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Dirhenium(lll) complex with beta-alanine ligand: anticancer, antioxidant and DNA-
binding properties
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Earlier we have shown that dirhenium(lll) dicarboxylate complex with y-aminobutyric acid possessed higher antitumor
activity, than those of the previously investigated alkylcarboxylates, also may act as a modulator of cisplatin
mechanism of action and as a stabilizer of red blood cells in tumor-bearing organisms. Thus, the task of the work was
to investigate anticancer activity of the complex cis-[Rex(B-Ala)2Clg] (1) in the model of tumor growth in vivo and to
realize if the amino acid residue influences the DNA-binding activity of the amino acid derivatives of the cluster
rhenium(lll) compounds. Antitumor properties of the complex | were studied in the model of tumor growth with the
use of Wistar rats inoculated by tumor carcinoma Guerink cells. The introduction of the compound alone in free and
liposomal forms inhibited the tumor growth by 36 % and 45 % correspondingly, that is more than for dirhenium(lll)
clusters with alkyl ligands. The combined introduction of I and cisplatin had a significant impact on the tumor growth
and showed the disappearance of the tumors in most of the animals. No considerable differences were found
between introduction of liposomal and free form of I. The electronic absorption spectra of Calf Thymus DNA (CT-
DNA) exhibit hyperchromism in the presence of increasing amounts of I. The DNA band at ~ 260 nm arises from the
m-1* transitions of the nucleic acid bases and changes in the intensity and slight wavelength shifts of this
characteristic band reflect the corresponding structural modifications of the DNA, which include changes in stacking,
disruption of the hydrogen bonds between complementary strands, covalent binding of the DNA bases, intercalation
of aromatic rings and others. The binding constant Ky(l) = 2.43 x 10 M"' to CT-DNA was obtained that was lower
than the values reported for the classical DNA intercalators and compares well with the magnitude of the binding
constants for other complexes of dirhenium(lll); titration of CT-DNA with cisPt and hydrogen peroxide also leads to a
hypochromic effect, weak at low concentrations and more significant at high concentrations of I; the DNA binding
constants increased in several times when using H2O; or cisplatin that confirms a mechanism for redox activation of
interaction of I with DNA in a cancer cell. The obtained results demonstrate the possibility of application of the amino
acid derivatives of dirhenium(lll) clusters in antitumor therapy.
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Introduction

Binuclear clusters of rhenium(lll) are the classical complexes with an unique quadruple metal—
metal bond (Cotton, Walton, 2005; Golichenko, Shtemenko, 2006; Shtemenko et al., 2013; Shtemenko,
Shtemenko, 2017). In our previous work (Shtemenko et al., 2009) it was shown that dirhenium(lll)
dicarboxylate complex with y-aminobutyric acid possessed higher antitumor activity, than those of the
previously investigated alkylcarboxylates (Shtemenko et al., 2007), also may act as a modulator of
cisplatin mechanism of action and as a stabilizer of red blood cells in tumor-bearing organisms. Such
results were promising for the using of amino acid complexes of dirhenium(lll) as effective antitumor
agents. Previously (Golichenko et al., 2015) we have developed methods of synthesis and proved the
structure of the complex compound of dirhenium(lll) with B-alanine.

Titled compound | almost unlimitedly dissolves in water as well as similar GABA dirhenium(lll)
complex compound. High solubility of such substances in water, in contrast to alkylcarboxylates, greatly
facilitates their use in physiological conditions. Also, | was shown to have cytotoxic and proapoptotic
activity against Jurcat cells (Polokhina et al., 2020). The task of the work was to investigate anticancer
activity of I in the model of tumor growth in vivo and to realize if the amino acid residue influences the
DNA-binding activity of the amino acid derivatives of the cluster rhenium(lll) compounds.
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Structure of cis-[Rez(-Ala).Cle] (1)

Objects and methods of research

Materials

Cisplatin (cisPt) and | were synthesized at Ukrainian State University of Chemical Technology
at the Department of Inorganic Chemistry (Golichenko et al., 2015).

Cells of Guerin's carcinoma (T8) were received from the R.E.Kavetskiy Institute of Experimental
Pathology, Oncology and Radiology, National Academy of Science of Ukraine (Kiev, Ukraine). Calf
thymus DNA (CT-DNA) with molecular weight 328 Da, €260=0.6600:10*M'-cm" was purchased from
Serva (FRG). All chemical reagents were of analytical grade.

