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ARTICLE INFO ABSTRACT

Keywords: Solution synthesis afforded five novel neutral heteroleptic octahedral paramagnetic mononuclear oxidovana-
Vanadium(IV) hydrazone complexes dium(IV) complexes of general composition [VO(bpy)L], where L is a dianionic tridentate ONO-donor hydrazone
Salicylaldehyde

ligand derived from 2-furoic acid hydrazide and salicylaldehyde and its 5-substituted derivatives. Character-
ization was carried out by elemental analysis, mass spectrometry, infrared, electron, NMR, and EPR spectros-
copy, cyclic voltammetry and conductometry. The molecular and crystal structure of the complex with 5-chloro-
salicylaldehyde 2-furoic acid hydrazone (2) was determined. The quantum chemical properties of the vanadium
complexes were studied at B3LYP and M062X levels with the lanl2dz basis set using Gaussian. Additionally,
Swiss-ADME analysis was performed and complex (4), featuring a 5-nitro substituent on the hydrazone ligand,
was selected for further investigation. The effects of the in vivo application of the complex on selected
biochemical parameters in healthy and diabetic Wistar rats were investigated. Strong antidiabetic effect asso-
ciated with moderate hypoalbuminemia was observed. Furthermore, the interaction of complexes with BSA was
studied by spectrofluorimetry. A significant conformational change of BSA in the presence of vanadium com-
plexes was found. Synchronous fluorescence spectra revealed significant changes in the tyrosine microenvi-
ronment of BSA. The FRET analysis was also used and the non-radiative process of energy transfer is elucidated.
Thermodynamic data suggest van der Waals forces and hydrogen bonding as predominant binding modes of
complexes to BSA.

2-furoic acid

BSA binding affinity
Antidiabetic in vivo potential
Swiss-ADME analysis

1. Introduction synthesis—structure-activity relationships. This poses inorganic chemists
the challenging task of designing suitable metal-based drugs with pre-

The increasing interest in medicinal chemistry and drug discovery dictable and desirable biological activities, which can be reasonably
vividly illustrates how far is modern society from fast, reliable, and correlated to interactions with predefined biomolecular targets. In this
efficient drug discovery, which must rely on precisely established context coordination complexes of vanadium are of great interest in the
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last 30 years due to their promising antidiabetic activity.

The antidiabetic potential of vanadium compounds is well docu-
mented and a wide range of compounds, including simple salts and its
coordination complexes, had been tested for insulin-mimicking activity
in streptozotocin-induced diabetic Wistar rats [1-4]. Several com-
pounds, including VOSO4 [5] and [VO(etylmaltolato);] [6] have
completed phase I and phase II of clinical trials. Although the exact
mechanism by which metal ions and complexes act as insulin mimics is
still unknown, it seems that redox processes must be critical elements for
the biological activity of vanadium compounds, since vanadium com-
plexes differing only in oxidation state have diverse biological features
[7]. Indeed, there is evidence that insulin receptors are activated by
inhibiting protein tyrosine phosphatase (PTP1B), which is connected to
the activation of cytosolic nonreceptor tyrosine kinase, direct phos-
phorylation of insulin receptor substrate 1 (IRS1) and activation of
phosphatidylinositol 3 kinase (PI3 (PDE)) [8,9].

From the structural point of view VIVO moiety is important in
designing new insulin-mimicking agents since most of the complexes
showing good antidiabetic activity contain this structural feature [10].
Moreover, it seems that regardless on oxidation state of vanadium
complex administered in vivo VIVO specie is likely the form transported
in blood as the most stable form in reducing biological environments
[11]. On the other hand, hydrazones are versatile class of stereo-
chemically flexible organic ligands which ligate metals mostly as
bidentate or tridentate neutral, monoanionic or dianionic ligands in
keto-amine or enol-imine form [12]. Additionally, diverse possibilities
of controlling the donor atoms of hydrazone ligands provide synthetic
routes to complexes with attractive structural, magnetic, electro-
chemical, catalytic or biological properties in which structure - activity
relationships can be meaningfully established [13].

Given that the activity, distribution, metabolism and excretion of
drugs is significantly affected by binding to albumin as the most abun-
dant plasma protein, investigation of the interaction of new compounds
with albumin is one of the first steps in the biological evaluation of new
compounds [14]. It was empirically established that large binding
constant of drugs with proteins leads to strong, most often irreversible
binding, which sometimes results in drugs being inactivated before
reaching their molecular target [15-18]. Certainly, the exceptions are
compounds whose intentional binding to a protein increases their
bioactivity. In this contest, preparing the vanadium complexes having a
moderate affinity toward albumin, would give good drug candidates.

Here, we report the synthesis and full characterization of five novel
heteroleptic oxidovanadium(IV) complexes of salicylaldehyde-based 2-
furoic acid hydrazones, along with the promising in vivo antidiabetic
activity of nitro derivative. Furthermore, the mild hypoalbuminemia
observed in vivo motivated the study of complex — albumin interaction in
vitro to gather the insight into the nature of binding.

2. Experimental
2.1. Chemicals

All chemicals used for syntheses, spectroscopic characterization, and
interaction with BSA were of analytical grade unless otherwise stated.
Vanadyl acetylacetonate was prepared by the reported procedure [19].
Lyophilized powder of bovine serum albumin (BSA, >98%) was ac-
quired from Sigma Aldrich. Dimethylsulfoxide was dried over molecular
sieves (3 A). Streptozotocin (>75% a-anomer basis, >98% (HPLC),
powder, Sigma Aldrich), ketamine (Intervet International, Boxmeer, The
Netherlands,) and diazepam (Alkaloid, Skopje, North Macedonia) were
used as received.

