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ABSTRACT:

To completeour study of the iron, rutheniumand osmium metallocenetriad derived from
hydroxytamoxifen,we report herethe synthesisand study of the biological effectsof two ferrocifen
analogsn the osmiumseries,namelythe monophenoliccomplex1, the tamoxifertlike complex2 and
their oxidized quinonemethidederivatives,1-QM and2-QM. Studiescarriedout in vitro on purified
thioredoxinreductas€TrxR) showthatthe characteristianhibition of TrxR is observedwith 1 and2
only aftertheir enzymaticoxidationby the H,O,/HRP system.The observednhibition is very similar
for thetwo complexeqICsp = 2.4and1.2 uM for 1 and?2 aftertreatmentoy HRP/H,O,) but different
from that obtainedwith the correspondingjuinonemethidesICso = 5.4 and 3.6 uM for 1-QM and2-
QM). TheUV spectraof 1 or 2 incubatedn the presencef HRPH,O, showthatthe speciegyenerated
by enzymaticoxidationis not a quinonemethidebut moreprobablyits correspondingation On Jurkat
cells,complexesl and2 behavedifferently. Indeed,while 2 showshigh toxicity (ICso = 7.4 uM), that
of 1 is much more modest(ICso = 42 uM). Interestingly,a significantinhibition of TrxR activity is
observedin cells incubatedwith 2 (about70% inhibition for incubationin the presenceof 15 uM)
while thatinducedby 1 is much weaker(about30% inhibition for incubationin the presenceof 50
UM). This stronginhibition of TrxR activity inducedby 2 leadsto accumulationof thioredoxinand
peroxiredoxin3 in oxidized form as well as a significant decreaseof the mitochondrialmembrane
potential(MMP). Theseresultsshowthatthe cytotoxicity of the osmocifenglepend®on their oxidation
within the cell and that inhibition of thioredoxin reductaseis a key factor in rationalzing the

cytotoxicity of thesecomplexeon Jurkatcells.
1.INTRODUCTION

Owing to the pooroutcomesseenin thetreatmenbf a numberof cancersuchasglioblastoma,
melanomas,ovarian and pancreaticcancersetc., the searchfor new active principles outside the
establishe@dvenuess a burningcurrentconcern For this reasonthe unusualmechanistigropertiesof
organometallicnedicinal chemistryare presentlythe subjectof an exponentiallygrowing numberof
studieg[1]. Theseentitiesoffer inventivestrategicapproachef?-6] in termsof optimizedspacdfilling,
intracelular redox behavior and antitumoral activity, with pharmacophorepossessingvaried and
multiple targeting options that make it possible to counteact the phenomenaof resistanceto
proapoptoticstimuli [7]. To thatcanbe addedthe variety of availablemeals [2] and,for the transition
elementsthe potentialavailability of severaldegree®f oxidation.



With organometalliccomplexesof gold [8, 9], thosefrom the group8 triad, particularlyof Fe andRu,
are amongstthe mostwidely studied[10-13] with the notableexceptionto dateof Os [14-17]. This
heavyelementoffers a capacityfor good stabilizationof certainhigh degreesof oxidation (+VI) and
for an excellentmetatto-ligand backdonationat low oxidationstateg+Il, +Il) leadingto morestabk
complexeghanthoseof Fe or Ru in biological media.The potentialof this so far neglectedmetalin
biomedicallyoriented organometallic complexes deservesto be better studied especially when
comparisonsvith neighboringseriesof FeandRu areeasyto obtain[18, 19].

Amongstthe promising derivativesof ferrocene,the ferrocifen series,derivedinitially from
tamoxifen, the drug usedto combathormonedependentreastcancers,has beenthe subjectof a
number of studies[20-22]. These organometallk speciescan operateon cancerouscells via the
signalingpathwaysof senescencf3, 24] or apoptosiswith markedlydifferent effectsdependingon
the concentratiorat which they areusedandthe type of cell involved, while healthycells are affected
only slightly or notatall [25].

Ferrocifenequivalentsn the RuandOs series(monc anddiphenolic,andtamoxifenlike) have
recentlybeenprovedpossibleto synthesizg19, 26]. Their electrochemicabehavioras well astheir
cytotoxicity on breastcancercells (MDA-MB-231 and MCF-7) have also beenstudied.In the two
series,the tamoxiferrlike complexeshavehigh cytotoxicity while the phenoliccomplexeshavemuch
more modestcytotoxicity. This resultis very different from that of the ferroceneandogs which have
similar high cytotoxicities. In addition, unlike ferrocifens, where the active metabolite has been
identified asbeinga quinonemethide[27, 28], with theseheavymetalsthe electrochemicasignature
of a quinone methide has not been found Studies previously carried out on the chemical and
biochemicalpropertiesof thesecomplexes(lipophilicity, solubility and rate of formation of quinone
methides,differencesin the acidity of the phenolic protons)have not beenable to elucidatetheir

mechanisnof action[26].

In cells, thethiol redoxbalanceandremovalof hydrogenperoxideandotherhydroperoxidess
exertedoy the thioredoxinandglutathionesystemsTo removehydrogenperoxidethesesystemautilize
glutathioneperoxidaseand peroxiredoxin, respectively{29]. Of note, both glutathioneperoxidaseand
thioredoxinreductasecontaina selenocysteineesidueat their catalyticsite. In particular,thioredoxin
reductasevhich is presentin two isoforms a cytosolic (TrxR1) and a mitochondral one (TrxR2), is

endowedwith a C-terminal motif Cys-SeCysGly. In this sequenceselenocysteinés consideredhe



major reactive site of the molecule towards metals, metal complexesand electrophilic organic
compoundsll ableto inhibit the enzymeactivity at micro/submicromolaconcentration$30]. In fact,
the selenocysteineesiduepossessea low pKa (5.24)thatenhance#s nucleophilicpropertiesowards

theabovementionedclasse®f compoundg31].