Animal model studies

The animal model was described previously (Shtemenko et al., 2007, 2009; Li et al., 2015). Tumor
transplantation was performed by subcutaneous injection of 20 % Guerin’s carcinoma (T8) cell
suspension in the thigh area. Control group of tumor-bearing animals was not subjected to any treatment.

A single intraperitoneal administration of cisPt at a dose of 8 mg/kg was made on the ninth day
after tumor inoculation and intraperitoneal administration of preparations in liposome forms in dose of
7 uM/kg of the rhenium compound I or rhenium-platinum (4:1) systems started on the third day after
inoculation of tumor cells and was repeated every 2 days until the day 21: group [I]lip+cisPt.

Introduction of co-encapsulated drugs started on the third day after inoculation of tumor cells and
was repeated every 2 days until day 21: group [I+cisPt]lip. The number of animals in each group was 8.
All manipulations with animals have been carried out under narcosis in accordance with the EU Directive
2010/63/EU for animal experiments and Permission of the Ministry of Education and Science of Ukraine.

On day 21, the animals were sacrificed under chloroform narcosis according to the rules of the
Ethics Committee and the tumor cells were isolated and weighed. Wilcoxon nonparametric tests were
used to compare the parameters obtained from the group without treatment and each group of treatment,
or between two treated groups.

CT-DNA binding constant measurements

Absorption measurements were performed on a Hewlett-Packard diode array spectrophotometer
(HP 8453) according to (Shtemenko et al., 2013) with some modifications: the buffered calf thymus CT-
DNA solutions that were used exhibited a ratio of 1.8 : 1 for the absorptions at 260 and 280 nm, indicating
that the DNA was sufficiently free from proteins. Binding titration experiments were performed using a
fixed concentration of CT-DNA (0.12 pyM) with increasing concentrations of metal complex (0 to 200 yM)
in 5 mM Tris—HCI buffer, pH 7.5, and 20 mM NaCl. Complex-DNA solutions were incubated for 5 min
before the absorption spectra were recorded. The DNA binding constant, Kb (M™'), was obtained by fitting
the titration data according to the equation (1).

1/ (A—A0)=1/AO + 1/[Kb x AO x C(complex)] (1)

After plotting 1/(A-Ao) vs 1/C(complex) and recording the slope and intercept of the resulting curve,
where Ao and A are the absorption values before and after adding the complex, respectively and C
(complex, mol/L) is the concentration of the added complex.

Results and discussion

Animal studies

Anticancer activity of I and I+cisPt in vivo

The | exhibits average activity against tumor cell growth, being introduced as in free, as in
liposomal forms (Fig. 1).
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Fig. 1. Dynamics of the control tumor growth (— T8) and under influence of introductions
of cisplatin (— T8+cisPt); | in nanoliposomes (-~ T8+[l]nl); and in water solutions (- — — T8+[l]sl)

Introduction of the encapsulated dirhenium compound I alone led to reduction of the tumor weights
by 45 % and of free | — by 36 % correspondingly, that is much lower in comparison to cisPt (Table 1).

Weights of the residual tumors and values of the reduction of the tumor (M+m, n=6)

Table 1.

Groups Weight of tumors, g Reduction of tumor, %
T8 63.27 + 15.19 -
T8+cisPt 10.40 £ 1.26 # 83.56 + 1.991
T8+[I]sl 40.31 + 10.34## 36.29 + 16.343
T8+[I]nl 34.35 + 5.21## 45.71 + 8.285
T8+cisPt+[l]sl 13.87 £ 0.69 78.08 + 1.091
T8+cisPt+[l]nl 2.72 £ 0.14 ## 95.70 £ 0.221

# p<0.05 versus T8; ## p<0.05 versus T8+cisPt

The antitumor effect of free I is close to the effect of encapsulated form of | that is unusual for the
dirhenium(lll) clusters due to their instability in water and appropriate requirements of the liposomal

technology application. It is a very valuable result giving possibility to use stable in water dirhenium
compounds in anticancer trials.
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It is interesting to note, that the substance (cis—Re2(CH3;CH2CCOQ).Cl4) — a propionate derivative,
which differs from | only by absence of amino groups, had very low activity in the same model, being
introduced as in free, as in liposomal (16.61 %) forms (Leus et al., 2012).

