 3-bromo-2-morphol-4-yl-methyl-
selenolo[3,2-cJchromen-4-one (13) molecule leads to a
selective increase of MMP-2 and MMP-14 inhibition.
2-Pyridylamino 19 and 3-pyridylamino derivative 20 are
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In vitro cytotoxicity in monolayer tumor cell lines CCL-8 (mouse sarcoma), MDA-MB-435s (human melanoma) MES-SA (human uterus sarcoma), MCF-7
(human breast adenocarcinoma, estrogen-positive), HT-1080 (human fibrosarcoma), MG-22A (mouse hepatoma) and normal cell line NIH 3T3 (mouse

fibroblasts) caused by selenophenocoumarins.

Number CCL-8 MDA-MB-435s MES-SA MCF-7 HT-1080 MG-22A 313 LDso
mg/kg
ICso ICso ICso ICso ICso ICso ICso

Na,SeOs 8 12 29 17 1.7 64 23 105

1 128 2 2 2 a 246 a > 2000
12 16 45 26 39 47 27 156 660

13 104 47 2 111 2 2 2 > 2000
14 29 40 9.4 44 41 29 40 334

15 96 2 259 184 93 79 2 > 2000
16 64 a 2 a 2 50 2147 > 2000
17 70 156 a 99 2 217 653 1476
18 38 44 32 35 43 37 123 572

19 a a 195 134 2 166 2 > 2000
20 36 47 34 41 77 42 97 705

21 41 36 44 18 41 27 46 484

IC50: concentration (M) providing 50% cell killing effect [(CV + MTT)/2].
2 No cytotoxic effect.

able to inhibit MMP-2 up to 26%. The best results, obtained
by introducing a 4-pyridylamino group, selenolocoumarin
21 shows selective 54% inhibition of MMP-2 compared to
NNGH. In accordance with MMPs inhibition data, three
compounds (14, 19 and 21) were chosen for angiogenesis
inhibition studies in vitro and in vivo. An in vitro
experiment has been performed on Matrigel (BD Bios-
ciences) human umbilical vein endothelial cell line
(HUVECs) tube formation model. According to the
obtained experimental results, 3-bromo-2-(4-methylpi-
peraz-1-yl)-methyl-selenolo[3,2-c]chromen-4-one (14) is
able to inhibit angiogenesis by 84%, also 2- and 4-
pyridylaminocoumarins 19 and 21 slow down angiogenesis

Table 3

by 3% and 95%, correspondingly. The angiogenesis model in
vivo was based on the use of Matrigel implants in Balb/c
AnNCrl mice (20 g, 4 weeks of age). It has been shown that
N-methylpiperazylcoumarin 14 retard angiogenesis by
30%. However, more interesting results were obtained for
pyridylaminocoumarins 19 and 21. 2-Pyridyl derivative 19
shows 36% angiogenesis inhibition level, but 4-pyridylcou-
marin 21 almost completely lost its ability in in vivo tests. In
our opinion, it could be explainable by coumarin cycle
hydrolysis during experiments on a living model. After
hydrolysis, compound 19 may form tridentate chelate
(pyridyl nitrogen, amino group, and carbonic acid moiety),
but with 4-pyridyl derivative 21 only the two-dentate form

MMP and angiogenesis in vitro and in vivo inhibition caused by selenophenocoumarins 12-21.

Number MMP1 MMP2 MMP3 MMP7 MMP8 MMP9 MMP10 MMP12 MMP13 MMP 14  Angiogenesis, %
in vitro in vivo

NNGH?* 100 100 100 18.0 100 100 100 100 100 100

12 8.5 9.0 9.4 3.1 0.0 10.6 113 11.6 8.1 19.3

13 45 0.0 7.5 2.0 0.0 7.8 6.5 8.7 23.2 7.3

14 10.1 14.7 10.0 6.4 0.0 11.2 14.0 133 12.2 335 84+14 30+4

15 3.9 0.5 12.5 4.2 0.0 14.0 9.2 6.0 12.7 8.7

16 0.9 10.8 4.5 7.3 0.0 1.5 1.5 0.0 6.1 11.9

17 0.0 0.0 0.0 4.2 0.0 0.0 0.0 0.0 6.6 8.5

18 0.0 0.0 0.0 6.5 0.0 24 0.0 0.0 7.0 13.7

19 13.6 319 134 10.7 16.9 12.7 12.8 12.2 10.6 21.6 3+1 36+8

20 18.5 26.4 14.1 14.2 15.4 15.3 16.3 13.8 23.7 24.6

21 12.0 54.0 15.8 123 124 17.0 12.6 14.9 14.9 40.0 95+7 9+4

2 N-isobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxamic acid.
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is obtained. Further research will be connected with
profound SAR studies with the purpose to find more active
and selective substances.

Nowadays, there is an increased interest in using
antioxidants for medical purposes. According to literature
data, selenium-containing compounds possess modulating
activity of oxidative stress during carcinogenesis [11]. So,
we tested selected compounds (Table 4) on free radical,
super oxide, nitric oxide, peroxyl and hydroxyl radical
scavenging activities. Similar to coumarin and 7-hydro-
xycoumarin, selenophenocoumarins 11-20 were not able
to scavenge free radicals, nitric oxide, and hydroxyl
radicals. However, 3-pyridylamino coumarin 20 exhibits
low activity on super oxide concentration inhibition
(ICso=160 uM). Moreover, N-methylpiperazylamino-
methyl derivatives 14 and 18 are medium peroxyl radical
scavengers (ICso=62 and 87 uM, correspondingly). It
should be noted that coumarin 20 is only two times less
active than 7-hydroxycoumarin in peroxyl radical scav-
enging (ICsp=4 uM). Selenium-containing compounds
showed high levels of superoxide generation in vitro via
the oxidation of reduced glutathione [12]. An inspection of
superoxide generation ability data showed activity caused
by (1-hydroxy-1-methylethyl)selenophenocoumarins 11
and 15 (627 and 950 RLU, correspondingly). Besides,
pyridylamino derivative 20 exhibits an 1875 RLU SOD
generation level.

3. Conclusions

In summary, we have elaborated a simple method for
the synthesis of substituted selenopheno[2,3-c] and -[3,2-
cJcoumarins in the reaction of substituted ethynylcou-
marins with selenium(IV) bromide. The antiproliferative
activity of novel selenophenocoumarins showed higher
activity and lower acute toxicity than Na,SeOs on various
tumor cell lines. Promising result received on mouse
sarcoma (CCL-8, up to ICso=16 M) and human uterus

EZE:E: scavenging activity (ICsq, uM) caused by selenophenocoumarins.
Compound Super Peroxyl Super
oxide, ICsq radical, ICsq oxide

generation,
RLU

Coumarin - > 1000 -

7-hydroxycoumarin - 2 -

Resveratrol 17 1 -

11 - - 627

15 - - 950

12 - 320 -

16 710 598 -

13 - 1000 -

17 - 398 -

14 260 62 -

18 - 87 -

20 160 4 1875

sarcoma (MES-SA, up to IC50=9.4 wM) cell lines. 3-(4-
Pyridylamino)-selenopheno|3,2-c]chromen-4-one 21 pos-
sesses the ability to inhibit human breast adenocarcinoma
cells (MCF-7, IC50=18 wM). Furthermore, selenopheno-
coumarins (LDsg=334-2000 mg/kg) are much less toxic
than sodium selenite (LDsg = 105 mg/kg).

Selenophenocoumarin 21 shows a selective inhibition
ability of metalloproteinase MMP-2 (54%). Methylpiper-
azyl substituted selenophenocoumarin 14 is able to inhibit
angiogenesis by 84%, also 2- and 4-pyridylaminocoumar-
ins 19 and 21 slow down angiogenesis by 3% and 95%,
correspondingly. N-Methylpiperazylaminomethyl deriva-
tives 14 and 18 are medium peroxyl radical scavengers
(ICs50=62 and 87 M, correspondingly). It should be noted
that coumarin 20 is only two times less active than
7-hydroxycoumarin in peroxyl radical scavenging
(ICs50=4 pwM). Besides, pyridylamino derivative 20 exhibits
prooxidant activity (SOD = 1875 RLU).

4. Experimental
4.1. General

TH, 13C and 77Se NMR spectra were recorded on a Varian
400 Mercury spectrometer at 400.0, 100.3 and 39.74 MHz
correspondingly at 303K in CDCl3/TMS or DMSO-dg
solution. The 'H chemical shifts are given relative to
TMS, 13C - relative to chloroform or DMSO, and 7’Se -
relative to dimethyl selenide. The melting points were
determined on a “Digital melting point analyser” (Fisher),
the results are given without correction. Diffraction data
were collected on a Nonius KappaCCD diffractometer using
graphite monochromated Mo Ka radiation (A = 0.71073 A).
The crystal structures were solved by direct methods and
refined by full-matrix least squares. The main crystallo-
graphic data and refinement parameters of the crystal
structures are listed in Table 1. For further details, see the
crystallographic data for these compounds deposited with
the Cambridge Crystallographic Data Centre as Supple-
mentary Publications. Copies of the data can be obtained,
free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK.

4.1.1. General procedure for the preparation of 3-
alkynylchromen-2-ones 3-6

Argon gas was bubbled for 15 min at 40C in a vial
charged with palladium(Il) chloride (39 mg, 0.22 mmol),
triphenylphosphine (115 mg, 0.44 mmol) and copper(I)
iodide (42 mg, 0.22 mmol) in 4 mL of dry NMP. Then a
solution of 1 (0.5g, 2.2 mmol) and terminal acetylene
(3.3 mmol) in dry NMP (5mL), and triethylamine (1 mL)
was added to the reaction mixture. After 20 h of heating at
55 °C and usual workup, the crude product was purified by
flash chromatography on silica gel using the mixture
methylene chloride/methanol as an eluent.

4.1.1.1. 3-(3-Hydroxy-3-methyl-but-1-ynyl)chromen-2-one
(3): Yield: 46% [13].

4.1.1.1.1. 3-(3-Piperid-1-yl-prop-1-ynyl)chromen-2-one
(4). Yield: 42%, mp=95-97°C. 'H NMR (400 MHz,
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CDCl5/TMS) 8 (ppm): 1.44-1.49 (2H, m, CH,CH,CH,), 1.60-
1.63 (4H, m, NCH,CH5), 2.55-2.58 (4H, m, NCH>), 3.53 (2H,
s, CH,N), 7.25-7.32 (2H, m, 6-CH, 8-CH), 7.44 (1H, dd,
J=1.4Hz, J=7.6Hz, 5-CH), 7.50 (1H, ddd, J=1.4Hz,
J=7.2Hz, J=8.4Hz, 7-CH), 7.84 (1H, s, 4-CH). '3C NMR
(100.6 MHz, CDCl3/TMS) § (ppm): 23.8 (NCH,CH>), 25.9
(NCH,CH,CH,), 48.5 (NCH>), 53.4 (NCH,CH,), 78.9 (cou-
marin-C=C), 92.4 (coumarin-C=C), 112.9, 116.7, 118.7,
124.7, 127.5, 1319, 144.8 (C-0), 153.2 (4-CH), 159.5
(C=0); elemental analysis calcd (%) for Cy7H;7NO:
C 76.38, H 6.41, N 5.24; found: C 76.11, H 6.33, N 5.07.
4.1.1.1.2.  3-(3-morphol-4-yl-prop-1-ynyl)chromen-2-one
(5). Yield: 41%, oil. 'TH NMR (400 MHz, CDCl3/TMS) §
(ppm): 2.64 (4H, t, ] = 4.6, CH>N), 3.56 (2H, s, CH,N), 3.76
(4H, t, J=4.6, OCH,), 7.27-7.31 (2H, m, 6-CH, 8-CH), 7.45
(1H,dd, ] = 1.4 Hz,J = 7.6 Hz, 5-CH), 7.52 (1H, ddd, = 1.4 Hz,
J=7.2Hz, J=8.4Hz, 7-CH), 7.85 (1H, s, 4-CH). '3C NMR
(100.6 MHz, CDCl3/TMS) 8 (ppm): 48.1 (NCH,CH,0), 52.3
(NCH,CH,0), 66.8 (NCH,), 79.4 (coumarin-C=C), 91.2
(coumnarin-C=C), 112.6 (3-C), 116.7, 118.6, 124.7, 127.6,
132.1, 145.1 (C-0), 153.2 (4-CH), 159.4 (C=0); elemental
analysis calcd (%) for C;gH5sNO5: C 71.36, H 5.61, N 5.20;
found: C 71.24, H 5.50, N 5.13.

4.1.1.1.3. 3-(3-(4-Methylpiperaz-1-yl)prop-1-ynyl)chromen-
2-one (6). Yield: 40%, oil. 'H NMR (400 MHz, CDCl5/TMS) §
(ppm): 2.30 (3H, s, CHs), 2.40-2.58 (4H, m, CH,NCHs),
2.65-2.74 (4H, m, NCH>), 3.58 (2H, s, CH,N), 7.25-7.32 (2H,
m, 6-CH, 8-CH), 7.44 (1H, dd, J=1.4Hz, J=7.6 Hz, 5-CH),
7.51 (1H, ddd, J=1.4Hz, J=7.2 Hz, J= 8.4 Hz, 7-CH), 7.85
(1H, s, 4-CH). '3C NMR (100.6 MHz, CDCl5/TMS) § (ppm):
459 (CH5N), 47.7 (NCH,), 51.9 (NCH,CH,NMe), 54.9
(NCH,CH,;NMe), 79.3 (coumarin-C=C), 91.6 (coumarin-
C=C), 112.7 (3-C), 116.7, 118.7, 124.7, 127.6, 132.1, 145.1
(C-0),153.2 (4-CH), 159.4 (C=0); elemental analysis calcd
(%) for C;7H1gN,0,: C72.32,H 6.43,N 9.92; found: C 72.16,
H 6.47, N 9.59.

4.1.2. General procedure for the preparation of 4-
alkynylchromen-2-ones 7-10

Argon gas was bubbled in a flask charged with 2 (0.5 g,
1.7 mmol), acetylene (2.5 mmol), tetrakis(triphenylpho-
sphine)palladium(0) (98 mg, 0.085 mmol) and copper(I)
iodide (64 mg, 0.34 mmol) in 5mL of dry DMF, then
triethylamine (0.7 mL, 5.1 mmol) was added to the
reaction mixture. After 20 h of stirring at room tempera-
ture and usual workup, the crude product was purified by
flash chromatography on silica gel using the mixture
methylene chloride/methanol as an eluent.

4.1.2.1. 4-(3-Hydroxy-3-methylbut-1-ynyl)chromen-2-one
(7) [14] Yield: 98%.

4.1.2.1.1. 4-(3-Piperid-1-yl-prop-1-ynyl)chromen-2-one
(8). Yield: 75%, oil. 'TH NMR (400 MHz, CDCl3/TMS) §
(ppm): 1.44-1.50 (2H, m, CH,CH,CH>), 1.63-1.69 (4H, m,
NCH,CH,), 2.58-2.62 (4H, NCH,), 3.64 (2H, s, CH,N), 6.54
(1H, s, 3-CH), 7.29-7.34 (2H, m, 6-CH, 8-CH), 7.54 (1H, ddd,
J=14Hz, J=7.2Hz, J=84Hz, 5-CH), 7.85 (1H, dd,
J=1.4Hz, J=8.2Hz, 7-CH). '3C NMR (100.6 MHz, CDCls/
48.6 (NCH,), 53.5 (NCH,CH,CH,), 78.9 (coumarin-C=C),
99.2 (coumarin-C=C), 116.9, 118.4, 118.9, 124.4, 126.7,
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132.2, 137.3 (4-C), 153.5 (C-0), 160.1 (C=0); elemental
analysis calcd (%) for C;7H;7NO,: C 76.38, H 6.41, N 5.24;
found: C 76.27, H 6.44, N 5.19.

4.1.2.1.2.  4-(3-Morphol-4-yl-prop-1-ynyl)chromen-2-one
(9). Yield: 76%, oil. 'H NMR (400 MHz, CDCl3/TMS) &
(ppm): 2.66 (4H, t, J=4.6, CH,N), 3.67 (2H, s, CH,N), 3.79
(4H, t, J=4.6, OCH,), 6.54 (1H, s, 3-CH), 7.29-7.33 (2H, m,
6-CH, 8-CH), 7.55 (1H, ddd, J=1.4Hz, J=7.2 Hz, J=8.4 Hz,
5-CH), 7.83 (1H, dd, J=1.4Hz, J=8.2 Hz, 7-CH). '3*C NMR
(100.6 MHz, CDCI5/TMS) & (ppm): 48.1 (NCH,), 52.4
(NCH,CH,0), 66.8 (NCH,CH,0), 79.3 (coumarin-C=C),
97.9 (coumarin-C=C), 117.0, 118.3, 119.1, 124.4, 126.5,
132.3, 136.9 (4-C), 153.5 (C-0), 160.0 (C=0); elemental
analysis calcd (%) for C;gH15NO5: C 71.36, H 5.61, N 5.20;
found: C 71.33, H 5.67, N 5.11.

4.1.2.1.3. 4-(3-(4-Methylpiperaz-1-yl)prop-1-ynyl)chromen-
2-one (10). Yield: 67%, oil. '"H NMR (400 MHz, CDCl5/TMS)
S (ppm): 2.29 (3H, s, CH3), 2.42-2.57 (4H, m, CH,NCHs),
2.65-2.76 (4H, m, NCH,), 3.66 (2H, s, CH,N), 6.51 (1H, s, 3-
CH), 7.25-7.30 (2H, m, 6-CH, 8-CH), 7.52 (1H, ddd,
J=14Hz, J=7.2Hz, J=84Hz, 5-CH), 7.81 (1H, dd,
J=1.4Hz, J=8.2Hz, 7-CH). '3C NMR (100.6 MHz, CDCls/
TMS) 8 (ppm): 45.8 (NCH3), 47.5 (NCH), 51.9
(NCH,CH,;NMe), 54.7 (NCH,CH,NMe), 78.9 (coumarin-
C=C), 98.3 (coumarin-C=C), 116.6, 118.1, 118.7, 124.2,
126.5, 132.0, 136.9 (4-C), 153.2 (C-0), 159.8 (C=0);
elemental analysis calcd (%) for Ci7H;gN;0,: C 72.32,
H 6.43, N 9.92; found: C 72.24, H 6.40, N 9.69.

4.1.3. General procedure for the preparation of
selenopheno[3,2-c], [2,3-c]-coumarins 11-18

3-Alkynyl-chromen-2-one 3-10 (1.0 mmol) in dioxane
was added to a solution of selenium dioxide (0.22 g,
2.0 mmol) in HBr (2 mL), and the mixture was stirred at
room temperature for 24-48 h. After the consumption of
substrate 3-10 (LC-MS), the reaction mixture was basified
by aqueous Na,COs; and extracted with methylene
chloride. The organic phase was washed with brine, dried
over anhydrous Na,SO,, filtered, concentrated, and the
residue was purified by flash chromatography on silica gel
using the mixture methylene chloride/ethylacetate as an
eluent.

4.1.3.1. 3-Bromo-2-(1-hydroxy-1-methylethyl)seleno-
pheno[3,2-c|chromen-4-one (11). Yield: 71%, mp=224-
225°C. '"H NMR (400 MHz, CDCl5/TMS) 8 (ppm): 1.84
(6H, s, CH3), 2.86 (1H, br s, OH), 7.26 (1H, ddd, J= 1.4 Hz,
J=72Hz, J=8.4Hz, 6-CH), 7.35 (1H, dd, J=1.4Hz,
J=8.4Hz, 8-CH), 7.47 (1H, ddd, J=1.4Hz, J=7.2Hz,
J=8.4Hz, 7-CH), 7.57 (1H, dd, J=1.4Hz, J=7.8 Hz, 9-CH).
13C NMR (100.6 MHz, CDCl3/TMS) § (ppm): 28.7
(C(CH5)OH), 74.8 (C(CH3)OH), 102.7, 117.1, 118.6, 124.2,
124.6, 1254, 130.8, 150.1, 152.5, 155.8, 156.2 (C=0).
77Se NMR (39.74 MHz, CDCl5/TMS) § (ppm): 605.9. ESI-MS
m/z 387 [M+1]; elemental analysis calcd (%) for
Ci4H11BrOsSe: C 43.55, H 2.87; found: C 43.46, H 2.88.

4.1.3.2. 3-Bromo-2-piperid-1-ylmethylselenopheno|3,2-

cJchromen-4-one (12). Yield: 72%, mp=224-226°C. 'H
NMR (400 MHz, CDCl3/TMS) é (ppm): 1.46-1.52 (2H, m,
CH,CH,CH,), 1.60-1.66 (4H, m, NCH,CH,), 2.58-2.65
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(4H, m, NCH,), 3.72 (2H, s, CH,N), 7.25 (1H, ddd, J = 1.4 Hz,
J=7.2Hz,]=8.4Hz, 6-CH), 7.33 (1H, dd, /= 1.4 Hz, ] = 8.4 Hz,
8-CH), 7.45 (1H, ddd, J=1.4Hz, J=7.2 Hz, J=8.4Hz, 7-CH),
755 (1H, dd, J=14Hz J=7.8Hz, 9-CH). 3C NMR
(100.6 MHz, CDCl5/TMS) 8 (ppm): 23.9 (NCH,CH,CH,),
26.0 (NCH,CH,CH,), 55.1 (NCH,), 59.1 (NCH,CH,CH,),
117.1, 1189, 124.2, 124.6, 130.7, 150.1, 155.6, 158.9
(C=0). ESI-MS m/z 426 [M+1]; elemental analysis calcd
(%) for C;7H;6BrNO,Se: C 48.02, H 3.79, N 3.29; found:
C 48.00, H 3.95, N 3.01.

4.1.3.3. 3-Bromo-2-morphol-4-yl-methylselenopheno|3,2-
cJchromen-4-one (13). Yield: 75%, mp=215-216°C. 'H
NMR (400 MHz, CDCl5/TMS) § (ppm): 2.68 (4H, t, J=4.6,
CH;N),3.75(4H, t,] =4.6 Hz, OCH,), 3.78 (2H, s, CH,N), 7.26
(1H,ddd,J=1.4Hz,J=7.2 Hz,] = 8.4 Hz,6-CH), 7.35 (1H, dd,
J=1.4Hz, J=8.4Hz, 8-CH), 7.47 (1H, ddd, J=1.4Hz,
J=72Hz, J=84Hz, 7-CH), 7.54 (1H, dd, J=1.4Hz,
J=7.8Hz, 9-CH). 3C NMR (100.6 MHz, CDCl;/TMS)
8 (ppm): 53.9 (NCH,), 58.8 (NCH,CH-0), 67.0 (NCH,CH,0),
106.7,117.1,118.8,124.2,124.6,130.9, 146.9,150.2, 154.1,
155.5 (C=0). 7’Se NMR (39.74 MHz, CDCl5/TMS) § (ppm):
616.4. ESI-MS m/z 428 [M + 1]; elemental analysis calcd (%)
for C;6H14BrNOsSe: C44.99, H 3.30, N 3.28; found: C 44.91,
H 3.22, N 3.17.

4.1.3.4. 3-Bromo-2-(4-methylpiperaz-1-yl)-methylseleno-
pheno[3,2-c]chromen-4-one (14). Yield: 68%, mp > 230 °C.
TH NMR (400 MHz, CDCl5/TMS) 8 (ppm): 2.31 (3H, s, CHs),
2.42-2.56 (4H, m, CH,NCH3), 2.64-2.78 (4H, m, NCH,),
3.77 (2H, s, CH,N), 7.25 (1H, ddd, J=1.4Hz, J=7.2 Hz,
J=8.4Hz, 6-CH), 7.34 (1H, dd, J= 1.4 Hz, J = 8.4 Hz, 8-CH),
7.46 (1H, ddd, J=1.4Hz, J=7.2Hz, J=8.4Hz, 7-CH), 7.54
(1H, dd, = 1.4 Hz, ] =7.8 Hz, 9-CH). '3C NMR (100.6 MHz,
CDCI3/TMS) § (ppm): 46.0 (CH3N), 53.6 (NCH,), 55.2
(NCH,CH,;NMe), 58.4 (NCH,CH,NMe), 106.2, 117.1, 118.9,
124.2, 124.6, 130.8, 148.1, 150.2, 154.0, 155.5 (C=0).
77Se NMR (39.74 MHz, CDCl3/TMS) § (ppm): 618.2. ESI-MS
m/z 441 [M+1]; elemental analysis calcd (%) for
Ci7H{7BrN,O,Se: C 46.38, H 3.89, N 6.36; found:
C 46.30, H 3.71, N 6.00.

4.1.3.5. 1-Bromo-2-(1-hydroxy-1-methylethyl)seleno-
pheno[2,3-c|chromen-4-one (15). Yield: 70%, mp > 200 °C.
TH NMR (400 MHz, CDCl3/TMS) 8 (ppm): 1.87 (6H, s, CH3),
2.94 (1H, br s, OH), 7.33 (1H, ddd, J=1.4Hz, J=7.2 Hz,
J=8.4Hz, 6-CH), 7.42 (1H, dd, J=1.4 Hz, J=8.2 Hz, 8-CH),
7.52 (1H, ddd, J=1.4Hz, J=7.2 Hz, J=8.4Hz, 7-CH), 9.23
(1H, dd, J=1.4Hz, J=8.2 Hz, 9-CH). '3C NMR (100.6 MHz,
CDCl3/TMS) § (ppm): 28.3 (C(CH3)OH), 75.3 (C(CH3)OH),
100.8,117.9,118.7,122.9,123.8,126.7,130.1,143.9,153.0,
157.9 (C-0), 169.9 (C=0). 7’Se NMR (39.74 MHz, CDCl5/
TMS) § (ppm): 624.4. ESI-MS m/z 387 [M +1]; elemental
analysis calcd (%) for C;4H;,BrOsSe: C 43.55, H 2.87; found:
C 43,51, H 2.82.

4.1.3.6. 1-Bromo-2-piperid-1-yl-methylselenopheno|2,3-

cJchromen-4-one (16). Yield: 64%, mp=193-195°C. 'H
NMR (400 MHz, CDCI3/TMS) § (ppm): 1.46-1.52 (2H, m,
CH,CH,CH,), 1.62-1.67 (4H, m, NCH,CH,), 2.62-2.67 (4H,
m, NCH,), 3.69 (2H, s, CH,N), 7.33 (1H, ddd, J=1.4Hz,
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J=72Hz, J=84Hz, 6-CH), 7.43 (1H, dd, J=1.4Hz
J=8.2Hz, 8-CH), 7.52 (1H, ddd, J=1.4Hz, J=7.2Hz,
J=8.4Hz, 7-CH), 9.12 (1H, dd, J=1.4 Hz, ] = 8.2 Hz, 9-CH).
13C NMR (100.6 MHz, CDCl3/TMS) & (ppm): 23.8
(NCH,CH,CH,), 26.2 (NCH,CH,CH,), 55.4 (NCH,), 60.4
(NCH,CH,CH,), 117.8, 118.5, 123.4, 123.8, 130.0, 143.8,
153.1 (C-0), 158.0 (C=0). 7“Se NMR (39.74 MHz, CDCl;/
TMS) § (ppm): 638.2. ESI-MS m/z 426 [M-1]; elemental
analysis calcd (%) for Cy7H;¢BrNO,Se: C 48.02, H 3.79,
N 3.29; found: C 47.88, H 3.61, N 3.11.

4.1.3.7. 1-Bromo-2-morphol-4-yl-methylselenopheno|2,3-
cJchromen-4-one (17). Yield: 65%, mp >200°C. '"H NMR
(400 MHz, CDCl3/TMS) é (ppm): 2.73 (4H, t, J= 4.0, CH,N),
3.76-3.79 (6H, m, CH,N, OCH,), 7.34 (1H, ddd, J=1.4 Hz,
J=72Hz, J=8.4Hz, 6-CH), 743 (1H, dd, J=1.4Hz,
J=82Hz, 8-CH), 7.52 (1H, ddd, J=1.4Hz, J=7.2Hz,
J=8.4Hz, 7-CH), 9.12 (1H, dd, J=1.4 Hz, J=8.2 Hz, 9-CH).
13C NMR (100.6 MHz, CDCl5/TMS) & (ppm): 54.2 (NCH,),
60.1 (NCH,CH,0), 67.0 (NCH,CH,0), 103.8, 117.8, 123.3,
123.9, 130.2, 143.5, 153.0, 157.8 (C-0), 160.9 (C=0).
77Se NMR (39.74 MHz, CDCl5/TMS) § (ppm): 616.4. ESI-MS
mfz 428 [M+1]; elemental analysis calcd (%) for
C16H14BrNOsSe: C 44.99, H 3.30, N 3.28; found: C 44.79,
H 3.14, N 3.22.