2.2. Physical measurements

Elemental analyses were performed on a Perkin Elmer 2400 Series II
CHNS analyzer. Mass spectra were collected on a 4800 Plus MALDI TOF/
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TOF analyzer in positive ion reflector mode using the o-cyano-4-
hydroxycinnamic acid matrix. All NMR spectra of the ligands were
recorded using a Bruker AV300 spectrometer operating at 300.130 MHz
for 'H and 75.475 MHz for 13C. The spectra were measured at 25 °C from
DMSO-dg which signals at 2.50 ppm, and 39.51 ppm were used as ref-
erences for the recorded 'H and '3C spectra, respectively. Individual
ligand resonances were assigned based on their chemical shifts, multi-
plicities, integrals, and cross peaks in the recorded 2D NMR spectra:
IH—'H COSY (Correlation Spectroscopy), TH—13¢ HMQC (Hetero-
nuclear Multiple Quantum Coherence) and Iy—13¢ HMBC (Hetero-
nuclear Multiple Bond Correlation). Fourier-transformed infrared
spectra were collected in transmission mode using KBr pellet technique
on a Perkin Elmer BX FTIR. Electronic spectra of the complexes and li-
gands were recorded in MeOH (5 x 107° M) using a Perkin Elmer Bio-
Lambda 35 in the range 200-1100 nm. Fluorimetric measurements were
done on a PerkinElmer LS55 Luminescence. Bruker Elexsys 580 FT/CW
spectrometer was used for X-band ESR measurements. The measure-
ments were performed at liquid nitrogen temperature, 78 K, and at room
temperature, 295 K. For all measurements, the modulation frequency
was 100 kHz and the magnetic field modulation amplitude was 0.5 mT.
The microwave frequency was 9.71 (1) GHz at 78 K and 9.63 (1) GHz at
room temperature. Cyclic voltammograms were recorded in dichloro-
methane solution (1 x 1073 M) using 0.1 M tetrabutylammonium hex-
afluorophosphate as the supporting electrolyte and a three-electrode
system with Pt-wire as the counter and working electrode and Ag/AgCl
as a reference electrode connected to the working solution over a salt
bridge. All measurements were done on a BioLogic SP-300 potentiostat.
Conductometry measurements were performed in DMSO solution (1 x
1073 M) using a Phywe conductometer. The hydrolytic behavior of
complexes in aqueous solution was investigated in MeCN:H0 (1:1, v/v)
using mass spectrometry. Data were acquired and analyzed using
MassHunter LC/MS Data Acquisition Software version 10 for data
collection from the 6546 LC/Q-TOF (Agilent, USA).

2.3. X-ray crystallography

Data collection was performed at room temperature on an XtaLAB
Synergy diffractometer with the micro-focus sealed X-ray tube (A =
1.54183 A). Data reduction and cell refinement were carried out using
the CrysAlisPro (Version 1.171.42.62a, Rigaku, 2020), and standard
multi-scan absorption correction was applied. Structures were solved by
direct methods with SHELXT [20] and refined by a full matrix least-
squares refinement based on F2, with SHELXL [21]. Molecular illustra-
tions were prepared with MERCURY [22]. Calculations of molecular
geometries and crystal packing parameters were performed with PLA-
TON [23]. All software for data solution refinement and illustration is
included in the WinGX package [24]. Hydrogen atoms were included in
their geometrically calculated positions and refined according to the
riding model.

2.4. Syntheses of hydrazone ligands, HoL' — HoL®

The ligands were prepared by the condensation reaction of 2-furoic
acid hydrazide (10 mmol) with salicylaldehyde or a 5-substituted de-
rivative of salicylaldehyde (10 mmol) in ethanol (70 mL) under reflux
for 3 h as previously reported [25]. The volume of ethanol was reduced
to half under the vacuum and the corresponding hydrazone ligands was
obtained by cooling. The yields are above 70% in all cases.

2.5. Syntheses of vanadium(IV) complexes [VO(bpy)(L)], (1)-(5)

The solution or suspension of appropriate hydrazone ligand H,L! —
H,L® (0.5 mmol) and 2,2/ -bipyridine (0.5 mmol, 78 mg) in methanol (30
mL) was added to a well-stirred solution of vanadyl acetylacetonate (0.5
mmol, 133 mg) in methanol (10 mL) and the resulting mixture was
stirred overnight. The gravitational filtration afforded vanadium(IV)
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complexes (1)-(5) as red-orange powders, which were thoroughly
washed with cold methanol and dried under a vacuum.

(2,2’-bipyridine-K2N,N’) [(2Z,N’E)-N'-2-oxido-kO-benzylidenefuran-
2-carbohydrazonato-K2N,0(2-)]oxidovanadium(IV), (1). Red-brown
powder. Yield: 166 mg (74%). Anal. Calc. (%) for CaoH16N4O4V (Mr
= 451.33): C, 58.55; H, 3.57; N, 12.41. Found (%): C, 58.57; H, 3.65; N,
12.48. MS for [CooH;6CIN4O4V]T Found (Calc.): 452.0684 (452.0689).
IR (KBr) v (cmfl): 1612 v(C:Nhde), 1510 V(C:NNhyd), 1349 v(C —
Oenol); 761 8o0p(bpy), 964 1(V=0). UV/Vis (MeOH) Apyvcr / nm (log €):
393 (3.74).

2,2 -bipyridine-KzN,N’ )[(2Z,N’E)-N'-5-chloro-2-oxido-kO-benzyli-
denefuran—2—carbohydrazonato—K2N,O(2—)]oxidovanadium(IV), (2).
Red-brown powder. Yield: 198 mg (82%). Anal Calc. (%) for
Co2H15CIN4O4V (Mr = 485.77): C, 54.39; H, 3.11; N, 11.53. Found (%):
C, 53.69; H, 3.38; N, 11.24. MS for [CaoH;6CIN4O4V]" Found (Calc.):
486.0285 (486.0300). IR (KBr) v (cm™): 1610 V(C=NpyaN), 1513
U(C=NNhya), 1350 U(C — Oenol)s 768 Soop(bpy), 964 UV=0). UV/Vis
(MeOH) Apymcr / nm (log €): 409 (3.86).

(2,2’—bipyridine—K2N,N’ )[(2Z,N’E)-N'-5-bromo-2-oxido-kO-benzyli-
denefuran-2-carbohydrazonato-K2N,0(2-)]oxidovanadium(IV), (3).
Red-brown powder. Yield: 217 mg (82%). Anal Calc. (%) for
CooH15BrN40O4V (Mr = 530.22): C, 49.83; H, 2.85; N, 10.57. Found (%):
C, 49.64; H, 2.84; N, 10.56. MS for [CaoH;6CIN4O4V]" Found (Calc.):
529.9814 (529.9794). IR (KBr) v (cm™'): 1606 V(C=NpyaN), 1511
UC=NNhyd), 1350 U(C — Oenol), 774 oop(bpy), 956 U(V=0). UV/Vis
(MeOH) Apmcr / nm (log €): 409 (3.91).

(2,2’—bipyridine—K2N,N’) [(2Z,N’E)-N'-5-nitro-2-oxido-kO-benzylide-
nefuran-2-carbohydrazonato-K2N,0(2-)]oxidovanadium(IV), (4). Red-
brown powder. Yield: 193 mg (78%). Anal. Calc. (%) for Ca2HisN506V
(Mr =496.33): C, 53.24; H, 3.05; N, 14.11. Found (%): C, 52.71; H, 2.90;
N, 14.00. MS for [C25H;6N506V]" Found (Calc.): 497.0551 (497.0540).
IR (KBr) v (cmfl): 1607 v(C:Nhde), 1506 v(C:NNhyd), 1355 v(C —
Oenol); 762 8o0p(bpy), 971 v(V=0). UV/Vis (MeOH) Apyvcr / nm (log €):
382 (4.17).