If to compare influence of the liposomal forms introductions of other different dirhenium(lll) clusters
on the tumor growth, it is clear that the effect of | is greater than the effect found for dirhenium(lll)
compounds with alkyl ligands, such as dirhenium(lll) complexes with pivalic (cis—Re2((CH3)3CCOQ)2Cl4),
isobutiric (Re2(i~-C3H7COQ)4Cl2) or adamanthylcarbonic (cis-[Re2(C10H15CO0)2Cls]) ligands, that had
reached 28-30 % (Leus et al., 2012) but lower than the effect of the homologues substance
[Re2(GABA)2Cls(H20)]CI-2H20 (by 60 %) in the same model (Shtemenko et al., 2009). These results once
more confirm our previous conclusions about growth of antitumour activity in the range of dirhenium(lll)
substances with the increase of the ligand chain and about positive influence of the introduction of the
amino acid moiety to the ligand arrangement.

Our earlier studies have shown that combination therapy using cisPt and dirhenium(lll) clusters in
reduction of tumors in tumor-bearing animals was very effective (Shtemenko et al., 2009, 2013, 2015;
Shtemenko, Shtemenko, 2017). Thus, it was not a surprising thing, that a substation effect was observed
in groups T8+[l]sl and T8+[l]nl+cisPt, where cisplatin and | were introduced together (Fig. 2, Table 1).

3
—_ = =
L= R
L L 1

3

Tumor volume x 10°, mm

(=T S AT
1

7 9 11 13 15 17 19 21
Days after transplantation of the tumor

Fig. 2. Dynamics of the tumor growth under influence of introduction of cisPt (— T8+cisPt);
(- T8+cisPt+[ I]nl); (- - - T8+[ I]sl)

The reduction of the tumor growth was more effective than that in T8+cisPt group and the most of
the experimental animals had no tumors at all. Practically no considerable differences were found
between introduction of liposomal and free form of I, once more demonstrating the possibility of
application of the amino acid derivatives of dirhenium(lll) clusters in antitumor therapy.

DNA-binding activity

Investigation of DNA-binding activity is one of the most important procedure for the choice of a
potentially anticancer drug (Martinez-Lillo et al., 2011; Majer et al., 2015; Ismail et al., 2019). To probe the
binding of DNA to I, the electronic absorption spectra, obtained by titrating CT-DNA with solutions of I,
were performed according to reported procedures (Shtemenko et al., 2013; Polokhina et al., 2016;
Paramonova et al., 2016) and are depicted in Fig. 3.

The electronic absorption spectra CT-DNA exhibit hyperchromism in the presence of increasing
amounts of I. The DNA band at ~ 260 nm arises from the -11* transitions of the nucleic acid bases and
changes in the intensity and slight wavelength shifts of this characteristic band reflect the corresponding
structural modifications of the DNA, which include changes in stacking, disruption of the hydrogen bonds
between complementary strands, covalent binding of the DNA bases, intercalation of aromatic rings and
others.

By plotting 1/(A—Ao) vs 1/C according to eq. 1, the value Kol = 2.43 x 10% M for the binding
constant of the DNA complex to | was obtained. The determined Ky value for | is lower than the values
reported for the classical DNA intercalators; this Kb value (2.43 x 10® M) indicates that | binds to DNA
with a lower affinity than the classical intercalators but it compares well with the magnitude of the binding
constants for other non-intercalating complexes of dirhenium(lll) (Polokhina et al., 2016; Paramonova et
al., 2016), which is in the range 3.4 x 102 —2,7 x 103 M.
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Fig. 3. Electronic absorption spectra of CT-DNA upon addition of |

Titration of CT-DNA with cisPt and hydrogen peroxide also leads to a hypochromic effect, weak at
low concentrations and more significant at high concentrations of substance (Fig. 4).
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Fig. 4. The intensity of absorption (A) at 260 nm. The molar ratio of DNA-hydrogen peroxide (a)
or cis-Pt (b) and DNA-I: 1—-1:84;2-1:168;3-1:252;4-1:420;5-1:840;6—-1:1680

This suggests for another mechanism of the interaction of cisPt, H202 in comparison to I, which
leads to significant chemical modification of the DNA helix and may be the explanation of the efficacy of
the combinational therapy.