The recentstudy of thioredoxinreductasess possibletargetsof the ferrocifenshasallowed
new perspectivesoncerningtheir mechanismof action [32]. In the presentpaper we examinethe
biological effectsof two osmocifensnamelythe monophenolicand the tamoxifenrlike complexesl
and 2, their oxidized derivativesobtainedafter enzymaticoxidation andtheir correspondingjuinone
methidesobtainedby chemicaloxidation(Chartl). In particular their effectson thioredoxinreductases
bothisolatedandobtainedfrom treatedcancercells, theredox stateof thiol enzymesandthe effectson
ROS productionand mitochondrialbioenergeticsvere consideredInhibition of thioredoxinreductase
seemdo play a critical role in inducingthe observedcytotoxic effectsexertedby 1 and2 in cultured

cancercells.
OH O
_ \/
() )\ O
Os Os
— R = =
1: R=H 1-QM:R=H

2: R =0O(CHy)3NMe, 2-QM : R = O(CH,)3NMe,
Chart 1: Osmocifengmonophenoandtamoxiferlike osmiumcomplexes)

2. MATERIALS AND METHODS

2.1.Synthesisof 1, 2 and of their corresponding QMs

Generalremarks:All reactionsand manipulationsvere carriedout underan argonatmosphere
using standardSchlenktechniquesPrior to use,acetonewasdried over CaCh, and pentanevasdried
over 4 A molecularsieves Ag,O was freshly preparedaccordingto the literatureprocedure[33]. *H
and “*C-NMR spectrawere acquiredon a Bruker 300 MHz spectrometerMass spectrometrywas
carried out at the 36 H U & Bptctrométriede 0 D V VAHENSCP, Paris Elementalanalysisand

HRMS determinationsvere performedby the Laboratoryof Microanalysisand the Small Molecule



MassSpectrometryPlatformof IMAGIF (Centrede Recherchale Gif www.imagif.cnrs.f). ICP-OES
analysiswereperformedon theon a JY2000apparatugJobinYvon Horiba) of the Metis Laboratoryof

theUniversityPierreet Marie Curie.Complexesl and2 werepreparedaspreviously described26].

2.1.1.QM of 1-phenyt1-(hydroxyphenykR-osmocenybut-1-ene(1-QM)

1 (60mg,0.11mmol)wasdissolvedn dry acetong5 mL). Ag-O (154 mg, 0.66mmol) wasaddedand
themixturewasstirredfor 2 h atroomtemperatureTheredsolutionof quinonemethideformedwas
separatedrom the solid by centrifugation(roomtemperature400g, 5 min) andevaporatedA redoil
(53 mg, 89%yield) of quinonemethidewasobtained.1l mL of acetonevasaddedo dissolvethe
guinonemethide Pentanevasaddedto precipitatethe quinonemethide(redsolid), Z + E isomersE
isomeris supposedo bethe majorisomer(E:Z 73:27)."H NMR (300MHz, CDsCOCDs) / 1.59(d,
3H,J=7.0Hz, CHs, majorisomer),1.99(d, J=7.0Hz, 3H, CH3, minorisomer),4.50(s, 5H, CsHs,
majorisomer),4.50 +4.64(m, 4H,GH,), 4.64(s,5H, CsHs, minorisomer),5.75(q, J=7.0Hz, 1H,
CH-Me, minorisomer),6.28(q,J = 7.0Hz, 1H, CH-Me, majorisomer),6.30:6.39(m, 2H, CgH,), 7.33
(dd,J = 10.0Hz + J = 2.5Hz, 1H, CgH4, minorisomer),7.40.7.53(m, 7H, CeHs+CsHa). °C NMR
(75.47MHz, CD3COCD;) / 15.8(CHg), 63.6+ 64.0+ 64.566.5(CsHy), 65.8(CsHs, majorisomer),
66.0(CsHs, minorisomer),85.7(C, CsHs), 125.2(CH3-CH=C), 129.2,129.4,130.7,131.6,132.1,
139.9(CH of C¢HsandCgHy4), 138.4(C), 139.1(C), 140.0(C), 157.3(C), 186.8(C=0).EI-MS: 542.3
[M] * HRMS (ESI, [C26H2,00s+HT) calcd:543.1359found: 543.1338 Anal. Calc.for
Co6H2200s.0.5aceton@no): C,57.97;H, 4.42.Found:C, 58.06; H, 4.

2.1.2.QM of 1-[(4-(3-dimethylaminopropoxy)phenyi)]-(hydroxyphenytR-osmocenybut-1-ene(2-
QM)

2 (71 mg, 0.11 mmol) wasdissolvedin dry acetong(10 mL). Ag>O (154 mg, 0.66 mmol) wasadded
andthe mixture wasstirredfor 2 h at room temperatureThe red solution of quinonemethideformed
wasseparatedrom the solid by centrifugation(roomtemperature400g, 5 min) andevaporatedA red
oil (63 mg, 90% yield) of quinonemethidewas obtained.1 mL of acetonewasaddedto dissolvethe
quinonemethide.Pentanewas addedto precipitatethe quinone methide (red solid). *H NMR (300
MHz, CDsCOCDy): GL.54(d, J=7.0Hz, 3H, CH3), 1.93(m, 2H, CH,), 2.17 (s, 6H, NMey), 2.41(t, J
= 6.9Hz, 2H, CHy), 4.14(t, J= 6.4Hz, 2H, OCH,), 4.27 (broads, 1H, CsHy,), 4.53(s, 5H, CsHs), 4.53
4.66 (m, 2H, CsHy), 4.97 (broads, 1H, CsHy), 6.27 (q, J = 7.0 Hz, 1H, CH-Me), 6.27-6.36 (m, 2H,
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CeHa), 7.08(d, J = 8.8 Hz, 2H, CgH,), 7.38(d, J = 8.8 Hz, 2H, C¢Hy), 7.41(dd, J = 10.0and 2.8 Hz,
1H, CsHa), 7.51(q, J = 10.0and2.8 Hz, 1H, CgH.). 3C NMR (75.46MHz, CDsCOCDs) / 15.7(CHs),
28.2 (OCH,CH,CH,), 30.1 (CH), 45.7 (N(CHa),), 56.7 (OCH,CH,CH,N), 63.8 (2CH, CsH.), 65.8
(7CH, CsHs + CsHa), 67.1 (OCH,CH,CH;N), 115.4 (2CH, CsHa), 125.4 (CHs-CH=C), 128.7 (CH),
129.4(CH), 133.6(2CH, CsHa), + 138.3(CH), 161.9(C-OCHy). MS (CI): m/z = 644.89[M+H]*. MS
(CI): m/z = 644.89[M+H]". HRMS (ESI, [C3:H330,0s+H]) calcd:644.2200found: 644.2187 Anal.
Calc.for C3;H33NO,0s.0.5acetonéhb): C,58.19;H, 4.41;N, 2.09.Found:C, 58.31;H, 5.11;N, 2.05