2,2 -bipyridine-KzN,N’) [(2Z,N’E)-N'-5-hydroxo-2-oxido-kO-benzyli-
denefuran—2—carb0hydrazonato—K2N,O(2—)]oxidovanadium(IV) mono-
hydrate, (5). Red-brown powder. Yield: 144 mg (62%). Anal. Calc. (%)
for CooH1gN4O6V (Mr = 485.34): C, 54.44; H, 3.74; N, 11.54. Found (%):
C, 54.58; H, 3.81; N, 11.69. MS for [Ca2H16N4O5V]" Found (Calc.):
468.0629 (468.0639). IR (KBr) v (cm™): 1605 U(C=NpyaN), 1512
V(C=NNpya), 1381 UC — OenoD), 767 Boop(bpy), 963 v(V=0). UV/Vis
(MeOH) }\LMCT / nm: 433.

2.6. Quantum chemical calculations

Quantum chemical calculations were done at B3LYP and M06-2x
[26,27] levels with 6-31+4-+g(d,p) basis set using Gaussian09 RevD.01
and GaussView 6.0 [28,29]. The quantum chemical parameters of in-
terest were calculated as described elsewhere [30-32]. The ADME
(Absorption, Distribution, Metabolism, and Excretion) analysis was then
performed using SwisSADME to predict the effects and responses of
vanadium complexes in human metabolism [33].

2.7. In vivo study

Fifteen healthy male Wistar rats, weighing between 190 and 210 g,
were used for in vivo experiments. The rats were housed in separate
cages under regular laboratory conditions and fed by Oxbow’s
Essentials-Adult food and water ad libitum. The animals were separated
into three experimental groups. The control group (n = 5) received an
intraperitoneal injection of citrate buffer (pH 4.5; 0.1 M). The second
group (n = 5) received a single intraperitoneal injection of streptozo-
tocin (35 mg/kg in 1 mL of citrate buffer) and rats with blood glucose
levels above 11.11 mmol/L were considered for analysis. The second
group was further orally administered oxidovanadium(IV) complex (4)
(15 mg/kg DMSO:water 1:1 v/v, 1 mL) daily for one week. The third
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group (n = 5) was treated the same as the second group only by vana-
dium complex (4). All animals were sacrificed on the eighth day of the
experiment by an intraperitoneal mixture of ketamine and diazepam
(60 mg/kg and 7 mg/kg, respectively). The blood samples (3 mL) were
obtained by cardiac puncture and centrifuged to obtain serum for the
biochemical analysis. Biochemical parameters (urea (BUN), creatinine,
total proteins (TP), and albumins (ALB)) were analyzed by biochemical
analyzer (Mindray, BS-200, China). The difference between total pro-
teins and albumins was extrapolated to represent the globulin (GLOB)
level. Glucose (GLU) value measurements were obtained after the third
(from tail vein) and seventh day of the experiment using a glucometer
(AccuCheck, Roche, Switzerland). The statistical analysis was carried
out using SPSS 20.0. The mean and standard deviations were used to
summarize quantitative variables. One-way ANOVA was used to assess
normally distributed continuous variables, and the least significant
difference test was used post hoc to identify individual group differences.
P < 0.05 was regarded as a statistically significant difference in all an-
alyses. Animal handling, care, and treatment were all required
throughout the experimental phase. In Bosnia and Herzegovina, exper-
iments involving animals are subject to the Law on the Protection and
Welfare of Animals (Official Gazette of BiH, Nos. 25/2009 and 9/2018).
The animals were also taken care of per the “Declaration on Animal
Rights,” and “Universal Declaration on Animal Welfare”.

2.8. Interaction with BSA

The interaction of compounds with BSA was investigated in 10 mM
Tris-HCI buffer solution by spectrofluorimetric titration of BSA with
complexes. The working solution of BSA was prepared by dissolving BSA
in 10 mM Tris-HCl buffer until 1 pM solution was obtained. The con-
centration of BSA was determined by electron spectroscopy based on the
extinction coefficient of 43,824 M~ em™! at 280 nm. The stock solu-
tions of complexes were prepared in methanol (1 x 10~% M). Spectro-
fluorimetric titration was carried out by titrating a solution of BSA
(2000 pL, 1 pM) with 10-uL amounts of complex and recording the
emission spectra in 290-420 nm range with 278 nm as excitation
wavelength. Synchronous emission spectra were collected similarly as
mentioned above only in 250-310 nm range with AA = 15 nm and A\ =
60 nm.

3. Results and discussion
3.1. Syntheses

The condensation of 2-furoic acid hydrazide with salicylaldehyde
and its 5-substituted derivatives (Scheme 1) afforded tridentate hydra-
zone ligands HoL! — HoL® which were identified by 'H and '3C NMR
spectra (Figs. S9 — S14) and infrared and electronic spectra.

Five novel heteroleptic vanadium(IV) complexes (1)-(5) with the
general composition [VO(bpy)(L)], where L is a dibasic tridentate
hydrazone ligand, were prepared by solution synthesis reacting the
equimolar amounts of vanadyl acetylacetonate with the hydrazone li-
gands H,L! - H,L? and 2,2'-bipyridine in methanol (Scheme 2).

Coordination of hydrazone ligands as a tridentate dianionic ligand to
V(IV) was assured by deprotonation with the acetylacetonate anion from
starting VO(acac), which acts as a base. Stabilization of vanadium(IV) in
the resulting VOsN coordination environment toward easy aerial
oxidation to V(V) was achieved using 2,2'-bipyridine as the n-acceptor
coligand. Thorough washing of the complexes with methanol is needed
to remove all acetylacetone. The resulting orange-red oxidovanadium
(IV) complexes (1)—(5) are readily soluble in DMSO, DMF, CH,Cl,,
CHCl3, and MeCN, moderately soluble in lower alcohols, acetone, ben-
zene and toluene, very slightly soluble in water and practically insoluble
in ether.
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Scheme 1. Synthesis of hydrazone ligands HL! — H,L°.
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Om 1O Z:ji\ 1 eq bpy, MeOH s
= / \0 stirring, 24 h

Scheme 2. Synthesis of vanadium(IV) hydrazone complexes (1)—(5).
3.2. Molecular and crystal structure

The single crystal of complex (2) was obtained by slow diffusion of
hexane in a dichloromethane solution of (2) for several days. The crystal
data, data collection and refinement parameters are summarized in
Table 1. Complex (2) crystallizes in C2/c monoclinic space group with
eight molecules per unit cell. Vanadium is 6-coordinated in a form of a
distorted tetragonal bipyramid with 032 and N20 at the apical positions,
shortened and elongated, respectively (Fig. 1, Table 1). The hydrazone
ligand coordinates the vanadium(IV) in tridentate dianionic fashion
through imine nitrogen and enol and carbonyl oxygen atoms. The
bipyridine is orthogonally positioned to the hydrazone ligands occu-
pying two coordination positions. The terminal oxygen atom occupies
the sixth coordination position. There are no classic H-bonds in the
structure. The coordination sphere angles and bond distances are given
in Table 2.

Table 1
Crystallographic data for (2).

