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Hypoxia-activated Prodrugs and Cancer Treatment
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Abstract

Cancer is one of the most leading causes of death worldwide. Conventional cancer therapies
has traditionally involved maximum tolerated dose of combinations of highly toxic antiproliferative
agents that show limited selectivity for tumours. Solid tumours contain regions at very low oxygen
concentration (hypoxic regions). The cells in these hypoxic regions are resistant to both radiotherapy
and chemotherapy. However, the existence of hypoxia provides an opportunity for tumour-selective
therapy. The prodrugs activated by hypoxia have been designed to target hypoxic tumour tissues,
which are known to overexpress several endogenous reductive enzymes. These prodrugs often con-
tain functional groups such as nitroaromatic , N-oxide and metal complexes which are in various
stages of clinical trial. This review mainly focuses on the medicinal chemistry aspects of some of
hypoxia-activated anti-cancer prodrugs including the mechanism of activation and release of active

drug molecules.
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Figure 1. Prodrugs and the formation of active drugs inside the cells
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Figure 2. The characteristics of hypoxic tumours mass [6]
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Table 1 The comparison of oxygen partial pressures of cancer with normal cells [11]
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POINTIS PolpasUni*

NZ59ENDY (glioblastoma) 5.6 -

Nz159Uam (lung cancer) 75 385
NziSufiun (breast cancer) 10.0 -

NZI59AUB8U (pancreatic cancer) 27 51.6
N::L%\‘lﬂ’muﬂgn (cervical cancer) 5.0 51.0
Nzi39rBNgNVNIN (prostate cancer) 24 30.0

* The oxygen partial pressures were measured by Eppendorf electrode and recorded as mean values in mmHg

(millimeters of mercury)
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Figure 3. The ionizing radiation of cancer cells in normal and hypoxic condition [12]
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Active drug

Figure 4. Reduction of prodrugs inside the cells (a) oxic cells (b) hypoxic cells
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Figure 5. The formation of active molecules from the transformation of tirapazamine (TPZ, 1)

in hypoxic regions [11]
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Figure 6. Structures of tirapazamine prodrug derivatives 2-4
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Figure 7. Enzymatic reduction of AQ4N (5) into active AQ4 in hypoxic condition
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| \ reduction O N
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O\@
PN/ pl
OsN__O (0] NH O
reduction
I, I,
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9; R=NO, mitonafide (11); R = NO,

Figure 8. Structures of nitracrine (6), nitroacrine (7), amonade (10) and mitonade (11)
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- Nitroacrine (7)

Tuiana®ay nitroacrine (7) gnARKYaN
a5 6 laewdenlifllaseadendnidy acridine
wazilanadu tertiary amine N-oxide (Figure 8)

m‘si":ﬁnalnmsaanqw%fmﬁauﬁ’u AQ4N (5) 1in33w
wuhanstifigndlunstuse SeethefinnasmnzTu
ﬂm’a:wimaanﬁwuﬁgan'jw AQ4N (5) fv 1,000
wh ussnsiiidedounelsymsivilagesiinawann
AoelifilsrAnsnudidduidosnanstiaais
Tgdennuaz ddnsnisunsfawadiilvmuiedisn
sz ansnwlunisuansgnianas [18]
uanandudrfedeuddenaiseuived
Téweneuasnuuulaianazey prodrugs tnisiq Tag
Seodudafivasnslivy alkyl tertiary amine N-
oxides Tuluanauieiinanuimnzlunsaangnd
wasitaann1sfiennsiadisesineg Wy anuiu
AerpszUUUIEam ANNERNTaUMSHARALEDR

Nz
The Sci J of Phetchaburi Rajabhat University Q/J{\i



62 oisensINeNManNs IROUMSNENAESIBANIWBSUS

anaY (myelosuppression) 81N130ALU LAZN1IH
Auung (erytherma) Wudu Flddaasziansinud
lasea$renandu naphthalimide 12 prodrug 8
uay prodrug 9 (Figure 8) Tuiianmgnaluns
Wuasfiuuzise ns9unIsITeNDINE1TmMaN
ﬁaanqm‘ﬁsﬁué’mau\lﬁﬁ topoisomerase | uazfud
mMIaefiduezasmziss  Taerudiiseddndui
ordviaulsililuanafifignisufasadusiSaiufe
819 amonade (10) LAy mitonade (11) ANANGL
Wl prodrugs apsriafiarusmnsdens Sossim
hypoxic cell ﬁauﬂ”ws‘i"\mnﬁoagﬂuszwﬁwmsﬁwm
6o [19]