4.1.3.8. 1-Bromo-2-(4-methylpiperaz-1-yl)-methylseleno-
pheno[2,3-c]chromen-4-one (18). Yield: 67%, mp > 200 °C.
TH NMR (400 MHz, CDCl5/TMS) & (ppm): 2.34 (3H, s, CHs),
2.46-2.57 (4H, m, CH,NCH3), 2.72-2.80 (4H, m, NCH,),
3.77 (2H, s, CH,N), 7.34 (1H, ddd, J=1.4Hz, J=7.2 Hz,
J=8.4Hz, 6-CH), 7.44 (1H, dd, J= 1.4 Hz, ] = 8.2 Hz, 8-CH),
7.53 (1H, ddd, J=1.4Hz, J=7.2Hz, ]=8.4Hz, 7-CH), 9.14
(1H, dd, J=1.4Hz, J=8.2 Hz, 9-CH). '3C NMR (100.6 MHz,
CDCl5/TMS) 8 (ppm): 45.9 (CH3N), 53.8 (NCH,), 55.2
(NCH,CH,;NMe), 59.6 (NCH,CH,;NMe), 103.4,117.8, 1184,
123.4,123.9,127.6,130.1, 143.5,153.1, 157.9 (C-0), 162.0
(C=0). 77Se NMR (39.74 MHz, CDCl5/TMS) § (ppm):
635.6. ESI-MS m/z 441 [M+1]; elemental analysis calcd
(%) for C;7H;7BrN,0,Se: C 46.38, H 3.89, N 6.36; found:
C 46.27, H 3.81, N 6.20.

4.1.4. General procedure for the preparation of 2-morpholin-
4-ylmethyl-3-(pyridinylamino)-selenopheno|3,2-cJchromen-
4-ones 19-21

Argon gas was bubbled for 15 min in a vial charged with
13 (0.2g, 0.47 mmol), Pd,dbas (21 mg, 0.023 mmol),
xantphos (27 mg, 0.046 mmol) and pyridylamine (57 mg,
0.61 mmol) in 5 mL of xylene. Then freshly dried cesium
carbonate (0.412 g, 1.26 mmol) was added and the reaction
mixture was heated for 20 h at 120 °C. After usual workup,
the crude product was purified by flash chromatography
on silica gel using the mixture methylene chloride/
methanol as an eluent.

4.1.4.1. 2-Morphol-4-ylmethyl-3-(pyrid-2-ylamino )seleno-

pheno[3,2-c|chromen-4-one (19). Yield: 90%, mp=195-
197°C. 'H NMR (400 MHz, CDCl3/TMS) § (ppm): 2.61
(4H, t, J=4.6 Hz, CH,0), 3.64 (2H, s, CH,N), 3.73 (4H, t,
J=4.6,NCH;), 6.68 (1H, d, ] = 8.4 Hz, 3-CH-Py), 6.74 (1H, ddd,
J=0.8Hz, J=1.2Hz, J=7.2 Hz, 5-CH-Py), 7.29 (td, J= 1.2 Hz,
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J=7.8Hz, 6-CH), 7.36 (1H, dd, J=0.8 Hz, J=8.2 Hz, 8-CH),
7.46 (1H, ddd, J = 1.6 Hz, J = 7.4 Hz, | = 8.4 Hz, 4-CH-Py), 7.51
(1H, ddd, J= 1.6 Hz, J= 7.2 Hz, ] = 8.4 Hz, 7-CH), 7.62 (1H, dd,
J=12Hz, J=7.8 Hz, 9-CH), 8.04 (1H, br s, NH), 8.17 (1H, dd,
J=1.2Hz, J=4.8 Hz, 6-CH-Py) *C NMR (100.6 MHz, CDCls/
TMS) 8§ (ppm): 54.1 (NCH,), 58.7 (NCH,CH,0), 67.1
(NCH,CH,0), 110.3, 1154, 117.1, 119.6, 1214, 124.0,
124.8, 130.2, 133.9, 137.5, 138.2, 147.8, 149.6, 1524,
155.8, 158.5 (C=0). 7’Se NMR (39.74 MHz, CDCl3/TMS) &
(ppm): 547.8. ESI-MS m/z 442 [M +2]; elemental analysis
calcd (%) for C31H19N303Se: C 57.28, H 4.35, N 9.54; found:
C 57.21, H 4.33, N 9.50.

4.1.4.2. 2-Morphol-4-ylmethyl-3-(pyrid-3-ylamino)seleno-
pheno[3,2-c][chromen-4-one (20). Yield: 70%, mp=153-
155°C. '"H NMR (400 MHz, CDCl5/TMS) 8 (ppm): 2.55
(4H, t, J=4.6 Hz, CH,0), 3.38 (2H, s, CH,N), 3.71 (4H, t,
J=4.6Hz, CH,N), 7.09 (1H, ddd, J=1.6Hz, J=2.7Hz,
J=8.2Hz, 4-CH-Py), 7.17 (1H, dd, J=8.2 Hz, J=4.8 Hz, 5-
CH-Py), 7.30 (1H, td, J=1.2Hz, J=7.8Hz, 6-CH), 7.37
(1H,dd,J=0.8 Hz,] = 8.2 Hz, 8-CH), 7.47 (1H, br s, NH), 7.49
(1H,ddd,J=1.6 Hz,J=7.4Hz,]=8.4Hz,7-CH), 7.62 (1H, dd,
J=12Hz, J=7.8Hz, 9-CH), 816 (1H, dd, J=1.2Hz,
J=4.8Hz, 6-CH-Py), 8.21 (1H, d, J=2.7Hz, 2-CH-Py)
13C NMR (100.6 MHz, CDCl3/TMS) § (ppm): 53.9 (NCH,),
57.6 (NCH,CH,0), 67.0 (NCH,CH,0), 117.2, 119.4, 121.2,
123.4,123.6,124.0,124.9,130.6,134.2,136.1, 139.5, 140.5,
141.9, 149.7, 153.3, 158.5 (C=0). 7/Se NMR (39.74 MHz,
CDCl3/TMS) & (ppm): 542.4. ESI-MS: m/z 442 [M+2];
elemental analysis calcd (%) for C31H9N303Se: C 57.28,
H 4.35, N 9.54; found: C 57.28, H 4.37, N 9.43.

4.1.4.3. 2-Morphol-4-ylmethyl-3-(pyrid-4-ylamino)seleno-
pheno[3,2-cJchromen-4-one (21). Yield: 65%, mp=202-
205°C. 'TH NMR (400 MHz, CDCl3/TMS) & (ppm): 2.59
(4H, t, J=4.6 Hz, CH,0), 3.46 (2H, s, CH,N), 3.72 (4H, t,
J=4.6 Hz, NCH,), 6.60 (2H, d, J=5.9 Hz, 3-CH-Py, 5-CH-
Py), 7.31 (1H, td, J= 1.2 Hz, J=7.8 Hz, 6-CH), 7.37 (1H, dd,
J=0.8Hz, J=8.2Hz, 8-CH), 7.44 (1H, br s, NH), 7.50 (1H,
ddd, J=1.6Hz, J=7.4Hz, J=8.4Hz, 7-CH), 7.62 (1H, dd,
J=12Hz,]J=7.8Hz, 9-CH), 8.33 (2H, d, = 5.9 Hz, 2-CH-Py,
6-CH-Py). 13C NMR (100.6 MHz, CDCl3/TMS) § (ppm): 53.9
(NCH,), 57.6 (NCH,CH,0), 67.0 (NCH,CH,0), 110.2, 117.3,
119.3,121.4,124.1,124.9,130.8,134.2,138.4,149.8,150.3,
150.9, 153.4, 158.0 (C=0). 7’Se NMR (39.74 MHz, CDCl3/
TMS) § (ppm): 548.5. ESI-MS m/z 442 [M +2]; elemental
analysis calcd (%) for C31H9N303Se: C 57.28, H 4.35,
N 9.54; found: C 57.10, H 4.39, N 9.37.

4.2. In vitro cytotoxicity assay

Monolayer tumor cell line: CCL-8 (mouse sarcoma),
MDA-MB-435s (human melanoma) MES-SA (human uter-
us sarcoma), MCF-7 (human breast adenocarcinoma,
estrogen-positive), HT-1080 (human fibrosarcoma), MG-
22A (mouse hepatoma) and normal cell line NIH 3T3
(mouse fibroblasts) were cultured in standard medium
Dulbecco’s modified Eagle’s medium (DMEM) without an
indicator (“Sigma”) supplemented with 10% heat-inacti-
vated fetal bovine serum (“Sigma”). After the ampoule was
thawed, the cells from 1 to 4 passages were used. About
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2-5 x 104 cells/mL (depending on line nature) were placed
in 96-well plates immediately after compounds had been
added to the wells. The control cells without test
compounds were cultured on separate plates. The plates
were incubated for 72 h, 37°C, 5% CO,. The number of
surviving cells was determined using tri(4-dimethylami-
nophenyl)methyl chloride (Crystal Violet) or 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium bromide
(MTT). MTT-test: after incubating with preparations, the
culture medium was removed and 200 p.L of fresh medium
with 10 mM HEPES were added in each well of the plate,
than 20 pL MTT (2 mg/mL in HBSS) were added. After
incubation (3 h, 37 °C, 5% CO,), the medium with MTT was
removed and 200 L of DMSO and 25 pL of glycine buffer
(pH 10.5) were added at once to each sample. The samples
were tested at 540 nm on Anthos HT Il photometer. CV-
test: after incubating with preparations cell culture was
removed and 100 mL of 1% glutaraldehide in HBSS was
added to each well. After incubation (15 min) the HBSS
with glutaraldehide washed off H,O (1 time) and 0.05%
crystal violet were added. After incubation with dye
(15 min), the samples were washed off with H,O (3 times),
and citrate buffers (pH 4.2) and ethanol (1:1) were added.
The samples were tested at 540 nm.

4.3. MMP assay

Inhibitors of matrix metalloproteinase enzymes were
detected with the use of MMP Inhibitor Fluorimetric
Profiling kit (Biomol, USA) accordingly to the manufac-
turer’s instructions. MMP activity assays were performed
in 96-well plates using the recombinant human MMP-1-
10, 12, 13 and 14 catalytic domains and OmniMMP™
fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-
NH,. The test compounds (20 M) were dissolved in
DMSO. The compound NNGH (N-isobutyl-N-(4-methox-
yphenylsulfonyl)-glycylhydroxamic acid) was used as a
prototypic control inhibitor. The rate of substrate hydro-
lysis was determined by fluorescence intensity measure-
ments for 10 min at 37 °C using a fluorescence plate reader
(Tecan infinite M1000, Austria) with excitation at 328 nm
and emission at 420 nm. Data analysis was performed
using program GraphPad Prism®™ 4.0.

4.4. In vitro angiogenesis assay on matrigel

Human umbilical vein endothelial cells (HUVEC) were
purchased from BD™ Biosciences and cultured in Vascular
Cell Basal Medium (ATCC PCS-100-030) containing Endo-
thelial Cell Growth kit (ATCC PCS-100-040) with growth
factors and 2% fetal bovine serum. Cells were grown at
37°C in a humidified atmosphere of 5% C0,-95% air.
HUVECs used for the experiments were between passage
2 and 4.

The in vitro Angiogenesis Assay Kit (Item. No. 10009964,
Cayman Chemical Company) was used in addition to the
HUVEC proliferation assay. The BD Matrigel (BD Matrigel
™ Basement Membrane Matrix, High Concentration) was
thawed at 4°C and mixed to homogeneity using cooled
pipette tips. Cell culture plates (96-well) were bottom-
coated with a thin layer of BD Matrigel (40 pL/well), which
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was left to polymerize at 37°C for 60 min. HUVEC
(1x10* cells) were stimulated with 0.25uM PMA
(phorbol 12-myristate 13-acetate) in 80 wL of medium
and added to each well on the solidified BD Matrigel. The
culture medium was added to each well in the presence or
in the absence of compounds. The plates were incubated at
37 °C for 18-20 h and the endothelial tubes were quanti-
fied using a fluorescent microscope after staining with
Calcein AM. Three microscope fields were selected at
random and photographed. Tube formation was analyzed
with an imaging system (Image-Pro 4.1). Each experiment
was performed at least three times.

The murine Matrigel plug assay can be used to evaluate
the anti-angiogenic effect. Female Balb/c AnNCrl mice
(20 g, 4 weeks of age) were obtained from Charles River
Laboratories. Before injection, heparin was incubated with
bFGF, VEGF and with or without tested compounds for
5min, then diluted into phenol red-free Matrigel™ (BD
Basement Membrane Matrix High Concentration, Catalog
No. 354248) on ice for a final concentration of 60 units/mL
heparin, 10 pg/mL bFGF, 100 ng/mL VEGF. Then, mice were
subcutaneously injected under anesthesia (setona/keta-
mine) with 0.5 mL of Matrigel™ alone or with Matrigel™
containing bFGF, VEGF and tested compounds. PBS was
used as a negative control, and VEGF as a positive control.
Ten days after injection, mice were euthanized, and the
Matrigel plugs were removed, embedded in OCT (Tissue-
Tek), and frozen. Forty-micron sections (n=5 sections per
plug) were stained with hematoxylin/eosin and analyzed
by confocal microscopy (Nicon). The Image-Pro Plus
analysis system was used to quantify the percentage of
area occupied by the vessel-like structures in each field.

4.5. Free radical scavenging activity [15]

The ability to scavenging the stable free radical, DPPH,
was measured as a decrease in absorbance at 517 nm by
the method of Brand-Williams et al. with some modifica-
tions. Several concentrations of test compounds in DMSO
were prepared. The compound solution (0.1 mL) was
added to the ethanol DPPH solution (0.1 mL, 0.2 mM)
and the mixture was kept in the dark for 120 min. The
absorbance at 517 nm was then measured by Tecan infinite
M1000 (Tecan) fluorometer. The percentage of scavenging
activity was calculated using the following formula:

% scavenging/inhibition=[(absorbance of control
—absorbance of testsample) /absorbance of control] x 100

The ICsq values for each compound as well as for the
standard preparation were calculated by computer pro-
gram GraphPad Prism 3.0.

4.6. Superoxide free radical scavenging activity [16]

Ten microliters of a riboflavin solution [0.1 mg/mL],
10 L of an EDTA solution [12 mM], 10 L of methanol and
5 L of a NBT (nitro-blue tetrazolium) solution [1 mg/mL]
were mixed in a test tube and the reaction mixture was
diluted up to 150 L with a phosphate buffer [S0 mM]. The
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absorbance of the solution was measured at 590 nm using
a phosphate buffer as a blank after illumination for 5 min.
This was taken as a control. Several solutions with different
concentrations of test compounds in DMSO or water were
prepared. To each of these, 10 wL of riboflavin, 10 wL of
EDTA, 10 pL of methanol, 5 L of NBT and 15 p.L of the test
compounds were mixed in a 96-well plate and further
diluted up to 150 pL with a phosphate buffer.

Absorbance was measured after illumination for 5 min
at 590 nm on fluorometer Tecan infinite M1000 (Tecan).
The percent of scavenging activity was calculated using the
following formula:

% scavenging/inhibition=[(absorbance of control
—absorbanceof testsample) /Absorbance of control] x 100

The ICsq values for each compound as well as for the
standard preparation were calculated by computer pro-
gram GraphPad Prism 3.0.

4.7. Nitric oxide radical scavenging

At physiological pH, nitric oxide generated from an
aqueous sodium nitroprusside (SNP) solution interacts
with oxygen to produce nitrite ions, which may be
quantified by the Griess reaction. The reaction mixture
contained 10 mM SNP, phosphate buffered saline (pH 7.4)
and various doses (4-1000 wM) of the test solution in a
final volume of 0.09 mL. After incubation for 30 min at
25°C, 0.150 mL of Griess reagent (1% sulfanilamide, 2%
H3P0O4, 0.1% napthylethylenediamine dihydrochloride)
was added and the mixture was incubated for 20 min at
25°C. The absorbance of the chromophore formed was
measured at 546 nm on Tecan infinite M1000 (Tecan)
spectrometer. Curcumin was used as the positive control.
The percentage of scavenging activity was calculated using
the following formula:

% scavenging/inhibition=[(absorbance of control
—absorbance of testsample)/absorbance of control] x 100

The ICsq values for each compound as well as for the
standard preparation were calculated by computer pro-
gram GraphPad Prism 3.0.

4.8. Peroxyl radical scavenging [17]

Analyses were conducted in a phosphate buffer (pH
7.4 at 37 °C). Peroxyl radicals were generated using 2,2'-
azo-bis(2-amidinopropane)dihydrochloride, which was
freshly prepared for each run. Fluorescein was used as
the substrate. Fluorescence conditions were as follows:
excitation at 485nm and emission at 520 nm. Sodium
fluorescein was dissolved in phosphate buffer solution (PBS)
(75 mM, pH = 7.0) to obtain a stock solution of 4.8 mM. The
working solution (60nM) was obtained by subsequent
dilution in PBS. A solution of AAPH (2,2'-azo-bis
(2-amidinopropane)dihydrochloride) was prepared at a
concentration of 40 mM. All measurements were performed
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in triplicate. A blank was run with each assay. The analysis
was performed using black 96-well microplates
(NuncTM) and a Tecan infinite M1000 (Tecan) multilabel
counter. The sample (20 L) was mixed with sodium
fluorescein (120 L) and incubated for 15 min at 37 °C.
An AAPH (60 L) solution was then added to the mixture
and the microplate was shaken. The fluorescence
(Aexcitation =485/14 NM; Aemission = 535/25 nm) was regis-
tered every 2min for 1h. The quantitation of the
antioxidant capacity was based on the calculation of
the area under the curve (AUC).

4.9. Superoxide anion generating activity [11]

The control chemiluminescent (CL) assay cocktail
without substrates or GSH was made using a 0.05M
sodium phosphate buffer (pH 7.4) containing 0.025 pg
lucigenin/mL. The assay cocktail with thiol contained 7 mg
GSH/mL. To aliquots of thiol containing the assay cocktail
was added each selenium compound in various doses
(4-1000 M) of the test solution in DMSO. Chemilumi-
nescent data were recorded at 25°C in 30-s integrated
units over a period of up to 20 min with Tecan infinite
M1000 (Tecan). There was a 3-s instrumental delay
between integrations.
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THE SYNTHESIS AND CYTOTOXIC PROPERTIES OF SELENO-
PHENO|3,2-c]- AND SELENOPHENO|2,3-c]QUINOLONES*

P. Arsenyanl**, J. Vasiljeval, I. Shestakova', I. Domracheva', and S. Belyakov1

We have developed a method for the synthesis of novel selenophene-containing polycyclic heterocycles,
derivatives of selenopheno[3,2-c]- and selenopheno[2,3-c]quinolones. The cytotoxic activity of these
compounds was studied in vitro. The molecular structure of 3-bromo-5-methyl-2-(piperidin-
2-ylmethyl)selenopheno/[3,2-c]quinolin-4(5H)-one was confirmed by X-ray analysis.

Keywords: quinolone, selenium, selenophene, cytotoxicity, electrophilic addition, intramolecular
cyclization, X-ray structural analysis.

The earliest interest in quinolones was motivated by the antibacterial [1-6] and antimalarial [7] activity
of these compounds. The first clinical application of quinolones was found in 1962, when nalidixic acid, an
antimicrobial agent of the quinolone family, was obtained as a by-product in the synthesis of the antimalarial
drug chloroquine [8]. In the modern medicine a range of quinolone antibiotics, such as ciprofloxacin,
norfloxacin, pefloxacin, lomefloxacin, and ofloxacin, are successfully used for the prevention and treatment of
various microbial infections, including those of unknown etiology [3].

The derivatives of N-methylfuro[3,2-c]quinolone are known to inhibit the growth of several cancer cell
types, in particular melanoma and gastrointestinal tumors [9]. Close analogs of these compounds are N-methyl-
thieno- or selenopheno[3,2-c]- and selenopheno[2,3-c]quinolones, the synthesis and biological properties of
which remain unexplored. Selenium, its organic and inorganic derivatives are known to possess a wide range of
biological activity [10-24]. The presence of selenium as a microelement in human diet has been proved
strengthen the immune system and reduce the incidence of oncological diseases [10, 11]. Antitumor [12-14, 23,
24], antiviral [15], antimicrobial [16, 17], antiarrthythmic [18, 19], fungicidal [20, 21], and anti-inflammatory
[22] activities have been associated with organoselenium derivatives.

This work explores the synthesis and cytotoxic activity of novel heterocycles, the derivatives of
selenopheno[3,2-c]- and selenopheno[2,3-c]quinolones.

Our approach to the synthesis of selenopheno[3,2-c]quinolones started from 3-bromo-N-methyl-
quinolin-2(1H)-one (1), which was available in a high yield from the methylation of 3-bromo-2-quinolone by a
method similar to the alkylation of 3-bromo-2-pyridone [25]. The substituted 3-ethynylquinolones 2-4 were
obtained in 50-62% yields in a reaction of quinolone 1 with terminal alkynes that was catalyzed by
bis(triphenylphosphine)palladium(II) dichloride and copper(I) iodide.
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A dioxane solution of the quinolone 2-4 was added dropwise to a selenium tetrabromide solution which
was prepared in situ from selenium dioxide and concentrated hydrobromic acid. Selenium tetrabromide addition
to the multiple bond of compounds 3 or 4 produced intermediates that underwent an intramolecular cyclization
to the selenophenes 5 or 6, respectively. The electrophilic attack in this case occurred in the non-aromatic ring.
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2,9,12R = CMe,0H, 3, 5, 10, 13 R = piperidin-1-ylmethyl,
4, 6, 11, 14 R = morpholin-4-ylmethyl

The 1-methyl-4-trifluoromethanesulfonylquinolin-2(1H)-one (8) as a precursor to selenopheno[2,3-c]-
quinolones was obtained by a reaction of the commercially available compound 7 with triflic anhydride in
anhydrous dichloromethane in the presence of triethylamine. The novel ethynyl quinolones 9-11 were obtained
in good yields (59-70%) through combining compound 8 with the corresponding alkyne in the presence of
tetrakis(triphenylphosphine)palladium(0), palladium(II) acetate, triphenylphosphine, and copper(I) iodide. The
attempts to perform a Sonogashira reaction with bis(triphenylphosphine)palladium dichloride or with tetrakis-
(triphenylphosphine)palladium(0) without palladium(Il) acetate were not successful, as the reaction product
yields did not exceed 10%, or were essentially zero when propargylamines were used. The selenopheno[2,3-c]-
quinolones 12-14 were obtained in high yields (87-99%) by the aforementioned method for the synthesis of
selenopheno[3,2-c]quinolones 5, 6. We should note that the 4-alkynylquinolone 9, containing a hydroxyl group,
selectively formed the intramolecular cyclization product 12 in a nearly quantitative yield, while the analogous
3-alkynylquinolone 2 did not react. The electrophilic attack at the C-3 atom in this case was facilitated by the
corresponding localization of the partial negative charge in the quinolone system.

The spatial structure of 3-bromo-5-methyl-2-(piperidin-1-ylmethyl)selenopheno[3,2-c]quinolin-4(5H)-
one hydrochloride (5) is presented below (Fig 1). The piperidine ring assumes a chair conformation, while the
condensed tricyclic system is planar. The crystal structure contains an N—H--Cl hydrogen bond between the
protonated piperidine nitrogen and the chloride anion. The hydrogen bond length is 3.029(2) A (H--C1 2.10 A,
N-H--Cl 174°). An intramolecular C-H--O hydrogen bond can be identified between the methyl group
hydrogen atom and the O(22) oxygen atom, with the following parameters: O--C 2.704(3) A, H--O 2.23 A,
C—H---O 109°. This hydrogen bond forms a part of an additional five-membered ring in the molecular ion 5.
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Several of the synthesized compounds were tested in vitro for cytotoxic activity against the following
tumor cell lines: HT-1080 (human fibrosarcoma), CCL-8 (mouse sarcoma), MDA-MB-435s (human breast
adenocarcinoma-melanoma), MES-SA (human uterine sarcoma), MCF-7 (estrogen-positive human breast
adenocarcinoma), as well as the normal cell line NIH 3T3 (mouse fibroblasts). The in vitro 50% lethal
concentrations of compounds (ICsy) (Table 1) were determined by the standard method from the absorption of
Crystal Violet (CV) dye in cellular membranes, and interaction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) with mitochondrial enzymes [26]. Our data indicate that 3-bromo-5-methyl-
2-(piperidinylmethyl)selenopheno[3,2-c]quinolone 5 has a higher cytotoxic activity against tumor cells,
compared to its regioisomer 13. This selectivity was most pronounced in the case of human uterine sarcoma
MES-SA (ICsp 6.0 pg/ml). At the same time, substitution of the piperidine substituent for morpholine led to

Br(21)

Cl(24)
Fig. 1. The molecular structure of compound 5-HCI with atoms represented by thermal vibration ellipsoids of
50% probability.

TABLE 1. The in vitro Cytotoxic Activity of the Selenophenoquinolones

5,6,13, 14
Cell line Compound

5 6 13 14

HT-1080 ICso, pg/ml* | 16 54 54 41
NO, %*? 167 21 29 133

CCL-8 ICso, pg/ml 18 >100 90 81
NO, % 200 4 14 40

MDA-MB-435s | ICso, pg/ml 12 >100 96 7
NO, % 200 3 12 13

MCF-7 ICso, pg/ml 13 26 82 4
NO, % 133 25 15 29

MES-SA ICsp, pg/ml 6 19 52 36
NO, % 200 7 250 250

NIH 3T3 ICso, pg/ml 2 75 23 —
LDy, mgkg | 522 906 522 2000

*The concentration resulting in the death of 50% of cells (CV + MTT)/2).
*2NO — the level of NO radical production, determined by the method [27]
(absorption of CV).
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generally lower levels of cytotoxicity. It should be noted that the investigated compounds had a low acute in
vitro toxicity (522-2000 mg/kg), and 3-bromo-5-methyl-2-(morpholin-4-ylmethyl)selenopheno[3,2-c]quinolone
(6) exhibited a protective effect against free radical production in all of the cell lines (<25%).

Thus, we have developed a convenient method for the synthesis of novel selenophene-containing
condensed heterocycles — derivatives of selenopheno[3.,2-c]- and selenopheno[2,3-c]quinolones. The in vitro
cytotoxic activity of these compounds was studied, and the molecular structure of 3-bromo-5-methyl-
2-(piperidin-1-ylmethyl)selenopheno[3,2-c]quinolin-4(5 H)-one was confirmed by X-ray structural analysis.

EXPERIMENTAL

'H and "C NMR spectra were acquired on a Varian Mercury 400 instrument (400 and 100 MHz,
respectively) in CDCls, the internal standard was hexamethyldisiloxane (‘H, 8 0.05 ppm) or the residual solvent
signal (°C, 8=77.2 ppm). Elemental analysis was performed on a Carlo Erba 1108 instrument. Melting points
were determined on an Optimelt apparatus and were not corrected. The reaction progress and the purity of the
obtained compounds was controlled by TLC on Merck Kieselgel plates with UV visualization.

3-Alkynyl-1-methylquinolin-2(1H)-ones 2-4 (General Method). A mixture of the quinolone 1 (300 mg,
1.26 mmol), terminal alkyne (2.52 mmol), DMF (4 ml), and triethylamine (2 ml) was added under an argon
atmosphere to a solution of [(PPh;),Pd]Cl, (80 mg, 0.12 mmol) and Cul (20 mg, 0.12 mmol) in dry DMF (1 ml).
The reaction mixture was stirred for 24 h at 50°C and then poured into ethyl acetate (100 ml) and treated with
2% aqueous ammonia (50 ml). The organic layer was washed with a saturated aqueous NaCl solution (3x50 ml)
and dried over Na,SO,4. The solvent was evaporated at reduced pressure, and the dry residue was purified by
silica gel column chromatography (eluent CH,Cl,—EtOAc—MeOH, 10:5:1), giving the pure product.

3-(3-Hydroxy-3-methylbut-1-ynyl)-1-methylquinolin-2(1H)-one (2). Yield 184 mg (60%), colorless
foam. '"H NMR spectrum, o, ppm (J, Hz): 1.65 (6H, s, 2CH;); 2.04 (1H, br. s, OH); 3.74 (3H, s, NCH;);
7.22-7.24 (1H, m, H-7); 7.34 (1H, d, J = 8.5, H-5); 7.51 (1H, d, J = 7.8, H-8); 7.57 (1H, ddd, /= 1.4, J = 7.2,
J=18.5, H-6); 7.87 (1H, s, H-4). BC NMR spectrum, 8, ppm: 30.0; 31.3; 65.5; 77.7; 99.6; 114.2; 116.4; 120.0;
122.5; 128.7; 131.1; 139.5; 141.6; 161.0. Found, %: C 74.63; H 6.12; N 5.72. C;sHsNO,. Calculated, %:
C 74.67; H 6.27; N 5.80.