H,L!
H,L?
H,L3
H,L*
H,LS

@)
)
®)

X

H

Cl
Br
NO,
OH

Cl

NO,
OH
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Structure 2 Fig. 1. ORTEP representation of the molecular structure of (2). Thermal el-
Brutto form. Cy2H15N404VCL lipsoids are given at the 50% probability level.

M; (gmol 1) 485.77

Crystal color and habit Red plate

Cryst. (mm) 0.05 x 0.09 x 0.20 Table 2

ﬁ?;?rg)*l) 29570(; Coordination sphere geometry around V in (2).

Space group C2/c Distances A Angles °

ZE?\; ;12(1)823(2(?) V1 032 1.6024 (16) 032V1 014 102.01 (8)
(A) 25.3940 (5) V1 014 1.9493 (14) 032V1 012 99.95 (7)
=7 90. V1 012 2.0148 (14) 032 V1 N9 103.17 (7)
5C) 108.147 (2) V1 N9 2.0488 (13) 032 V1 N31 92.69 (7)
V(AS) 4162.5 (2) V1 N31 2.1555 (14) 014 V1 N20 81.06 (6)
7 s V1 N20 2.2996 (17) 012 V1 N20 80.90 (6)
Rin 0.041 N9 V1 N20 92.48 (6)
R 0.056 N31 V1 N20 71.50 (6)
GZnax ©) 79.68 014 V1 N9 87.56 (6)
Unique 4402 014 V1 N31 94.05 (5)
ouvion 1= e
;Tranft;;im 52":‘0 012 V1 N31 96.05 (6)
WRy, all 0112 N9 V1 N31 163.39 (7)
s 1.053 032 V1 N20 164.12 (6)
PrmasPmin(€A) 0.32, —0.51
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3.3. Chemical and spectroscopic characterization

CHN analysis confirmed the purity and composition of heteroleptic
oxidovanadium(IV) hydrazone complexes (1)-(5). The vanadium mon-
oisotopic distribution of molecular ion peak [M + H]*, along with the
anticipated molecular ion masses, were confirmed by mass spectrometry
for all five complexes (Table S3 and Figs. S4 — S8). Coordination of
hydrazones to vanadium(IV) as tridentate dianionic ligands through
deprotonated phenolic oxygen, imine nitrogen, and deprotonated enol
oxygen of enol-imine form of hydrazone ligand was confirmed by
infrared spectroscopy (Table S1 and Figs. S1 — S2).

Infrared spectra of ligands indicate that in the solid state the sali-
cylaldehyde furoic acid hydrazones are predominantly present in keto-
amine form [34]. The bands corresponding to the stretching vibrations
of the N — H (3112-3146 cm ™) and C=0 (1652-1671 cm™") bonds of
the keto-amine form of the ligand were not found in the spectra of the
corresponding vanadium complex (1)-(5). Though, the new bands
corresponding to the newly formed imine group (1506-1513 cm™!) and
the C — O bond (1349-1381 cm ™) of the deprotonated enol were found,
confirming the coordination of the hydrazone ligands HoL! — H,L® to
vanadium(IV) in the enol-imine form via deprotonated enol oxygen
[35]. Coordination of the hydrazones through the imine nitrogen
resulted in a shift of the C=N stretching vibration toward lower wave-
numbers (Av = 7-26 cm™ 1) in the spectra of the complexes (1612-1605
cm 1) in comparison with the spectra of the native ligands (1633-1619
em 1) [36]. The stretching vibrations of the Ar — OH bond in the spectra
of the ligands are positioned in the range 1260-1292 cm ™}, while in the
spectra of the complexes they are shifted to higher wavenumbers (Av =
12-28 em™"), which is consistent with the coordination of the ligand
through deprotonated phenolic oxygen [37,38]. The shift toward higher
wavenumbers is a direct consequence of the C — O bond weakening due
to the formation of a weaker V — O bond compared to the stronger O — H
bond. The bands arising from out-of-plane and in-plane deformations of
the bipyridine ring are found in the spectra of the vanadium complexes
in the range 761-774 cm ™! and 651-662 cm ™!, respectively. The sectra
of all five vanadium (1)-(5) complexes exhibit a sharp band of moderate
intensity in 956-971 cm™! region distinctive for V=0 stretching [39].

Electronic spectra of vanadium complexes (1)-(5) are consistent
with [VO(bpy)(L)] composition. A typical electronic spectrum is shown
in Fig. 2, while other data can be found in Supplement (Table S2 and
Fig. $3). As expected for electron-poor d* V(IV) complexes electronic
spectra are dominated by ligand-centred transitions. In the deep ultra-
violet region, two bands arising from joint aromatic & — n* transitions of
hydrazone ligand and bipyridine, are found near 205 and 235 nm. The
band near 280 nm is purely Gaussian in shape and its oscillator strength
varies little with the change of hydrazone ligand hence indicating this
band predominantly rises from n — =n* transitions of coordinated
bipyridine. The band in 321-340 nm region in spectra of complexes
cannot be explicitly ascribed to certain transition since second-
derivative spectroscopy reveals this band arises from at least two n —
n* transitions of similar energies, probably involving electrons of imine
nitrogen and deprotonated phenolic oxygen. The two most distinctive
features of electronic spectra of hydrazonato oxidovanadium(IV) com-
plexes (1)-(5) are positioned in the visible region of the spectrum. The
band positioned in 382-433 nm region is highly dependent on hydra-
zone ligand and appears upon its coordination to V(IV). Based on its
solvatochromic nature, varying position, and oscillator strength
dependent on hydrazonato ligands, this band can be undoubtedly
assigned to the charge transfer band. Considering low electron popula-
tion of vanadium(IV) and an increased electron density on hydrazonato
ligand due to the deprotonation compared to the free hydrazone, this
transition can be ascribed to ligand-to-metal charge transfer [40]. The
red region of the visible spectra gives rise to a well-defined low-energy
shoulder band arising from Laporte-forbidden spin-allowed d-d transi-
tion consistent with d! configuration of V(IV) in a distorted octahedral
environment [38,41].
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Fig. 2. Electronic spectra of ligands and corresponding vanadium(IV) complex
(2) in methanol (5 x 107° M). Inset: Enlarged region of d-d transition of
complex (2) in methanol (1 x 1073 M).

The magnetic properties of five polycrystalline vanadium(IV) com-
plexes (1)-(5) were investigated by X-band electron spin resonance/
electron paramagnetic resonance (ESR/EPR) spectroscopy. The spectra
obtained at room temperature (295 K) and liquid nitrogen temperature
(78 K) are presented in Fig. 3. Spectral simulations were done using
EasySpin software [42] with the reduced form of the spin-Hamiltonian
for vanadium(IV) ions:

H = yu; B-g-S (€8]

where yp is Bohr magneton constant, g is the g-tensor, B is the magnetic
field vector and S is the electron spin operator.