As it was shown previously, titration of CT-DNA by I after hydrogen peroxide and cisPt addition
leads to a sharp increase in absorption spectra in the area of absorption of nucleic bases. Binding
constant Kp(cis-Pt) = 1.080 x 10° M™", Ky(H202) = 0, Ku(H202+1) = 24.423 x 103 M, Kp(cis-Pt+l) = 7.783 x
10° M-,
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The DNA binding constants increases in several times when using H202 (Fig. 4a) or cis-Pt
(Fig. 4b). The obtained data confirm a mechanism for redox activation of interaction of antitumor Rhenium
compounds with DNA in a living cell so-called «prodrug strategy» (Zhang, Sadler, 2017), which explains
the activity of some drugs, such as I, which become active only in a cancer cells, where the redox state is
much different from the redox state of the normal cells. Interestingly, that difference between redox-
activated | and non-redox-activated | on the Fig. 4 and differences between Kol vis Ko(H202+1) and Kp(cis-
Pt+l) is much more greater than the same for other investigated (non-amino acid derivatives) that
reaffirms perceptiveness of use of such substances in medicine and defines directions of synthesis of the
biologically active compounds.
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Komnnekc aupenito(lll) 3 6eTa-anaHiHoBMM niraHAOM: NPOTUNYXIUHHI,

aHTnokcumpaHTHi Ta [1HK-3B’A3yl04i BNnactuBocCTi
K.B. NMonoxiHa, C.0. Ba6in, O.A. NoniyeHko, H.l. LLiItTemeHko

PaHiwe Hamn 6yno nokasaHo, WO AukapbokcunatHa KomnnekcHa cronyka aupenito(lll) 3 y-amiHomacnsHowo
KMCMOTO Mae Binbll BUCOKY NPOTUMYXIMHHY aKTUBHICTb, HDK AN paHile [OCniMKeHUX ankinkapbokcunaTie, a
TAKOX MOXEe [OiATW SIK MOAynATop MexaHi3my Aiil uucnnatuHy i gk ctabinisatop eputpouuTiB B OpraHiaMax—
NyXMHOHOCIAX. TakuMm YMHOM, 3aBAaHHsi poboTM nomdrano y Tomy, wob AOoChiguTWM NPOTUMYXIMHHY aKTUBHICTb
komnnekcy cis-[Rex(B-Ala)2Clg] (1) B Mogeni pocTy NyxnvHu in vivo i 3po3ymiTh, Y BNNMBAE aMiHOKUCIOTHWIA 3aMMLLIOK
Ha [JHK-3B’a3yto4y akTUBHICTb aMiHOKMCIIOTHUX MOXiQHMX KnactepHux cnonyk pexito(lll). NMpoTunyxnuHHI BNacTUBOCTI
Komnrekcy | BuB4anu Ha mofeni pocTy MyXMMHW 3 BUKOPWUCTaHHAM LUypiB NiHiT BicTap, iHOKynboBaHuX KriTUHaMu
NyxXnuHu kapuuHomu NepeHa. BBeaeHHs Tinbku ofHi€ei CnomnykM y BiMbHIN Ta ninocoMansHi dopmax iHribysano pict
nyxnuHu Ha 36 % i 45 % BignosigHo, wWo 6Ginblwe, Hik gna knactepis aupedito(lll) 3 ankinbHMMK niraHaamu.
KombiHoBaHe BBeaeHHs | i uucnnatuHy 3Ha4yHO BMnvBae Ha PO3Mip MyXNMHU Ta NPU3BOAUTL A0 3HWUKHEHHS MYXMWH Y
GinbwocTi TBapuH. He Gyno BWSIBNEHO CYTTEBMX BiMIHHOCTEN MiX BBELAEHHSIM MiNOCOManbHOI i BifbHOI hopmMu
peyvoBuHU |. Y enekTpoHHux cnektpax nornvHanHa OHK tumycy tenatu (CT-OHK) cnoctepiraetbcs rinepxpomiam y
npucyTHocTi 3pocTatoyoi kinbkocTi I. Cmyra OHK npu ~260 HM Bignosigae T-TT* nmepexogam OCHOB HyKIEIHOBMX
KMCnoT. 3MiHU B iIHTEHCUBHOCTI | HE3HAYHWUIA 3CYB L€l XapakTepuUCTUYHOI CMyri BigobpaxaloTb BiAMOBIAHI CTPYKTYpPHI
moamdikauii [HK, ski BknovaloTb 3MiHW B yKrmagaHHi, po3pyMB BOAHEBMX 3B'A3KIB MK KOMMNEMEHTapHUMMN
naHuioramm, KosaneHTHe 3B'AdyBaHHA ocHoB [HK, iHTepkansuilo apomaTtudHux Kineub Ta iH. Byna oTpumana
koHCTaHTa 3B'asyBaHHA Kp(l) = 243 x 10° M' gna CT-OHK, 3HaueHHs $KOT HWKYe, HK [Ans KnacuvHux
iHTepkanaTopie [OHK, i nopiBHsHHe 3 BenM4MHaMn KOHCTaHT 3B'A3yBaHHS Ans iHWMX komnnekcis avpeHito(ll);
TuTpyBaHHs CT-OHK umMcnnaTvHOM i NepekMcom BOAHIO TakoX MPU3BOAWTL A0 MNOXPOMHOro edekTy, cnabkoro npu
HU3bKMX KOHLEHTpauisx i Oimbw 3HaAYHOrO MpW BUCOKUX KOHUeHTpauisix |; KoHcTaHTu 3B'adyBaHHs [HK
30inblUyBanucb y Kinbka pasiB npu BukopucTaHHi HxO. abo umcnnaTtvHy, Wo nNigTBEpPOXKYE MEXaHi3M OKUCHO-
BigHOBHOI akTmBauji B3aemogii |1 3 AHK y pakoBin kniTuHi. OTpvMaHi pesynbTaTM OEMOHCTPYIOTb MOXMUBICTb
3aCTOCYBaHHS aMiHOKMCINOTHUX NOXigHUX knacTepis gupeHito(lll) B npoTunyxnuHHiA Tepanii.