1-Methyl-3-[3-(piperidin-1-yl)prop-1-ynyl]quinolin-2(1H)-one (3). Yield 220 mg (62%), light-yellow
oil. '"H NMR spectrum, 8, ppm (J, Hz): 1.42-1.49 (2H, m, CH,CH,CH,); 1.62-1.68 (4H, m, N(CH,CH,),);
2.59-2.62 (4H, m, N(CH,),); 3.58 (2H, s, CH,N); 3.75 (3H, s, CH3); 7.23 (1H, ddd, J=1.2,J=17.2,J =178,
H-7); 7.33 (1H, d, J= 8.4, H-5); 7.52 (1H, dd, J= 1.2, J= 7.8, H-8); 7.57 (1H, ddd, J= 1.2, J=7.2, J=84,
H-6); 7.89 (1H, s, H-4). BC NMR spectrum, o, ppm: 23.7; 25.8; 29.9; 48.5; 53.2; 80.6; 90.8; 113.9; 116.6;
119.8; 122.2; 128.4; 130.8; 139.3; 141.4; 160.9. Found, %: C 77.16; H 7.11; N 9.82. C;sH0N,O. Calculated,
%: C77.11; H 7.19; N 9.99.

1-Methyl-3-[3-(morpholin-4-yl)prop-1-ynyl]quinolin-2(1H)-one (4). Yield 204 mg (57%),
light-yellow oil. '"H NMR spectrum, 8, ppm (J, Hz): 2.66 (4H, t, J=4.6, (CH,),N); 3.57 (2H, s, CH,N); 3.72
(3H, s, CH3); 3.76 (4H, t, J = 4.6, O(CH,),); 7.20-7.24 (1H, m, H-7); 7.31 (1H, d, J = 8.4, H-5); 7.50 (1H, dd,
J=14, =138, H-8); 7.53-7.57 (1H, m, H-6); 7.87 (1H, s, H-4). BC NMR spectrum, o, ppm: 29.7; 47.9; 52.0;
66.6; 80.9; 89.6; 113.9; 116.2; 119.6; 122.1; 128.3; 130.8; 139.2; 141.4; 160.6. Found, %: C 72.18; H 6.48;
N 10.02. C;7H3N,0,. Calculated, %: C 72.32; H 6.43; N 9.92.

1-Methyl-4-trifluoromethanesulfonylquinolin-2(1H)-one (8). Anhydrous triethylamine was added to
a stirred suspension of 4-hydroxy-1-methylquinolin-2(1H)-one (7) (1.0 g, 5.71 mmol) in anhydrous CH,Cl,
(20 ml), until the mixture turned into a homogeneous solution. The solution was cooled to -78°C and triflic
anhydride (1.3 ml, 7.43 mmol) was added dropwise. The stirring was continued for 12 h at room temperature.
Ethyl acetate (150 ml) was then added, and the mixture was washed with a saturated aqueous NaCl solution
(2x100 ml). The organic phase was dried over Na,SO,, and the solvent was removed by distillation. The
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precipitate was separated by silica gel column chromatography with the 1:2 petroleum ether—ethyl acetate
mobile phase. Yield 1.5 g (85%), white powder, mp 69-70°C. '"H NMR spectrum, 8, ppm (J, Hz): 3.73 (3H, s,
CH;); 6.76 (1H, s, H-3); 7.37 (1H, ddd, J=1.2,J=7.2, J= 8.0, H-7); 7.45 (1H, d, J= 8.5, H-5); 7.71 (1H, ddd,
J=12,J=172,J=28.5, H-6); 7.81 (1H, dd, J = 1.2, J = 8.0, H-8). BC NMR spectrum, o, ppm: 29.8; 111.8;
114.7; 116.9; 120.1; 122.9; 123.3; 132.8; 140.1; 153.7, 161.4. Found, %: C 42.97; H 2.72; N 4.61.
C1HgF3NO,S. Calculated, %: C 43.00; H 2.62; N 4.56.

4-Alkynyl-1-methylquinolin-2(1H)-ones 9-11 (General Method). A mixture of compound 8 (0.30 g,
0.98 mmol), terminal alkyne (1.46 mmol), DMF (4 ml), and triethylamine (2 ml) was added under an argon
atmosphere to a solution of (PPh;),Pd (0.11 g, 0.10 mmol), Pd(OAc), (0.01 g, 0.05 mmol), Cul (0.04 g,
0.20 mmol), and PPh; (0.03 g, 0.10 mmol) in anhydrous DMF (2 ml). The reaction mixture was stirred for 24 h
at 50°C and then poured into ethyl acetate (100 ml) and treated with aqueous ammonia (50 ml). The organic
phase was washed with a saturated aqueous NaCl solution (3x50 ml) and dried over Na,SO,4. The solvent was
evaporated at reduced pressure, and the dry residue was purified by silica gel column chromatography with the
10:5:1 CH,Cl,-EtOAc—MeOH mobile phase, giving the pure product.

4-(3-Hydroxy-3-methylbutyn-1-yl)-1-methylquinolin-2(1H)-one (9). Yield 0.20 g (65%), white
foam. '"H NMR spectrum, 3, ppm (J, Hz): 1.70 (6H, s, 2CHj3); 3.64 (3H, s, NCH3); 3.90 (1H, br. s, OH); 6.83
(1H, s, H-3); 7.17-7.21 (2H, m, H-5,7); 7.44-7.48 (1H, m, H-6); 7.82-7.86 (1H, m, H-8). *C NMR spectrum, 3,
ppm: 29.4; 31.1; 65.2; 76.5; 104.6; 114.1; 120.0; 122.1; 124.4; 127.0; 130.9; 132.3; 139.3; 161.7. Found, %:
C 74.45; H 6.33; N 5.77. C5sH;5NO,. Calculated, %: C 74.67; H 6.27; N 5.80.

1-Methyl-4-[3-(piperidin-1-yl)prop-1-ynyl|quinolin-2(1H)-one (10). Yield 0.21 g (59%), yellow oil.
'H NMR spectrum, 8, ppm (J, Hz): 1.45-1.49 (2H, m, CH,CH,CH,); 1.64-1.70 (4H, m, N(CH,CH,),); 2.60-2.62
(4H, m, N(CH,),); 3.63 (2H, s, CH,N); 3.71 (3H, s, CH3); 6.88 (1H, s, H-3); 7.28 (1H, ddd, J= 1.2, J = 7.2,
J=28.0, H-7); 7.36 (1H, d, J = 8.5, H-5); 7.59 (1H, ddd, /= 1.2, J = 7.2, J = 8.5, H-6); 8.03 (1H, dd, J = 1.2,
J=28.0, H-8). BC NMR spectrum, 8, ppm: 23.8; 25.9; 29.4; 48.6; 53.5; 80.0; 95.3; 114.2; 120.2; 122.2; 124.9;
127.5; 131.0; 132.6; 139.8; 161.5. Found, %: C 77.08; H 6.97; N 9.81. C;3sH,N,O. Calculated, %: C 77.11;
H7.19; N 9.99.

1-Methyl-4-[3-(morpholin-4-yl)-prop-1-ynyl]quinolin-2(1H)-one (11). Yield 0.25 g (70%), yellow oil.
"H NMR spectrum, 8, ppm (J, Hz): 2.68 (4H, t, J = 4.6, (CH,),N); 3.65 (2H, s, CH,N); 3.70 (3H, s, CH3); 3.78
(4H, t, J = 4.6, O(CH,),); 6.87 (1H, s, H-3); 7.28 (1H, ddd, /= 1.2, J= 7.2, J= 8.0, H-7); 7.36 (1H, d, J= 8.5,
H-5); 7.59 (1H, ddd, J = 1.2, J = 7.2, J = 8.5, H-6); 8.00 (1H, dd, J = 1.2, J = 8.0, H-8). °C NMR spectrum,
o, ppm: 29.4; 48.1; 52.4; 66.8; 80.5; 94.1; 114.3; 120.0; 122.3; 125.0; 127.3; 131.1; 132.3; 139.8; 161.4. Found,
%: C 72.18; H 6.43; N 9.81. C;7H,3N,0O,. Calculated, %: C 72.32; H 6.43; N 9.92.

Selenopheno[3,2-c]quinolones 5, 6 and selenopheno[2,3-c]quinolones 12-14 (General Method). The
starting alkynyl-1-methylquinolone 3, 4, 9-11 (1.0 mmol) in dioxane (12 ml) was added to a solution of SeO,
(444 mg, 4.0 mmol) in concentrated hydrobromic acid (4 ml), and the mixture was stirred for 24 h at room
temperature. The mixture was then poured into CH,Cl, (100 ml) and treated with saturated Na,COj; solution to
pH 8.0. The organic phase was washed with water (2x50 ml) and dried over Na,SO4. The solvent was
evaporated, and the dry residue was purified by silica gel column chromatography with the 2:1 petroleum ether—
ethyl acetate mobile phase (compounds 13, 14) or 10:1 CH,Cl,—ethyl acetate mobile phase (compound 5), giving
the pure products. Compounds 6 and 12 were obtained in a pure form after the extraction.

3-Bromo-5-methyl-2-(piperidin-1-ylmethyl)selenopheno|3,2-c]quinolin-4(SH)-one (5). Yield 339 mg
(77%), white crystals, mp 154-156°C. '"H NMR spectrum, 8, ppm (J, Hz): 1.46-1.51 (2H, m, CH,CH,CH,);
1.60-1.67 (4H, m, N(CH,CHa),); 2.58-2.63 (4H, m, N(CH,),); 3.74 (2H, s, CH,N); 3.76 (3H, s, CH3); 7.21-7.27 (1H,
m, H-7); 7.38 (1H, d, /= 8.4, H-9); 7.53 (1H, ddd, J=1.2,/=7.2, J = 8.4, H-8); 7.66 (1H, dd, J= 1.2, /= 8.0, H-6).
BC NMR spectrum, o, ppm: 21.9; 22.8; 29.5; 52.4; 55.4; 114.8; 117.1; 118.4; 122.7; 125.6; 126.4; 128.3; 131.0;
136.8; 154.6; 157.4. Found, %: C 49.28; H 4.12; N 6.21. C;3sH;oBrN,OSe. Calculated, %: C 49.34; H 4.37; N 6.39.
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3-Bromo-5-methyl-2-(morpholin-4-ylmethyl)selenopheno|3,2-c]quinolin-4(SH)-one (6). Yield 332 mg
(75%), white crystals, mp > 200°C. '"H NMR spectrum, 8, ppm (J, Hz): 2.68 (4H, t, J = 4.6, (CH,),N); 3.74 (3H,
s, CH3); 3.76 (4H, t, J = 4.6, O(CH»),); 3.81 (2H, s, CH,N); 7.22 (1H,ddd, J =1.2,J =7.2,J =7.8, H-7); 7.36
(1H, d, J = 8.5, H-9); 7.52 (1H, ddd, J = 1.2, J = 7.2, J = 8.5, H-8); 7.62 (1H, dd, J = 1.2, J=7.8, H-6).
BC NMR spectrum, 8, ppm: 29.5; 54.0; 59.0; 67.0; 114.9; 119.4; 122.4; 125.2; 128.5; 129.9; 136.7; 145.0;
146.9; 150.2; 157.9. Found, %: C 46.27; H 3.87; N 6.23. C;;H7BrN,O,Se. Calculated, %: C 46.39; H 3.89;
N 6.36.

1-Bromo-2-(1-hydroxy-1-methylethyl)-5-methylselenopheno[2,3-c]quinolin-4(SH)-one (12). Yield 400
mg (99%), white crystals, mp > 200°C. 'H NMR spectrum, d, ppm (J, Hz): 1.71 (6H, s, 2CHj3); 3.71 (3H, s,
NCHj;); 6.57 (1H, br. s, OH); 7.35-7.39 (1H, m, H-7); 7.64-7.65 (2H, m, H-8,9); 9.40 (1H, dd, /= 0.9, J = 8.2,
H-6). BC NMR spectrum, o, ppm: 27.7; 29.7; 73.1; 98.9; 116.0; 118.8; 121.5; 122.2; 129.2; 132.5; 138.8;
139.1; 157.2; 168.0. Found, %: C 45.17; H 3.52; N 3.49. CsH4,BrNO,Se. Calculated, %: C 45.14; H 3.54;
N 3.51.

1-Bromo-5-methyl-2-(piperidin-1-ylmethyl)selenopheno|2,3-c]quinolin-4(5SH)-one (13). Yield 352 mg
(80%), white crystals, mp 168-170°C. '"H NMR spectrum, 8, ppm (J, Hz): 1.45-1.52 (2H, m, CH,CH,CH,);
1.62-1.67 (4H, m, N(CH,CH,),); 2.61-2.65 (4H, m, N(CH,),); 3.73 (2H, s, CH,N); 3.80 (3H, s, CH;); 7.30 (1H,
ddd, J=1.2,J="172,J=8.0, H-7); 7.44 (1H, d, J = 8.5, H-9); 7.52-7.57 (1H, m, H-8); 9.37 (1H, dd, J = 1.2,
J=28.0, H-6). BC NMR spectrum, o, ppm: 23.9; 26.1; 29.9; 55.3; 60.4; 102.7; 115.1; 119.6; 121.6; 123.8;
128.8; 134.3; 139.0; 139.5; 157.6; 158.5. Found, %: C 49.22; H 4.18; N 6.28. C;3H9BrN,OSe. Calculated, %:
C49.34; H4.37; N 6.39.

1-Bromo-5-methyl-2-(morpholin-4-ylmethyl)selenopheno[2,3-c]quinolin-4(SH)-one (14). Yield 332 mg
(75%), white crystals, mp 188-190°C. "H NMR spectrum, 8, ppm (J, Hz): 2.71 (4H, t, J = 4.6, (CH,),N); 3.78 (4H,
t, J=4.6, O(CH,),); 3.80 (2H, s, CH,N); 3.81 (3H, s, CH;); 7.33 (1H, ddd, /= 1.0, J= 7.2, J= 8.2, H-7); 7.47
(1H, d, J = 8.5, H-9); 7.56-7.60 (1H, m, H-8); 9.39 (1H, dd, J = 1.0, J = 8.2, H-6). BC NMR spectrum, 8, ppm:
30.1; 54.2; 60.1; 67.0; 103.6; 115.2; 119.6; 121.7; 123.8; 129.0; 134.5; 139.1; 139.6; 156.0; 158.5. Found, %:
C46.28; H 3.94; N 6.22. CgH9BrN,OSe. Calculated, %: C 46.39; H 3.89; N 6.36.

X-ray structural investigation of compound 5 was performed on a Bruker-Nonius KappaCCD
automated X-ray diffractometer. Compound 5 (C;sH;9BrN,OSe, M 438.23) formed monocrystals of rhombic
syngony. The crystal lattice parameters were: a 9.9236(1), b 11.6855(2), ¢ 31.3870(5) A; V' 3639.71(9) A*; F(000)
1888; n4.41 Mm™'; deqe 1.732 g-cm™; Z 8; space group Pbca. The intensities of 4313 independent reflections were
measured to 20, 56° at -100°C. A total of 3551 reflections with /> 3a(/) were used for the calculations. The
structure was solved with SIR-97 set [28]. Refinement was performed with the method of least squares in a full-
matrix anisotropic approximation with the maXus software package [29]. The final value of the probability factor R
was 0.045. The complete information about this crystal structure was submitted to the Cambridge
Crystallographic Data Center (deposit CCDC 948084).

This project was supported by the Latvian Science Council (grant 2012/447).
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1. Introduction

The interest of benzothiophene derivatives stems from the fact
that this molecule is found as a chromophore core for drugs.
Raloxifene and Arzoxifene are benzothiophene selective estrogen
receptor modulators (SERMs) of clinical use in postmenopausal
osteoporosis and treatment of breast cancer and potentially in
hormone replacement therapy [1—6]. Zileuton is an orally active
inhibitor of 5-lipoxygenase, and thus inhibits leukotrienes forma-
tion. It is used for the maintenance treatment of asthma. Benzo-
thiophene piperazines and piperidines are fatty acid amide
hydrolase (FAAH) inhibitors [7]. Also, it has been shown that
3-thiosubstituted benzothiophenes are serotonin receptors
modulators [8]. On the other hand, selenium has attracted great
interest as an essential element and certain diseases have been
eradicated by dietary supplementation of this element. Selenium is
essential for cell metabolism as a component of glutathione
peroxidase and other enzyme systems. Current interest lies in the
prevention of certain cancers by supplementation with selenium
[9—11]. Selenium appears to operate by several mechanisms

* Corresponding author. Tel.: +371 9849464.
E-mail address: pavel.arsenyan@lycos.com (P. Arsenyan).

0223-5234/$ — see front matter © 2011 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.ejmech.2011.05.008

depending on the chemical form of selenium, the nature of the
carcinogenic process, and its dosage. There was no significant
difference in the potency of selenate, selenite, selenium dioxide,
selenomethionine and selenocysteine to inhibit the development of
mammary tumors, drug-resistant and drug non-resistant human
ovarian tumor cells [12]. Taking into account the importance of the
selenium as a trace element [13—17]in the organism our present
investigation is connected with the elaboration of synthetic
protocols and cytotoxic activity studies in a series of 3-C, N, S, Se
substituted benzo[b]selenophene derivatives.

2. Results and discussion
2.1. Chemistry

Our synthetic strategy for the insertion of aryl and hetaryl
groups in position 3 of benzo[b]selenophene 1 was based on Suzuki,
Stille, and Sonogashira type coupling reactions. Interactions of 1
with various aryl(hetaryl)boronic acids, hetaryl stannanes and
terminal acetylenes are presented in Scheme 1. After the optimi-
zation of the reaction conditions it has been found that arylboronic
acids readily react with 3-bromobenzo[b]selenophene-2-
carboxylic acid ethyl ester (1) in the presence of in situ prepared
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Scheme 1. Synthesis of benzo[b]selenophenes 2—10. Reagents and reaction conditions: (a) aryl(hetaryl)boronic acid (2 eq.), Pd(OAc), (10%), tri(o-tolyl)phosphine (20%), potassium
phosphate (3.4 eq.), xylene/EtOH, 16 h; (b) hetaryl stannane (1.4 eq.), (PhsP)4Pd (4%), Ph3As (7%), xylene, 110 °C, 2—24 h; (c) terminal acetylene (1.46 eq.), PdCl, (5%), Ph3P (10%),

Cul (10%), DMF/TEA, 100 °C, 20 h.

palladium catalyst (Pd(OAc), and tri(o-tolyl)phosphine) using
potassium phosphate as a base. According to GC MS data, reaction
completed after heating in xylene/ethanol media (10:1) at 110 °Cin
half an hour and corresponding 3-aryl(hetaryl)benzo[b]seleno-
phenes 2—6 were obtained in good yields (65—97%). It should be
noted that almost quantitative yield was obtained in the case of
4-iso-propoxyphenyl boronic acid due to arylboronic acids with
EWG groups are more stable in basic media [18]. Molecular struc-
tures of the compounds 3 and 4 are shown in Fig. 1A and B (Table 1).
Both molecules in these crystal structures are characterized by two
planar fragments: one of them is benzoselenophene system with
ester group and the second is the phenyl ring. The dihedral angles
between these fragments are equal to 70.8(4) and 65.7(5)° for 3 and
4, respectively. Despite the similarity of molecular forms and sizes,
the molecular packing in crystals of 3 and 4 is different: the crystal
lattice of 3 is characterized by monoclinic space group P 21/n, whilst
for 4 there is triclinic lattice (space group P1).
3-(5-Methylthienyl)- (7) and 3-(2-pyridyl)benzo[b]seleno-
phenes (8) were prepared using Stille coupling protocol, because
2-thiophene and 2-pyridine boronic acids are expensive and not
stable in basic media. Typically, the Stille coupling of aryl halides
with aryl stannanes is performed under anhydrous conditions in
aprotic solvents. Xylene is used as a solvent to increase the
temperature of reaction. One day heating of corresponding stan-
nanes with 1 in the presence of tetrakis(triphenylphosphino)palla-
dium(0) in xylene at 130 °C leads to the formation of 7 and 8 in
medium yields. With the aim of reducing the reaction time and to
activate the catalyst, a catalytic amount (7%) of triphenylarsine was
added [24] due to the donor-acceptor As—Pd bond being longer than
P—Pd bond. As a result desired derivatives 7 and 8 were obtained in
higher yields (75—79%) after only 2 h of heating. Then we exami-
ned introduction of terminal acetylenes using corresponding
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phenyletnynyl- and cyclohexenylethynyl trimethylstannanes under
the Stille protocol. According to experimental data, it was found that
corresponding 3-(phenylethylnyl)benzo[b]selenophene 9 forms in
65% yield after 1 h of heating, but cyclohexenyl analog 10 in
moderate yield (28%). However, during interaction of terminal
acetylenes with 1 under Sonogashira type conditions using classical
(Ph3P),PdCly catalyst in DMF/TEA media 3-(cyclohexenylethynyl)
benzo[b]selenophene (10) received in higher yield (67%) than phe-
nylethynyl analog 9.

With the purpose to introduce amino group in position 3 of benzo
[b]selenophene 1 ring Buchwald—Hartwig type coupling has been
examined. The benefits of 3-N-substituted benzo[b]selenophenes
stems from the fact that these compounds could be more bioavail-
able over 3-C-substituted analogs. After reaction conditions opti-
mization Pdpdbas as a source of palladium(0) and xantphos as an
appropriate ligand were chosen. According to our results aniline,
3- and 4-aminopyridines readily react with 1 performing reaction in
xylene at 120 °C using cesium carbonate as a base. Desired 3-(phe-
nylamino)- (11), 3-(3-pyridylamino)- (12), 3-(4-pyridylamino)
benzo[b]selenophenes (13) were obtained in a very good yields,
besides, in the case of 4-pyridylamino derivative in almost quanti-
tative yield (96%) (Scheme 2). Molecular structure of compound 13 is
illustrated in Fig. 1C. The intramolecular hydrogen bond of NH- - -O
type between the amino group and carbonyl oxygen atom 011 was
found in the structure of 13. The hydrogen bond length is 2.825(2) A
(H15...011 =2.21 A N-H...0 = 126°).

Notably, interaction of 1 with 2-aminopyridine under the
same reaction conditions leads to the formation of a polycyclic
derivative 14. Seems that after the routine amination in position
3 of benzo[b]selenophene ring follows electrophilic attack of the
ester group to the nitrogen atom of pyridine ring under the basic
reaction conditions, as a result 10H-pyrido[1,2-a]benzo[b]
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J

Fig. 1. ORTEP molecular structures of 3 (A), 4 (B), 13 (C), 17 (D), 18 (E), 20 (F), 22 (G), 23 (H), 24 (1), 26 (J), and 28 (K).
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Table 1
Crystal data for the studied compounds.

3 4 13 17 18 20 22
Brutto-formula CyoH2003Se CygH13NO,Se C16H14N20,Se Cy5HeCIFsN,0Se  Cy3H;7N30Se C13HgN,0SSe C17H140,SSe
Molecular weight 387.32 354.27 345.26 401.63 300.18 319.24 361.32
Crystal system Monoclinic Triclinic Orthorhombic Tetragonal Triclinic Monoclinic Triclinic
a, [A] 11.3557(3) 6.4543(3) 7.5384(1) 14.1895(4) 7.4548(2) 7.3309(2) 7.3643(3)
b, [A] 7.5538(3) 9.7467(4) 19.3170(3) 14.1895(4) 11.1499(4) 12.2720(4) 10.4661(4)
c [A] 21.4719(9) 12.8454(7) 20.5094(4) 27.2710(9) 13.9263(5) 13.3016(4) 10.9983(4)
a, [°] 90.00 79.760(2) 90.00 90.00 68.178(2) 90.00 64.099(2)
B, [°] 94.337(1) 78.427(2) 90.00 90.00 82.042(2) 103.607(2) 80.341(2)
v, [°] 90.00 84.911(3) 90.00 90.00 80.139(2) 90.00 89.727(2)
v, [A%] 1836.6(1) 777.86(6) 2986.56(8) 5490.8(2) 1055.19(6) 1163.09(6) 749.49(5)
Space group P2i/n PT P cab 144/a PT P2i/n PT
V4 4 2 8 16 4 4 2
u, [mm~1] 2.058 2420 2.520 2.969 3.550 3.391 2.640
Density (calc.) [g/cm?] 1.401 1.513 1.536 1.943 1.890 1.823 1.601
20max for data [°] 55.0 56.0 56.0 65.0 56.0 56.0 58.0
Reflection collected 6904 5818 13081 8506 7098 5043 5617
Independent reflections 4200 (Ripc = 0.076) 3680 (Rine = 0.030) 3592(Rint = 0.029) 4982(Rinc = 0.066) 4856(Rint = 0.034) 2764(Rine = 0.032) 3943(Rin: = 0.030)
Reflections with I > no(I) 2678 (n = 2) 2891 (n = 3) 2806 (n = 3) 2908 (n = 2) 3332 (n=3) 2180 (n = 3) 3127 (n=3)
Final R-factor 0.078 0.037 0.028 0.049 0.034 0.061 0.034
WR2 index for all data 0.294 0.081 0.180 0.141 0.080 0.201 0.169
Temperature, [K] 293 293 173 173 193 193 173
Using programs [19,20] [20,21] [19,20] [22] [19,20] [20,23] [20,23]
CCDC deposition number CCDC 802935 CCDC 802936 CCDC 804882 CCDC 804883 CCDC 804884 CCDC 804885 CCDC 802440

23 24 26 28

Brutto-formula C17H140,Se, C16H13NO,SSe Cy5H14N20,SSe Cy2H1804SSe;,
Molecular weight 408.22 362.31 365.31 536.37
Crystal system Triclinic Triclinic Monoclinic Triclinic
a, [A] 7.6940(2) 7.7695(2) 7.4986(1) 10.8102(3)
b, [A] 10.3688(3) 9.8761(4) 24.4261(5) 11.5709(3)
c, [A] 19.6867(7) 10.5483(4) 8.9567(2) 17.3054(6)
a, [°] 83.394(1) 76.160(2) 90.00 104.254(1)
B, [°] 79.378(1) 69.384(2) 112.780(1) 100.547(2)
¥, [°] 83.249(2) 77.368(2) 90.00 97.577(1)
v, [A3] 1525.91(8) 727.47(4) 1163.09(6) 2026.7(1)
Space group PT PT P24/a P1
z 4 2 4 4
u, [mm~1] 4.847 2.727 2.625 2.640
Density (calc.) [g/cm?] 1.777 1.654 1.604 1.601
20max for data [°] 57.0 55.0 58.0 55.0
Reflection collected 10342 4866 6716 13720
Independent reflections 7569(Rint = 0.031) 3307 (Rint = 0.035) 4007(Rint = 0.032) 9206(Rint = 0.046)
Reflections with I > no(I) 5294 (n = 3) 2385 (n = 3) 3056 (n = 3) 5090 (n = 3)
Final R-factor 0.036 0.029 0.031 0.046
WR2 index for all data 0.101 0.166 0.148 0.160
Temperature, [K] 153 153 153 183
Using programs [19,20] [19,20] [20,23] [19,20]
CCDC deposition number CCDC 805117 CCDC 802441 CCDC 802442 CCDC 802443

selenopheno[3,2-d]pyrimidin-10-one 14 was formed in a very
good yield (87%).in a very good yield (87%). To improve a method
we made the same synthetic protocol using 6-methyl-, 4-chloro-,
and 3-chloro-4-trifluoromethyl-2-aminopyridines, the corre-
sponding fused benzo[b]selenophenes 15—17 were obtained.
Notably, reaction of 1 with 2-amino-1,4-pyridazine leads to
formation of 10H-8-pyrazino-[1,2-a]benzo[b]selenopheno|3,2-d]
pyrimidin-10-one (18) in 70% yield. Also, fused 8-selena-1,6a,13-
triaza-indeno[2,1-b]phenanthren-7-one (19) was prepared very
successfully using 8-aminonaphtyridine-1,7 in impressive yield
(74%). It should be noted that current protocol works well also
in the case of five member heterocycles. Our attempts to utilize
2-amino-5-methylthiazole and 2-aminobenzothiazole led to the
formation of the corresponding 7-methyl-9H-thiazolo[3,2-a]
benzo[b]selenopheno[3,2-d]pyrimidin-9-one (20) and 9H-benz-
thiazolo[3,2-a]benzo|b]selenopheno|3,2-d]pyrimidin-9-one (21)
in good yields (66% and 83%, correspondingly). Molecular struc-
tures of the compounds 17,18, and 20 are given in Fig. 1D, E and F.
The condensed heterocyclic system in molecules 17,18, and 20 is
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characterized by the planar conformation. The crystal structure of
these compounds is totally different. There is intermolecular
stacking interaction between molecules in the crystal structure
20; the distance between the centroid of phenyl ring C4, C5, C6,
C7, C8, C9 and hydrogen atom H18A of methylgroup is 2.50 A. By
means of these interactions the centrosymmetrical dimers (space
group P 21/n) are formed in the crystal structure. In the crystal
structure 18 (space group P1) there are two independent mole-
cules (a and b) in asymmetric unit; the intermolecular contact
C7a---011b [3.300(3) A] can describe as a weak hydrogen bond
of C-+.0 type (H7a.--011b = 2.56 A, C7a—H7a---011b = 134°).
In the high symmetrical (space group I 41/a) crystal structure of
17 there is shortened contact (2.922(4) A) between fluorine
atoms F23 of the centrosymmetrically connected molecules.