The vanadium(IV) ion has an electron spin S = 1/2 and its stable
isotope °!V of nearly 100% natural abundance has nuclear spin I = 7/2
and thus eight hyperfine lines could be detected in ESR spectra [43]. The
obtained ESR spectra of investigated oxidovanadium(IV) complexes (1)-
(5) are assigned to vanadium (IV) ions (d* configuration) with spin S =
1/2. Hyperfine interactions between electron spin S = 1/2 and nuclear
spins in oxidovanadium(IV) complexes (1)-(5) were not experimentally
detected, indicating that hyperfine splitting was covered by the total
spectral linewidth and the hyperfine term was omitted from the spin-
Hamiltonian (1). The spectra were simulated assuming an anisotropic
g-tensor and Lorentzian lineshape. In the spectral simulations, the same
values of g-tensors were used at both investigated temperatures allow-
ing linewidth 1, and g-strain values to change with temperature. The
small variations in the local geometry of vanadium (IV) coordination can
cause the distribution of g, g, and g,-values around some average values
[44]. This effect described by gstrain parameters is also considered in the
simulations. The spin-Hamiltonian values obtained from the simulations
are given in Table 3.

The obtained results for the g-values for V(IV) ions are in agreement
with the g-values from the literature [43,45,46]. The distance between
the two nearest vanadium atoms in the crystal structure of the complex
(2) is 6.946 A. The V — V distances are large enough for significant
exchange interactions to be observed in these compounds. In all inves-
tigated vanadium samples there is only one vanadium atom in the
asymmetric unit, and we assume that in all five complexes there are
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Fig. 3. Experimental (red lines) and simulated (black lines) ESR spectra of polycrystalline vanadium(IV) complexes (1)—(5) at 78 K and at 295 K. The ESR intensities
of the spectra at different temperatures are presented in the real ratios. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Table 3

The principal g-values of (1)-(5) complexes obtained from the spectral simula-
tions given for two investigates temperatures, together with the parameters used
for the simulations: ggrain and linewidths [,,.

Complex g = [& & &l 8strain 1, (mT) T (K)

@ [1.93 1.99 [0.09 0.00 0.10] 2.19 78
2.00] [0.14 0.01 0.04] 1.49 295

@ [1.981.98 [0.03 0.40 0.16] 5.17 78
1.98] [0.02 0.01 0.12] 3.99 295

@) [1.95 2.00 [0.05 0.01 0.01] [0.05 0.01 8.80 78
2.00] 0.00] 6.17 295

@ [1.93 2.01 [0.04 0.38 0.03] 12.64 78
2.01] [0.01 0.39 0.01] 11.40 295

) [1.98 1.98 [0.01 0.27 0.27] 14.51 78
1.98] [0.01 0.39 0.19] 13.14 295

a

50 pA

—— 100 mV/s

200mV/s
— 400 mV/s
— 600 mV/s
—— 800mV/s

2.0 -1.8 -1.6 -1.4 -1.2 -1.0
EIV

similar distances between the nearest vanadium atoms as in (2).

The redox properties of oxidovanadium(IV) hydrazone complexes
(1)-(5) were investigated in dichloromethane using cyclic voltammetry.
Electrochemical measurements show that oxidovanadium(IV) com-
plexes (1)—(5) undergo three distinct redox processes in —2.0 to +1.0 V
vs Ag/AgCl potential region (Fig. 4 and Figs. S15 — S18). All three redox
processes are quasi-reversible with AE > 59 mV and ipa/ipc # 1 which is
consistent with the electrochemical behavior of similar vanadium
complexes [47-50]. The redox process occurring at most positive po-
tential values (+0.68 to +0.96 V), with well-defined anodic and
cathodic peaks, arises from VV/VV couple. The anodic peak of this
couple appears regularly in the forward scan when going from low to
higher potentials. In the reverse scan of the same cycle the cationic peak,
corresponding to the reduction of VV/VY appears but is absent in the
forward scan if +1.0 V is taken as the starting potential. This is consis-
tent with the fact that V(V) is only electrochemically generated and not

10 pA

0.0 0.2 0.4 0.6 0.8 1.0
EIV

Fig. 4. Cyclic voltammograms of (1) (1 x 1072 M) in dichloromethane solution of BusNPFg (50 mM) at Pt electrode in: a) negative potential region; b) positive

potential region at different scan rates.
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present in an authentically formulated complex. The half-wave potential
(E1/2) of vV couple in complexes (1)-(5) is strongly dependent on
the hydrazone ligand i.e. substituent in position 5 on salicylaldehyde
component of furoic acid hydrazone affects stabilization of V(IV)
oxidation state. The lowest E;,» value was observed for complex (5)
having an electron-donating hydroxyl substituent. The most positive
half-wave potential value was observed for complex bearing electron-
withdrawing nitro substituent implying the most stable V(IV) oxida-
tion state is in complex (4). The cathodic and anodic peak currents of
this redox process are linearly related to the square root of the scan rate
(R% > 0.99) indicating diffusion-controlled process [51].

The redox process arising at slightly lower potentials (E; 2 = +0.35
to +0.59 V) can be attributed to the VIV/V redox couple. For complex
(5) this redox process was not observed. Only at high scan rates slight
inflexion, corresponding to cathodic wave, can be seen near +0.1 V. The
anodic peak of v vV e process in cyclic voltammograms of (1)-(4)
is not observed at low scan rates, implying the chemical oxidation of
electrochemically generated V'™ is fast. At higher scan rates this peak
appears and the peak separation values for complexes (1)-(4) are in the
80 and 102 mV range, still being larger than the theoretically expected
59 mV for a one-electron reversible process. In the strongly negative
potential region a quasi-reversible redox process, with a half-wave po-
tential value dependent on the hydrazone ligand (E1,2 = —1.4 to —1.8
V), was observed. Vanadium(IV) complexes having bipyridine or phe-
nanthroline coligands are susceptible to a reversible one-electron
reduction of the diimine ligand in this potential region [47,52]. How-
ever, taking into account that: (i) the process is not reversible, (ii) the
half-wave potential is dependent on hydrazone ligand and (iii) the peak
separation is very large (AE = 163-494 mV), this process probably in-
volves VI - V! reduction. Still simultaneous bpy — bpy~ reduction
cannot be excluded a priori [53].

The values of molar conductance of 1 mM DMSO solutions of com-
plexes (18-26 pS cm? mol™!) are consistent with their non-electrolyte
nature of oxidovanadium(IV) complexes (1)—(5).