Knwyosi cnosa: kimacmepu dupeHito(lll) 3 amiHokucriomHumu nieaHd0amu, yucnnamuH, Molesb pocmy MyXuHu,
AHK mumycy menamu, KoHcmaHmu 38'a3y8aHHs.
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Komnnekc aupeHus(lll) c 6eTa-anaHMHOBbLIM NUraHAOM: NPOTUBOONYXONeBbIe,

aHTMokcuaaHTHble u JHK-cBsisbIBalowme cBONCTBa
K.B. NMonoxuHa, C.0. Babun, A.A. N'onuyeHko, H.WU. LLiItemeHko

PaHee Hamu 6bINO NokasaHo, YTO AukapbokcunaTHoe kommnnekcHoe coeanHeHve amperus(lll) ¢ y-amnHomacnsaHon
Kucrnoton obnapaer 6onee BbLICOKOWM MPOTMBOOMYXOMEBOW aKTUBHOCTbIO, YEeM Yy paHee uccnegoBaHHbIX
ankunkapbokcunaToB, a Takke MOXET OeMCTBOBaTb Kak MOZyNnAaTop MexaHu3Ma AeWCTBUSI uuchnatuHa U Kak
cTabunusaTop apuTpoOLMTOB B OpraHM3Max — HocuTensax onyxonu. Takum obpa3om, 3agada paboTbl COCTOsAMNa B TOM,
4yTObbI NCCeaoBaTb MPOTUBOOMYXONEBYIO aKTUBHOCTL KoMnekca cis-[Rex(B-Ala).Clg] (I) B Mogenu pocta onyxonw in
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Series “Biology”, issue 34, 2020


mailto:contra89me@gmail.com
https://orcid.org/0000-0002-2173-5327
mailto:babiy.sveta@gmail.com
https://orcid.org/0000-0002-2304-9144
mailto:golichenko_alex@ukr.net
https://orcid.org/0000-0002-8888-794X
mailto:n.shtemenko@i.ua
https://orcid.org/0000-0002-5152-7270

m Komnnekc aupeHito(lll) 3 6eta-anaHiHoBUM niraHgoM: NPOTUNYXJIMHHI, aHTUOKCUAAHTHI ...
Dirhenium(lll) complex with beta-alanine ligand: anticancer, antioxidant and DNA-binding properties