For the next step of our investigation we have focused on
incorporation of sulfur and selenium substituent in position 3 of
benzo[b]selenophene 1 ring (Scheme 3). As a model we chosen
thiophenol and optimized reaction conditions. Unfortunately,
according to experimental data well known copper iodide mediated
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Scheme 2. Synthesis of benzo[b]selenophenes 11—21. Reagents and reaction conditions: arylamine (1.3 eq.), Pd,dbas (5%), xantphos (10%), Cs,COs (2.7 eq.), Xylene, 120 °C, 20 h.

cross coupling leads to the formation of 3-phenylthiobenzo[b]
selenophene-2-carboxylic acid ethyl ester (22) in a very poor yield.
Better result was obtained using 2,2,6,6-tetramethylheptane-
3,5-dione as a ligand (21%). However, it has been found that inter-
action of thiophenol with 1 in dry acetonitrile in the presence of
freshly prepared potassium fluoride on Al,O3 and 18-crown-6
proceeds in moderate yield (47%) after overnight heating at 80 °C.
The general advantage of this copper free method is an experimental
simplicity and low price of a catalyst. 3-Phenylselenylbenzo[b]
selenophene-2-carboxylic acid ethyl ester (23) was prepared under
the same reaction conditions from selenolophenol in even better
yield (64%) than corresponding sulfur analog 22. The Fig. 1G and H
illustrate the molecular structures of 22 and 23. The geometrical

parameters in the molecule 22 are near to corresponding values in
23.1In 22 the C3—S15—C16 valence angle value is 104.0(1)°, in 23 the
mean value of C3—Se15—C16 angle is equal 100.3(1)°. However, the
crystal structures of 22 and 23 are not isomorphous: for 22 there is
one molecule in the asymmetric unit, while for 23 there are two
molecules connected by pseudoinversion centre.

Heterocyclic thiols also interact with 1 in the presence of KF/
Al;03. We have been very satisfied when 3-(2-pyridylthio)benzo[b]
selenophene-2-carboxylic acid ethyl ester (24) was successfully
isolated from the reaction of 1 with 2-thiopyridine in 43% yield
under the same synthetic protocol. Besides, 3-(2-pyrimidylthio)
benzo[b]selenophene-2-carboxylic acid ethyl ester (25) and 3-[2-
(N-methyl)imidazolylthio]benzo[b]selenophene-2-carboxylic acid

S
Cfgfcooa @f\gfcooa — @E\gfcooa
Se

27 22 X=8 (47%)
23 X= Se (64%)
Se/ COOEt SR
C S @E\gfcooa
Se
N COOEt i
Se 24 R=2-Pyridyl (43%)
25 R=2-Pyrimidyl (55%)
28 26 R=2-(N-Methylimidazolyl) (68%)

Scheme 3. Synthesis of benzo[b]selenophenes 22—28. Reagents and reaction conditions: thiol, thioamide or selenol (1.3 eq.), KF/Al,03 (3 eq.), 18-crown-6 (30%), MeCN, 80 °C, 20 h.
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ethyl ester (26) were obtained in even higher yields (55% and 68%,
correspondingly). Molecular structures of the compounds 24 and
26 are shown in Fig. 11 and J. These molecules considerably differ by
conformations. The molecular conformation of these molecule can
be characterized by the torsion angle of C3—S15—C16—N17; this
angle is equal —18.0(3)° for 24 and 126.4(2)° for 24. The crystal
structure of 24 is isomorphous to one of 22.

Finally, we tried to incorporate thiobenzamide moiety in the
position 3 of benzo[b]selenophene 1 ring. After overnight heating
of 1 with thiobenzamide in acetonitrile in the presence of potas-
sium fluoride on Al,O3; diethyl 3,3’-thiodibenzo[b]selenophene-
2-carboxylate (28) was isolated from the reaction mixture as a sole
product. Seems, that the introduction of thiobenzamide in the
position 3 of 1 proceeds very slowly, but interaction of unreacted 1
with intermediate 27 goes much faster; due to benzimido fragment
could be a good leaving group under the reaction conditions. As
a result, symmetrical sulfide 28 was obtained in 42% yield. The
Fig. 1K shows the molecular structures of 28. In this structure there
are two independent molecules in the asymmetric unit; these
molecules are connected by centre of pseudoinversion. The mean
value of C3—S1—C23 valence angle is 105.1(1)°.

2.2. In vitro

The results of these experiments are summarized in Table 2. The
initial 3-bromobenzo[b]selenophene 1 exhibits no cytotoxic
activity on HT-1080 and slight activity on mouse hepatoma
MG-22A tumor cell line. In a series of 3-C-substituted benzo[b]
selenophenes 2—10 3-(5-methylthienyl)benzo[b]selenophene (7)
and 3-ethynyl derivatives 9 and 10 show medium in vitro activity on
tumor cell lines. Analog 7 containing thiophene cycle shows the
highest cytotoxicity (ICsp = 16 pg/mL on HT-1080 and
ICsp = 19.5 pg/mL on MG-22A). According to our experiments
polycyclic derivatives 14—21 exhibit more extended activity against
HT-1080 and MG-22A tumor cell lines. Possibly, it stems from the
fact that their structure recalls known antitumoral agent Batracylin
[25,26]. In fact, 10H-pyrido[1,2-a]benzo[b]selenopheno|3,2-d]|pyr-
imidin-10-one (14) as well as 4-chloro- (16) and 3-chloro-4-
trifluoromethyl-2-aminopyridine (17) show a very good cytotoxic

Table 2

In Vitro cytotoxicity in monolayer tumor cell lines [HT-1080 (human fibrosarcoma),
MG-22A (mice hepatoma), NIH 3T3 (normal mouse fibroblasts) caused by benzo[b]
selenophenes?.

Compound HT-TDsg® 1080 NO MG-TDsy 22ANO NIH 3T3  LDso,
100%° 100% TDso mg/kg
1 c 14 40,5 40 896 2158
2 65 25 c 23 16 362
3 c 9 c 15 c >2000
4 c 8 c 7 684 1984
5 c 6 81.5 12 100 881
6 c 13 c 14 31 503
7 16 350 195 350 15 349
9 76 15 87 10 614 1872
10 32,5 200 32 200 120 858
12 c 12 c 9 1000 2313
14 3 5 3 7 31 470
16 3 3 3 40 32 500
17 35 2 2.75 8 31 554
18 c 2 c 7 27 444
19 c 20 c 3 56 665
20 c 2 c 4 21 412
21 8.5 2 9.5 3 27 487
25 c 8 c 7 840 2216

2 TDsp - Concentration (pg/mL) providing 50% cell killing effect [(CV + MTT)/2].
> NO Concentration (%) (CV: coloration).
€ no cytotoxic effect.
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effect on tumor cell lines (IC5p = 2.75+3.5 pug/mL on HT-1080 and
MG-22A), however, insertion of the additional nitrogen atom in the
molecule (compound 18) leads to the complete activity disap-
pearance. It should be noted that in the same concentrations benzo
[b]selenophenes 14—17 selectively acts against tumor and normal
mouse fibroblast (3T3) cells. Inspection of LDsg data shows that all
derivatives studied exhibit medium or low acute toxicity
(362—2216 mg/kg). The role of NO in biosystems has attracted
considerable attention in the last decade. NO is formed by enzy-
matic and non-enzymatic mechanisms. Because of its molecular
weight and high lipophilicity, NO has good diffusion properties. It
may act not only in the cell where it is produced, but also in nearby
tissues. Biologically produced NO originates from oxygen and L-
arginine in the reaction catalyzed by NO synthase. NO, a long-lived
radical with a wide range of actions, is known as a regulator of
a variety of biological processes [27]. The NO level was determined
according [28], NO release was defined using the Greyss reagent (by
NO; concentration in the cultural medium). The yield of nitrite was
expressed as NO, nmol/200 puL of cultural medium in testing plates
for 100% alive cells after CV coloration assay (benzo[b]seleno-
phenes concentration 100 pg/mL). It was shown (Table 2) that
3-(5-methylthienyl)- 7 and 3-(cyclohexen-1-yl) benzo[b]seleno-
phene 10 readily increase NO concentration in the cultural medium
(TG00 = 200—350%) on HT-1080 and MG-22A cell lines. However,
series of cytotoxic 3-N-polycyclic benzo[b]selenophenes 14—17 and
21 exhibit very strong NO radical protector activity on both tumor
cell lines (TGygp = 2—40%).

2.3. Morphology

The influence of the studied benzo[b]|selenophenes on the
phenotype of mouse fibroblasts 3T3 and human fibrosarcoma HT-
1080 was examined (Fig. 2). Figures in the table show the
morphological changes after 72 h at 30 °C (visualization by acridine
orange). Our experimental data shows that morphology of benzo[b]
selenophenes on 3T3 cells correlates with cytotoxic data on 3T3 cell
line. Fig. 2A and B shows the morphological structure of HT-1080
and 3T3 cells, correspondingly (control). The majority of cells
were alive and the cell nucleus was a dark color. The inspection of
benzo[b]selenophenes influence on 3T3 cell line morphology let us
conclude that cytotoxic compounds 14 and 16 induce a slight
apoptosis of normal cells (Fig. 2D and F). Besides, derivatives 14 and
16 changed the HT-1080 cell phenotype and powerful cell apoptosis
with cell nucleus fragmentation was occurred (Fig. 2C and E). The
insertion of trifluoromethyl substituent into molecule (17) signifi-
cantly changed the type of action (Fig. 2G), tumor cells undergoing
mitochondrial apoptosis with the change of HT-1080 cell pheno-
type. Surprisingly, benzothiazole fragment containing derivative 21
evoke gentle apoptosis without the change of cell morphology
(Fig. 2I).

3. Experimental section
3.1. General

1H, 13C and 7’Se NMR spectra were recorded on a Varian 400
Mercury spectrometer at 400, 100.3 and 39.74 MHz correspond-
ingly at 303 K in CDCl3/TMS or DMSO-dg solution. The 'H chemical
shifts are given relative to TMS, >C — relative to chloroform or
DMSO, and 77Se — relative to dimethyl selenide. The melting points
were determined on a “Digital melting point analyser” (Fisher), the
results are given without correction. Diffraction data were collected
on a Nonius KappaCCD diffractometer using graphite mono-
chromated Mo-Ka. radiation (A = 0.71073 A). The crystal structures
were solved by direct methods and refined by full-matrix least
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Fig. 2. View of HT-1080 (A) and 3T3 cells (B) visualized by staining the cellular DNA with the dye acridine orange. Living cells exhibit a green color, cells with orange or yellow color
are apoptotic; (C) view of HT-1080 with 14; (D) view of 3T3 with 14; (E) view of HT-1080 with 16; (F) view of 3T3 with 16; (G) view of HT-1080 with 17; (H) view of 3T3 with 17; (I)

view of HT-1080 with 21; (J) view of 3T3 with 21.

squares. The main crystallographic data and refinement parameters
of the crystal structures are listed in Table 1. For further details, see
crystallographic data for these compounds deposited with the
Cambridge Crystallographic Data Centre as Supplementary Publi-
cations. Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK.

3.2. General procedure for the preparation of benzo[b]selenophenes
2-6

Avial charged with 1 (0.25 g, 0.753 mmol), palladium(II) acetate
(17 mg, 0.0753 mmol), tri(o-tolyl)phosphine (69 mg, 0.226 mmol)
and potassium phosphate (543 mg, 2.56 mmol) in 5 mL of xylene
under argon atmosphere was stirred for 10 min at 40 °C. Then the
corresponding aryl(hetaryl)boronic acid (1.28 mmol) in abs.
ethanol (0.5 mL) was added and the resulting mixture was heated
at 110 °C for 1-6 h. After usual workup crude product was purified
by flash chromatography on silica gel using the mixture petroleum
ether — ethylacetate as eluent.

3.2.1. 3-Phenylbenzo[b|selenophene-2-carboxylic acid ethyl ester (2)
Yield: 65%, mp = 68—69 °C. 'H NMR (400 MHz, CDCl5/TMS)
0 (ppm): 1.16 (3H, t, CHs, | = 7.6 Hz); 419 (2H, q, CHy, J = 7.6 Hz);
7.28—7.52 (8H, m, 8 x ArH); 7.90—7.96 (1H, m, ArH). 3C NMR
(100.6 MHz, CDCl3/TMS) 6 (ppm): 13.9; 61.2; 124.9; 125.5; 1271;
127.6;127.8; 128.0; 129.3; 131.7; 136.3; 142.0; 142.9; 147.0; 163.7.7'Se
NMR (39.74 MHz, CDCl3), 6 (ppm): 544.65. Anal. (Ci7H140,Se) C, H.

3.2.2. 3-(4-Isopropoxyphenyl)benzo[b]selenophene-2-carboxylic
acid ethyl ester (3)

Yield: 97%, mp = 125—126 °C. 'H NMR (400 MHz, CDCl3/TMS)
6 (ppm): 118 (3H, t, CHs, ] = 6.8 Hz); 1.38 (6H, d, 2 x CHs,
J = 6.0 Hz); 418 (2H, q, CHy, J = 6.8 Hz); 4.61 (1H, sept, CH,
J=6.0Hz); 6.93—7.00 (2H, m, 2 x ArH); 7.22—7.27 (2H, m, 2 x ArH);
7.28—7.34 (1H, m, ArH); 7.35—7.41 (1H, m, ArH); 7.47—7.51 (1H, m,
ArH); 7.86—7.91 (1H, m, ArH). >C NMR (100.6 MHz, CDCl3/TMS)
6 (ppm): 14.0; 22.1; 61.2; 69.8; 115.1; 124.8; 125.5; 127.0; 127.7;
127.9; 130.7; 131.2; 141.9; 143.1; 147.0; 157.7; 163.8. Anal.
(C20H2003Se) C H.

3.2.3. 3-(4-Cyanophenyl)benzo[b]selenophene-2-carboxylic acid
ethyl ester (4)

Yield: 76%, mp = 147—148 °C. '"H NMR (400 MHz, CDCl3/TMS)
6 (ppm): 1.20 (3H, t, CH3, ] = 7.2 Hz); 4.20 (2H, q, CHy, ] = 7.2 Hz);
7.31-7.52 (5H, m, 5 x ArH); 7.75—7.82 (2H, m, 2 x ArH); 7.92—7.99
(1H, m, ArH). '3C NMR (100.6 MHz, CDCl5/TMS) 6 (ppm): 13.9; 61.6;
111.7; 118.7; 125.2; 125.7; 126.8; 127.4; 130.3; 131.7; 132.5; 141.4;
141.9; 142.1; 144.5; 163.1. 77Se NMR (39.74 MHz, CDCl3), 6 (ppm):
555.17. Anal. (C;3H13NO3Se) C, H, N.

3.2.4. 3-(3,4,5-Trifluorophenyl)benzo[b|selenophene-2-carboxylic
acid ethyl ester (5)

Yield: 89%, mp = 113—115 °C. 'H NMR (400 MHz, CDCl3/TMS)
6 (ppm): 1.25 (3H, t, CHs, J = 7.0 Hz); 4.24 (2H, q, CHy, ] = 7.0 Hz);
6.91-7.08 (2H, m, 2 x ArH); 7.33—7.51 (3H, m, 3 x ArH); 7.91-7.99
(1H, m, AI‘H). Anal. (C17H11F3025e) C, H.

3.2.5. 3-(Thien-3-yl)benzo[b]selenophene-2-carboxylic acid ethyl
ester (6)

Yield: 79%, mp = 74—76 °C. '"H NMR (400 MHz, CDCl3/TMS)
6 (ppm): 1.21 (3H, t, CHs, J = 7.2 Hz); 4.21 (2H, q, CHy, ] = 7.2 Hz);
714 (1H, dd, ArH, J = 0.8 Hz, ] = 4.8 Hz); 7.31-7.43 (4H, m,
4 x ArH); 7.55—7.61 (1H, m, ArH), 7.89 (1H, d, ArH, J = 8.0 Hz). 13C
NMR (100.6 MHz, CDCl3/TMS) 6 (ppm): 14.0; 61.3; 124.4; 124.5;
125.0; 125.5; 127.2; 127.5; 129.2; 132.1; 135.4; 141.7; 141.8; 142.8;
163.6. 7’Se NMR (39.74 MHz, CDCl3), 6 (ppm): 547.23. Anal.
(C15H1202SSe) C, H.

3.3. General procedure for the preparation of benzo[b]selenophenes
7—10 (Method B)

A vial charged with 1 (0.25 g, 0.753 mmol), tetrakis(-
triphenylphosphino)palladium(0) (35 mg, 0.03 mmol), tripheny-
larsine (16 mg, 0.053 mmol) and corresponding stannane
(1.05 mmol) in 5 mL of xylene under argon atmosphere was stirred
for 2—24 h at 110° C. After usual workup crude product was purified
by flash chromatography on silica gel using the mixture petroleum
ether — ethylacetate as eluent.

138



P. Arsenyan et al. / European Journal of Medicinal Chemistry 46 (2011) 3434—3443 3441

3.3.1. 3-(5-Methylthien-2-yl)-benzo[b]selenophene-2-carboxylic
acid ethyl ester (7)

Yield: 79%, mp = 90—91 °C. TH NMR (400 MHz, CDCI3/TMS)
0 (ppm): 127 (3H, t, CHs, J] = 7.2 Hz); 2.56 (3H, d, CHs,
J = 0.8 Hz); 4.27 (2H, q, CHa, ] = 7.2 Hz); 6.81—6.84 (1H, m, ArH);
6.91 (1H, d, ArH, J = 3.6 Hz); 7.35—7.44 (2H, m, ArH); 7.72—7.75
(1H, m, ArH); 7.88—7.91 (1H, m, ArH). *C NMR (100.6 MHz,
CDCI3/TMS) 6 (ppm): 14.0; 15.4; 61.4; 125.0; 125.3; 125.4; 125.5;
127.2; 127.6; 128.2; 133.0; 133.5; 139.4; 141.0; 141.4; 142.9;
163.3. 77Se NMR (39.74 MHz, CDCl3), 6 (ppm): 551.74. Anal.
(C16H1402SSe) C, H.

3.3.2. 3-(2-Pyridyl)-benzo[b]selenophene-2-carboxylic acid ethyl
ester hydrochloride (8)

Free base was converted to hydrochloride salt after purification
using HClI solution in dry methanol. Yield: 75%, mp = 156—157 °C.
'H NMR (400 MHz, DMSO-dg) 6 (ppm): 1.07 (3H, t, CH3, ] = 7.2 Hz);
414 (2H, q, CHy, J = 7.2 Hz), 747 (2H, d, 2 x ArH, J = 3.6 Hz);
7.52—7.60 (1H, m, ArH); 7.90—8.01 (2H, m, 2 x ArH); 8.29 (1H, d,
ArH, ] = 8.0 Hz); 8.39-8.50 (1H, m, ArH); 8.94 (1H, d, ArH,
J = 4.8 Hz). 13C NMR (100.6 MHz, DMSO-ds) ¢ (ppm): 13.6; 61.6;
125.2; 125.8; 126.4; 126.5; 127.2; 127.7; 140.7; 141.7; 162.3. Anal.
(C16H14CINO2Se) C, H, N.

3.3.3. 3-Phenylethynylbenzo[b]selenophene-2-carboxylic acid ethyl
ester (9)

Yield: 65%, mp = 68—70 C. TH NMR (400 MHz, CDCl3/TMS)
0 (ppm): 145 (3H, t, CHs, J = 7.2 Hz); 4.45 (2H, q, CHy, ] = 7.2 Hz);
7.38—7.56 (5H, m, 5 x ArH); 7.66—7.73 (2H, m, 2 x ArH); 7.87—7.91
(1H, m, ArH); 8.17—8.21 (1H, m, ArH). >C NMR (100.6 MHz, CDCl5/
TMS) 6 (ppm): 14.4; 61.7; 84.4; 97.7; 122.9; 125.4; 125.6; 126.4;
127.0; 127.6; 128.4; 128.9; 131.9; 137.7; 141.2; 142.0; 163.2. Anal.
(C1gH1405Se) C, H.

3.3.4. 3-(Cyclohex-1-enylethynyl)benzo[b]selenophene-2-
carboxylic acid ethyl ester (10)

Yield: 41%, mp = 54—55 °C. 'TH NMR (400 MHz, CDCl5/TMS)
0 (ppm): 1.42 (3H, t, CHs, J = 7.2 Hz); 1.62—1.78 (4H, m, 2 x CHy);
2.16—2.24 (2H, m, CHy); 2.34—2.40 (2H, m, CH,); 4.41 (2H, g, CH,,
J = 72 Hz); 6.40—6.47 (1H, m, CH); 7.38—7.55 (2H, m, ArH);
7.82—7.89 (1H, m, ArH); 8.04—8.10 (1H, m, ArH). 3C NMR
(100.6 MHz, CDCI3/TMS) ¢ (ppm): 14.4; 21.5; 22.3; 26.0; 29.1; 61.6;
82.0; 100.1; 120.8; 125.2; 125.5; 127.0; 127.1; 127.5; 136.6; 137.1;
141.1; 142.1; 163.3. Anal. (C19H130,Se) C, H.

3.4. General procedure for the preparation of benzo[b]selenophenes
9—10 (Method C)

A vial charged with palladium(II) chloride (7 mg, 0.037 mmol),
triphenylphosphine (20 mg, 0.075 mmol) and copper(l) iodide
(14 mg, 0.075 mmol) in 5 mL of DMF was barbotated with Ar for
15 min at 40 °C. Then 1 (0.25 g, 0.753 mmol), terminal acethylene
(1.1 mmol), and triethylamine (1 mL) was added to the reaction
mixture. After 20 h of heating at 100° C and usual workup crude
product was purified by flash chromatography on silica gel using
the mixture petroleum ether — ethylacetate as eluent.

3.4.1. 3-Phenylethynylbenzo[b]selenophene-2-carboxylic acid ethy!l
ester (9)
Yield: 28%.

3.4.2. 3-(Cyclohex-1-enylethynyl)benzo[b]selenophene-2-
carboxylic acid ethyl ester (10)
Yield: 67%.
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3.5. General procedure for the preparation of benzo[b]selenophenes
11-21

A vial charged with 1 (0.25 g, 0.753 mmol), Pd,dbas (34 mg,
0.037 mmol), xantphos (39 mg, 0.075 mmol) and arylamine
(0.979 mmol) in 5 mL of xylene was barbotated with Ar for 15 min.
Then cesium carbonate (0.663 g, 2.03 mmol) was added and reac-
tion mixture was heated for 20 h at 120° C. After usual workup
crude product was purified by flash chromatography on silica gel
using the mixture petroleum ether — ethylacetate as eluent.

3.5.1. 3-Phenylaminobenzo[b]selenophene-2-carboxylic acid ethyl
ester (11)

Yield: 77%, mp = 63—64 °C. '"H NMR (400 MHz, CDCl3/TMS)
0 (ppm): 1.37 (3H, t, CHs, ] = 6.8 Hz); 4.33 (2H, q, CH,, ] = 6.8 Hz);
6.97—7.06 (3H, m, 3 x ArH); 711-7.17 (1H, m, ArH); 7.20—7.26 (2H,
m, 2 x ArH); 7.30—7.36 (1H, m, ArH); 7.41-7.45 (1H, m, ArH);
7.77—7.82 (1H, m, ArH); 8.79 (1H, br s, NH). 13C NMR (100.6 MHz,
CDCI3/TMS) 6 (ppm): 14.4; 61.0; 108.3; 121.2; 123.0; 123.8; 126.3;
127.5; 127.6; 129.0; 135.1; 140.2; 143.0; 148.3; 166.4. Anal
(C17H15NO3Se) C, H, N.

3.5.2. 3-(Pyrid-3-ylamino )benzo[b]selenophene-2-carboxylic acid
ethyl ester (12)

Yield: 81%, mp = 174—175 °C. '"H NMR (400 MHz, CDCl3/TMS)
6 (ppm): 1.39 (3H, t, CHs, ] = 7.2 Hz); 4.36 (2H, q, CHy, | = 7.2 Hz);
715 (1H, dd, ArH,J = 4.4 Hz,] = 8.4 Hz); 718—7.23 (2H, m, 2 x ArH);
7.36—7.40 (2H, m, 2 x ArH); 7.84 (1H, dt, ArH, ] = 1.4 Hz, ] = 8.4 Hz);
8.29 (1H, dd, ArH, ] = 14 Hz, ] = 4.8 Hz); 838 (1H, d, ArH,
J = 2.8 Hz); 8.72 (1H, br s, NH). 13C NMR (100.6 MHz, CDCl3/TMS)
0 (ppm): 14.3; 61.3; 110.9; 123.4; 124.3; 126.5; 126.9; 127.0; 124.8;
127.9; 134.6; 139.6; 140.2; 142.5; 143.8; 146.7; 166.2. 7/Se NMR
(39.74 MHz, CDCl3), 6 (ppm): 474.42. Anal. (C;gH14N20,Se) C, H, N.

3.5.3. 3-(Pyrid-4-ylamino )benzo[b]selenophene-2-carboxylic acid
ethyl ester (13)

Yield: 96%, mp = 136—138 °C. TH NMR (400 MHz, CDCl3/TMS)
6 (ppm): 1.37 (3H, t, CH3, J = 7.2 Hz); 4.34 (2H, q, CHy, J = 7.2 Hz);
6.73 (2H, d, ArH,J = 5.2 Hz); 7.27—-7.32 (1H, m, ArH); 7.39—-7.44 (1H,
m, ArH); 7.58 (1H, d, ArH, J = 4.0 Hz); 7.86 (1H, d, ArH, | = 4.0 Hz);
831 (1H, d, ArH, J = 5.2 Hz); 840 (1H, br s, NH). °C NMR
(100.6 MHz, CDCI3/TMS) 6 (ppm): 14.3; 31.5; 112.6; 115.9; 124.5;
126.4; 127.0; 127.9; 135.3; 140.0; 144.2; 150.0; 150.3; 165.5. ESI-
MS: 347.3. Anal. (C15H14N20256) C,H, N.

3.5.4. 11-Selena-5,9a-diazabenzo[b]fluoren-10-one (14)

Yield: 87%, mp = 222—223 °C. TH NMR (400 MHz, CDCI3/TMS)
0 (ppm): 7.14—7.15 (1H, m, ArH), 7.55—7.57 (2H, m, ArH), 7.67—7.68
(1H, m, ArH), 7.69-7.78 (1H, m, ArH), 7.95-7.97 (1H, m, ArH),
8.46—8.49 (1H, m, ArH), 9.08—9.10 (1H, m, ArH). 3C NMR
(100.6 MHz, CDCl3/TMS) 6 (ppm): 114.5; 125.3; 126.1; 126.4; 126.5;
129.8; 134.4; 137.0; 142.0; 149.6; 155.7; 156.9. ESI-MS: 300.9. Anal.
(CmHgNzOSE) C H, N.

3.5.5. 9-Methyl-11-selena-5,9a-diazabenzo[b|fluoren-10-one (15)

Yield: 61%, mp = 203—205 °C. 'H NMR (400 MHz, CDCl3/TMS)
0 (ppm): 3.13 (3H, s, CH3); 6.62—6.63 (1H, m, ArH); 7.36—7.38 (1H, m,
ArH); 7.48—7.53 (3H, m, ArH); 7.88—7.91 (1H, m, ArH); 8.35—8.38
(1H, m, ArH). 3C NMR (100.6 MHz, CDCl3/TMS) 6 (ppm): 25.1; 117.6;
125.2; 125.4; 125.9; 126.4; 129.5; 133.6; 136.9; 142.0; 143.1; 152.3;
155.5; 159.5. ESI-MS: 315.2. Anal. (C15H19N,0Se) C, H, N.

3.5.6. 11-Selena-5,9a-diaza-8-chlorobenzo[b]fluoren-10-one (16)
Yield: 17% mp>230 °C. '"H NMR (400 MHz, CDCl3/TMS)
0 (ppm): 7.55-7.67 (3H, m, 3 x ArH), 7.72—7.76 (1H, m, ArH),
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7.95-8.01 (1H, m, ArH), 8.45—8.51 (1H, m, ArH), 9.11-9.14 (1H, m,
ArH). >C NMR (100.6 MHz, CDCl3/TMS) & (ppm): 123.2; 124.2;
125.5; 126.2; 126.4; 127.4; 130.0; 135.8; 136.8; 142.1; 147.9; 154.8;
156.7. ESI-MS: 335.0.

3.5.7. 6-Chloro-8-trifluoromethyl-11-Selena-5,9a-diazabenzo[b]
fluoren-10-one (17)

Yield: 54%, mp = 215—217 °C. TH NMR (400 MHz, CDCl3/TMS)
6(ppm): 7.56—7.60 (2H, m, ArH), 7.88 (1H, d,J = 2, 0Hz, ArH), 7.94—7.97
(1H, m, ArH), 8.52—8.55 (1H, m, ArH),9.30—9.31 (1H, m, ArH). BCNMR
(100.6 MHz, CDCl3/TMS) 6 (ppm): 116.9; 117.3; 117.4; 121.0; 123.7;
124.9; 125.7; 126.3; 126.7; 128.3; 130.4; 132.4; 136.6; 142.5; 146.0;
155.3; 156.2. ESI-MS: 403.0. Anal. (C15HgCIF3N,0Se) C, H, N.