3.4. Quantum chemical calculations

3.4.1. Molecular structure optimization

The importance of theoretical calculations in metal-based drug
design arises from possibilities to efficiently investigate, find and
compare activities of metal complexes, to detect their active sites
important in biomolecular targeting and thus to predictably increase
their activity. In this context, many properties of metal complexes can be
studied and investigated using quantum chemical calculations. One of
the most important factors determining the activities of metal complexes
is electron density. High electron density regions of metal complexes
interact with biomolecular targets by donating the electrons, while low-
density regions can accept electron density from a biomolecular electron
donors. Two important parameters that quantitatively describe these
interactions are the HOMO and LUMO parameters of metal complexes.
The calculated HOMO and LUMO parameters for vanadium complexes
(1)-(5) are given in Table S5. The highest HOMO energy value among
vanadium(IV) hydrazone complexes (1)-(5) was found for complex (5)
with a 5-hydroxy substituent on salicylaldehyde part of hydrazone
ligand indicating the strongest electron donating properties of (5)
among the tested complexes [54]. On the other hand, the lowest LUMO
energy values was obtained for complex (4) featuring 5-nitro substituent
confirming the best electron-accepting abilities of the molecule [55].
The energy gap parameter (AE = Erymo — Enomo) and electronegativity
had the lowest value for complex (5) indicating that complex (5) could
have the highest activity among vanadium(IV) hydrazone complexes
(1)-(5), according to Gaussian calculations. The visual representation of
HOMO and LUMO, along with the electrostatic potential map (ESP) is
given in Fig. 5 for complex (5), while for other complexes can be found
in ESI (Fig. S32). The red-colored regions in the ESP map, which are
generally the regions where heteroatoms are found, are electron-rich,
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LUMO

ESP
Fig. 5. HOMO, LUMO and ESP of complex (5).

while the blue-colored regions are electron-depleted.

3.4.2. Swiss-ADME analysis

Swiss-ADME analysis was performed to examine the ADME (ab-
sorption, distribution, metabolism, and excretion) properties of the va-
nadium(IV) hydrazone complexes (1)-(5). Six physicochemical indexes
responsible for the bioavailability of the drug including lipophilicity,
size, polarity, solubility, saturation, and flexibility are shown for each
complex in Fig. 6. All six properties appear to be better for complex (4)
compared to other vanadium(IV) hydrazone complexes.

More detail on ADME properties of vanadium complexes (1)-(5) is
given in Table S6. Considering the Lipinski “Rule of Five”, all five
complexes have a number of hydrogen bond donors <5 (HBD = 1) and a
number of hydrogen bond acceptors <10 (HBA = 4-6) [56]. The
partition coefficient factor between octanol and water (LogP,,) for
tested vanadium(IV) hydrazone complexes is in 0.23 (for (4)) to 1.53
range (for (3)) thus meeting the lipophilicity criteria (—0.4 < LogP,/w <
5.6) [57]. The values of molar refractivities (MR = 115-128) also fall
within the allowed range (40 < MR < 130) [58]. The topological polar
surface area (TPSA) for all five complexes is lower (71-117 /0\2) than the
maximum limit of 140 A% making them potential candidates for
reasonable cell membrane penetration [59]. Complexes (2) and (3) are
expected to be able to cross the blood-brain barrier, while blood-brain
barrier permeability is not expected for (1), (4), and (5).

Apart from the abovementioned parameters, the investigation of the
behavior of the studied vanadium complexes toward certain pharma-
cokinetic proteins such as P-glycoprotein (P-gp) and cytochromes P450
(CYP) is of great importance. The most important task of P-gp is to keep
the central nervous system away from xenobiotics [60]. Additionally,
this protein is secreted in some tumor cells and leads to drug-resistant
cancers. All five vanadium complexes are suitable P-gp substrates.
Furthermore, information on the interaction of complexes with cyto-
chromes (CYP) is pharmacologically important, since this group of iso-
enzymes metabolically plays an important role in drug clearance. It has
been suggested that CYP and P-gp may work together to metabolize
small compounds synergistically to promote tissue and organism pro-
tection [61]. The vanadium(IV) complexes (1)-(5) are found to be
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Fig. 6. Druglikness parameters for vanadium complexes (1)—(5).

CYP2C19 inhibitors.

In addition, the skin permeability coefficient (log Kp), which is
related to the size and lipophilicity of the metal complexes, is also given
in Table S8. Based on the ADME analysis complex (4) is the best
candidate for further biological evaluation.

3.5. In vivo effects

In vivo effects of oxidovanadium(IV) complex (4) on selected
biochemical parameters of blood serum and its insulin-mimicking ac-
tivity were tested on Wistar rats. Animals were divided into three
experimental groups. The first group was a control group, the second
group was streptozotocin-induced diabetic rats who were subjected to a
daily oral dose of complex (4) for a week and the third group was

o )

4 ) STZ+ (4): single dose i.p. STZ (0.35 mg/kg); after 30' (4) (15 mg/kg) via oral gavage every 24 h for 7 consecutive days

4} @2
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Fig. 7. The timeline and overview of the in vivo experiment.
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healthy rats administered with a daily oral dose of complex (4) for a
week. The timeline of the in vivo experiment is presented in Fig. 7.

The tested biochemical parameters are presented in Table 4. The
significant decline of glucose levels on the seventh day in diabetic rats
treated with complex (4) demonstrates the strong antidiabetic effect of
this compound. However, administering vanadium complexes to dia-
betic animals can lead to certain harmful adverse effects, including
gastrointestinal distress, slower weight gain, liver and renal toxicity
[62]. We found that urea concentration is increased in both groups
treated with complex (4) compared to the control group and is higher in
healthy rats compared to diabetic rats. The increased blood urea levels
are the consequence of renal failure, which in the case of vanadium
compounds has been related to the production of free radicals and lipid
peroxides which induce the destruction of cell membranes in kidneys
[63].

The treatment of diabetic rats with (4) caused a decrease in creati-
nine and albumin concentrations compared to the control group and
healthy rats treated only with complex (4). The observed hypo-
albuminemia can be associated with severe impairments of the liver
tissue. Globulin concentrations had significantly higher values in both
groups of complex-treated rats compared to the control group. High
globulin levels in diabetic rats treated with complex (4) indicate the
potential existence of certain inflammation in the body, which could be
related to streptozotocin application [64]. The promising result is that
complex (4) partially regulates this inflammatory activity by inhibiting
the activities of inflammatory cytokine and pro-inflammatory signaling
as serum concentrations of globulins are lower in healthy rats treated
with (4) compared to diabetic rats treated with (4).

Although complex (4) showed excellent insulin-mimetic ability it
still has certain adverse effects, which are indirectly reflected in the
concentration of albumin and urea in the blood. The observed moderate
renal and hepatotoxicity warrant further investigation of organs im-
pairments for chronic term application of (4).

3.6. Interaction with BSA

As the application of (4) leads to hypoalbuminemia in Wistar rats in
vivo the interaction of vanadium complexes (1)-(5) with BSA was
investigated in vitro to gather the insight into the nature of binding.
Proteins, especially albumins, are considered the most probable extra-
cellular biomolecular targets of drugs. The binding of metal complexes
to proteins can affect complex metabolism, biotransformation and
mechanism of action [65]. Moreover, absorption, distribution, toxicity,
and biological activity of metal complexes are greatly affected by

Table 4
Tested biochemical parameters in three groups of Wistar rats.