For biochemicalexperiments, 10 mM stock solutionsof 1, 2, 1-QM and 2-QM in DMSO were

preparedust prior to use.

2.2.TrxR1 preparation and enzymaticactivity assay

Highly purified cytosolicthioredoxinreductas€TrxR1) was preparedrom rat liver according
to the methodof Luthmanand Holmgren [34] and the protein contentwas measuredaccordingto
Lowry et al. [35]. Thioredoxinreductaseactivity was determinedby estimatingthe DTNB-reducing
propertyof the enzymein the presencef NADPH. Aliquots of highly purified TrxR1 (60 nM) in 0.2
M Tris HCI buffer (pH 8.1),1 mM EDTA, and0.25mM NADPH werepreincubatedor 5 min with the
various compounds at 25 °C. The reation was started with 1 mM DTNB and followed
spectrophotometricallyat 412 nm for about 10 min. TrxR2 activity was assayedwith the same

procedure.

2.3.Enzymatic oxidation of 1 and 2 by the H,O,/HRP system
Complexesl or 2 wereincubatedat a concentratiorof 25 uM at25°Cin 1 mL of 0.2 M Tris
HCI buffer (pH 8.1), 1 mM EDTA, 2.5% DMSO with a solutionof 22 nM HRP and0.1 mM H:0..

Kinetics of thereactionwasmonitoredby UV-VIS spectrometryn a Cary50 spectrometefVarian).

2.4.Cell cultures
Jurkatcellsweregrownat 37 °C in a 5% carbondioxide atmospher@isingRPMI 1640medium

containingl0%fetal calf serumandsupplementeavith 2 mM L-glutamine.



2.5.MTT assay

Cell viability wasdeterminedvith the MTT reductionassayJurkatcells (8 x 10%) weretreated
with increasingconcentration®f osmocifendor 24 h. At the endof incubation cellsweretreatedfor 3
h at 37 °C with 0.5 mg/mL MTT dissolvedin PBS buffer. Afterward,20 / of stop solution (50%
dimethylformamide20% SDS, 2% aceticacidand25 mM HCI pH 4.7) wereaddedto eachwell. After
15 min, theabsorbancat 595 nm wasestimatedisinga platereader(Tecaninfinite® M200 PRO).

2.6 ICP-OES analysis

Jurkatcells wereincubatedfor 24 h in the presencef 50 uM of 1 or 15 uM of 2 andwashedwice in

PBSbuffer. Pelletsof cells (10" cells)weresuspendeéh 0.5mL of HCI (37%, Flukafor traceanalysis)
and digestedat 60°C in an ultrasand bath for 1 h. Thenthe sampleswere adjustedto HCI 2% by

additionof 8.75mL of waterandfiltered on a 0.2 um filter. Quantificationof osmiumwasperformed
at 225.585nm. Theresultsarethe meanof 3 measurement$iCl wasusedinsteadof HNOj; classically

usedfor ICP-OESexperimentasHNO; leadsto the formationof thevery toxic andvolatile OsQ..

2.7. Thioredoxin reductaseand glutathione reductaseassaysn Jurkat cell lysates

Jurkatcells (2x1() wereincubatedwith 1 and2 for 18 h. After incubationcellswereharvested
andwashedwith PBSbuffer. Eachsamplewaslysedwith a modified RIPA buffer containingl50 mM
NaCl,50 mM Tris HCI (pH 7.4), 1 mM EDTA, 1% TRITON, 0.1%SDS,0.5%DOC, 1 mM NaF,0.1
mM PMSF and an antiproteasecocktail 3& R P S GRAdheHMannheim,Germany).After 40 min of
incubationat O °C, lysateswere centrifugedat 140009 for 5 min. The supernatantsvere testedfor
enzymeactivities. Aliquots of lysateswere subjectedo thioredoxinreductaseleterminéion with the
insulin reductiontest[36]. Briefly, 12 Jproteinsof cell lysateswereincubatedfor 40 min in a final
volumeof 50 / in 100 mM HEPESbuffer (pH 7.6) andin the presenceof 15 mM EDTA, 1.5 mM
NADPH, 0.20 mM insulin, and 100 0 Trx from E. coli, at 37 °C. The reactionwas stoppedby
additionof 0.2mL of 1 mM DTNB in 0.2 M Tris HCI buffer (pH 8.1) with 1 mM EDTA and7.2 M
guanidineSamplesvereestimatedat412nmusinga platereader.
Glutathionereductasectivity (80 ug of cell lysates)wasmeasuredn 0.2 M Tris HCI buffer (pH 8.1),
1 mM EDTA, and0.25mM NADPH. The assaywasinitiated by additionof 1 mM GSSGandfollowed

spectrophotometricallsgt 340nm.