3.5.8. 11-Selena-5,7,9a-triazabenzo[b]fluoren-10-one (18)

Yield: 70%, mp>230 °C. '"H NMR (400 MHz, CDCl3/TMS)
6 (ppm): 7.61-7.65 (2H, m, ArH), 7.99—8.03 (1H, m, ArH), 8.13 (1H,
d, ] = 9.2 Hz, ArH), 8.53-8.57 (1H, m, ArH), 8.75 (1H, d,
J = 12,4 Hz, ArH), 9.25 (1H, s, ArH). ESI-MS: 302.0. Anal.
(C13H7N3056) C, H, N.

3.5.9. 8-Selena-1,6a,13-triaza-indeno [2,1-b]phenanthren-7-one
(19)

Yield: 74%, mp>230 °C. "H NMR (400 MHz, CDCI3/TMS) é (ppm):
7.28 (1H, d, ] = 7.6 Hz, ArH), 7.57—7.64 (2H, m, 2 x ArH), 7.76 (1H,
dd, J; =4.4 Hz, ], = 8.0 Hz, ArH), 7.97—8.03 (1H, m, ArH), 8.13 (1H,
dd,J; =1.6 Hz, J, = 8.0 Hz, ArH), 8.80—8.86 (1H, m, ArH), 8.97 (1H, d,
J=8.0Hz, ArH), 9.20 (1H, dd, J; = 1.6 Hz, J, = 4.4 Hz, ArH). ESI-MS:
352.0. Anal. (C47HgN30Se) C, H, N.

3.5.10. 7-Methyl-9H-thiazolo [3,2-a]benzo[b]selenopheno [3,2-d]
pyrimidin-9-one (20)

Yield: 66%, mp>230 °C. 'H NMR (400 MHz, CDCl3/TMS) é (ppm):
2.90 (3H, d,] = 1.2 Hz, CH3), 6.46 (1H, d, ] = 1.2 Hz, ArH), 7.49—7.56
(2H, m, 2 x ArH), 7.89—7.95 (1H, m, ArH), 8.30—8.36 (1H, m, ArH).
13C NMR (100.6 MHz, CDCI3/TMS) & (ppm): 18.7; 105.5; 125.3;
125.8; 126.4; 129.3; 135.8; 136.3; 141.9; 155.4; 159.0; 162.6. ESI-
MS: 320.9. Anal. (C13HgN,0SSe) C, H, N.

3.5.11. 9H-Benzthiazolo [3,2-a]benzo[b]selenopheno [3,2-d]
pyrimidin-9-one (21)

Yield: 83%, mp>230 °C.'H NMR (400 MHz, CDCl3/TMS) 6 (ppm):
7.49—7.60 (4H, m, 4 x ArH), 7.70—7.75 (1H, m, ArH), 7.94—7.99 (1H,
m, ArH), 8.37—8.43 (1H, m, ArH), 9.14—9.19 (1H, m, ArH). ESI-MS:
357.1. Anal. (C4gHgN,0SSe) C, H, N.

3.6. General procedure for the preparation of benzo[b]selenophenes
22-28

Avial charged with 1 (0.25 g, 0.753 mmol), KF/Al,03 (0.7 g) thiol
(11 mmol), and 18-crown-6 (0.05 g, 0.225 mmol) in 5 mL of
acetonitrile was heated for 20 h at 80 °C. Then solvent was evap-
orated under reduced pressure and crude product was purified by
flash chromatography on silica gel using the mixture petroleum
ether — ethylacetate as eluent.

3.6.1. 3-Phenylthiobenzo[b]selenophene-2-carboxylic acid ethyl
ester (22)

Yield: 47%, mp = 71-72 °C. TH NMR (400 MHz, CDCl3/TMS)
6 (ppm): 1.32 (3H, t, CH3, ] = 7.2 Hz); 4.33 (2H, q, CHy, ] = 7.2 Hz);
7.06—7.18 (5H, m, 8 x ArH); 7.32—7.7.42 (2H, m, ArH); 7.88—7.89
(1H, m, ArH); 7.96—7.99 (1H, m, ArH). 3C NMR (100.6 MHz,
CDCl3/TMS) 6 (ppm): 14.2; 61.9; 125.3; 125.6; 125.7; 127.4; 127.6;
127.7; 128.9; 132.7; 136.7; 139.2; 141.4; 142.3; 162.8. Anal.
(C17H14OZSSC) C, H.

3.6.2. 3-Phenylselenobenzo[b]selenophene-2-carboxylic acid ethyl
ester (23)

Yield: 64% mp = 60—61 °C. 'H NMR (400 MHz, CDCl3/TMS)
¢ (ppm): 1.35 (3H, t, CHs3, ] = 7.2 Hz); 4.36 (2H, q, CHy, | = 7.2 Hz);
7.10—-7.18 (3H, m, 3 x ArH); 7.25—-7.31 (3H, m, 3 x ArH); 7.32—-7.38
(1H, m, ArH); 7.84—7.89 (1H, m, ArH); 7.91-7.96 (1H, m, ArH). 3C
NMR (100.6 MHz, CDCI3/TMS) ¢ (ppm): 14.2; 61.9; 125.2; 125.5;
126.6; 127.3; 129.0; 129.2; 129.3; 130.8; 132.1; 137.2; 142.1; 143.0;
163.2. Anal. (C17H140,Se3) C, H.

3.6.3. 3-(Pyrid-2-ylthio)benzo[b]selenophene-2-carboxylic acid
ethyl ester (24)

Yield: 43%, mp = 124—125 °C. 'H NMR (400 MHz, CDCl3/TMS)
0 (ppm): 1.28 (3H, t, CH3, J = 7.2 Hz); 4.31 (2H, q, CHy, ] = 7.2 Hz);
6.76—6.80 (1H, m, ArH); 6.92—6.98 (1H, m, ArH); 7.33—7.46 (3H, m,
3 x ArH); 7.89-794 (1H, m, ArH); 7.99-8.04 (1H, m, ArH);
8.34—8.38 (1H, m, ArH). >C NMR (100.6 MHz, CDCl3/TMS) 6 (ppm):
14.1; 61.9; 119.9; 121.1; 125.5; 125.6; 127.5; 127.6; 130.3; 136.6;
140.5; 141.5; 142.4; 149.5; 159.8; 162.8. Anal. (C17H13NO,SSe)
C, H, N.

3.6.4. 3-(2-Pyrimidylthio)benzo[b]selenophene-2-carboxylic acid
ethyl ester (25)

Yield: 55% mp = 95—97 °C. '"H NMR (400 MHz, CDCl3/TMS)
0 (ppm): 1.28 (3H, t, CHs, J = 7.2 Hz); 4.30 (2H, q, CHy, ] = 7.2 Hz);
6.95 (1H, m, ArH); 7.36—7.51 (2H, m, 2 x ArH); 7.89—7.98 (1H, m,
ArH); 8.02—8.11 (1H, m, ArH); 8.43 (2H, d, 2 x ArH, J = 4.6 Hz). 13C
NMR (100.6 MHz, CDCI3/TMS) ¢ (ppm): 14.1; 61.7; 117.0; 125.3;
125.6; 127.0; 127.4; 129.1; 140.2; 141.3; 142.5; 157.4; 162.7; 1715.
77Se  NMR (39.74 MHz, CDCl3), & (ppm): 588.14. Anal
(C]5H12N20255€) C H, N.

3.6.5. 3-[2-(N-Methylimidazolylthio)]benzo[b]selenophene-2-
carboxylic acid ethyl ester (26)

Yield: 68%, mp = 105—106 °C. '"H NMR (400 MHz, CDCl5/TMS)
0 (ppm): 1.41 (3H, t, CHs, J = 7.6 Hz); 3.56 (3H, s, CH3); 4.40 (2H, q,
CHa, ] = 7.6 Hz); 6.89 (1H, s, CH); 7.07 (1H, s, CH); 7.33—7.40 (2H, m,
ArH); 7.83—7.85 (1H, m, ArH); 8.05—8.08 (1H, m, ArH). 13C NMR
(100.6 MHz, CDCI3/TMS) 6 (ppm): 14.3; 33.8; 61.9; 123.3; 125.5;
127.5; 127.6; 129.7; 132.0; 134.9; 138.1; 141.2; 141.8; 162.9. Anal.
(C15H14N202556) C,H,N.

3.6.6. Diethyl 3,3’-thiodibenzo[b]selenophene-2-carboxylate (28)
Yield: 42%, mp = 128—129 °C. 'H NMR (400 MHz, CDCl3/TMS)
6 (ppm): 1.29 (6H, t, 2 x CHs, ] = 7.2 Hz); 4.28 (4H, q, 2 x CHy,
J=72Hz); 718—7.25 (2H, m, 2 x ArH); 7.28—7.35 (2H, m, 2 x ArH);
7.73—7.77 (2H, m, 2 x ArH); 7.79—7.83 (2H, m, 2 x ArH). >*C NMR
(100.6 MHz, CDCI3/TMS) 6 (ppm): 14.2; 61.8; 125.2; 125.7; 126.6;
127.3; 133.9; 134.5; 140.8; 141.7; 162.9. Anal. (Cy2H1304SSe>) C, H.

3.7. In vitro cytotoxicity assay

Monolayer tumor cell line: HT-1080 (human fibrosarcoma), MG-
22A (mice hepatoma), and NIH 3T3 (normal mouse fibroblasts)
were cultured in standard medium DMEM (Dulbecco’s modified
Eagle’s medium) without an indicator (“Sigma”) supplemented
with 10% heat-inactivated fetal bovine serum (“Sigma”). After the
ampoule was thawed the cells from 1 to 4 passages were used.
About 2—5.10* cells/mL (depending on line nature) were placed in
96-well plates immediately after compounds were added to the
wells. The control cells without test compounds were cultured on
separate plate. The plates were incubated for 72 h, 37 °C, 5% CO».
The number of surviving cells was determined using tri(4-
dimethylaminophenyl)methyl chloride (Crystal Violet) or 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium bromide (MTT),
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and the concentration of nitric oxide (NO) was determined
according to [28]. MTT-test: after incubating with preparations
culture medium was removed and 200 pL fresh medium with
10 mM HEPES was added in each well of the plate, than 20 pL MTT
(2 mg/mL in HBSS) was added. After incubation (3 h, 37 °C, 5% CO5;)
the medium with MTT was removed and 200 pL DMSO and 25 pL
glycine buffer pH 10.5 were added at once to each sample. The
samples were tested at 540 nm on Anthos HT II photometer. CV-
test: after incubating with preparations cell culture was removed
and 100 ml 1% glutaraldehide in HBSS was added to each well. After
incubation (15 min) the HBSS with glutaraldehide the samples
washed off H,O (1 time) and 0.05% crystal violet were added. After
incubation with dye (15 min) the samples washed off H,0 (3 times)
and citrate buffers pH 4.2 and ethanol (1:1) was added. The samples
were tested at 540 nm.

3.8. Morphology assay

The change in cell morphology caused by benzo[b]selenophenes
was investigated under inverted fluorescence microscope Nikon
ECLIPSE TE 300. Acridine orange stain (Sigma) was used. Stain
solution: 10 pg/mL acridin orange in phosphate buffered saline
(PBS) pH 7.4. After incubating with benzo[b]selenophenes 72 h,
37 °C, 5% CO, the adherent cells were stained in 96-wells cell
culture plate (Sarsted AG). Cell culture mediums were removed and
40 pL stain solution was added in each well. After 2 min the dye was
removed and samples once washed with PBS. Then 40 pL PBS was
added to the samples and they were investigated under microscope
control. Chromatin condensation in apoptotic cells was visualized
by staining the cellular DNA with the dye acridine orange [29].
Living cells stained green, apoptotic cells orange or yellow, and
necrotic cells red (Fig. 2).
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Abstract

Synthesis and cytotoxic activity of a series of 4-methyl-1,2,3-selenadiazole-5-carboxylic acid amides on human fibrosarcoma HT-1080,
mouse hepatoma MG-22A, and mouse fibroblasts 3T3 cell lines are described. The correlation between compound LDs, and 3T3 fibroblast
cell line morphology was shown. In vivo evaluation of amides on mouse sarcoma S-180 confirms high antitumor activity (58—85%).

© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Selenium has attracted great interest as an essential element
and certain diseases have been eradicated by dietary supple-
mentation of this element. Selenium is essential for cell
metabolism as a component of glutathione peroxidase and
other enzyme systems. Current interest lies in the prevention
of certain cancers by supplementation with selenium [1—3].
One proposed mechanism for this activity is a cytotoxic effect
of selenium on tumor cells [4,5]. Brief exposure of HeLa cells
to micromolar concentrations of selenite resulted in significant
inhibition of tumor cell colony formation, indicating that this
is an assay for selenite cytotoxicity [6]. However, selenium
appears to operate by several mechanisms depending on the
chemical form of selenium, the nature of the carcinogenic pro-
cess, and its dosage. There was no significant difference in the
potency of selenate, selenite, selenium dioxide, selenomethio-
nine and selenocysteine to inhibit the development of mam-
mary tumors, drug-resistant and drug non-resistant human
ovarian tumor cells [7]. The anti-proliferative effects of
selenium have been studied both in vivo and in vitro. The
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anti-leukemic effect of sodium selenite is associated with inhi-
bition of DNA replication, transcription and translation. It was
shown that 6-phenyl-7(6H )-isoselenazolo[4,3-d]pyrimidone
markedly inhibited the growth of P388 mouse leukemia at
dose of 100 pg/mouse per day x 10 with no sign of toxicity
[8] and 2-amino-4-substituted-selenazoles exhibit high
inhibiting activity on leukemia L1210 cell proliferation
(TDsg = 0.2—8 pmol/ml) [9,10]. Taking into account the im-
portance of the selenium as a trace element in the organism
our present investigation [11—15] is connected with the syn-
thesis and antitumor activity studies in a series of 4-methyl-
1,2,3-selenadiazole-5-carboxylic acid amides.

2. Results and discussion
2.1. Chemistry

The general synthetic route chosen for preparation of
4-methyl-1,2,3-selenadiazole-5-carboxylic acid amides in-
cluded amide formation from 4-methyl-5-ethoxycarbonyl-
1,2,3-selenadiazole and corresponding amine (Scheme 1).
The reaction was carried out in ethanol/water solution at
room temperature in darkness to prevent selenadiazole cycle
photodegradation. The 'H, '*C and 7’Se NMR data confirm
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the formation of 4-methyl-1,2,3-selenadiazole-5-carboxylic acid
amides. The selenium signal in the 7’Se NMR spectra for all
compounds appears in 1542.3—1563.9 ppm region. Transamida-
tion of ester proceeds very slowly from 10 to 25 days, however
heating is prohibited due to selenadiazole cycle thermolability.
4-Methyl-1,2,3-selenadiazole-5-carboxylic acid ethyl ester
reacts with amines to obtain amides in 17—95% yields.

2.2. In vitro

The results of these experiments are summarized in Table
1. The majority of tested 4-methyl-1,2,3-selenadiazole-5-
carboxylic acid amides 1—7 exhibited slight activity in vitro
on human fibrosarcoma HT-1080 and mouse hepatoma
MG-22A tumor cell lines. The 4-methyl-1,2,3-selenadiazole-
5-carboxylic acid dimethylamide (1) and di(iso-propyl)amide
analogue 2 have no cytotoxic activity on HT-1080 cell line.
4-Methyl-1,2,3-selenadiazole-5-carboxylic acid (S )-(1-phe-
nyl-ethyl)-amide (4, 31 pg/mL) is more active than its (R)
enantiomer 3 (100 pg/mL). In a series of cyclic amides 5—7
pyrrolidino derivative 5 shows the highest cytotoxicity

Table 1
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(TDso =19 pg/mL on HT-1080). It should be noted that in
the same concentrations 4-methyl-1,2,3-selenadiazole-5-car-
boxylic acid amides 1—7 selectively act against tumor and
normal mouse fibroblast (3T3) cells, moreover this series
exhibits low LDsq toxicity (800—1442 mg/kg).

The role of NO in biosystems has attracted considerable
attention in the last decade. NO is formed by enzymatic and
non-enzymatic mechanisms. Because of its molecular weight
and high lipophilicity, NO has good diffusion properties. It
may act not only in the cell where it is produced, but also in
nearby tissues. Biologically produced NO originates from
oxygen and L-arginine in the reaction catalyzed by NO synthase.
NO, a long-lived radical with a wide range of actions, is
known as a regulator of a variety of biological processes
[16]. The NO level was determined accordingly [17], NO
release was defined using the Greyss reagent (by NO, concen-
tration in the cultural medium). The yield of nitrite was
expressed as NO, nmol/200 pL of cultural medium in testing
plates for 100% alive cells after CV coloration assay (selena-
diazole’s concentration 100 pg/mL). It was shown (Table 1)
that dimethylamide 1 is a NO radical protector on MG-22A
cell line, but di(iso-propyl)amide analogue 2 exhibits an oppo-
site effect. (R) Enantiomer 3 is a free radical protector on
human fibrosarcoma cell line, besides (S) analogue 4 which
readily increase NO concentration in the cultural medium
(TGygp =200—300%).  (4-Methyl-1,2,3-selenadiazol-5-yl)-
pyrrolidin-1-yl-methanone (5) and piperidine derivative 6 are
NO inducers (TGg9 = 100-400%).

In vitro cytotoxicity in monolayer tumor cell lines [HT-1080 (human fibrosarcoma), MG-22A (mice hepatoma), NIH 3T3 (normal mouse fibroblasts) and inhibition

of tumor growth (sarcoma S-180)] caused by 1,2,3-selenadiazoles 1-7*

R HT-1080 MG-22A NIH 3T3 LDs S-180 Toxic
N s .
R/I‘4 / \I\\I TDso* NO 100%° TDs, NO 100% TDso (mg/kg) Inhibition (%) effect (%)
e
Se
(6]
1 Me,N ¢ 10 35 63 351 1134 58 17
2 (i-Pr),N ¢ 29 31 200 718 1755 -32 0
Ph H
2 /
3 /*N 100 17 29 400 195 1029 20 3
Me \
Ph /H
4 >—N 31 300 32 200 407 1442 -23 0
Me \
5 Y N 19 350 33 350 214 977 85 23
6 < N— 31 100 27 400 123 800 71 8
7 o) N— ¢ 11 34 250 280 1145 ¢ 8

# TDso — concentration (ng/mL) providing 50% cell killing effect [(CV + MTT)/2].

® No concentration (%) (CV: coloration).
¢ No cytotoxic effect.
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2.3. Morphology

The influence of the studied 4-methyl-1,2,3-selenadiazole-
5-carboxylic acid amides 1—7 on the phenotype of mouse
fibroblasts, human fibrosarcoma HT-1080, and mouse hepa-
toma MG-22A cells was examined (Fig. 1). Figures in the table
show the morphological changes after 72 h at 30 °C (visualiza-
tion by acridine orange). Our experimental data shows that
morphology of selenadiazoles 1—7 on 3T3 cells correlates
with cytotoxic data on 3T3 cell line. Derivatives 1, 3, 5, and
6 are more toxic than 2, 4 and 7. Dimethylamide derivative 1
induced apoptosis and polyploidy of fibrosarcoma cells
(Table 2), but di(iso-propyl) analogue 2 increases the amount
of tumor cells. (S )-(1-Phenyl-ethyl)-amide 4 changed the cell
phenotype and mitotic mechanism, however, its (R) analogue
3 has no influence on the fibrosarcoma cell phenotype. The
introduction of piperidinyl fragment into the molecule (6) leads
to the increase in cell volume and formation of more than one
apoptotic nucleus. The inspection of selenadiazole amides
1-7 influence on mouse hepatoma MG-22A phenotype shows

that only dimethylamide 1 and pyrrolidine derivative 5 evoke
apoptosis.

24. In vivo

Antitumor activity of 4-methyl-1,2,3-selenadiazole-5-car-
boxylic acid amides 1—7 against sarcoma S-180 was deter-
mined for male ICR mice (18—20 g). The 4-methyl-1,2,3-
selenadiazole-5-carboxylic acid dimethylamide (1) inhibits
sarcoma growing by 58% in dose 2 mg/kg in two days, but
negatively influences on mice respiratory system due to its
toxic effect (17%). Di(iso-propyl)amide analogue 2 undesir-
ably increases the tumor growth by 32%. The introduction
of optical center in the core molecule [3 — (R)-isomer; 4 —
(S)-isomer] shows an opposite activity: (R) analogue slightly
inhibits sarcoma growing, however, (S )-isomer increases the
tumor growth by 23% in 8 days. Experimental data for cyclic
amides 5—7 show mice weight decrease by 8—23%. Pyrroli-
dine amide 5 possesses the sarcoma S-180 inhibition ability
by 85% with simultaneous loss of mice weight by 23%.

Fig. 1. 4-Methyl-1,2,3-selenadiazole-5-carboxylic acid amides 1—5 morphology data (HT-1080 cell line).
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Piperidino analogue 6 shows high inhibition level (71%) and
relatively slight influence on mice weight. Besides, introduc-
tion of the oxygen atom in the amide cycle (7) leads to disap-
pearance of the tumor growth inhibition ability.

2.5. Conclusions

4-Methyl-1,2,3-selenadiazole-5-carboxylic acid amides
were prepared by convenient synthetic way. The correlation
between compound LDs, and 3T3 fibroblast cell line morphol-
ogy was shown. 4-Methyl-1,2,3-selenadiazole-5-carboxylic
acid amides show a potency in vitro against HT-1080 and
MG-22A tumor cell lines. In vivo evaluation of amides 1, 3,
and 6 also confirms high antitumor activity against sarcoma
S-180 (58—85%).

3. Experimental section
3.1. General

"H and 7’Se NMR spectra were recorded on a Varian 200
Mercury spectrometer at 200 and 39.74 MHz correspondingly
at 303 K in CDCIy/TMS solution. The 'H chemical shifts
are given relative to TMS, 13C — relative to chloroform, and
"7Se — relative to dimethyl selenide. The melting points were
determined on a ‘“‘digital melting point analyser” (Fisher) and
the results are given without correction.

3.2. Synthesis of 4-methyl-1,2,3-selenadiazole-5-
carboxylic acid amides

The mixture of 4-Methyl-1,2,3-selenadiazole-5-carboxylic
acid ethyl ester (0.02 mol) and amine (0.04 mol) in 50% eth-
anol solution in water was stirred in darkness at room temper-
ature (TLC control). After reaction completion the solvent was
evaporated under reduced pressure. Crude product was puri-
fied on silica gel using ethyl acetate/ethanol mixture as an el-
uent with the following recrystallization from ethyl acetate.
IH, 13C, and ’Se NMR data and elemental analysis data are
presented in Table 2.

3.3. In vitro cytotoxicity assay

Monolayer tumor cell line: HT-1080 (human fibrosar-
coma), MG-22A (mice hepatoma), and NIH 3T3 (normal
mouse fibroblasts) were cultured in standard medium
DMEM (Dulbecco’s modified Eagle’s medium) without an in-
dicator (““Sigma”) supplemented with 10% heat-inactivated
fetal bovine serum (““Sigma’). After the ampoule was thawed
the cells from one to four passages were used. About
2—5 x 10* cells/ml (depending on line nature) were placed
in 96-well plates immediately after compounds added to the
wells. The control cells without test compounds were cultured
on separate plate. The plates were incubated for 72 h at 37 °C
in 5% CO,. The number of surviving cells was determined us-
ing tri(4-dimethylaminophenyl)methyl chloride (crystal vio-
let) or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium
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bromide (MTT), and the concentration of nitric oxide (NO)
was determined according to Ref. [11].

MTT-test: After incubating with preparations culture
medium was removed and 200 ul fresh medium with 10 mM
HEPES was added in each well of the plate, then 20 pl
MTT (2 mg/ml in HBSS) was added. After incubation (3 h,
37°C, 5% CO,) the medium with MTT was removed and
200 pl DMSO and 25 pl glycine buffer pH 10.5 were added
once to each sample. The samples were tested at 540 nm on
Anthos HT II photometer.

CV-test: After incubating with preparations cell culture was
removed and 100 ml of 1% glutaraldehid in HBSS was added
to each well. After incubation (15 min) the HBSS with gluta-
raldehid samples washed off H,O (1 time) and 0.05% crystal
violet was added. After incubation with dye (15 min) the sam-
ples washed off H,O (3 times) and citrate buffers pH 4.2 and
ethanol (1:1) were added. The samples were tested at 540 nm.

3.4. In vivo activity assay

The compounds were tested in vivo against sarcoma S-180
cells. Sarcoma S-180 (5 x 10°%) cells were inoculated s.c. into
male ICR mice (six weeks old, 18—20 g) on day 0. Drugs were
administered i.p.; the treatment was started 24 h after tumor
transplantation. The number of mice used in each group was
between 6 and 10. The daily dose was 10 mg/kg; duration of
treatment was nine days. The efficacy of the treatment was es-
timated by the ellipsoid formula, V of control group was taken
in calculations for 100%. The tumor volume (V) was calcu-
lated from equation: V = 47'tab2/3, where a and b are ellipsoid
maximum and minimum diameters (calculated volume was re-
duced by 2 times in the case of flat tumor shape).

3.5. Morphology assay

The change in cell morphology caused by selenadiazole
amides 1—7 was investigated under inverted fluorescence
microscope Nikon ECLIPSE TE 300. Acridine orange stain
(Sigma) was used. Stain solution: 10 pg/ml acridine orange
in phosphate buffered saline (PBS) pH 7.4. After incubating
with selenadiazole amides for 72 h at 37 °C in 5% CO, the
adherent cells were stained in 96-wells cell culture plate
(Sarsted AG). Cell culture mediums were removed and 40 pl
stain solution was added in each well. After 2 min the dye
was removed and samples were once washed with PBS.
Then 40 pl PBS was added to the samples and they were inves-
tigated under microscope control. Chromatin condensation in
apoptotic cells was visualized by staining the cellular DNA
with the dye acridine orange [18,19]. Living cells stained
green, apoptotic cells orange or yellow, and necrotic cells red
(Fig. 1). (For interpretation of the references to colors in the
text, the reader is referred to the web version of this article.)
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Abstract

Organoammonium hydroselenites were synthesized and investigated as potential selective, anticancer prodrugs. These compounds were
studied in vitro on human fibrosarcoma (HT-1080), hamster kidney endothelial (BHK 21) and normal mouse embryonic fibroblasts (NIH
3T3). Most of them were very active against HT-1080 (0.6—5.3 g/ml). Amino acid hydroselenites readily increased the nitric oxide (NO)
concentration in the culture medium of HT-1080 cells (up to TGp = 1500%); however, 4-amidohydroximinomethylpyridinium hydroselenite
(TG0 =24%) and o-phenanthrolinium hydroselenite (TG99 =50%) were free radical inhibitors. All compounds were glutathione peroxidase
inhibitors; some of them could also prevent hydrogen peroxide degradation by inhibition of catalase. The influence of the investigated
ammonium hydroselenites on tumor cell (HT-1080) morphology was examined. The substances studied were also active in vivo against
sarcoma S-180. The role of organoammonium hydroselenites as free radical regulators and their therapeutic antitumor are discussed.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Selenium has attracted great interest as an essential
element and certain diseases have been eradicated by diet-
ary supplementation of this element. Selenium is essential
for cell metabolism as a component of glutathione perox-
idase and other enzyme systems. Current interest lies in the
prevention of certain cancers by supplementation with
selenium (Hill and Meat, 2002; Moyad, 2002; Spallholz,
2001). One proposed mechanism for this activity is a
cytotoxic effect of selenium on tumor cells (Mugesh et
al., 2001; Alaejos et al., 2000). Brief exposure of HelLa
cells to micromolar concentrations of selenite resulted in
significant inhibition of tumor cell colony formation, indi-
cating that this is an assay for selenite cytotoxicity (Caffrey
and Frenkel, 1991). However, selenium appears to operate
by several mechanisms depending on the chemical form of
selenium, the nature of the carcinogenic process and its
dosage. There was no significant difference in the potency

* Corresponding author. Tel.: +371-9849464; fax: +371-7550338.
E-mail address: pavel.arsenyan@lycos.com (P. Arsenyan).

of selenate, selenite, selenium dioxide, selenomethionine
and selenocysteine to inhibit the development of mammary
tumors, drug-resistant and drug nonresistant human ovarian
tumor cells (Caffrey and Frenkel, 1997). The antiprolifer-
ative effects of selenium have been studied both in vivo
and in vitro. The antileukemic effect of sodium selenite is
associated with inhibition of DNA replication, transcription
and translation. Selenocystine and sodium selenite have
antitumor activity and these are also the only compounds,
which demonstrate significant redox chemistry, including
depletion of cellular glutathione, stimulation of glutathione
reductase and stimulation of oxygen consumption. The
interaction of these two compounds with glutathione sug-
gests an intriguing potential role for them in cancer therapy
(Batist et al., 1986). Significant chemopreventive effects
have been produced with sodium selenite in the following
rodent model carcinogenesis systems: mouse skin papillo-
mas, rat mammary adenocarcinoma, hamster tracheal squ-
amous cell carcinoma and mouse bladder carcinoma,
mouse colon and lung adenocarcinoma, rat and mouse
colon adenocarcinoma (Boone et al., 1992). Sodium selen-
ite may provide protection against cis-diaminedichloropla-
tinum(I) nephrotoxicity when it is given before cis-

0014-2999/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.
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diaminedichloroplatinum(Il). Moreover, selenium has anti-
neoplastic activity against several tumors. Administration
of sodium selenite reduces cisplatin toxicity without inhib-
iting the antitumor activity of cisplatin. The combination of
these qualities may open new perspectives in cancer
chemotherapy (Baldew et al., 1989; Olas and Wachowicz,
1997).