First group Second group Third group
Parameter Control group STZ + (4) (€]
Urf)a (mmol/ ¢ 44+ 0.36 6.36 + 0.28 ° 7.86 + 0.39 °
Creatinine 63.17 + 1.74 49.62 + 3727 52.55 +9.35°
(pmol/L)
Total proteins o, o, 418 64.80 + 2.64 63.05+2.14"
(g/L)
AIE;"“‘“S ® 39524168 30.54 + 0.72 30.61 £1.02°
Gl}t’;’“hns & 24084382 34.26 + 2.08 32.44 +1.23"°
Glucose 3rd day 7th day 3rd day 7th day 3rdday  7th day
(oD 466+ 468+ 1822+ 648+ 490+  4.92+
0.39 0.44 0.79 0.32 0.41 0.31
P level
20.05) 0.47 0.00 0.46

@ Significantly different between the first and second group of rats.
b Significant differences between the first and third group of rats.
" Significant differences between the 3rd and the 7th day.
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protein — complex interactions and thus they are one of the most
important steps in the biological evaluation of potential drugs [66].

The first step in the biological evaluation of new compounds is the
examination of their behavior in aqueous solutions so that the activity
could be reasonably attributed to a specific species existing in solution.
Complexes that possess labile positions suitable for substitution with
water molecules in aqueous solution experience aquatation or hydro-
lysis and those position are often responsible for covalent binding of
complexes to biomolecular targets. The oxidovanadium(IV) complexes
(1)-(5) have a coordinatively saturated V(IV) metal center enclosed
with a terminal oxygen, a tridentate dianionic ONO donor hydrazone
and a bidentate bipyridine. Based on the chemical reasons, it is not ex-
pected that substitution of the hydrazone ligand or bipyridine occurs in
the aqueous solution [67], although in some cases bipyridine substitu-
tion cannot be excluded. Recently, several papers reported that substi-
tution of bipyridine in oxidovanadium(IV) complexes can occur in
aqueous solution [68,69], although the equilibrium is shifted to undis-
sociated specie [69]. Therefore, the behavior of complexes (1)—(5) was
investigated in aqueous solution using mass spectrometry. Mass spectra
of complexes were recorded in acetonitrile/water mixture (1/1, v/v) and
are shown in Figs. S19 — S§23. Spectra clearly show that the substitution
of bipyridine does not take place in aqueous solution for complexes (1)—
(5) and aquatation product [VO(L)(OH3)s] could not be identified.
Moreover, products involving acetonitrile as ligand, [VO(L)(NCMe)
(OH5)] and [VO(L)(NCMe)-],were not also observed. This is in accor-
dance with the inertness of bipyridine for substitution from (1)-(5)
which was also confirmed by electron spectroscopy. Thus, all biological
activity can be attributed to authentically formulated oxidovanadium
(IV) complexes (1)—(5).

Spectrofluorimetric titration of BSA with increasing concentrations
of (bipyridine)(hydrazonato)oxidovanadium(IV) complexes (1)-(5) was
employed to investigate albumin — complex interactions. When excited
at 278 nm BSA shows strong fluorescence with an emission maximum
near 340 nm owing to the intrinsic fluorescence of two tryptophan
residues (Trp-134 and Trp-212). In presence of increasing concentra-
tions of vanadium complexes BSA fluorescence is quenched as shown in
Fig. 8a (Figs. $25-S32). The corresponding Stern-Volmer constants (Ksy)
and binding constants (Kp) could be obtained graphically as described
elsewhere [70] and are given in Table 5. The Ksy values are 10°M ' and
suggest there is a strong conformational change of BSA in presence of
tested vanadium(IV) complexes. On the other hand, binding constants in
(0.24-1.23) x 10* M! range indicate moderate reactivity of these
compounds toward BSA. Complex (2) having chloro substituent at sal-
icylaldehyde part of furoic acid hydrazone has the largest binding con-
stant to BSA. The Ky, values vary within 10-order magnitude with the
change of the substituent on hydrazone ligand and decrease in order Cl
> NO2 > Br > OH > H.

The affinity of oxidovanadium(IV) complexes of furoic acid hydra-
zones (1)-(5) to BSA is lower compared to dioxidovanadium(V)
salicylaldehyde-based hydrazone complexes [71] and neutral mono-
nuclear oxidomethoxidovanadium(V) complexes of tridentate dibasic
ONS Schiff base ligand derived from 2-hydroxy-5-(phenyldiazenyl)benz-
aldehyde and S-benzyldithiocarbazate [72] or oxidovanadium(V) com-
plexes of oxaloyldihydrazones of salicylaldehyde and 2-hydroxy-1-
naphthaldehyde [73]. Nevertheless, their BSA binding strength is com-
parable to mononuclear dioxidovanadium(V) complex [VO5L] of 2-ace-
tylpyridine and salicylaldehyde hydrazones featuring 1-napthoyl, 2-
furoyl and isonicotinoyl moieties [74] and binuclear [(VV02)2(pedf)2]
complex where pedf is 2-acetylpyridine 2-furoic hydrazone [75].

The number of the binding sites of vanadium(IV) complexes with
BSA is closer to 0.5 than 1, indicating no stoichiometric adducts of 1:1
composition are likely to be obtained, similar to the abovementioned
[(VVOZ)Z(pedf)g] complex [75]. The quenching rate constants (kq) are in
all cases larger than 1010Mm 15! ((2.5-7.3) x 1013 m? s’l) indicating
that vanadium complexes (1)-(5) quench BSA fluorescence through
static mechanism forming an adduct with BSA in ground state [76].
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Fig. 8. Interaction of (1) with BSA in 10 mM Tris-HCl buffer pH 7.42: a) fluorescence quenching of BSA (1.10 x 10~ M) in presence of an increasing concentration of
(1); b) graphical determination of Stern-Volmer constant; b) graphical determination of binding constant and the number of binding sites.

Table 5
Data on the interaction of oxidovanadium(IV) hydrazone complexes (1)—(5)
with BSA.

Complex Kgy / kq/M'  Ky/M' n Ahdons / ANES, /
M s1 nm nm

@ ?'0158 * f‘olg * f;sx 061 12 0.5

@ f’(ﬁf * ?‘:12 x 16243 X 068 15 1

1)) ?.:52 * fgi% * ?6230 X 065 16 2

@ 1‘0352 * 3031% x 1‘(;17 x 067 15 1

(5) f':ss * fg‘ﬁ * fgsl X 064 14 0

Further insight into the BSA — complex interactions can be gathered
from synchronous fluorescence spectra which are highly sensitive to
microenvironments of tryptophan or tyrosine, deepening on the fixed
difference of emission and excitation wavelengths (A)) used for mea-
surements. If the AA is fixed to 15 nm the information on the tyrosine
microenvironment can be obtained, while the tryptophan microenvi-
ronment is investigated with AA = 60 nm [77].