ViVO N NOHATb, BNWSET M aMWHOKUCIOTHbIN ocTaTtok Ha [OHK-cBaA3biBalowyto akTMBHOCTb aMWUHOKMCIOTHbIX
Npoun3BOAHbIX knactepHbix coeaunHeHnin perns(lll). MpoTnBoonyxonesbie cBoNCTBa komnnekca | nsydanun Ha mogenu
pocTa onyxonu ¢ UCMOomnb30BaHNEM KPbIC NMUHUK BUcTap, MHOKYNMPOBaHHLIX KNETKaMu Onyxonu KapumHoMmsbl I'epeHa.
BBeaeHne TOoNbKO OOHOrO COeAUHEHUs B CBOOOAHOM M NMNOcOoManbHoOM hopMax MHrMbmpoBano pocT OMyxonu Ha
36 % u 45% cooTBeTCTBEHHO, 4TO Gomble, 4em Ans knactepoB aupeHus(lll) ¢ ankunbHbIMKM AUraHZamu.
KombuHupoBaHHoe BBegeHue | u yucnnatnHa okasano 3HauMTenbHoe BAMSHUE Ha pasmep OMyxonu v NPUBOAUMIO K
MCYE3HOBEHMIO onyxomnen Yy GOMbLIMHCTBA XUBOTHbIX. He 6bino OBHapyKeHO CyLeCTBEHHbIX Pasnuyuuin Mexay
BBeAEHMEM nunocomMarnbHon 1 csobogHomn dopmbl I. B anekTpoHHbIX cnekTpax nornowerns OHK tumyca TenéHka
(CT-OHK) Habntogaetcsa runepxpommnsm B NPUCYTCTBUM yBenuumBatoLmxcs konmyects l. MNMonoca OHK npy ~ 260 Hm
COOTBETCTBYET TI-TT* Nepexofam OCHOBaHWIA HYKNENHOBbLIX KUCNOT. I3MeHeHUs B UHTEHCUBHOCTM U HE3HAYUTENbHbIE
COBUMM ANMH BOMH 3TOW XapakTEPUCTUYECKOW NOMOChl OTPaXatoT COOTBETCTBYIOLUME CTPYKTYpHble Mogudukauum
[HK, koTopble BKNOYAOT M3MEHEHUS B YKNaAKe, pa3pbiB BOAOPOAHLIX CBA3EN MEXAY KOMMMeMEHTapHbIMU Lensamu,
KoBaneHTHoe cBA3blBaHue ocHoBaHun JHK, nHTepkanaumio apomaTuyeckux koneu u ap. beina nonyveHa koHcTaHTa
cesAsbiBaHus Kp(l) = 2.43 x 10° M gns CT-[HK, 3HayeHue KOTOPOWM HWKe, Yem 3HaYeHWUss AN KNacCUYeckKux
nHTepkanatopos OHK, un cpaBHMMO C BenMUMHaMWM KOHCTAHT CBs3blBaHWS AN Apyrux komnnekco auperus(ll);
TutpoBaHne CT-AHK umMcnnatmHom v nepekncbio BOAOPOAa Takke MPUBOAMT K MMNOXPOMHOMY adbdekTy, crnabomy
MPU HU3KMX KOHUEHTpauusx 1 bornee 3HaYNTENbHOMY MPU BbICOKMX KOHLEeHTpauusx I; KoHcTaHTbl cBasbiBaHus JHK
yBENUUMBaNUCb B HECKONMbKO pa3 npu ucnonb3oBaHun HxOz vnu uMcnnaTvHa, YTO MOATBEPXKAAET MeXaHWu3m
OKUCNNTENbHO-BOCCTAHOBUTENBHON akTMBauun B3aumopgenctsus | ¢ [AHK B pakoBon knetke. [lonyyeHHble
pe3ynbTaTbl AeMOHCTPUPYIOT BO3MOXHOCTb NPUMEHEHNST aMMHOKUCITOTHBIX NPOU3BOAHLIX KnacTtepoB avperus (l11) B
NPOTUBOONYXONEBOW TEpanuu.

KnioueBble cnoBa: knacmepbi OupeHus(lll) ¢ amuHokucriomHbiMu fu2aHOamu, yucrnaamuH, Molenb pocma
onyxonu, AHK mumyca menéHka, KOHCMaHMb! C853bI8aHUSI.
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