2.8. RedoxWestern blot analysisof Trx1, Trx2 and Prx3
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Theredoxstateof Trx wasdetectedisinga modified Westernblot analysig37]. Briefly, Jurkat
cells (2x1) weretreatedwith 1 (50 pM) and 2 (15uM) for 18 h, washedwith PBS andthenlysed
with 100 / of ureabuffer (8 M ureadissolvedin 100 mM Tris HCI, pH 8.3) containingl mM EDTA
and10 mM IAM in orderto alkylatefree thiols. Incubationwas carriedout at 37 °C for 20 min. After
centrifugation cell lysateswere precipitatedoy ice-cold acetonel N HCI (98:2). The obtainedpellets
werewashedwith ice-cold acetonesl N HCI-H,0 (98:2:10),resuspendeth 60 / of urealysis buffer
with 3.5mM DTT andincubatedfor 30 min at 37 °C. Afterward 3 / of 600 mM IAA (30 mM final
concentration)were addedto the samples,followed by incubationfor 30 min at 37 °C. Protein
concentationwasdeterminedy the Lowry assay35]. Proteinsvereseparatedy ureaPAGE gel (7%
acrylamide/bis(acrylamidein 7 M urea) and blotted using Turbo System (Bio-Rad Laboratories,
Hercules,CA, USA). Membraneswvere probedwith the primary antibodiesrespectivelyfor Trx1 (FL
105)andfor Trx2 (H75) (SantaCruz Biotechnology SantaCruz,CA, USA).

For the determinationof Prx3 redox state,after incubationwith 1 (50uM) and 2 (15 uM) for 18 h,
Jurkatcellswerecollected,centrifugedat 5009 for 5 min, washedwith cold PBSandthentreatedwith
1 mL of 10%trichloro-aceticacid. The samplesverekeptat 4 °C for 30 min, andthencentrifugedfor
15 min at 158009 at 4 °C. Pelletswashedwith 1 mL of ice-cold acetone were then centrifugedat
10000g for 10 min at roomtemperatureThe samplesveredissolvedn 670mM Tris HCI (pH 7.5) 2%
SDS medium containing 10 mM AIS (4-acetamide40-((iodoacetyl)amino)stilben2, 20-disulfonic
acid) (Invitrogen).Derivatizationlastedfor 20 min, atroomtemperaturefollowed by further45 min at
37 °C. Sampleswvereloaded,without reducingagentspnto Bis fris Gel NUPAGE (12%) andblotted.

To assessheredoxstateof Prx3,amonoclonakntibodyL F-MA0044 (Histoline) wasused.

2.9. ROSformation

The generationof reactiveoxygenspeciedROS)was assessetly the fluorogenicprobe CM-
DCFH2-DA (MolecularProbes nvitrogen).Jurkatcells (4x10" per well) wereseededn PBS/10mM
glucose After 1 h cellswereloadedwith 1 0 CM-DCFH2DA andwith increasingconcentration®f
the compoundsFluorescencéncrease485 nm (Ex) and 527 nm (Em), wasfollowed for 2 h usinga
platereader(Tecaninfinite® M200 PRO).

2.10. Flow cytometry analysis
Drug-influenced cell mitochondrial membranepotential was analyzedby flow cytometry.
Jurkatcells (1x1CPcells) were treatedfor 18 h in presencef 1 (15 or 50 pM) and 2 (10 or 15 pM).
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Cellswerethencollected,resuspendeth PBS/10mM glucose(2.5x 10°/mL) andloadedwith 25 nM
TMRM at 37 °C in thedark,for 15 min. Inducedchange®f membrangotentialwereestimatedvith a
) $ & 6 & D Q WiBviEeytometer(BectorrDickinson,CA, USA) usng anargonlaserat 585nm.

2.11. Quantitative enzymaticoxidation of 1 by the HRP/H,0, system

Enzymatic oxidation was performedon 1 (100 pM, 976 pg) in H,O/DMSO 9:1 (18 mL).
Solutionsof HRP (110nM final) andH,0; (0.5 mM final) werepreiincubatedor 5 min thenaddedto
the aqueoussolution of 1. The colorlesssolution progresseivelyurnedto yellow. The kinetics of the
reactionwas followed by the appearancef a peakat 329 nm in the UV-VIS and the reactionwas
completein 20 min. Then, 2 equivalentsof NaBPh wereadded Jeadingto the formationof a yellow
precipitate.This precipitatewasrecoveredoy centrifugationat 115009 for 10 min, andwashedwice
with a small volume of cold water (100 pyL). Finally, the precipitatewas dissolvedin methanol(100

pL). This solutionwasanalyzedoy UV-VIS andmassspectrometry.

3.RESULTS

3.1. Synthesisof the osmocifensl, 2 and of their correspondingquinone methides(QMs)
Thetwo osmiumbasedamoxifenderivatives,1 and2 werepreparedollowing the protocolrecently
publishedoy someof us[26]. Their correspondingjuinonemethidesl-QM and2-QM were
synthesizedby chemicaloxidationwith freshlypreparedAg,O atroomtenperatureandobtainedwith

high yield (89 and90%respectivelyseeexperimentakection).

OH 0]
> Acetone, rt 4>
Os Os
| R = R
1:R=H 1-QM : R=H
2:R= O(CH2)3NM62 2-QM : R = O(CH2)3NMe_2

Scheme 1 : Synthesis of quinone methides (QMs)



Thestability of 1 and2 wasstudiedby UV-VIS spectrometryTheyarebothstablefor atleast3
daysin aqueousnedium(25 uM in Tris HCI (pH 8.2), 1 mM EDTA, 2.5%DMSO) (decreasef the

characteristiabsorbancef 1 and2 at 300nm lessthan20%). (Fig. S1)