The majority of tested organic base hydroselenites ex-
hibit high activity in vitro in investigated tumor cell lines. o-
Phenanthrolinium and imidazolinium selenites exhibit the
highest cytotoxic effect on HT-1080, MG-22A, B16 and
Neuro 2A cell lines. In addition, that most synthesized
selenites are very active (0.5-0.6 pg/ml) against mouse
melanoma B16. Of a series of ethanolamine derivatives, /N-
methylethanolammonium selenite is more active in experi-
ments with Neuro 2A cells (TDso=1 png/ml), while trietha-
nolammonium selenite is toxic against HT-1080 cells
(TDso=2.3 pg/ml), being less toxic against normal cells
3T3 (TDsp=47.7 pg/ml) (Lukevics et al., 2002a). Previ-
ously, we reported that hydroselenites are able to activate
nitric oxide generation in various tumor cell cultures
(Lukevics et al., 2002b). The activation of nitric oxide
production is especially prolonged in HT-1080 and MG-
22A cell lines. The amount of nitric oxide produced
depends on the type of tumor and the cation structure.
According to the literature and our results, we propose that
the antitumor effect of hydroselenites stems from the fact
that they are able to regulate the free radical balance in vitro
and in vivo.

In the current study, we report the cytotoxic activity of
selected organoammonium hydroselenites in vitro against
HT-1080, BHK 21 and NIH 3T3 cell lines, their activity
against glutathione peroxidase and catalase, and in vivo
against sarcoma S-180 and their effect on cell morphology.
The role of organoammonium hydroselenites as free radical
regulators and the therapeutic antitumor effect of a balanced
generation of free radicals are discussed.

2. Materials and methods
2.1. Synthesis of hydroselenites

To a solution of the amine (4-hydroximinomethylpyr-
ide, 4-amidohydroximinomethylpyride, benzimidazole, 2-
mercaptobenzimidazole, o-phenanthroline, triethanolamine,
B-Ala, L-Ser, L-Pro, Gly—Gly, Gly—Gly—Gly, r-Ala-Gly-
Pro-ONb) (0.02 mol) in 50 ml of water or a mixture of
water/ethanol (1:1), the equimolar amount of selenium
dioxide was added. The reaction mixture was stirred 1 h
at room temperature. The residue was recrystallized from
ethanol or purified on silica gel. The structure was con-
firmed by the 'H, *C, "’Se nuclear magnetic resonance
(NMR) data, and in the case of triethanolammonium
hydroselenite [HN"(CH,CH,OH);HSeO5] by X-ray anal-
ysis (Lukevics et al., 2002a,b).
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2.2. In vitro cytotoxicity assay

Monolayer tumor cell lines, HT-1080 (human fibrosar-
coma), NIH 3T3 (normal mouse fibroblasts) and BHK21
(hamster kidney endothelial) cells, were cultured in standard
medium Dulbecco’s modified Eagle’s medium (DMEM)
without an indicator (“Sigma”) supplemented with 10%
heat-inactivated fetal bovine serum (““Sigma’). After the
ampoule was thawed, the cells from one to four passages
were used. About 2—5 x 10* cells/ml (depending on line
nature) were placed in 96-well plates immediately after
compounds were added to the wells. The control cells
without test compounds were cultured on separate plate.
The plates were incubated for 72 h, 37 °C, 5% CO,. The
number of surviving cells was determined using tri(4-
dimethylaminophenyl)methyl chloride (crystal violet) or 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium bro-
mide (MTT), and the concentration of nitric oxide (NO)
was determined according to Lukevics et al. (2002a).
Glutathione peroxidase activity and catalase activity were
determined according to Eventoff (1976).

2.3. In vivo activity assay

The compounds were tested in vivo against sarcoma S-
180 cells. Sarcoma S-180 (5 x 10°) cells were inoculated
s.c. into male ICR mice (6 weeks old, 18—20 g) on day O.
Drugs were administered i.p.; the treatment was started 24 h
after tumor transplantation. The number of mice used in
each group was between 6 and 10. The daily dose was 10
mg/kg; duration of treatment was 9 days. The efficacy of the
treatment was estimated by the ellipsoid formula; V of
control group was taken in calculations for 100%. The
tumor volume (V) was calculated from equation: V=
4mab*/3, where a and b are ellipsoid maximum and mini-
mum diameters (calculated volume was reduced by two
times in the case of flat tumor shape).

2.4. Morphology assay

The change in cell morphology caused by hydroselen-
ites was investigated on Nikon ECLIPSE TE 300 micro-
scope slides. Crystal violet and acridine orange stains were
used. The adherent cells were stained in the plate wells
following culture of the cells with hydroselenites. Chro-
matin condensation in apoptotic cells was visualized by
staining the cellular DNA with the dye acridine orange
(Loweth and Morgan, 1998). Living cells stained green,
apoptotic cells orange or yellow and necrotic cells red

(Fig. 2).

3. Results

The results of cytotoxic activity studies of organoammo-
nium hydroselenites 1-12 in vitro on HT-1080, BHK 21
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and NIH 3T3 cells are summarized in Table 1. The majority
of the compounds tested, such as 4-amidohydroximinome-
thylpyridinium hydroselenite (2) (3.6 pg/ml), o-phenanthro-
linium hydroselenite (5) (0.6 pg/ml), triethanolammonium
hydroselenite (6) (3.15 pg/ml) and prolinium hydroselenite
(9) (1.7 pg/ml), exhibited a high activity in vitro on human
fibrosarcoma HT-1080 cells.

Glutathione peroxidase and catalase inhibition data for
the organoammonium hydroselenites 1-12 are given in

Table 1
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Table 1. All compounds studied were glutathione peroxi-
dase inhibitors. Some derivatives also prevented hydrogen
peroxide degradation by inhibiting catalase.

Compounds 1-12 mostly increased the NO concentra-
tion in the culture medium. This effect was especially
expressed in the case of compounds 7—-11 (TG;go=600—
1500%) incubated with HT-1080 cells. The effect on NO
generation of compounds 2 (TG;99=24%) and 5 (TGgp=
50%) showed that they were free radical inhibitors.

In vitro cytotoxicity in monolayer tumor cell lines [HT-1080 (human fibrosarcoma), NIH 3T3 (normal mouse fibroblasts) and BHK21 (hamster kidney
endothelial)] and inhibition of tumor growth (sarcoma S-180) and enzyme activity (glutathione peroxidase and catalase) caused by hydroselenites 1-12°

No. (Amine)H" HSeO3 HT- 1080 NIH 3T3 BHK21 S-180 GSH-Px Catalase
TDs, NO, 100% TDs, TDs, Inhibition, % Inhibition, % Inhibition, %
HON — >50 5 37 22 25 26+2 17+3
o
HON — 3.6 24 6.6 3.4 27 50+5 15+3
PO
H,N 7
H 53 200 4.0 >10 51 46£6 5+3
N
e
N
H
" 40.0 250 22.5 22 -37 36+2 12+7
N
4 (I+\>—SH
N
\
H
X 0.6 50 0.9 >10 39 52+10 20+ 1
5 | N?
/+N
N
H
OH 3.15 150 48.5 >50 81 60+3 -2+1
; N
Nt
/
HOI H > on
Hy'N OH 3.6 800 1.1 3.1 -4 62+3 99+ 1
7 \/Y
o
NH;" 10 1150 25 315 51 26+8 100+3
8 HO. OH
(6]
1.7 1500 1.5 2.5 1 21+1 12+7
OH
9 +
N
NH;" T 0 20 800 47 40 33 35+£6 99+ 1
10 H‘/N\/U\
OH
(6]
NH;" l? (¢} 10 600 21 5 -46 42+6 -11+2
NQ& OH
11 k’( T
O O
NH; " 2 80 79 56.2 36 46+2 13+3
H
12 #N/ N o)
“_-ONb
0 %

#TDs, concentration (pug/ml) providing 50% cell killing effect [(CV +MTT)/2]; NO concentration (%) (CV: coloration); *“ —

150

” tumor growth activation.
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The influence of the studied ammonium hydroselenites
1-12 on tumor cell (fibrosarcoma HT-1080) morphology
was examined. Figs. 2 and 3 present the changes in
morphology after 72 h (visualization by acridine orange
and crystal violet).

The antitumor activity of hydroselenites 1-12 was tested
against sarcoma S-180 in male ICR mice (18-20 g). 4-
Hydroximinomethylpyridinium hydroselenite (1) exhibited
antitumor activity, without having a cytotoxic effect. Pyr-
idinium hydroselenites 1 and 2 inhibited tumor growth by
25% and 27%, respectively (Table 1). Inspection of the
tumor inhibition activity of compounds 7—12 showed that
p-alanine hydroselenite (7) and prolinium hydroselenite (9)
had no influence on sarcoma growth.

4. Discussion

The cytotoxic activity results showed that the studied
hydroselenites are cytotoxic against human fibrosarcoma
HT-1080 cells. It should be noted that, at the same concen-
trations, many hydroselenites were toxic against both fibro-
sarcoma and normal cells (NIH 3T3 and BHK 21).
Benzimidazolinium hydroselenite (3) and 2-mercaptobenzi-
midazolinium hydroselenite (4) had comparable NO gener-
ating activity, but the insertion of a mercapto substituent into
the benzimidazole ring (4) considerably decreased cytotox-
icity against fibrosarcoma HT-1080. In a series of com-
pounds (7—12), 9 was the most active in the experiments
with HT-1080, while tripeptide derivative 12 had the highest
selectivity (TDso=2.0 ug/ml on HT-1080), being less toxic
against normal cells 3T3 (TDsy,=7.9 pg/ml on NIH 3T3).

The regulation of the glutathione peroxidase/glutathione
reductase system may affect free radical balance in tumors.
Glutathione peroxidase may scavenge various peroxides.
Overprotection of this enzyme was observed to suppress
reactive oxygen species inducing apoptotic death. The
extent of enzymes inhibition strongly depended on the
nature of the cation structure. Compounds 6 and 7 demon-
strated the greatest inhibition glutathione peroxidase (60—
62%). However, they showed opposite activity on catalase:
hydroselenite 6 has no influence (—2%), but 7 completely
inhibited catalase activity (99%). Also, serine (8) and
glycylglycine (10) hydroselenites even at a concentration
1x107*M completely inhibited catalase (99—100%).

The role of NO in biosystems has attracted considerable
attention in the last decade. NO is formed by enzymatic and
nonenzymatic mechanisms. Because of its molecular weight
and high lipophilicity, NO has good diffusion properties. It
may act not only in the cell where it is produced, but also in
nearby tissues. NO and oxygen anion (O, ) have a similar
number of electrons and compete in biosystems. The under-
standing the role of NO, NO derivatives and NO inhibitors in
the therapy of cancer is difficult because the data in the
literature are contradictory. The multitude of actions and
dynamics of NO suggest that regulatory compounds and NO-
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dependent processes lead to the transformation of cells into
tumor cells under pathological conditions and to the normal
action of NO under normal conditions (Fig. 1). We present a
model with the four vectors pointing towards different
biomolecules (RSNO, NO,, [M'~'NO], ONOO"). The bot-
tom of the cone represents the normal level of NO-dependent
system. Any biochemical or photochemical impulse from
outside the system leads to the activation of NO system. The
top of the cone represents the maximum activation of the
system without pathological process occurring. If the
impulse is too strong, the process by which a normal cell is
converted into a tumor starts. The addition of selenium-
containing derivatives 1-12 reduced the activation level to
the inactivated state. It is necessary to regulate the entire
system, not just one of the components. Our results indicate
that the investigated organoammonium hydroselenites may
be promising antitumor agents with an action mediated by
the regulation of radical formation. The hydroselenite com-
pounds 1—-12 disrupt the different radical-dependent systems
and slowly normalize the biochemical processes in the cell.

Biologically produced NO originates from oxygen and L-
arginine in the reaction catalyzed by NO synthase. NO, a
long-lived radical with a wide range of actions, is known as
a regulator of a variety of biological processes (Bauer et al.,
2000). In the case of hydroselenites 1—12, the role of thiol is
played by glutathione. Moreover, hydroselenites may regu-
late the level of glutathione in the cell because selenium-
containing derivatives are glutathione peroxidase inhibitors.

Pathological process

Hydroselenite 1-12

Biochemical
function of NO

[M"NO]

Fig. 1. The major reactive pathways of NO under physiological conditions.
The extent and dynamics of NO action suggest the formation of regulatory
compounds and NO-dependent processes to transform the tumor cell under
pathological conditions to a normal state of NO action [the four vectors
toward different biomolecules (RSNO, NO,, [M""'NO], NOO)].
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According to our results, there is no correlation between the
ability to inhibit glutathione peroxidase and the efficacy to
generate NO. The increase in NO depends on the type of
tissue, prodrug dose, etc. According to the literature, the con-
version of L-arginine to L-citrulline with production of NO is
catalyzed by heme iron (Pufahl and Marletta, 1993). The NO-
inhibiting activity of compounds 2 and 5 may stem from their
ability to make complexes with iron by amidoxime and two
nitrogen fragments, respectively. Compounds 3, 4 and espe-
cially amino acid hydroselenites 7—11, unlike L-arginine and
L-ornithine derivatives (Mayer et al., 1991; Stuehr et al.,
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1991), readily increased the NO concentration in the culture
medium of HT-1080 cells (TG oo =600—1500%). The amino
acid derivatives studied nonspecifically activated NO gen-
eration in the cell. There was no correlation between NO
generation and the cytotoxic effect of the salts studied that
related to specific features of the cell lines.

The influence of the studied ammonium hydroselenites
1-12 on the phenotype of fibrosarcoma HT-1080 cells was
examined. Figs. 2 and 3 show the morphological changes
after 72 h (visualization by acridine orange and crystal
violet). Figs. 2A and 3A show the morphological structure

Fig. 2. (A) View of human fibrosarcoma HT-1080 cells (24 °C, 72 h) visualized by staining the cellular DNA with the dye acridine orange. Living cells exhibit
a green color, cells with orange or yellow color are apoptotics, and cells with a red color are necrotics; (B) view of human fibrosarcoma HT-1080 cell phenotype
with benzimidazolinium hydroselenite 3; (C) with 2-mercaptobenzimidazolinium hydroselenite 4; (D) with phenantrolinium hydroselenite 5; (E) with serine
hydroselenite 8 in dose 0.3 pg/ml; (F) with serine hydroselenite 8 in dose 3.0 pg/ml; (G) with tripeptide hydroselenite 12.

152



234

P. Arsenyan et al. / European Journal of Pharmacology 465 (2003) 229-235

Fig. 3. (A) View of human fibrosarcoma HT-1080 cells (24 °C, 72 h) visualized with crystal violet; (B) view of human fibrosarcoma HT-1080 cell phenotype
with benzimidazolinium hydroselenite 3; (C) with 2-mercaptobenzimidazolinium hydroselenite 4; (D) with phenantrolinium hydroselenite 5; (E) with serine
hydroselenite 8 in dose 0.3 pg/ml; (F) with serine hydroselenite 8 in dose 3.0 ng/ml; (G) with tripeptide hydroselenite 12.

of human fibrosarcoma HT-1080 cells at 30 °C (control). The
majority of tumor cells were alive and the cell nucleus was a
dark color. Compound 3 induced apoptosis of fibrosarcoma
cells (Figs. 2B and 3B). Derivative 3 changed the cell
phenotype and mitotic mechanism. The cells increased in
volume and contained more than one apoptotic nucleus. The
insertion of a thiol substituent into the benzimidazole ring (4)
significantly changed the type of action (Figs. 2C and 3C),
with only few tumor cells undergoing apoptosis, as in the
control. The action of hydroselenite 5 (Figs. 2D and 3D) was
similar to that of hydroselenite 3 with more extensive cell
polyploidy and high level of dispersity. To establish the dose-
apoptotic activity relationship, the effect on cell morphology
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of serine hydroselenite (8) was studied at a dose of 0.3 (Figs.
2E and 3E) and 3 pg/ml (Figs. 2F and 3F). With the low dose,
the tumor cells became friable, with two to five apoptotic
nuclei. Increasing the dose of compound 8 by 10 times led to
full apoptosis: the cells started to round off and their volume
decreased. The increase in apoptosis depending on serine
hydroselenite (8) concentration could be due to the high level
of NO generation (TGpo=1150%). The tripeptide hydro-
selenite (12) strongly induced the extensive apoptosis, poly-
ploidy and cell nucleus fragmentation (Figs. 2G and 3G). It
should be noted that pyridinium hydroselenites (1 and 2),
triethanolammonium hydroselenite (6) and amino acid
hydroselenites (7, 9, 10 and 11) had no effect on tumor cell
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morphology. An increase in NO level leads to apoptosis,
whereas an increase in the oxygen radical level leads to
necrosis. Fig. 3 shows that, in general, tumor cells die by
apoptosis (Blanco et al., 1995). So, the way a tumor cell dies
reflects the radical balance in the system. In our case, NO
radical regulation has a dominant role.

Pyridinium hydroselenites 1 and 2 inhibited tumor
growth by 25% and 27%, respectively; however, compound
1 had no cytotoxic effect (Table 1). Hydroselenites 3 and 4
had a different effect on cell morphology and on opposite
influence on the speed of sarcoma S-180 growth. Tumor
growth was inhibited by 51% after 9 days of hydroselenite 3
treatment. The insertion of a mercapto substituent into the
benzimidazole ring (4) led to a stimulation of cancer growth
by 37%. The most active compound in vitro, hydroselenite 5
and the most selective compound 6 were toxic (LDso=12.9
mg/kg for hydroselenite 5 and 25.8 mg/kg for compound 6,
i.p.). Selenite 5 at a dose of 10 mg/kg had undesirable effects
and decreased tonus; however, a 39% inhibition of tumor
growth was observed. The same concentration of compound
6 inhibited the tumor growth by 81%. At a dose of 8 mg/kg,
the inhibition of tumor growth by compound 6 was slightly
decreased (73%); however, at this dose, no undesirable side
effects were detected. Inspection of the tumor inhibition
ability of the compounds 7—12 shows that hydroselenites 7
and 9 had no influence on sarcoma growth. Compound 10
(dipeptide with a slight cytotoxicity) inhibited S-180 growth
by 33%. However, the addition of one more glycine frag-
ment (tripeptide 11) led to an undesirable effect, namely
stimulation of tumor growth by 46%. Of the derivatives 7—
12, 8 caused the greatest inhibition of tumor growth (51%).

We report the cytotoxic activity of a series of organo-
ammonium hydroselenites. All the compounds studied are
glutathione peroxidase inhibitors. Some derivatives may
also prevent hydrogen peroxide degradation by inhibiting
catalase. The investigated organoammonium hydroselenites
are potential antitumor agents and act by regulating the free
radical balance. In general, tumor cells die by apoptosis
under the action of selenium derivatives 1—12. Nitric oxide
production plays a major role. A correlation between the cell
morphology changes and antitumor activity was found.
Human fibrosarcoma HT-1080 cell apoptosis caused by
hydroselenite testifies that the compound is able to inhibit
tumor growth.
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New hydroselenites of the different silylalkylthio-substituted N-heterocycles have been prepared by

the reaction of selenium dioxide with N-heterocycles in an aqueous medium. Their structure was
confirmed by 'H, 13C, and 77Se NMR data. Most of these silylalkylthio-substituted N-heterocycles
and their hydroselenites have an expressed cytotoxic activity on the MG-22A (mouse hepatoma),

HT-1080 (human fibrosarcoma), B16 (mouse melanoma), and Neuro 2A (mouse neuroblastoma) cell

lines. Some of the hydroselenites exhibit free-radical protection simultaneously with a high cytotoxic

effect. The substances studied were also active in vivoagainst sarcoma S-180. Copyright © 2003 John

Wiley & Sons, Ltd.
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INTRODUCTION

Selenium is an essential trace element that has been shown to
have anticarcinogenic activity. One mechanism that has been
proposed for this activity is a cytotoxic effect of selenium
on tumor cells.!~® A number of selenium compounds have
been found to inhibit tumorigenesis in a variety of animal
and cell models. Reactive oxygen species (ROS) mediate
apoptosis induced by Na,SeOj3, and mitochondria may be a
major source of Na;SeOs-induced ROS* The combination
of ascorbic acid and sodium selenite may be a potent
anticancer treatment option for human hepatoma cells. It
may induce the redifferentiation of hepatoma cells and
inhibit cell growth by virtue of enhancing the activities of
antioxidative enzymes and by reducing the formation of
hydrogen peroxide (H>O,), and altering the cell redox status.®
Ammonium selenite—cisplatin conjugate (NHj;)4PtCl,SeO3
may specifically inhibit telomerase activity in endometrial
cancer cells.® The majority of organic base hydroselenites
tested exhibited high activity in vitro on the tumor cell lines
investigated. o-Phenanthrolinium selenite and imidazolinium
selenite exhibit the highest cytotoxic effect on HT-1080, MG-
22A, B16 and Neuro 2A cell lines. Besides that, most of
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the selenites synthesized are very active (0.5-0.6 pg ml™!)
against mouse melanoma B16. In a series of ethanolamine
derivatives, N-methylethanolammonium selenite is more
active in experiments with Neuro 2A (TDsy = 1 pg ml™Y),
while triethanolammonium selenite effectively inhibits HT-
1080 (TDsp = 2.3 ug ml~!), being less toxic against normal
cells 3T3 (TDsp = 47.7 ug ml~!).7 Hydroselenites are able to
activate the nitric oxide generation level in various tumor cell
cultures. The activation of nitric oxide production is especially
increased on HT-1080 and MG-22A cell lines. The amount of
nitric oxide depends on the type of tumor and the cation
structure. According to the literature data and our results,
we propose that the antitumor effect of hydroselenites stems
from the fact that they are able to regulate the free radical
balance in vitro and in vivo.® All the compounds studied are
glutathione peroxidase inhibitors. Some derivatives may also
prevent H,O, degradation by inhibiting catalase. In general,
tumor cells die by the apoptotic route under the action of
selenium derivatives. Nitric oxide radical regulation plays the
main role. A correlation between the cell morphology results
and antitumor activity was found. Human fibrosarcoma HT-
1080 cell apoptosis caused by hydroselenite testifies that the
compound is able to inhibit tumor growth.’

Taking into account the importance of selenium as a
trace element in the organism, our present investigation is
connected with synthesis and antitumor activity studies in a
series of hydroselenites of different silylalkylthio-substituted
N-heterocycles.

Copyright © 2003 John Wiley & Sons, Ltd.
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MATERIALS AND METHODS

Instrumental

'H, 13C, and 77Se NMR spectra were recorded on a Varian 200
Mercury spectrometer at 200 MHj3, 50.3 MHj; and 39.74 MHz
respectively at 303 K in CDCl; or DMSO-dj solution. The 'H
and ®C chemical shifts are given relative to tetramethylsilane;
77Se chemical shifts relative to dimethyl selenide. Mass spectra
were recorded on a Hewlett Packard apparatus (HP-6890, GC
with HP5MS, 70 eV).

Synthesis
Preparation of silylalkylthio-substituted
N-heterocycles (1-10)1%-11
Finely powdered dry K,CO; (25 mmol, 3.5 g) was added
to a solution of 10 mmol of the thiol (1 or 6), 10 mmol of
corresponding silyl-substituted alkyl iodide and 18-crown-
6 (1 mmol, 264 mg) in 25 ml of toluene. The mixture was
refluxed with stirring to achieve the disappearance of the
substrates (gas chromatography control), filtered over the
thin silica gel layer and concentrated under reduced pressure.
The residue was purified by column chromatography using
a toluene—ethyl acetate mixture as eluent.
2-[(Trimethylsilylmethyl)thio]quinoline (1). MS, m/z (I, %):
247 (M, 30).'H NMR § ppm: 0.16 (s, 9H, SiMe3); 2.54 (s, 2H,
CH,); 7.12-7.28, 7.33-7.44, 7.56-7.72, 7.78-7.98 (m, 6H, ring
protons).’*C NMR § ppm: —1.56, 14.86, 120.50 (C-3), 124.97
(C-6), 125.26 (C-4a), 125.89 (C-5), 127.56 (C-7), 127.84 (C-8),
128.19 (C-4),129.00 (C-8a), 129.49 (C-2). Anal. Found: C, 63.16;
H, 6.88; N, 5.51; S, 13.10. Calc. for C13H;7NSSi: C, 63.10; H,
6.93; N, 5.66; S, 12.96%.
2-[(3-Trimethylsilylpropyl)thio]quinoline (6). MS, m/z (I,
%): 275 (M*, 3)."H NMR § ppm: 0.01 (s, 9H, SiMe3); 0.76 (m,
2H, SiCH»); 1.80 (m, 2H, CH,CH,CH,); 3.35 (m, 2H, SCH,);
7.20-8.00 (m, 6H, ring protons). *C NMR § ppm: —1.68, 16.59,
24.30, 33.20, 121.04 (C-3), 125.03 (C-6), 125.87 (C-4a), 127.55
(C-5), 128.01 (C-7), 129.48 (C-8), 135.11 (C-4), 148.36 (C-8a),
159.60 (C-2). Anal. Found: C, 65.32; H, 7.61; N, 5.10; S, 11.72.
Calc. for Ci5Hx NSSi: C, 65.40; H, 7.68; N, 5.08; S, 11.64%.