Hypoxia prodrugs fi@agj'lmhemiﬁnm'ﬁmzﬁn
fisuntsnaang sy

aildnaluudrfeanuaulazaiin
InararansifiawmuiUssdndninoeanisvinsed
ThiTafunsSeisianensaseandiau %ﬁﬁﬁ\lﬂs’jmi
Faraasiuaziiien prodrugs WanSiunumanndu
WATWUIN prodrug UNBRANANITINENTIA AL
fid dovansyssmsivi inguiinndyinesiu
mAsguazionau vinyanafitisadeeiumioseu
NNFUINNANEATIBNWNEENNAARUULAZ WU
a7 prodrugs ﬁﬁﬂiﬂﬂ%mﬁammiﬁﬁ@mﬂuﬁﬁ
Afuszansnmgslunsléiduesneaz Selasd
nmssenuuulaianaes prodrugs silalvalddanaln
nseangquafiiulylsmeslauanaiidaiaszsituidiu
RIS AT
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WliinsssesiiBueiauiaieuldowalvie 5
Bamsmelufign  uasilddunsassluanases
prodrugs sulvajazgnesnuuuliianadiwiziu
wzSeiiflanensasenndudediuninaszfode
m3¥ne dethsluanadifinalnnisesngnisana
T6ud &5 NLCQ-1 (12) (Figure 9) &15 12 1fu
mﬂun@:u chloroquinoline ﬁgnaammuﬁu'lﬁﬁ
ANNTIITABN SRR AT nsaveanBan  uay
mnmﬁé’ﬂﬁmumwudﬁm{l‘ﬁmiﬁlﬁaﬁnmqwg
fudiony Sdlunasananasinansiudedia Taanaln
n3tfia biotransformation 289813 12 WaAIIU Fig-
ure 9 uin1MeRBslUAIREAAnU I inanINaaas
Alsisanadaviu Wn3veldedunpinnisiidny 2-
nitroimidazole azvilviasdndawlunsruidng
AANLISIANRITURINR NN TINRdUASAS U DENE
ABuTsuTasNsISIanaIY [20] fefunaii
Tuianazeeans NLCQ-1 (12) Wldusslamiluds
naunndaedafaaldsunswaunatadaiag

12 aqﬁuﬁ nitrobenzene

mﬁﬂuim (nitro groups) Lﬂuwgﬂdﬁuﬁ‘ﬁ'
s lunsildluianazes prodrugs #anadealy
andetu Taoiinglulnsdunfifedidnmsou (elec-
tron-withdrawing group) LLa:mu'ﬁmﬂ&"ﬂuLﬂum‘j
hydroxylamino ﬁwﬂﬁﬁ%mﬁmﬁmaulﬁﬁ LR
Y89 prodrugs Iun@:umﬁuﬁ 5-aziridinyl-2,4-dini-
trobenzamide (CB1954, 13) SN23862 (14)
PR-104 (15) iaugmiand@nsnainaandusie
1ouled nitroreductase Tuanzwiaseandiau wu

L
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\Hussesiuiidannlunsifeufisinieulsd £
coli nitroreductase Tansaangnd 2 wilaldudsns
BUWUS 2- uaz 4-hydroxylamine (Figure10) Tun1s
WinufSenduazlé a1seuius  4-hydroxylamine
TuuSinamnniuagtiuilsadiunniiasnansd
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uandgndiudonsiSeléifindn 2-hydroxylamine [21] 813 SN 23862 (14, Figure 11) tfu prod-
TosfiarsivassrinasdviaisadusSolasia  rug fifeverdaaulesily hypoxic cells Tun1anse
DNA-crosslink

2-nitroimidazole

NO,™ NO
A oy
. N \—/ “ \—/
le” reductase _ P .
Cl Cl
- o

NLCQ-1 (12) o

2 2

DNA-targeted reactive

electrophile

Figure 9. The biotransformation of prodrug NLCQ-1 (12) in hypoxic cells

into DNA-targeted reactive molecule

2N02 NHOH NH,
CONH, . CONH, CONH,
NO % DNA-mono-add
2
N nitroreductases 'NO? ! NO;
VAN N
13
2e- nitroreductases
or 1e” reductases
NO, NO,
CONH, CONH,
HOHN Acetyl CoA AcOCHN DNA crosslink!
N
/\ /\

major metabolite

Figure 10. The formations of active molecules from biotransformation of prodrug CB1954 (13)

in hypoxic cells [21]
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fuliidusnsesnand  uasdaduaslunguoyiug
nitrogen mustard VulATIEF9MANTEY SN 23862
(14) aziflulasteimihiviliiianisnszasaans
wnuiusesdiinaseuluasuslsanin Taginglulns
argn3idfifumjeralulusnnwsssoandiauds
Hunsiildluianaiuansgnilunisidnsud
nssasviBularanzSelauyimiinfiiu alkylat-
ing agent 1NIIBUNTITENLINE@1TNUNLDLRA
ildanuAATeIsnduree SN23862 (14) aziflu
oyWus  2-amino  Wieswilaiisanintunaz o
anuaNnsalunsiu alkylating agent  789ALEU
WAz EReuds 2,000 Wiy liszansnw
‘lumiil’uilu’ou:L%\‘iﬁamfszws'aoaanﬁwuqoﬁu [22]
Rofiehdufe mma:ﬁqu‘[maqamm prodrug SN23862