3.2.Enzymatic oxidation of 1 and 2 by the HRP/H,0, system

In the presenceof the enzymaticoxidizing systemHRP/H,O,, complexesl and 2, undergo
oxidationwith formationof new derivativescalled1* and2*. Therateof formationof 1* and2*, can
be followed by UV-VIS spectrometry(Fig. 1 and Fig. S2). Following addition of the HRP/HO,
mixture, we observedthe rapid decreaseof the shouldercharacteristicof 1 and 2, around300 nm
togetherwith the appearancef a peakat 323 nm that charactedes1* or 2*. The formation of these
speciesis rapid and slightly fasterfor 2* thanfor 1*. Mathematicaltreatmentof the UV-VIS data
accordingthe first orderlaw gavet 1, = 6.7 and4.0 min, respectively(Fig. S3, TableS1). As shown
onFig. 1, UV-VIS spectraof 1* and2* areclearlydifferentfrom thoseof their correspondingjuinone
methidesl-QM and2-QM which showpeaksat 365nm and417 nm, respectivelylnterestingly while
slow evolutionof the UV-visible spectrumof 1* and2* wasobservedwith time theydid not convertin
the quinonemethidesevenafter 10 h (Fig. $4). It shouldalsobe noticedthatthe rateof formationof 2*
is significantly higherthanthatof 2-QM obtainedby chemicaloxidation(TableS1) (t1» = 4 min for 2*
versus24 min for 2-QM).
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Fig. 1. Superimpositiorof the UV-VIS spectraof 25 uM of 1 (A) or 2 (B), their quinonemethideq1-
QM and 2-QM) and 1*, 2* the compound®btainedby enzymaticoxidation of 1 and 2 of with the
HRP/HO, systemafter 20 min.. Spectrawere recordedwith 25 uM compoundsn 0.2 M Tris HCI
buffer (pH 8.1),1 mM EDTA and 2.5% DMSO.1 and 2 are characterizedoy a shoulderaround 300
nm,1* and2* by a peakat 323nm,1-QM and2-QM by peaksat 365and 417 nm, respectively.

3.2. Inhibitory effect on isolated thioredoxin reductase of osmocifensl and 2, their oxidized
derivatives 1* and 2* and the quinone methides1-QM and 2-QM

The inhibitory effect of 1 and 2 on thioredoxinreductasel (TrxR1) activity beforeand after
enzymatt oxidationwith HRP/HO, wasfirst evaluated As shownon Fig. 1A, 1 and 2 are scarcely

effective on TrxR1 up to a concentrationof 20 uM, while they both acquireremarkableinhibitory
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propertiesafter oxidationwith the HRP/H,O, system Oxidized complex2 (2*) is a little more active
thanoxidizedcomplex1 (1*) (ICso = 1.2 uM and 2.4, respectively) Quinonemethides 1-QM and 2-
QM, arealsoeffectiveinhibitors of the enzymealthoughto alower extent(Fig. 1B; IC5o = 5.4and3.6
MM respectively)ln addition,compoundsdl, 2 and1* and2* weretestedon mitochondrialthioredoxin
reductasectivity in vitro (Fig. S7) andonly the transformedcompounddreatedwith HRP and H,O,

showa significantinhibition of TrxR2.
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Fig. 2. Thioredoxinreductasel (TrxR1) inhibition with osmodfen compounds

1, 2 andthe compound®btainedafter pre-treatmentfor 15 min of 1 and 2 with 0.1 mM H,0O, and 22

nM HRP (1*, 2*), wereincubatedn 0.2 M TrisHCI buffer (pH 8.1)1 mM EDTAwith 0.25mM
NADPHand 60nM TrxR1.After5 min, TrxR1 activity was estimated as described in Materials and
methods. Under the same experimental conditions theg R mixtureis ineffective on TrxR1
activity in the absence of osmocifen compoui#gdsThioredoxinreductaseactivity wasestimatedn

the sameexperimentatonditionsafter a 5 min treatmentwith 1-QM or 2-QM (B).
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3.4. Antiproliferative effectand ROS production of 1 and 2 in Jurkat cells

The antiproliferativeeffectof 1 and2 wasstudiedon Jurkatcellsincubatedor 24 h. As shownin Fig.
3 A, complex2 exhibits a strongantiproliferativeeffect (ICso = 7.4 M) while 1 is significantly less
cytotoxic (ICsp = 42 uM). ROS productionwasthenestimatedn Jurkatcells after 2 h incubation(Fig.

3 B) and,similarly to the antiproliferativeeffectcompound?2 is moreeffectivethanl.
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Fig. 3. Estimationof Jurkatcell viability (A) and ROSproduction(B) after treatmentwith compoundL
or 2. Cell viability was measuredwith the MTT testin 8x10'cells treatedfor 24 h with the osmoifens
asindicatedin Materials and methodsFor ROSproduction4x1Gcells wereincubatedin PBS/10mM
glucosemediumin the presenceof 1 pM CM-DCFH2-DA and of the osmocifensat the indicated
concentrationsReactionwasfollowedasfluorescencencreaseandthereportedvalueswereobtained
after 120min of incubation.
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3.5.Cellular uptake of 1 and 2

Quantificationof Osin whole cellsincubatedfor 24 h in the presenceof 1 (50 uM ) or 2 (15
uM) was performedby ICP-OES (Table S2). The amountof Osfoundin onecell was3.9 fmol for 1
and4.2 fmol for 2. Interestinglythe amountof osmiumis higherin cellsincubatedwith 15 uM of 2,

themostcytotoxiccomplex,thanin cellsincubatedwvith 50 uM of 1 thelesscytotoxicmolecule.

3.6. Effect of 1 and 2 on the activity of thioredoxin reductase(TrxR) and glutathione reductase
(GR) in Jurkat cells

Similarly to what observedin vitro with the H,O,/JHRP system compoundsl and 2 can be
oxidatively metabolizedin cultured cells into speciesable to interact with the various enzynatic
targets.On this basis we have evaluatedthe total thioredoxin reductaseand glutathionereductase
activities in Jurkat cell lysatesincubatedwith compoundl or 2. Both GR and TrxR are pyridine
disulfide oxidoreductase howeverGR lacksthe easilyaccessibl€C-terminal-Cys-SeCys motif which

characterise$rxR andis thetargetof a greatdealof inhibitors.
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Fig. 4. TrxR(A) andGR (B) activitiesin Jurkatcell lysates.
Jurkatcells (2x10°) wereincubatedfor 18 h with 1 (50 pM) or 2 (15 pM) and thenlysed.Activities of
thetwo redoxenzymesvereestimatedasreportedin Materialsandmethods

As shownin Fig. 4 A both 1 and2 inhibit total TrxR activity. However 2 is far more effective
than 1 as, at 15 uM, it inhibits the enzymeactivity by almost 70%, while 1, even at a higher
concentration(50 uM), is effective by only 30%. The activity of GR is not inhibited by 1 or 2, but
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insteadis slightly stimulated(Fig. 4 B). Interestingly 1 and2 atthe reportedconcentration$50 and15
MM, respectively do notinhibit TrxR activity in thenontumorcell line HEK293 asshownin Fig. S8.