Preparation of hydroselenites of
silylalkylthio-substituted N-heterocycles
To a suspension of selenium dioxide (1 mmol, 110 mg) in
1ml of water and 1ml of ethanol, an equimolar amount
of the corresponding silicon-containing heterocyclic sulfide
11-19 was added. The reaction mixture was stirred at room
temperature until homogenization and then evaporated. The
residue was washed with diethyl ether and recrystallized
from ethanol or purified on silica gel.
2-[(Trimethylsilylmethyl)thio]quinolinium hydroselenite
(11).'H NMR § ppm: 0.14 (s, 9H, SiMe;); under DMSO (m,
2H, CH,); 6.4 (bs, 1H, NH); 7.48 (m, 2H, H-5, H-6); 7.70 (m,
1H, H-7); 7.87 (m, 2H, H-3, H-4); 8.13 (m, 1H, H-8)3C NMR &
ppm: —1.6, 14.1, 120.50 (C-3), 125.3 (C-6), 125.7 (C-4a), 127.3
(C-5), 128.0 (C-7), 129.9 (C-8), 135.6 (C-4), 147.6 (C-8a), 160.4
(C-2). 7Se NMR § ppm: 1321.88. Anal. Found: C, 41.41; H,
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5.12; N, 3.80; S, 8.41. Calc. for C13H19NO;SSeSi: C, 41.48; H,
5.09; N, 3.72; S, 8.52%.
N—Methyl-2-[(trimethylsilylmethyl)thio]imidazolinium
hydroselenite (12)."HNMR § ppm: 0.06 (s, 9H, SiMe3); 2.30 (s,
2H, CH,); 3.56 (s, 3H, NCH3); 4.70 (bs, 1H, NH); 6.91 and 7.21
(each d, 1H, ] = 1.24 Hz, imidazole protons).*C NMR § ppm:
—1.58, 18.41, 123.16 (C-5), 127.44 (C-4), 142.30 (C-2), 32.89
(NCHj3).77Se NMR § ppm: 1333.31. Anal. Found: C, 29.12; H,
5.47; N, 8.41; S, 9.65. Calc. for CgH15N,0O;SSeSi: C, 29.17; H,
5.51; N, 8.51; S, 9.74%.
2-[(Trimethylsilylmethyl)thio]benzothiazolium hydrose-
lenite (13)."H NMR § ppm: 0.16 (s, 9H, SiMe3); 2.63 (s, 2H,
SCH,); 5.07 (bs, 1H, NH); 7.33 (t, 1H, ] = 7.2 Hz, H-6); 7.46 (t,
1H,] = 6.8 Hz, H-5);7.84 (d, 1H, ] = 8.0 Hz, H-7); 7.99 (d, 1H,
J = 7.6 Hz, H-3).3C NMR § ppm: —1.84, 18.26, 120.97 (C-7),
121.69 (C-4), 124.15 (C-6), 126.31 (C-5), 134.70 (C-7a), 153.10
(C-3a), 169.92 (C-2).”7Se NMR § ppm: 1325.19. Anal. Found:
C,36.41; H,4.87; N, 3.55; S, 16.18. Calc. for C;,H19NO;S,SeSi:
C, 36.35; H,4.83; N, 3.53; S, 16.18%.
6-[(Trimethylsilylmethyl)thio]-9-(trimethylsilylmethyl)
purinium hydroselenite (14).'H NMR § ppm: 0.04 and 0.14
(each s, 9H, SiMej3); 2.56(s, 2H, SCH,); 3.88 (s, 2H, NCH,);
4.62 (bs, 1H, NH); 8.34 (s, 1H, H-8); 8.70 (s, 1H, H-2).3C
NMR § ppm: —2.57, —1.8, 12.4, 34.4, 130.4 (C-5), 144.4 (C-8),
148.1 (C-4), 151.1 (C-2), 160.4 (C-6). ”Se NMR & ppm: 1321.58.
Anal. Found: C, 34.43; H, 5.80; N, 12.35; S, 7.08. Calc. for
C13H26N4O3SSeSi2: C, 3442, H, 578, N, 1235, S, 7.07%.
2-[(3-Trimethylsilylpropyl)thio]quinolinium hydroselenite
(15).'"H NMR § ppm: 0.04 (s, 9H, SiMe3); 0.73 (m, 2H, SiCH,);
1.78 (m, 2H, CH,CH,CHy,); 3.34 (t, 2H, | = 7.2 Hz, SCH,);
7.38-7.97 (m, 5H, ring protons); 8.19 (m, 1H, H-8).*C NMR
8 ppm: —1.58, 15.9, 24.0, 32.3, 121.0 (C-3), 125.3 (C-6), 125.7
(C-4a), 127.3 (C-5), 128.0 (C-7), 130.0 (C-8), 135.9 (C-4), 147.7
(C-8a), 159.0 (C-2).”7Se NMR § ppm: 1322.12. Anal. Found: C,
44.61; H, 5.77; N, 3.50; S, 7.95. Calc. for C;5Hy3NO;SSeSi: C,
4454, H,5.73; N, 3.46; S, 7.93%.
N-Methyl-2-[(3-trimethylsilylpropyl)thio]imidazolinium
hydroselenite (16)."HNMR § ppm: 0.03 (s, 9H, SiMe3); 0.09 (s,
9H, SiMej3); 0.71 (m, 2H, CH,Si); 1.68 (m, 2H, CH,CH,CH,Si);
3.11 (t, 2H, ] = 7.2 Hz, SCH,); 3.72 (s, 3H, NCH3); 6.18 (bs,
1H, NH); 7.11 and 7.38 (each d, 1H, ] = 1 Hz, in the imida-
zole ring).1*C NMR § ppm: —1.16, 15.39, 24.20, 37.07, 123.11
(C-5), 127.94 (C-4), 140.27 (C-2), 32.98 (NCH;).””Se NMR &
ppm: 1330.24. Anal. Found: C, 33.65; H, 6.22; N, 7.87; S,
9.04. Calc. for C;pH2N,05SSeSi: C, 33.61; H, 6.20; N, 7.84; S,
8.97%.
2-[(3-Trimethylsilylpropyl)thio]pyrimidinium hydroselen-
ite (17)."H NMR § ppm: 0.05 (s, 9H, SiMes); 0.70 (m, 2H,
CHS,Si); 1.74 (m, 2H, CH, CH, CHy); 3.19 (t, 2H, ] = 7.2 Hz,
SCH,); 3.98 (bs, 1H, NH); 7.27 (t, 1H, ] = 4.8 Hz, H-5); 8.70
(d, 2H, ] = 4.8 Hz, H-4, H-6).13C NMR § ppm: —1.70, 15.8,
23.7,33.4,117.0 (C-5), 157.6 (C-4, C-6), 171.2 (C-2).”7Se NMR §
ppm: 1322.30. Anal. Found: C, 34.04; H, 5.15; N, 7.94; S, 9.07.
Calc. for C;pH;3N,05SSeSi: C, 33.99; H, 5.13; N, 7.93; S, 9.07%.
2-[(3-Trimethylsilylpropyl)thio]benzothiazolium hydrose-
lenite (18)."H NMR § ppm: —0.01 (s, 9H, SiMe;); 0.66 (m,
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2H, CH,Si); 1.78 (m, 2H, CH,CH,CH,); 3.35 (t, 2H, ] =7.2
Hz, SCH,); 6.13 (bs, 1H, NH); 7.30-7.40 (m, 2H, H-5, H-6);
7.84 (m, 1H, H-7); 7.98 (m, 1H, H-4).13C NMR § ppm: —1.7,
15.6, 23.9, 36.2, 121.1 (C-7), 121.7 (C-4), 124.4 (C-6), 126.4 (C-
5), 134.5 (C-7a), 152.8 (C-3a), 166.9 (C-2).””Se NMR § ppm:
1322.18. Anal. Found: C, 38.00; H, 5.11; N, 3.34; S, 15.52. Calc.
for C13H,1NO35,5€S5i: C, 38.04; H, 5.16; N, 3.41; S, 15.62%.

6-[(3-Trimethylsilylpropyl)thio]-9-(3-trimethylsilylpropyl)
purinium hydroselenite (19)."H NMR § ppm: —0.05 and —0.04
(both s, 9H, SiMe3); 0.42 (m, 2H, S(CH,)>CH,Si); 0.66 (m, 2H,
N(CH;),CH,Si); 1.75 (m, 4H, CH,CH,CH,);3.35 (t,2H,] = 7.2
Hz, SCH,); 421 (t, 2H, ] = 7.2 Hz, NCH,); 7.48 (s, 1H, H-8);
8.70 (s, 1H, H-2).3C NMR § ppm: —1.79, —1.65, 12.9, 15.8,
24.0,24.2,31.1, 46.2, 130.7 (C-5), 144.6 (C-8), 148.4 (C-4), 151.3
(C-2), 159.5 (C-6).”7Se NMR § ppm: 1322.42. Anal. Found: C,
40.01; H, 6.70; N, 10.82; S, 6.21. Calc. for C;7H34N4O55SeSis:
C, 40.06; H, 6.72; N, 10.99; S, 6.29%.

In vitro cytotoxicity assay

Monolayer tumor cell lines—MG-22A (mouse hepatoma),
HT-1080 (human fibrosarcoma), B16 (mouse melanoma),
Neuro 2A (mouse neuroblastoma), normal mouse fibroblasts
(NIH 3T3), and hamster endothelial cells (BHK 21)—were
cultured in standard medium (Dulbecco’s modified Eagle’s
medium; DMEM) without an indicator (‘Sigma’) and
supplemented with 10% heat-inactivated fetal bovine serum
(‘Sigma’). Tumor cell lines were taken from the European
Collection of Cell Culture (ECACC). After the ampoule
had thawed, cells from one to four passages were used in
three concentrations test compound: 1, 10 and 100 pg m1™.
About (2-5)x10* cells ml™! (depending on the nature of
the line) were placed in 96-well plates immediately after
compounds were added to the wells; the volume of each
plate was 200 pl.The control cells without test compounds
were cultured on separate plate. The plates were incubated
for 72h, 37°C, 5% CO,. The number of surviving cells
was determined using tri(4-dimethylaminophenyl)methyl
chloride (crystal violet: CV) or 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolinium bromide (MTT). The quantity on
the control plate was taken in calculations for 100%.'%1® The
concentration of NO was determined according to the Gryess
method (by NO, level in the culture medium). Sodium nitrite
standard solution was used for the calibration curve.'? The
TDso was calculated using the program Graph Pad Prisim®
3.0, r < 0.05.

In vivo activity assay

The compounds were tested in vivo against sarcoma S-180
cells. Sarcoma S-180 (5 x 10°) cells were inoculated s.c. into
male ICR mice (6 weeks old, 18-20 g) on day 0. Drugs were

Hydroselenites of silylalkylthio-substituted N-heterocycles

administered i.p.; the treatment was started 24 h after tumor
transplantation. The number of mice used in each group was
between six and ten. The daily dose was 10 mg kg‘1 ; duration
of treatment was 9 days. The efficacy of the treatment was
estimated by the ellipsoid formula; the tumor volume V of the
control group was taken as 100% in calculations. V was cal-
culated from the equation: V = 4rab?/3, were a and b are the
ellipsoid maximum and minimum diameters (the calculated
volume was halved in the case of flat tumor shapes).™*

RESULTS AND DISCUSSION

Chemistry

It has been shown that silylalkylthio-substituted N-
heterocycles1-10 readily react with selenic acid, H,SeOs
(formed during solution of selenium(IV) oxide in water),
to give the corresponding ammonium hydroselenites 11-19
(Scheme 1). The reaction proceeds easily at room temperature
with good to excellent yields (67-94%). In the case of quater-
nization by 2-[(trimethylsilylmethyl)thio]pyrimidine (3) the
reaction with selenic acid proceeds with partial desilylation
of the trimethylsilyl group. The 'H, *C, and 77Se NMR data
confirm the formation of hydroselenites. The selenium signal
in the 77Se NMR spectra for all compounds appears in the
1321.9-1333.3 ppm region. The chemical shift of selenic acid,
H,SeO; (1292 ppm)'5, is similar to that for the selenites 11-19
studied.

Antitumor activity

The results of these experiments are summarized in Table 1.
The majority of silylalkylthio-substituted N-heterocycles
tested exhibited high activity in vitro on human fibrosar-
coma HT-1080, mouse hepatoma MG-22A, mouse melanoma
B16, and mouse neuroblastoma Neuro 2A tumor cell lines.
There is no correlation between silylalkylthio chain length and
cytotoxic activity. 2-[(Trimethylsilylmethyl)thio]quinoline (1)
exhibits high cytotoxic effect on all cell lines (1.5-8.5 pg ml~1),
the prolongation of the methylene chain between silicon
and sulfur from one to three (6) decreases activity on
HT-1080 and Neuro 2A cell lines. The N-methylimidazole
derivative 2 is less active than the trimethylsilylpropyl
analogue 7 (1.0-2.0 pg ml1™!). The introduction of a pyrim-
idine group in the place of N-methylimidazole strongly
decreases cytotoxicity on the tumor cell lines studied.
Besides that, the 2-[(trimethylsilylmethyl)thio]benzothiazole
(4,2.0-9.0 ug ml~1) is much more active than the trimethylsi-
lylpropyl derivative 9. The silylalkylated purines 5
(1.5-11.0 yg ml~!) and 10 (2.0-13.0 ug ml~!) have compa-
rable cytotoxic action. It should be noted that the same

. H,SeO5 . _
(N-Het)—S(CH,),SiMe; —2—3» H(N-Het)*—S(CH,),SiMe; HSeO,

1-10

11-19

Scheme 1.
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concentrations of silylalkylthio-substituted N-heterocycles
1-10 are toxic both against tumor and normal mouse
fibroblast and hamster endothelial cells. A preliminary anal-
ysis of the structure—activity relationship for the cytotoxic
action clearly indicates the strong influence of the intro-
duction of selenium on toxic effects in vitro (Table 1). 2-
[(Trimethylsilylmethyl)thio]quinolinium hydroselenite (11)
shows specific cytotoxic activity on HT-1080 (ITDsy =
0.42 ug ml~!); however, the trimethylsilylpropyl analogue
15 has no selectivity on the cell lines studied (TDsy =

Environment, Biology and Toxicology m

1.0-3.5 ug ml~!). Inspection of trimethylsilylthio-substituted
N-methylimidazolinium hydroselenite 12 and benzothia-
zolium hydroselenite 13 cytotoxic data shows extended
activity against human fibrosarcoma, mouse melanoma
and neuroblastoma (0.4-3.5 ugml™!), except mouse hep-
atoma MG-22A. The introduction of the trimethylsilyl-
propyl chain (16, 18) leads to high cytotoxicity on MG-22A
(1.0-5.5 ug ml~1). Silylalkylated purinium hydroselenites 14
(1.3-75ugml™!) and 19 (1.0-5.0 ug ml™!) exhibit similar
cytotoxic activity.

Table 1. In vitro cell cytotoxicity and the ability of intracellular NO generation caused by substituted N-heterocycles 1-10 and their

hydroselenites 11-19?2

HT-1080 MG-22A Bl6 Neuro 2A NIH 3T3 BHK 21
TDsy NO100% TDsy NO100% TDsy NO100% TDsy NO 100% TDs, TDs,
1 @fj 2 250 3.5 125 15 150 8.5 500 20 6
NZ > SCH,SiMe,
2 7 N 20.5 300 15.5 400 55 650 13 800 . 4
q»\SCHZSiMeg
CH
3 N * 13 120 14 9.5 300 20 60 o 21
L
N7 SCH,SiMe,
4 N 2 450 6 200 3 150 9 500 2.5 37
@[ H—SCH,SiMes
s
5 SCH,SiMe; 15 650 4 250 11 350 2 550 45 22
NN
A\
S | N‘>
CH,SiMe;
6 N 72 250 3.8 200 25 1100 28 1100 o 27
Ofl\l:l\S(CHz)SSiMeg
7 i N 1 500 1 300 1.5 250 2 600 1 12
é_N»\S(CHg)SSiMeS
CHs
8 N 18 450 2 300 1.7 300 * 11 * 12
L
N7 S(GH,),SiMe,
9 N 32 117 22 350 * 9 * 18 * 67
@[S\>—5(0H2)asnvle3
10 S(CH,)3SiMe, 13 450 2 500 4 300 12 500 23 3
N/
\)
k\Nl N>
S(CH,)SiMes
1 @HZSeOs 0.42 250 185 450 4 600 4 750 122 24
N” “SCH,SiMe,
12 WH 0.4 300 47 43 3.5 650 2 800 7 2
N
4/_,\,»\50stm/|e3
CHy,  HSeOs
13 H,SeO, 3.5 30 22 40 3 300 1.2 400 4 1.9

N
@[ H—SCH;,SiMe,
s
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Table 1. (Continued)

Hydroselenites of silylalkylthio-substituted N-heterocycles

HT-1080 MG-22A B16 Neuro 2A NIH 3T3 BHK 21
TDsy NO100% TDsy NO100% TDsg NO100% TDsy NO 100% TDs TDs
14 SCH;SiMe, 1.3 250 7.5 300 35 250 17 217 2 7
N“ N
Y H,Se0,
KNl N> e
CH,SiMes
15 N H,Se0, 2 250 3.5 450 1 250 17 500 4 26
Ofl\lj\S(CHg)BSiMes
16 N H,SeOs 1 500 1 250 1.25 300 1.67 40 0.15 0.22
4/_N»\S(CH2)ESiMe3
CHy
17 XN H»SeOs; 1 250 7.5 600 1 200 * 11 * 14
LA
N7 “S(CHy)sSiMes
18 N H:SeOs 2 200 55 400 3 150 11 500 25 35
©[ 3—S(CHy)sSiMes
s
19 S(CH,)3SiMe, 1 40 18.5 250 4 300 5 500 13 15
NN Hose0
AN 2! 3
k\Nl N>

5(CH,)sSiMes

2 TDsp: concentration (ug ml—1) providing 50% cell killing effect [(CV+MTT)/2]. NO concentration (%) (CV: coloration).

*no cytotoxic effect.
**not tested.

The role of NO in biosystems has attracted considerable
attention in the last decade. NO is formed by enzymatic and
non-enzymatic mechanisms. Because of its low molecular
weight and high lipophilicity, NO has good diffusion prop-
erties. It may act not only in the cell where it is produced, but
also in nearby tissues. Biologically produced NO originates
from oxygen and L-arginine in a reaction catalyzed by NO syn-
thase. NO, a long-lived radical with a wide range of actions, is
known as a regulator of a variety of biological processes.!® The
NO level was determined according to Ref 12, and NO release
was defined using the Greyss reagent (by NO, concentration
in the culture medium). The yield of nitrite was expressed
as nanomoles of NO,/200 pl of cultural medium in testing
plates for 100% alive cells after CV coloration assay (selenites
concentration 100 ug ml~1). It was shown (Table 1) that com-
pounds 1-10 readily increase NO concentration in the culture
medium on all cell lines. This effect is especially expressed
in the case of 2-[(3-trimethylsilylpropyl)thio]quinoline (6,
TGigo = 1100%) on B16 and Neuro 2A tumor cell lines. In the
series of hydroselenites 11-19, free-radical protection was
also present. 2-[(Trimethylsilylmethyl)thio]benzothiazolium
hydroselenite (13) inhibits nitric oxide generation by 70%
(TG00 = 30% on HT-1080). N-Methylimidazolinium hydrose-
lenite 12 (TG = 43% on MG-22A), trimethylsilylpropyl
analogue 26 (TGjp =40% on Neuro 2A), and purinium
hydroselenite 19 (TGipp = 40% on HT-1080) also exhibit
free-radical protection activity simultaneously with high
cytotoxic effect (Table 1). In the case of the hydroselenites
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11-19, the role of thiol is played by glutathione. Moreover,
hydroselenites may regulate the level of glutathione in the
cell, because selenium-containing derivatives are glutathione
peroxidase inhibitors. According to our results, there is no
correlation between the ability to inhibit glutathione perox-
idase and the efficacy to generate NO. The increase in NO
depends on the type of tissue, the prodrug dose, etc. Accord-
ing to the literature, the conversion of L-arginine to L-citrulline
with the production of NO is catalyzed by heme iron."” Our
results indicate that the organoammonium hydroselenites
investigated may be promising antitumor agents with an
action mediated by the regulation of radical formation. The
hydroselenite compounds 11-19 disrupt the different radical-
dependent systems and slowly normalize the biochemical
processes in the cell.

Antitumor activity of silylalkylthio-substituted N-hetero-
cycles 1-10 against sarcoma S-180 was determined for male
ICR mice (18-20 g). 2-[(Trimethylsilylmethyl)thio]quinoline
(1), increases sarcoma growth by 45% at a dose of 2 mg
kg! in 9days. Besides, prolongation of the silylalkyl
chain leads to the opposite effect (6, inhibition by 12%).
Trimethylsilylmethyl pyrimidine 3 has no effect on the
speed of S-180 growth; however, the silylpropyl ana-
logue 8 undesirably increases tumor growth by 87%. The
best result in the series of hydroselenites of silylalkylthio-
substituted N-heterocycles 1-10 is shown by 6-[(3-
trimethylsilylpropyl)thio]-9-(3-trimethylsilylpropyl)purine
(10, inhibition by 51%). Generally, the conversion of bases

Appl. Organometal. Chem. 2003; 17: 825-830
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1-10 into their hydroselenites (11-19) leads to more effective
tumor growth inhibition. Inspection of the in vivo activ-
ity of hydroselenites 13-17 shows sarcoma inhibition by
10-39% in 9 days. In the series of hydroselenites 11-19, 6-
[(trimethylsilylmethyl)thio]-9-(trimethylsilylmethyl)puri-
nium hydroselenite (14, inhibition by 39%) shows the great-
est level of tumor growth inhibition, but introduction of a
silylpropyl chain into the molecule (19) completely removed
sarcoma S-180 inhibiting properties.

CONCLUSIONS

It has been found that silylalkylthio-substituted N-
heterocycles and their hydroselenites show significant
potency in vitro against different tumor cell lines. Inspec-
tion of the cytotoxicity shows that hydroselenites are more
active than the initial N-heterocycles. Some of the hydrose-
lenites exhibit free-radical protection simultaneously with a
high cytotoxic effect. In vivo evaluation of silylalkylated N-
heterocycles and their hydroselenites confirmed antitumor
activity against sarcoma S-180.
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New selenites of different organic bases have been prepared by the reaction of selenium dioxide
with aliphatic and heterocyclic amines in an aqueous medium. Their structure was confirmed by 'H,
13C and 77Se NMR data and, in the case of triethanolammonium hydroselenite [HN " (CH,CH,OH)3
HSeOs3], by X-ray analysis. Most of these selenites have an expressed cytotoxic activity on the
MG-22A (mouse hepatoma), HT-1080 (human fibrosarcoma), B16 (mouse melanoma), and Neuro 2A
(mouse neuroblastoma) cell lines. The substances studied were also active in vivo against sarcoma

$-180. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Selenium ranks 70th in abundance among the elements and
constitutes approximately 10 °% of the Earth’s crust.' In
biology it was long considered as a dangerous poison, until it
was identified as an essential trace element for animals. The
fundamental importance of selenium for biology has become
increasingly clear as new research has shown an unsus-
pected role of this element for human health?>® As
selenocysteine, selenium is a component of selenoproteins,
some of which have important enzymic functions, in this
context being best known as an antioxidant and catalyst in
the reduction of hydrogen peroxide; and the family of
selenium-dependent glutathione peroxidases is involved on
the processing of lipid or phospholipid hydroperoxides to
harmless products.* Selenium has additional important
effects, particularly in relation to the immune function.’
Selenium deficiency is also linked to the progress of some
viral infections.® Administration of trace quantities of
NaySeOj; or NaySeOy can successfully treat Keshan disease.”

Organic and inorganic selenium derivatives are effective
in inhibition of a wide range of tumors. There is evidence
that selenium protects against certain human cancers.>*'! In
order to investigate the relationship between serum sele-
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nium content and the risk of cancer, some thousands of
serum samples were obtained from cancerous and non-
cancerous patients. In this cohort, the incidence of cancer in
the non-cancerous patients was followed for the subsequent
3 years. The serum selenium level of non-cancerous patients
who later developed cancer during the 3 years was
determined and compared with that of the non-cancerous
patients. A higher incidence of cancer was observed in the
lower serum selenium patients of the non-cancerous group.
The serum selenium level in cancerous patients was
significantly lower than in non-cancerous patients. These
results suggest that the low serum selenium level in
cancerous patients may not be induced by the tumor, but it
was more likely already present before the tumor. The ratio
between the non-cancerous and cancerous groups was
estimated to be 1.95:1, suggesting a higher risk of cancer in
the low serum selenium group.'”

Taking into account the importance of the selenium
element in the organism, pyridinium, quinolinium, bipy-
ridinium, phenanthrolinium, imidazolinium, benzimidazo-
linium and ethanolammonium selenites were synthesized to
study the influence of cation structure on cytotoxic effect.
Their antitumor activity on HT-1080, MG-22A, B-16 and
Neuro 2A cell lines and in vivo (5-180) was investigated.

MATERIALS AND METHODS

Crystal data determination
The crystals of compound 13 are monoclinic, space group

Copyright © 2002 John Wiley & Sons, Ltd.
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P2,; the lattice constants are as follows: a=8.043(1),
b=53468(8), c=12543(1)A, f=93.66(1)°, Z=2, V=
538.3(1) A%, F(000) =284, D, =1.716(1) g cm~% Mo Ku radia-
tion, 1=0.710 69 A, n=23.494 mm~ L A single crystal of
dimensions 0.25 x 0.40 x 0.40 mm®> was used for X-ray
measurements at room temperature on a Syntex P 2
diffractometer. The intensity data were collected to a
maximum 20 of 50° by 0-20 scans. The total number of
independent reflections measured was 1077, of which 979
reflections were considered as observed by criterion |F|
>4.00(F). No absorption correction was applied. The
structure was solved by the heavy-atom method and refined
by full-matrix least squares with anisotropic temperature
factors to R=0.0434 for observed data (R=10.0479 for all
data; goodness of fit is 1.061). Flack’s x parameter is 0.02(3).
All calculations were carried out using the SHELXL-93
program.’? Atomic coordinates and components of tempera-
ture factor tensors are deposited at the Cambridge Crystal-
lographic Data Centre (the CCDC deposition number is
141712).

Instrumental

H, BC, and 7’Se NMR spectra were recorded on a Varian
200 Mercury spectrometer at 200 MHz, 50.3 MHz and
39.74 MHz respectively at 303 K in D,O-Me;COH solution.
The M and '®C chemical shifts are given relative to
tetramethylsilane (TMS); 7’Se is relative to dimethyl sele-
nide.

Synthesis of hydroselenites

To a solution of the base (0.02mol) in 50 ml of water an
equimolar amount of selenium dioxide was added. The
reaction mixture was stirred for 1h at room temperature.
The residue was recrystallized from ethanol or purified on
silica gel.

Pyridinium hydroselenite (1)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,O/TMS) 6 (ppm): 7.25-7.32 (2H, m, arom); 7.62-7.70 (1H,
m, arom); 8.6-8.63 (2H, m, arom). >*C NMR (Me;COH-D,0/
TMS) § (ppm): 125.45, 139.1, 145.2. 7/Se NMR (D,0/SeQ,) &
(ppm): 1283.7. Found: C, 29.01; H, 3.21; N, 6.65. Calc. for
CsH7NOsSe: C, 28.86; H, 3.39; N, 6.73%.

4-Hydroximinomethylpyridinium hydroselenite
(2)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,0O/TMS) § (ppm): 7.71 (2H, dd, ] = 1.6 Hz, ] = 4.4 Hz); 8.74
(2H, dd, J=1.6Hz, J=4.4Hz). °C NMR (Me;COH-D,0O/
TMS) 6 (ppm): 116.0, 119.8, 125.5, 148.9. "/Se NMR (D,O/
SeO,) 6 (ppm): 1282.4. Found: C, 28.71; H, 2.85; N, 11.28.
Calc. for CgH;N,O,4Se: C, 28.82; H, 2.82; N, 11.2%.

Copyright © 2002 John Wiley & Sons, Ltd.
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4-Amidohydroximinomethylpyridinium
hydroselenite (3)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. '"H NMR (Me;COH-
D,0/TMS) § (ppm): 8.2 (2H, dd, ] = 1.8 Hz, ] = 6 Hz); 8.5 (2H,
dd, J=1.8Hz, [=6Hz). ®C NMR (Me;COH-D,0/TMS) &
(ppm): 122.8, 142.0, 146.3, 150.9. 7/Se NMR (D,0/SeO,) &
(ppm): 1281.6. Found: C, 27.11; H, 3.14; N, 15.8. Calc. for
CeHgN3O4Se: C, 27.18; H, 3.04; N, 15.85%.

Quinolinium hydroselenite (4)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,O/TMS) 6 (ppm): 7.85-7.92 (1H, m); 8.0-8.16 (4H, m); 9.02
(1H, d, J=82Hz); 914 (1H, d, J=52Hz). *C NMR
(Me;sCOH-D,O/TMS) ¢ (ppm): 118.0; 119.6, 126.5, 127.0,
128.0, 141.9, 145.2. 7’Se NMR (D,0/Se0,) & (ppm): 1287.4.
Found: C, 41.75; H, 3.43; N, 5.30. Calc. for CoHoNO3sSe: C,
41.88; H, 3.51; N, 5.43%.

6-Bromoquinolinium hydroselenite (5)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,0/TMS) § (ppm): 7.81-7.9 (1H, m); 8.1-8.26 (3H, m); 9.22
(1H, d, J=82Hz); 928 (1H, d, J=52Hz). *C NMR
(Me3COH-D,O/TMS) ¢ (ppm): 118.4; 120.6, 127.5, 127.8,
131.0, 143.9, 148.1. "/Se NMR (D,0O/SeQ,) & (ppm): 1288.5.
Found: 32.11; H, 2.25; N, 4.03. Calc. for CoHgBrNOsSe: C,
32.07; H, 2.39; N, 4.16%.

o-Phenanthrolinium hydroselenite (6)

M.p. 123-124°C (from ethanol-water). "H NMR (Me;COH-
D,O/TMS) & (ppm): 7.5 (2H, s); 7.78 (2H, dd, [=4.8 Hz,
J=82Hz); 834 (2H, dd, ] = 1.4 Hz, ] =8.2 Hz); 8.78 (2H, dd,
J=12Hz, J=48Hz). ®C NMR (Me;COH-D,O/TMS) §
(ppm): 124.1, 125.9, 127.9, 136.0, 140.0, 146.0. 7/Se NMR
(D20/Se0y) 6 (ppm): 1291.8. Found: C, 46.42; H, 3.12; N, 9.16.
Calc. for C1o,H10N,O5Se: C, 46.62; H, 3.23; N, 9.06%.

2,2-Bipyridinium hydroselenite (7)

M.p. 53-54°C (from ethanol). '"H NMR (MesCOH-D,0/
TMS) 6 (ppm): 7.86 (2H, dt, ] = 2.8 Hz; ] = 5.6 Hz, ] = 11.2 Hz);
831-837 (4H, m); 88 (2H, d, J=52Hz). *C NMR
(Me;COH-D,0O/TMS) § (ppm): 121.6, 124.9, 140.8, 1444,
146.0. 77Se NMR (D,0/SeO,) d (ppm): 1290.1. Found: C,
42.12; H, 3.55; N, 9.88. Calc. for CyoHoN»OsSe: C, 42.12; H,
3.53; N, 9.82%.

4,4'-Bipyridinium hydroselenite (8)

M.p. 184-185°C (from ethanol). 'H NMR (Me;COH-D,O/
TMS) § (ppm): 8.14 (4H, dd, ] = 1.2 Hz, ] = 5 Hz); 8.85 (4H, dd,
J=12Hz, J=5Hz). ®C NMR (Me;COH-D,O/TMS) &
(ppm): 126.8, 148.8, 151.7. 7/Se NMR (D,0/SeO,) § (ppm):
1290.4 Found: C, 421, H, 3.47, N, 9.78. Calc. for
C10H1oN,O5Se: C, 42.12; H, 3.53; N, 9.82%.