NO, NO,
2 _-CONH, CONH,
4 1e” reductases
NO; NO;
N /\ N
J/ \L 02-. 02 J/ \L
Cl Cl cl Cl

SN23862 (14)

@
LY v

#aeoulws] one-electron reductases CYNUVLY
eagluanizeandiausiuing Seilswidedn
vageuiine Ny Sulgelaseaiieanans
SN23862 Tillaaaiesuasiianusmnslusnne
wipgpandlaunndsiuieinlugnisdoinsey
prodrug PR-104 (15)

PR-104 (15, Figure 12) U prodrug
132l phosphate ester *‘B‘wzﬂamﬂdaﬂmaqa
Pa9ssfeengns luanzisieulss phosphatases
Jumsoudiinuanswunuslad 5-hydroxylamino
waz 5-amino Buuumyfigaevinliny mustard 3
awdashnndetu 23] Tneflouluinarssiad
\iendiay iU DT-diaphorase NADPH: cytochorm
P450 oxidoreductase %158 avoprotiens LHugiu [24]

NH,
CONH,

NO;

CIJ/N\LCI

Figure 11. The formation of active nitrogen mustard from enzymatic reduction of SN23862 (14)

in the hypoxic cells

&13 nitrogen mustard 5ﬂna;m7i§f’1ﬁ’§y Ao
nitrogen mustard quaternary ammonium salts
%ﬁgnaanLLuuTﬁﬁﬂ'J'mﬁ?'nwwwia hypoxic tumour
cells Tmﬂ‘?ﬂuLaqa%ﬁﬂizﬂgmﬂLﬁmﬁumia:mﬂ
W prodrugs 16 17 uaz 18 (Figure 13a)
31NN1INaasslunanANARBINLINEITInENT 88BN
andlasfinalnnsUanydeslutanaiiiashiiadne
U@ L%'uﬁumnimaqamm prodrug tnvindjigen
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Autaulmiluaniensaseandaundltinnisuan
sanvaslatanaliansifanuduiivsemaduziss
132N nitrogen mustard mechlorethamine Wag
aromatic radical (Figure 13b) WAINNNIINARDY
Tusssuadwuin  prodrugs mmﬁﬁqm%ﬁauﬂ”w
AlapanzatNENans 17 uas 18 59diaviinng
v"\l’mmqmauﬂﬁwmﬂﬂ‘s:mwia‘lﬂﬁn [25]
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NO, O NO, O NHOH @
2 C OPO.Z Il C. OH
\N/\/ 3 C\N/\/OH ”/\/
4 H -
hosphatase reduction
NO; _Phosphatase NO; —  NO;
It Il It
Br 0S0,CH3 Br 0SO,CH3 Br 0S0,CHz
PR-104 (15)
reduction
NH, Q
Co~~OH
H
NO;
I
Br 0302CH3
Figure 12. The hydrolytic and reduction of prodrug PR-104 (15) in hypoxic conditions
a)
NO, CliL/Cl CH,
(|3H3 (g CI@ O,N ,\j
X N
R_:/ e\ \—ci NOQV( cl \E/)_\ﬁ,CHs
N—CH
H cl® NPARNE a®
Cl
. ) 17 Cl cl
16; R=H, or electron withwrawing, 18
or electron donating groups
b) .
NO
2 CI:H3 N02 9H3 N02 . '{ICH3
S\ N\ Enayme @”@N/\/a ﬁj - L
H ci® ; ; H c® cl cl
Cl 0, 0, Cl mechlorethamine

Figure 13. (a) Structures of nitrogen mustard prodrugs 16-18 (b) The enzymatic reduction of nitrogen

mustard prodrug to release the active mechlorethamine molecule
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2. 815 prodrugs fignnszfudunisansed
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i iliYszauwad 1Sl ssnnuziSeszinnid
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nsgndudedimeandiaulu oxic cells forfudoifiu
YampenslE prodrugs WA INAUNNTRESIE
TumathiaszSeiifianiendaseandau thidawuh
prodrugs fiagluszninens@nund 3 ngw Téun
nitrobenzyl quaternary ammonium salts (Figure
13b) cobalt (lll) complexes 19-21 Fe (lll) com-
plex 22 Cu(ll) complex 23 LLaz oxypropyl-substi-
tuted-5-uorouracil [15] (Figure 14) udiu ungiald
mmma@qwémoﬁamwmm prodrugs WaNTi
pEUUUBULAZDYTE NI T ITLN AN

23

Figure 14. Structures of metal complex prodrugs 19-23
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