3.7. Effect of compounds 1 and 2 on the oxidized state of thioredoxin (Trx1 and Trx2) and
peroxiredoxin 3 (Prx3) in Jurkat cells

Thioredoxin reductasebelongs to the thioredoxin system, which is a relevant metabolic
pathwayfor the maintenancef cellular thiols in a reducedstate. The major substrateof thioredoxin
reductasethioredoxin,in turn deliverselectronsto peroxiredoxinwhich removeshydrogenperoxide
and participatesn signalingprocessesWe thereforeexaminedthe thiol redox stateof both cytosolic
and mitochondrial thioredoxins (Trx1 and Trx2) and the redox conditions of mitochondrial
peroxiredoxin (Prx3). For estimationof Trx1/2 a modified redox Westernblot, specific for thiol
oxidation states was used(seeMaterialsand methods) In this blot the upperbandindicatesthe fully
reducedenzymewhile the lowest indicatesthe completely oxidized form. The intermediatebands
indicate the partial formation of disulfides, mixed disulfides with protein thiols or glutathione,or
nitrosylatedresiduesThe numberof bandsis relatedto the amountof thiols originally presenin each
thioredoxinisoform. As shownin Fig. 5 and consistentlywith the resultsof Fig. 4 A, complex 2
appeas extremelyeffective in stimulatingthe oxidation of both Trx1 and Trx2. In addition, Prx3,
appeardo be completelyoxidized (dimeric form) after treatmentof cells with 2. Complex1, evenat
higher concentrationss far lesseffective than 2 as, althoughindudng someoxidation of Trx1 and

Trx2, it appearsinableto stimulatethe oxidationof Prx3.
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Fig. 5. Jurkatcells (2x1@), treatedfor 18 h with 1 and 2, werederivatizedwith 10 mM IAM to titrate
free SHgroups.Then,after treatmentwith DTT (3.5 mM), an excesof IAA (30 mM)wasadded giving
rise to derivatizedgroupscorrespondingo the oxidizedresidues.The determinationof redox stateof
Trx1, Trx2 was performedwith ureaPAGE in non reducingconditionsand the bands detectedwith
WB analysis correspondto the different oxidation statesof Trx1 or Trx2. For the estimationof the
redoxstateof Prx3, cell lysateswerederivatizedwith 10 mM AlSto alkylatefree thiols and subjected
to SDSPAGEIin nonreducingconditionsas describedn Materials and methodsDimer corresponds
to disulfidelinked oxidisedform while monomerefers to thereducedform.

3.8. Effect of 1 and 2 on mitochondrial membrane potential (MMP)

In orderto confirm that mitochondriaare a key targetof the antiproliferativeactivity observed
with 2, the effectsof 1 and2 on the mitochondrialmembrangotentialof Jurkatcellswerestudied.As
seenin Fig. 6, complex2, evenat the lower concentratior{10 uM), is markedlymoreeffectivethan1
in decreasingmitochondrial membranepotential (MMP) as shown by the decline of fluorescence
intensity(Fig. 6 andTablel).
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Fig. 6. Mitochondrialmembrangotential(MMP) of Jurkatcellsin the presenceof 1 and 2. Cellswere
treatedfor 18 h with 1 (15and50 uM) or 2 (10 and 15uM) and MMP wasmeasuredisingTMRMand
detectedby flow cytometryanalysis.P1 correspondgo cell populationwith low membranepotential
while P2 is relatedto cell populationwith high membranegotential.a, control; b, 15 uM 1; ¢, 50 uM
1,d,10uM 2; e,15uM 2; f, 1 uM CCCPuseda positivecontrol.

Table 1: Percentageof cells with high and low mitochondrial membranepotential (MMP) after
treatmentwith 1 or 2. Jurkatcells weretreatedwith 50 uM 1 or 15 uM 2 in the conditionsdescribed
above Dataarereportedasmeant SD of five experiments

highMMP (%)  low MMP (%)

Control 82+5 18+ 5
1 61+11 39+ 11
2 3+0 98+ 1

4. DISCUSSION
The resultsof the different testsperformedwith osmocifensl and 2 in vitro on purified thioredoxin

reductase@ndin cellulo on Jurkatcellsaresummarizedn Table?2.
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Table 2 : Summaryof the biological studiesperformedwith 1 and2 in vitro or on Jurkatcells

Inhibiltion of cytosolicTrxR (ICsoirf M)
Complexalone «20 >20
Complexpre-treatedwith HRP/HO, 2.4+0.3 1.2+0.1
Quinonemethide 54+£0.7 3601
Testson Jurkat cells
ICso valuesof MTT Test(uM) 42+ 4 7.4+0.8
ROSproduction(20 uM of 1-2) + +++

Effect of 50uM of 1

Effect of 15uM of 2

% of TrxR inhibition in cell lysates 32.8+1.2 68.4+1.2

Trx1 redoxstate 40% oxidised 95% oxidised

Trx2 redoxstate 50% oxidised 82%oxidised

Prx3 redoxstate Mainly reduced60% Completelyoxidised(98%
monomerform) dimerform)