The reasonable decrease of emission intensity in synchronous spectra
(Fig. 9) suggests that the microenvironment of both, tyrosine and tryp-
tophan, is affected by complexes (1)-(5) and that conformational
change of protein is certain. While the emission intensity of the tryp-
tophan fluorescence is significantly decreased no significant shifting of
the peak maximum was observed (Table 5). On the contrary, substantial
change in the position of the emission maximum of tyrosine was found
for all five oxidovanadium(IV) complexes. The pronounced bath-
ochromic shift (12-16 nm) indicates increased polarity i.e. less hydro-
phobic environment of tyrosine [78-80].

Forster resonance energy transfer (FRET) theory was used to eval-
uate the energy transfer between the fluorophore (BSA) and vanadium
complexes (1)-(5). The overlap of the emission spectrum of the fluo-
rophore and the vanadium complexes (1) is shown in Fig. 10 and was
used to calculate an overlapping integral value (J). This further gave the
values of critical distance between fluorophore and complex when the
transfer efficiency is 50% (Rp) as described elsewhere [70]. The

10

efficiency of the energy transfer (E) was calculated from the fluorescence
intensities of BSA in the presence (I) and absence of complex (Ip) and
further used to deduce the distance between the donor and acceptor at
which energy transfer occurs (7).

The obtained values for all parameters (Table 6) are comparable to
other rare examples of vanadium hydrazone complexes for which FRET
analysis of BSA — complex interaction was done [72,81,82]. Considering
the criteria 0.5 Ry < r < 1.5 Ry is fulfilled, the values of the distance
between donor and acceptor (r) in 2-8 nm range are diagnostic for a
static mechanism of BSA fluorescence quenching and non-radiative en-
ergy transfer between oxidovanadium(IV) complexes (1)-(5) and BSA
can be presumed.

Although spectrofluorimetric titrations at one temperature and FRET
analysis can provide many data on the interaction of complexes with
albumin, the nature of the forces involved in the interaction cannot be
determined without thermodynamic data. The interaction of complex
(4) with albumin was therefore examined at three temperatures in order
to obtain data on Gibbs free energy and enthalpy and entropy change for
the interaction. The van’t Hoff plot for the interaction of complex (4)
with BSA is shown in Fig. 11 and corresponding thermodynamic data
presented in Table 7.

The criterion for consideration of the nature of the forces involved in
the interaction of small molecules with albumin implies the simulta-
neous observation of the values of Gibbs free energy and enthalpy and
entropy change. There are several experimentally proven ways of
interaction of albumin with small molecules and they include
[70,83,84]:

a) hydrophobic interaction (AG < 0, AS > 0, AH > 0);

b) hydrogen bonding and van der Waals interactions (AG < 0, AS < 0,
AH < 0);

¢) electrostatic interaction (AG < 0, AS > 0, AH ~ 0);

d) immobilization (AG > 0, AS < 0, AH < 0);

e) covalent binding (AH > 120 kJ mol™1).

The binding constant value for interaction of (4) with BSA decreases
with a temperature increase indicating weakening of complex — BSA
adduct at higher temperatures. Negative values of Gibbs free energy
confirm that interaction between complex and BSA is spontaneous at all
three temperatures and thus exclude immobilization as a possible type of
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Fig. 9. Changes in synchronous emission spectra of BSA (1.1 pM) in 10 mM Tris-HCI buffer pH 7.42 in the absence and presence of an increasing concentration of (1):
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Fig. 10. Overlap of BSA emission spectrum and absorption spectrum of (1).

Table 6

FRET analysis data on BSA — vanadium complexes (1)—(5) interaction.
Complex J/em®M! E Ro / nm r/nm
(1) 1.569 x 10714 0.50 2.64 2.64
2) 1.612 x 10714 0.66 2.65 2.37
3) 1.755 x 10714 0.67 2.69 2.39
(4) 2.128 x 1071 0.70 2.78 2.41
(5) 1.805 x 10714 0.44 2.71 2.82

the complex — BSA interaction. Negative values of enthalpy and entropy
changes confirm that van der Waals interactions and hydrogen bonding
dictate the nature of binding forces between (4) and BSA.

4. Conclusion
The reaction of stoichiometric amounts of [VO(acac);] with

salicylaldehyde-based 2-furoic acid hydrazones and 2,2'-bipyridine in
methanol yielded five novel heteroleptic neutral mononuclear
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Fig. 11. The van’t Hoff plot for interaction of complex (4) with BSA.

Table 7

Thermodynamic data on interaction of complex (4) with BSA.
T/K Ksy / Ky / n AH / kJ AS/J AG/KJ

10°mM'  10° mol ! mol'K!'  mol!
M—l

293.15 7.32 10.7 0.67 —22.3
295.15  3.77 3.85 0.64 -171 —510 —20.7
299.15 3.15 2.00 0.60 -18.7

oxidovanadium(IV) complexes of the general formula [VO(bpy)
(hydrazonato-ONO)]. The paramagnetic d' V(IV) metal center,
embedded in a tetragonally distorted bipyramid is hydrolytically inert
and stabilized toward easy aerial oxidation. Swiss-ADME analysis
showed the best drug-like properties for complex (4) featuring 5-nitro-
salicildadehyde 2-furoic acid hydrazone ligand, which was selected for
in vivo testing in healthy and diabetic Wistar rats. The increased levels of
blood urea were observed for both, healthy and diabetic Wistar rats,
compared to the control group indicating moderate renal toxicity. The
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observed hypoalbuminemia in both groups of complex-treated rats is
indicator of liver tissue impairment. However, the promising result is
that complex (4) partially regulates streptozotocin-induced inflamma-
tory activities in diabetic rats by inhibiting the activities of inflamma-
tory cytokine and pro-inflammatory signaling since serum
concentrations of globulins are lower in healthy rats treated with (4)
compared to diabetic rats treated with (4). Finally, excellent antidiabetic
effects of complex (4) were observed after only 7-days treatment of
diabetic Wistar rats. Hypoalbuminemia in vivo inspired the investigation
of complex — BSA interaction in vitro. The moderate affinity of the
complexes for BSA with K}, values of 10°-10* M~! order distinguishes
these complexes from generally albumin-reactive vanadium complexes,
thus allowing reversible complex-albumin binding. Synchronous fluo-
rescence spectra revealed the increased polarity in the microenviron-
ment of tyrosine. FRET analysis suggested a static fluorescence
quenching mechanism and non-radiative energy transfer. Thermody-
namic data confirm van der Waals forces and hydrogen bonding as
predominant types of interactions between complex and BSA. The re-
sults indicates that in vitro conditions the substituent on the hydrazone
ligand has an influence on the binding of oxidovanadium(IV) complexes
(1)-(5) with albumin. Further research of compound (4) will focus on
the determination of the degree of liver and kidney injury for a chronic
term in vivo application and examination of the effect of the substituent
on the hydrazone ligand of oxidovanadium(IV) complexes on antidia-
betic activity and hypoalbuminemia.
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