Appl. Organometal. Chem. 2002; 16: 228-234
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Imidazolinium hydroselenite (9)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,O/TMS) 6 (ppm): 7.49 (2H, s); 8.67 (1H, s). *C NMR
(Me;COH-D,0/TMS) 6 (ppm): 117.6, 118.2, 132.6. 7/Se NMR
(D,O/Se0y) 6 (ppm): 1288.4. Found: C, 18.15; H, 3.07; N,
14.18. Calc. for C3HgN,O3Se: C, 18.28; H, 3.07; N, 14.21%.

Benzimidazolinium hydroselenite (10)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,O/TMS)  (ppm): 7.58 (4H, dqui, ] =3.2 Hz, ] = 25.2 Hz);
9.00 (1H, s). 7’Se NMR (D,0/SeO5) § (ppm): 1323.9. Found:
C, 33.04; H, 3.40; N, 11.12. Calc. for C;HgN,O;Se: C, 34.03; H,
3.26; N, 11.34%.

N-Methylethanolammonium hydroselenite (11)
The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,O/TMS) ¢ (ppm): 2.74 (3H, s); 3.17 (2H, t, | = 5.4 Hz); 3.84
(2H, t, J=5.4 Hz). ®C NMR (Me;COH-D,0/TMS) § (ppm):
30.8, 48.6, 54.6. 77Se NMR (D,0/SeQ,) 6 (ppm): 1289.4.
Found: C, 17.55; H, 5.33; N, 6.71. Calc. for CzH;1NO4Se: C,
17.65; H, 5.43; N, 6.86%.

N-Methyldiethanolammonium hydroselenite
(12)

The pure product was isolated by column chromatography
on silica gel with ethanol as eluent. Oil. "H NMR (Me;COH-
D,O/TMS) § (ppm): 2.96 (3H, s); 3.37 (4H, t, ] =5 Hz); 3.94
(4H, t, J=5Hz). ®C NMR (MesCOH-D,0/TMS) § (ppm):
38.7, 53.3, 55.5. 77Se NMR (D,O/SeO,) § (ppm): 1293.3.
Found: C, 24.03; H, 5.93; N, 5.43. Calc. for CsH5NOsSe: C,
24.20; H, 6.09; N, 5.65%.

Triethanolammonium hydroselenite (13)

M.p. 94°C (from ethanol-water). "H NMR (Me;COH-D,0O/
TMS) ¢ (ppm): 3.51 (6H, t, ] =4.2 Hz); 3.99 (6H, t, ] = 4.2 Hz).
3C NMR (MesCOH-D,0/TMS) & (ppm): 53.3, 53.6. 7/Se
NMR (D,0O/SeOy) ¢ (ppm): 1293.0. Found: C, 25.88; H, 6.15;
N, 5.03. Calc. for C¢gH17NOgSe: C, 25.90; H, 6.21; N, 4.94%.

In vitro cytotoxicity assay

Monolayer tumor cell lines: MG-22A (mouse hepatoma),
HT-1080 (human fibrosarcoma), B16 (mouse melanoma),
Neuro 2A (mouse neuroblastoma) and normal mouse
fibroblast cells were cultivated with standard medium
(Dulbecco’s modified Eagle’s medium) without an indicator
(‘Sigma’) supplemented with 10% heat-inactivated fetal
bovine serum (‘Sigma’). After the ampoule was defrosted
the cells were used for only one to four passages. Cells in the
range of (2-5) x 10* (cells/ml) (depending on line nature)
were placed on 96-well plates immediately after compounds
were inoculated to wells. The control cells, without test
compounds, were cultivated on separate plates. The plates

Copyright © 2002 John Wiley & Sons, Ltd.
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1291.810

Figure 1. ""Se NMR spectrum of o-phenanthrolinium
hydroselenite (6).

were cultivated for 72 h, at 17°C, in 5% CO,. The quantity of
surviving cells was determined using crystal violet (CV) or
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium bro-
mide (MTT). The quantity of live cells on the control plate
was taken in calculations as 100%."** The concentration of
NO was determined according to the Gryess method (by
NO; level in cultural medium). Sodium nitrite standard

solution was used for the calibration curve.'®

In vivo activity assay

The compounds were tested in vivo against sarcoma S-180
cells. Sarcoma S-180, 5 x 10° cells were inoculated s.c. to male
ICR mice (6 weeks old, 18-20g) on day 0. Drugs were
administered i.p.; the treatment was started 4 h after tumor
transplantation. The number of mice used in each group was
between six and ten. The efficacy of the treatment was
estimated by the ellipsoid formula; the volume V (mm®) of
tumor in the control group was taken in calculations as 100%.

RESULTS AND DISCUSSION
Chemistry

An aqueous solution of ammonia reacts with selenium
dioxide to form NH4H3(SeO3)2.15 (NH4)25e,05 crystallizes
from a selenoic acid solution, half-neutralized with NH,OH,
above 32°C." We have shown that aromatic and aliphatic
amines readily react with selenic acid (H;SeOs), forming
during solution of selenium(IV) oxide in water, to give the
corresponding ammonium hydroselenites 1-13. Reaction
proceeds easily at room temperature with good to excellent
yields (67-94%) (Scheme 1, Table 1). The 'H, **C, and 7"Se
NMR data confirm the formation of ammonium selenites.
The selenium signal in the 7’Se NMR spectra for all
compounds appears in the 1281.6-1293.3 ppm region. A
typical 7/Se NMR spectrum for o-phenanthrolinium hydro-
selenite (6) is presented in Fig. 1. The chemical shift of
H,SeO;5 (1292 ppm)?7 is similar to that for the selenites 1-13
The molecular structure of triethanolammonium hydrosele-
nite (13) (the compound that provided the best crystals) was
determined by X-ray diffraction (Fig. 2). Three intramolecu-
lar hydrogen N —H'O bonds determine the conformation of
the cation 13 framework. A similar situation occurs in other

Appl. Organometal. Chem. 2002; 16: 228-234
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Table 1. Triorganylammonium selenites 1-13

No. BaseH™" Compound Yield (%)
1 — N-Pyridinium hydroselenite 68
{ t:N—H
2 HON 4-Hydroximinomethylpyridinium hydroselenite 80
Sos
HON o 4-Amidohydroximinomethylpyridinium hydroselenite 94
HzNy—@ —H
4 = Quinolinium hydroselenite 87
+1
N
h
5 = 6-Bromoquinolinium hydroselenite 67
*
Br \H
6 N o0-Phenanthrolinium hydroselenite 78
N/
I ,+N
“
7 =\ _/\ 2,2’-Bipyridinium hydroselenite 81
+4
\
H
8 H—N@—QN 4,4'-Bipyridinium hydroselenite 80
9 =\ o Imidazolinium hydroselenite 94
NN
10 H Benzimidazolinium hydroselenite 80
N
or,
H
11 H+  _OH N-Methylethanolammonium hydroselenite 79
H'N'Me
12 Me_+H N-Methyldiethanolammonium hydroselenite 76
IN\/\OH
HO
13 OH Triethanolammonium hydroselenite 75
%
Hoﬂ “on

Copyright © 2002 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2002; 16: 228-234
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Figure 2. Molecular structure of the triethanolammonium
hydroselenite (13).

triethanolammonium salts. By means of these intramolecular
bonds the triethanolammonium cations of chloride,®® bro-
mide,’® iodide,?® nitrate,! perchlorate,22 p-chlorophe-
r'lylthioace’rate,23 tetrachloroantimonate,?* as well as selenite
13, form a tricyclic system analogous to atranes.”* The
deviation of the nitrogen atom from the C3, C3’, C3"” plane in
compound 13 is 0.425(6) A. It should be noted that the
tricyclic system is not formed in the triethanolamine
structure,®®*’ where intramolecular hydrogen bonds are
absent. The crystal structure of 13 is stabilized by intermol-
ecular hydrogen bonds of the O—HO type. The packing
diagram for the structure 13 is illustrated in Fig. 3. Table 2
gives the parameters of the hydrogen bonds in selenite 13.

Base + SeO; + H,O — (BaseH) HSeO;~

Scheme 1.

Antitumor activity
Cytotoxic activity of the synthesized selenites 1-13 was

Materials, Nanomaterials and Synthesis m

Figure 3. Unit cell of the triethanolammonium hydroselenite (13).

tested in vitro on four monolayer tumor cell lines: MG-22A
(mouse hepatoma), HT-1080 (human fibrosarcoma), B16
(mouse melanoma), Neuro 2A (mouse neuroblastoma) and
normal mouse fibroblast cells. Concentrations providing
50% of tumor death effect (TDsg) were determined according
to known procedures® using 96-well plates and two
independent coloration methods: (a) coloration with CV,
specifying the integrity of cell membranes; (b) coloration
with MTT, characterizing the redox activity in cells.

The results of these experiments are summarized in Table
3. The majority of compounds tested exhibited high activity
in vitro on the tumor cell lines investigated. o-Phenanthro-
linium selenite (6) and imidazolinium selenite (9) have the
highest cytotoxic effect, on HT-1080, MG-22A, B16 and
Neuro 2A cell lines. Besides that, most of the selenites
synthesized (3, 5, 7, 8 and 9) are very active (0.5-0.6 pg ml™)
against mouse melanoma B16. It should be noted that, in the
same concentrations, selenite 6 is toxic against both tumor
and normal mouse fibroblast cells. Compound 9 more
selectively inhibits tumor cells. 2,2"-Bipyridinium selenite
(7) and its 4,4'-isomer 8 have a comparable cytotoxic activity;
however, 4,4'-bipyridinium selenite (8) is considerably less

Table 2. Hydrogen bond parameters in triethanolammonium hydroselenite (13)

o o

°

Hydrogen bridge D—H A DA (A) D—H (A) HA (A) D—H"A (deg) Atom A symmetry
N4—-H4-01 2.778(7) 0.957 2.297 110.3 X, Y,
N4—H4 01 2.735(7) 0.957 2.296 107.1 X, Y,
N4-—-H4-01" 2.806(7) 0.957 2.335 109.6 XY,
O1'—H1"04 2.680(6) 0.934 1.758 168.3 —x,y—131-z
01"—H1"03 2.722(6) 1.023 1.784 150.5 —x,y—11-z
O1-H1"01 2.684(6) 0.995 1.689 179.7 1-xy—31-
02—H2"04 2.687(8) 0.887 1.802 174.6 —x,y+41-

Copyright © 2002 John Wiley & Sons, Ltd.
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Table 3. /n vitro cell cytotoxicity and the ability of intracellular NO generation caused by selenites 1-13

Organoselenite structure and cytotoxicity ~ 233

No. HT-1080 MG-22A Neuro 2A B16 3T3
TD50 (ng mlfl) TGlOO TD50 (Hg mlfl) TGlOO TD50 (]Jg mlfl) TG100 TD50 (]J.g mlfl) TG100 TD50 (]J.g mlfl)
CV®  MTT® NO (%)° CV* MTT® NO (%)° CV*® MTT® NO (%) CV* MTT® NO (%) CV* MTT®
1 42 47 100 6.7 8 67 4 3 300 7 7 100 -d -d
2 _e _e 5 _e _e 7 _d _d _d _d _d _d _d _
44 2.7 24 55 3.6 13 33 23 38 0.6 0.7 50 6.5 6.6
4 56 6.2 150 5 10 200 9 10 300 52.5 44 19 e 46.2
5 53 5 38 6 5.4 21 2 1.6 33 0.5 0.8 80 e e
6 06 0.5 50 0.1 0.7 750 0.5 0.6 200 15 6 42 0.8 0.9
7 5 5 50 3 33 43 3 1 45 0.6 0.7 150 8.2 12
8 56 33 38 48 3.6 21 0.8 0.9 38 0.5 0.6 200 € €
9 085 0.8 70 0.9 0.8 25 0.8 0.8 31 0.5 0.6 133 9 8.2
10 53 4 200 7.2 7.2 200 7.9 5.9 21 47 5.6 250 3.7 42
11 65 7 350 6 10 40 1.7 1 400 6.6 5.7 125 13 9.2
12 425 45 400 7 10 88 6 5 267 58.4 7.6 30 10.7 13.4
13 3.15 4 150 7.6 6.7 100 7 10 32 80 140 32 47.7 50

@ CV: coloration.

P MTT: coloration.

¢ NO concentration (CV: coloration).
4 Not tested.

¢ No cytotoxic effect.

toxic on fibroblasts than its 2,2'-analogue 7. In the series of
the ethanolamine derivatives 11-13, N-methylethanolammo-
nium selenite (11) is more active in experiments with Neuro
2A (TDsp=1pg ml™! in the MTT test), whereas triethano-
lammonium selenite (13) effectively inhibits HT-1080
(TDsp =23 pg ml~! in the CV test) and is less toxic against
normal 3T3 cells (TDso =47.7 ug ml~ " in the CV test).

The NO level (as a possible indicator of cytoxic activity)
was determined according to Ref. 13. NO release was
defined using the Gryess reagent (by NO, concentration in
the cultural medium). The yield of nitrite was expressed as
NO; nmol/200 pl of cultural medium in testing plates for
100% alive cells after CV coloration assay (selenites
concentration 100 ugml~"). Tt was shown (Table 3) that
compounds 1, 4, and 10-13 readily increase NO concentra-
tion in the cultural medium on the HT-1080 line. This effect is

30000 |- —e—Control
—=*—Conmp 6

25000 - —4—Comp 13

20000

15000

V(mm3)

10000

5000

days

Figure 4. Inhibition of sarcoma S-180 volume growth V by
hydroselenites 6 and 13.
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especially expressed in the case of ethanolammonium
selenites 11 and 12 (TGjgp =350-400%). Hydroselenites 6
and 11 show the highest NO generation in MG-22A
(TG100=750%) and Neuro 2A (TGypp=400%) cell lines
respectively. There is no correlation between NO generation
ability and the cytotoxic effects of the salts studied, which is
obviously connected with specific tissue features of the cell
lines.

However, according to our investigations, the ammonium
selenites studied change the cell phenotype. The changes in
normal cell phenotype and the combination of high
cytotoxicity can lead to an unfavorable influence on
experiments in vivo. Some of the substances studied changed
fibroblast morphology: increasing cell sizes and forming
stretched cell units. That is why we have studied in vivo two
compounds: o-phenathrolinium hydroselenite (6; salt with
high in vitro cytotoxicity) and triethanolammonium hydro-

Table 4. Antitumor activity of hydroselenites (ICR mice; S-180)

Scheme of Inhibition of
Dose administration, S-180 growth
Compound (mg kg™ i.p. (days) (control 9 days) (%)
6 10 1,2,4,7,8 39+6.2
13 10 1,2,4,7,8,9 81+38
13 8 1,2,3,4,7,8,9,10 73£25
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selenite (13; derivative with slight influence on normal cell
morphology and medium cytotoxicity) (Table 3).

o-Phenanthrolinium hydroselenite (6), the most active in
vitro, and triethanolammonium selenite (13), the most
selective, were selected for extended investigations of
antitumor activity against sarcoma S-180 determined for
male ICR mice (18-20 g). These compounds are very toxic
(LDsp =12.9 mg kg’l for o-phenanthrolinium hydroselenite
(6) and 25.8 mg kg ! for triethanolammonium hydroselenite
(13), i.p.). A dose of 10 mg kg of selenite 6 has undesirable
effects and leads to tonus decrease after injection. However,
a 39% inhibition of tumor growth was observed. The same
concentration of triethanolammonium selenite (13) inhibited
tumor growth by 81%. In a dose of 8 mg kg ' the tumor
inhibition by compound 13 was slightly decreased (73%),
however, in this case the undesirable influence was not
detected (Fig. 4, Table 4).
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Amino-acid hydroselenites: synthesis and cytotoxicity!
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Amino acids, di- and tri-peptides readily react with selenic acid (H,SeOj3, formed during solution of
selenium(IV) oxide in water) to give the corresponding ammonium hydroselenites. Most selenites
synthesized are very active (0.4-11 ug ml~") against mouse hepatoma MG-22A and readily increase
NO concentration in the cultural medium on the HT-1080 line (up to TGygo = 1500%). The amino-acid
hydroselenites studied influenced the cell phenotype. Copyright © 2002 John Wiley & Sons, Ltd.

KEYWORDS: cell phenotype; cytotoxicity; hydroselenite; selenium

INTRODUCTION

Selenium is an essential trace element that has been shown to
have anticarcinogenic activity. One mechanism that has been
proposed for this activity is a cytotoxic effect of selenium on
tumor cells."? Brief exposure of HeLa cells to micromolar
concentrations of selenite resulted in significant inhibition of
tumor cell colony formation, indicating that this is an assay
for selenite cytotoxicity.”> There was no significant difference
in the potency of inhibition of development of mammary
tumors, drug resistant and drug non-resistant human
ovarian tumor cells by selenate, selenite, selenium dioxide,
selenomethionine and selenocysteine.*” Sodium selenite
and ebselen (a stimulator and a mimic respectively of
glutathione (GSH) peroxidase activity) displayed remark-
able protective effects against 15(S)-hydroperoxyeicosate-
traenoic acid (15-HPETE)-induced cytotoxicity. These results
suggest that intracellular GSH plays a pivotal role in the
protection against 15-HPETE-induced endothelial cell in-
jury, and that decreased activity of GSH peroxidase activity
is involved in 15-HPETE-induced cytotoxicity.® Selenocys-
teine and sodium selenite demonstrated significant redox
chemistry, including depletion of cellular GSH, stimulation
of GSH reductase, and stimulation of oxygen consumption.
The interaction of these two compounds with GSH suggests
an intriguing potential role for them in cancer therapy.’ The
majority of organic base hydroselenites tested exhibited high

*Correspondence to: E. Lukevics, Latvian Institute of Organic Synthesis,
Aizkraukles 21, Riga, LV-1006, Latvia.

E-mail: pavel.arsenyan@lycos.com
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5-9 June 2001.
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activity in vitro on the tumor cell lines investigated. o-
Phenanthrolinium selenite and imidazolinium selenite ex-
hibit the highest cytotoxic effect on HT-1080, MG-22A, B16
and Neuro 2A cell lines. Besides that, most selenites
synthesized are very active (0.5-0.6 ug ml™') against mouse
melanoma B16. In a series of ethanolamine derivatives, N-
methylethanolammonium selenite is more active in experi-
ments with Neuro 2A (ICso=1pugml '), whereas tri-
ethanolammonium selenite effectively inhibits HT-1080
(ICs0=2.3 pg ml ') and is less toxic against normal 3T3 cells
(ICso=47.7 ugml ). The substances studied were also
active in vivo against sarcoma S-180."

In the current part of the work we present the synthesis of
various hydroselenites of amino acids, di- and tri-peptides.
Their cytotoxic activity in vitro on HT-1080, MG-22A, B-16,
Neuro 2A, BHK 21 and NIH 3T3 cell lines was determined.

MATERIALS AND METHODS

Instrumental

'H and "’Se NMR spectra were recorded on a Varian 200
Mercury spectrometer at 200 MHz and 39.74 MHz respec-
tively at 303 K in D,O-Me;COH solution. The 1H chemical
shifts are given relative to tetramethylsilane; "’Se is relative
to dimethyl selenide. Elemental analyses (C, N, H) of
hydroselenites are in agreement with calculated values.

Synthesis of hydroselenites

To a solution of the amino acid (0.02 mol) in 50 ml of water
an equimolar amount of selenium dioxide was added. The
reaction mixture was stirred for 1h at room temperature.
The residue was recrystallized from ethanol or purified on
silica gel.

Copyright © 2002 John Wiley & Sons, Ltd.
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Table 1. Triorganylammonium selenites 1-12

Materials, Nanomaterials and Synthesis m

No. Amino-acidH"HSeO; Yield (%) M.p. (°C) '"H NMR 77Se NMR
1 . OH 91 116-118 4.59 (2H, m). 1318.6
;N
/\([)‘/
2 N o 88 - 2.74 (2H, t, | = 6.6 Hz); 3.25 1320.7
~Y (2H, t, = 6.6 Hz).
o]
3 - 76 181-183 3.99 (2H, m); 4.11 (1H, m). 1314.6
HO\)\’(OH
o)
4 - 84 >230 2.36 (3H, d, ] =7.2 Hz); 3.81 1312.5
Hoon (1H, m); 432 (1H, m).
(o]
5 - 75 126-128 2.74 (2H, m); 3.25 (2H, t, | = 6.6 Hz); 1318.2
HOMOH 4.25 (1H, m).
O (o]
6 HO . 81 182-185 (decomp.)  4.70-4.4.82 (3H, m); 6.88 (2H, d, 1314.3
b J=82Hz); 7.17 (2H, d, ] = 82 Hz).
OH
(o]
7 86 217 (decomp.) 1.76-1.87 (3H, m); 2.10-2.21 (1H, m); 1336.4
Q\(o“ 3.07-3.23 (2H, m); 3.79-3.86 (1H, m).
H, &
8 - 74 142 (decomp.) 3.34 (2H, d, | = 6.8 Hz); 4.05 (1H, t, 1322.8
J=6.8Hz); 7.39 (1H, s); 8.65 (1H, s).
N
4 \ g -OH
N
1
H
9 N n o 90 - 3.89 (2H, s); 4.00 (2H, s). 1319.2
|
N
[e]
10 94 121-123 1.65 (6H, d, ] = 6.8 Hz), 2.23-2.45 1318.8

o
N
OH

(3H, m); 3.94 (2H, s); 4.12 (1H, d, ] = 7.1 Hz).

Copyright © 2002 John Wiley & Sons, Ltd.
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Table 1. continued.

Amino-acid hydroselenites: synthesis and cytotoxicity

No. Amino-acidH " HSeO; Yield (%) M.p. (°C) "H NMR 77Se NMR
11 NES H O 95 - 3.90 (2H, s); 3.92-3.94 (1H, m); 4.79 (2H, m). 1316.23
OH
O
OH
12 85 - 3.91 (2H, s); 3.96 (2H, s); 4.05 (2H, s). 1319.5

NH,;" fll 0
N\)J\ OH
Y
0 H o

In vitro cytotoxicity assay

Monolayer tumor cell lines: MG-22A (mouse hepatoma),
HT-1080 (human fibrosarcoma), B16 (mouse melanoma),
Neuro 2A (mouse neuroblastoma), NIH 3T3 (normal mouse
embrion fibroblasts) and BHK 21 (hamster neuroblasts) cells
were cultivated with standard medium Dulbecco’s Modified
Eagle’s Medium without an indicator (‘Sigma’) supplemen-
ted with 10% heat-inactivated fetal bovine serum (‘Sigma’).
After the ampoule was defrosted the cells were used only for
one to four passage. Cells in the range of (2-5) x 10* (cells/
ml) (depending on line nature) were placed on 96-well plates
immediately after compounds were inoculated to wells. The
control cells, without the test compounds, were cultivated on
separate plates. The plates were cultivated for 72 h, at 17°C,
in 5% CO,. The quantity of surviving cells was determined
using crystal violet (CV, coloration of live cell membranes) or
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium bro-
mide (MTT, coloration shows the activity of mitochondrial

enzymes in live cells). The quantity of live cells on the control
plate was taken in calculations as 100%.""'* The concentra-
tion of NO was determined according to the Gryess method
(by NO, level in the cultural medium). Sodium nitrite
standard solution was used for the calibration curve."!

RESULTS AND DISCUSSION
Chemistry

We have shown that amino acids, di- and tri-peptides readily
react with selenic acid (H;SeO3), forming during solution of
selenium(IV) oxide in water, to give the corresponding
ammonium hydroselenites 1-12. Reaction proceeds easily at
room temperature with good to excellent yields (74-95%)
(Table 1). The 'H and 7’Se NMR data confirm the formation
of amino-acid hydroselenites. The selenium signal in the 7’Se
NMR spectra for all compounds appears in the 1312.5-
1336.4 ppm region.

Table 2. /n vitro cell cytotoxicity and the ability of intracellular NO generation caused by hydroselenites 1-122

No. Amino acid™ HSeO5 HT-1080 MG-22A B16 Neuro 2A NIH 3T3 BHK 21
TDs, NO100% TDsy, NO100% TDs, NO100% TDsy NO 100% TDsy TDs,
1 Gly H* 2 950 3 650 20.5 192 4 186 5 45
2 p-Ala HY 36 800 0.4 650 25 63 b b 1.1 3.1
3 Ser H* 10 1150 3 117 315 74 3 144 2.5 315
4 Tre H* 13 200 36.5 550 65 71 34 1300 30 36.5
5 Glu H* 23 650 25 133 100 24 89 31 50 25
6 Tyr H' 35 183 40 76 < 20 72 50 325 20
7 Pro H* 1.7 1500 1.25 1300 3 1150 3 700 15 25
8 His H* 5 340 4 325 54 32 < 50 5.5 3
9 Gly-Gly H* 20 800 11 100 < 18 < 14 47 40
10 Gly-Leu H* 15 440 16.5 208 100 44 100 21 52 48
11 Gly-Ser H* 15 600 < 41 < 12 < 16 20 10.5
12 Gly-Gly-Gly H* 10 600 3.5 73 100 23 53 45 21 5

2 TDsy: concentration (ug ml™") providing 50% cell killing effect [(CV + MTT)/2]; NO concentration (%) (CV: coloration).
b

Not tested.
€ No cytotoxic effect.

Copyright © 2002 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2002; 16: 235-238
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Cytotoxic activity

Cytotoxic activity of the synthesized selenites 1-12 was
tested in vitro on four monolayer tumor cell lines: MG-22A
(mouse hepatoma), HT-1080 (human fibrosarcoma), B16
(mouse melanoma), Neuro 2A (mouse neuroblastoma) and
normal fibroblast cells (NIH 3T3 and BHK 21). Concentra-
tions providing 50% of tumor death effect (TDsp) were
determined according to known procedures'! using 96-well
plates and two independent coloration methods: (a) colora-
tion with CV, specifying the integrity of cell membranes; (b)
coloration with MTT, characterizing the redox activity in
cells.

The results of these experiments are summarized in Table
2. A preliminary analysis of the structure-activity relation-
ship for the cytotoxic action clearly indicates the strong
influence of the amino acid nature on toxic effects in vitro.
Glycine (1), f-alanine (2) and proline (7) hydroselenites have
the highest cytotoxic effect, on HT-1080, MG-22A, B16 and
Neuro 2A cell lines. Besides that, most selenites synthesized
(2, 3, 7, 8 and 12) are very active (0.4-11 pg ml ') against
mouse hepatoma MG-22A. Unfortunately, all amino-acid
hydroselenites 1-12 are toxic against both tumor and normal
mouse fibroblast cells. However, the tripeptide hydrosele-
nite 12 inhibits MG-22A (TDso=3.5pugml ') tumor cells
more selectively than NIH 3T3 (TDsp=21.0 ug ml ™). Ty-
rosine 6, glycylglycine 9 and glycylserine 11 did not express
cytotoxic effects on all the cell lines studied, but they
possessed medium toxicity on the NIH 3T3 and BHK 21
normal cells. In the series of glycine derivatives 1, 9 and 12,
the initial glycine 1 (TDs = 3.0 pg ml~") is more active than
its dipeptide 9 (TDsp=11.0pgml ") and tripeptide 12
(TDsp=3.5 ug ml ') on MG-22A.

The NO level was determined according to Ref. 11. NO
release was defined using the Gryess reagent (by NO,
concentration in the cultural medium). The yield of nitrite
was expressed as NO, nmol/200 pl of cultural medium in
testing plates for 100% alive cells after CV coloration assay
(hydroselenites concentration 100 pg ml~?). The NO radical,
which is relatively stable and can pass cellular membranes, is
involved in a multitude of biological effects, such as
regulation of the vascular tone, antiplatelet and antileuko-
cyte activity, and modulation of cell growth.” It has also
been implicated in the induction and the inhibition of
apoptosis. Modulation of apoptosis by NO can lead to
physiological or pathophysiological consequences. NO is

Copyright © 2002 John Wiley & Sons, Ltd.
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involved in natural tumor defense mechanisms.'*~'® It was
shown (Table 2) that compounds 1-3, 7, 9, 11 and 12 readily
increase NO concentration in the cultural medium on the
HT-1080 line (up to TGygo = 1500%). This effect is especially
expressed in the case of proline hydroselenite 7 on all the
tumor cell lines studied (TGqgo = 700-1500%). NO correlation
between NO generation ability and cytotoxic effect of the
salts studied was found.

According to our investigations, some of the amino-acid
hydroselenites studied influenced the cell phenotype. Serine
(3), treonine (4), tyrosine (6), histidine (8), glycylglycine (9),
glycylserine (11) and diglycylglycine (12) hydroselenites
changed NIH 3T3 fibroblast morphology, increasing cell
size, starting at a concentration of 1pgml~'. Treonine (4),
glutamic acid (5) and proline (7) hydroselenites transformed
BHK 21 cells (substance concentration 100 ug ml~*). Also,
glycine (1), serine (3) and glycylserine (11) hydroselenites
were able to change the mouse melanoma B16 cell pheno-
type. This means that only two compounds, f-alanine (2)
and glycyleucine (10), had no influence on cell morphology.
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