GRactivity in cell lysates
% of cellswith high MMP

slightincrease
61+11

slightincrease
3+£0.1

Theresultsof thein vitro studyon the inhibition of purified TrxR clearly showthatcomplexesl and?2
haveno inhibitory effect until after their enzymaticoxidation by the H,O,/JHRP systemand that the
inhibition observeds very similar for the two complexeqICso = 2.4 and 1.2 uM). This inhibition is
strongerthan that found after incubationin the presenceof the quinonemethides1-QM and 2-QM
(ICs0 = 5.4 and 3.6 uM). In addition, the UV-VIS spectraof 1* and 2*, the speciesobtainedby
treatmenof 1 and2 with HRP/HO,, do not correspondo thoseof their quinonemethideqFig. 2) asit
wasthe casein theferrocifenserieq32]. This resultshouldalsobe viewedfrom the perspectiveof the
recentobservatiorthatthe electrochemicabxidationof 1 correspond in the presencef abaseto a 2-
electrontransferbut doesnot lead to the correspondingQM [26]. Looking again at the oxidation
pathwaypreviouslyestablishedor the ferrocifens,the hypothesiscanbe madethatin the caseof the
osmocifensthe correponding quinonemethidecation (QM™), obtainedafter a first oxidation of the
complex the removal of the phenolic proton and a secondoxidation could be the reactivespecies
responsiblefor the inhibition of TrxR (Scheme2). This corresponddo a cessationof the reaction
sequenceat an earlierstepthanthat of neutralquinonemethide.This hypothesids in agreementvith
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the stabilizationsequencef carbocationandradicalsin the metallocendriad, in the orderFe < Ru <

Os, with osmiumbeingthe moststabilized[38, 39].

OH - oN 0 0o 0
v o O 0. O
— — ° _H+ _ . / : - / \ /
[\ — | D LN O () 4
Os Os Os Os os
= R < R — R | R R
1:R=H . "
M M Qm
2: R = O(CHy)3N(CHg), h Q

Scheme2: Hypothesidor the oxidationsequencef 1 and2 (adaptedrom ref [4]).

If this hypothesigs correct,1* and2*, i.e. the specieggeneratedy enzymaticoxidationby the
HRP/H0O, systemof 1 and2, shouldhavea reasonablehanceto correspondo thesequinonemethide
cations.In orderto checkthis assumptiorwe tried to precipitatel* (which is more stablethan2* cf.
Fig. S3 andFig. S4) by additionof BPh,’, ananionpreviouslyusedto get singlecrystalsof osmocenyl
carbeniumion [39]. This experimenwasperformedasfollows: 1* wasgeneratedby incubationof 1 in
the presencef a mixture of HRP/H,O, for 20 min. Thenadditionof 2 equivalentof NaBPh afforded
a yellow precipitatethat was recoveredoy centrifugation washedthendissolvedin methanolleading
to abright yellow solution(seeMaterialandmethods).The UV-VIS spectrunof this solutionis similar
to thatobtainedfor 1* (Fig. S5). Electraspraymassspectroscopi@nalysisof the solutiongavea main
molecularion at m/z = 543.5amuin the positivemodeandanisotopepatternmatchingthatof 1-QM ™.
In the negativemode,the molecularpeakwasat 319 amu,correspondingo the BPh,” counterion(Fig.
S6). Thusthis hypothesisof a reactivequinonemethidecarbocationin the osmocifenseriesappears
plausible.

The seriesof experimentgperformedin cellulo on Jurkatcells showsthat in the majority of
trials performed,complexesl and 2 behavein different ways. This is particularly true for their
cytotoxicity. While the phenolic complex 1 has low toxicity (ICso = 42 uM), the tamoxifenlike
complex 2 exhibits a high level of cytotoxicity (ICso = 7.4 uM). Interestingly, this difference in
cytotoxicity can be comparedwith the efficiency of inactivationof TrxR by the complexesn Jurkat
cells In fact, while 2 inducesvery stronginhibition of TrxR (70% inhibition for 15 pM incubation),

thatproducedoy 1 is muchmoremodest(30% inhibition at 50 uM incubation).This resultexplainsthe
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redox stateof Trx1, Trx2 and of Prx3 which are markedly oxidized upon treatmentwith 2. This is
likely a consequencef theinhibition of TrxR by oxidationproductsof 2 hamperingthe electronflow
ddivery to Trx andhenceto Prx3. Consequentlythe shift of Trx1/2 and Prx3towarda moreoxidized
condition,associatedo anincreaseof ROS maycontributeto the decreas®f mitochondrialmembrane
potential(MMP) observedor cellsincubatedn the presencef 2.

A largedifferencein toxicity betweenthesetwo complexeshasalsorecentlybeenobservedn
MDA-MB-231cells (ICs0 = 34 uM for 1 and2.7 uM for 2) [26]. In the citation given, the parameters
studiedto explain thesedifferencesin reactivity (lipophilicity, solubility and speedof formation of
guinone methides,differencein the acidity of the phenolic protons),did not permit a saisfactory
explanationof the differencein their cytotoxicity. Here, TrxR appearsasa privilegedtargetto explain
the high cytotoxicity of 2 aswell asthedifferencein cytotoxicity betweenl and?2.

The fact that complex2 inducesstronginhibition of TrxR indicatesthat the latter undergoes
oxidationin cells dueto the presencef oxidizing systemssuchascytochrome$450(CYP 450). We
have also recently shown that the oxidative metabolismof the ferrocifensby CYP 450 led to the
formation of three principal metaboliteshamely quinonemethide,cyclic indeneand allylic alcohol,
which in somecasegpossessigh cytotoxicity [28]. With the osmocifensve do not observeformation
of quinonemethides, but formationof otheractive metaboliteould be envisagedsuchasthe quinone
methidecarbocatiormentionedabove.As for the differencein behaviorbetweenl and2 observedn
Jurkatcells, it is clearly associatedvith the presenceof the O(CH,)3sN(CHs), side chain. This may be
relatedto a stabilizationassociatedvith the oxygerdonatingmesomericeffect. A differencein the
inhibition of TrxR activity hasalsobeenfoundin the ferrocifenseriesafterincubationwith Jurkatcells
[32]. As heretheinhibition is moremarkel for thetamoxiferlike complexthanfor the phenolic,but it
is not correlatedwith the antiproliferativeeffectof thecomplexeg32].

As far asproductionof ROSby Jurkatcellsis concernedgcomplex2 inducesgreaterproduction
thanl, whichwasalsoobservedn theferrocifenserieg40]. This ROSproductionwould bethesource
of theincreasan activity of glutathionereductaseThis absencef inhibition of GR alsoshowsthatthe
osmocifensl and 2 can only reactwith nucleophilic selenolsand not with thiols, similarly to the
ferrocifens.

In conclusion,the cytotoxicity of osmodfen compoundswas dependenton its intracellular
conversioro speciesableto interactwith specifictargetsof cancercells. TrxR appearssa pivotal site

of inhibition thatstimulatesa seriesof eventdeadingto the deathof the cancercells.
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AIS, 4-acetamided-((iodoacetyl)amino)stilbeng,2-disulfonic acid; CCCP, carbonyl cyanidem-
chlorophenylhydrazond)TNB, 5,5-dithiobis(2nitrobenzoicacid); GR, glutathionereductaseHRP,
horseradish peroxidase; CM-DCFH,-DA, 5-(and6)-chloromethyl < -dichlorodihydrofluorescein
diacetateacetyl ester;|AA, iodoaceticacid; IAM, iodoacetamidePrx, peroxiredoxin;ROS, reactive
oxygenspeciesTAM, tamoxifen;TMRM, tetramethylrhodaminmethylester;Trx, thioredoxin;TrxR,
thioredoxinreductasePMSF,phenylmethylsulfonyfluoride.
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Fig. S1 UV-Visspectraof 1 and2 (25uM)in 0.2M Tris HCI buffer, pH 8.1
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Fig. S2. UV-VISspectraof 1 (A) and 2 (B) after treatmentwith HRP and H,0..

Fresh solutionsof 1 or 2 (25 uM in Tris HCI buffer (pH 8.1), 1 mM EDTA and 2.5% DMSO) were
incubatedat 25 °C in the presenceof 22 nM HRP + 0.1 mM H,0,. Kinetics of the reactionsafter
addition of HRP and H,O, wasfollowed by UV-VIS spectroscopypetweer250 and 450 nm, at different
timesfrom 1.5to 11.5min. Blacklinesrepresenthe spectraof 1 or 2 alone(beforeadditionof HRPand
H.0y). 28



Absorbance at 323 nm

Fig. S3. Timedependent formatioand stability ofl* and 2*, the complexes obtained by
enzymatioxidationof 1and 2 by HRP + HO,. Formation ofl* and 2* is monitored by the
increase of absorbance at 323 nm. Formatio@*ois faster than that af* (see Table S1). It
reaches its maximum at 40 and 20 min respectivelyifaand 2*. 1* is stable during at

— 1+HRP+H0O;

— 2+HRP+H0O;

Time (min)

least 60 min whil@* is less stable (7% decrease after 1 h).

Table S1 Kinetics of formation of 1* and 2*, the complexesobtainedby enzymatic
oxidationof 1 and2 by HRP + H,O,. Comparisorwith the valuesobtainedfor 1-QM and

2-QM obtainedby chemicaloxidationof 1 and2 with Ag,O.

60

complex | Kinetics of formation of 1* or 2* Kinetic s of formation of 2-

b
a) oM )

. -1 ; -1 .

k. (min’) t,(min) k. (min") t, (min)
1 c) c)
0.105+ 0.01 6.7+ 0.7 ) i
b b
2 0.18 % 0.03 40+04 0.029" 24"

a) Obtainedby enzymaticoxidationwith 22nM HRP and0.1 mM H,O; in Tris HCI (pH
8.1, 1 mM EDTA. b) Obtainedafterchemicaloxidationby Ag,O; datafrom ref. [26]. ¢)
Meanof two experiments
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Fig. $4. UV-visible spectraof 1 (A) and 2 (B) (25 puM) (t = 0 min), and of 1* and 2* obtainedby
incubationof 1 and 2 in the presenceof 22 nM HRP and 0.1 mM H,0, in 0.2 M Tris HCI (pH 8.1)
1mM EDTA containing2.5% DMSO after 80 and 590 min. Inset: evolutionof the absorbanceat 330

nmasa functionof time
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Fig. Sb. Superimpositiomf the UV-VIS spectraof 1* after precipitationwith NaBPh, anddissolutionin
MeOH (solid line) and of 1* obtainedunderthe experimentatonditionsof Fig. S2 (dashedine).
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Fig. S6. Analysisby massspectrometrf{ESFMS analysis)of the precipitateobtainedafter treatment
of 1 by HRP+H,0, followedby addition, after 20 min of NaBPh.
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Table S2: Quantification by ICPOES of Osmium in I@urkat cells afteR4h ofincubation

Compound Amount of Os in the Amount of Osin Amount of Os perce  LogPo/w?

sample (in ppbP 10’ cells (in nmol) (fmol)
17 796 + 6 38.7 3.9 6.3
2° 855 + 5 41.6 4.2 4.3

a) mean of 3 measurements, contrdG&ppb, analysis performed on a volume of 9.25 mL ; b)
concentration of incubation df: 50 pM ; c) concentration of incubatidh: 15 uM ; d) value
from ref [26]
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Fig. S7. Thioredoxinreductasel (TrxR1)inhibition with osmocifes.

1, 2 and the compound®btainedafter pre-treatmentfor 15 min of 1 and 2 with 0.1 mM H,0, and 22
nM HRP (1*, 2*), wereincubatedin 0.2 M Tris HCI buffer (pH 8.1) and 1 mM EDWith 0. 25 mM
NADPH and 60 nM TrxR1. After 5 min, TrxR1 activity was estimated dgscribed in Materials and
methods. Under the same experimental conditions the HRR/mhixture is ineffective on TrxR1
activity in the absence of osmocifen compounds.
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Fig. S8. Effectof compoundd and2 on TrxRactivity in HEK293cell lysates1x1@ cellsweretreated
with theindicatedconcentration®f 1 and 2 for 18 h. Cell lysatesweretestedfor thioredoxinreductase
activity with the DTNB procedureasdescribedn Materialsandmethods.
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