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Abstract: The effects of two anticancer active copper(II) mixed-ligand complexes of the type
[Cu(qui)(mphen)]Y·H2O, where Hqui = 2-phenyl-3-hydroxy- 1H-quinolin-4-one, mphen = batho-
phenanthroline, and Y = NO3 (complex 1) or BF4 (complex 2) on the activities of different
isoenzymes of cytochrome P450 (CYP) have been evaluated. The screening revealed significant
inhibitory effects of the complexes on CYP3A4/5 (IC50 values were 2.46 and 4.88 µM), CYP2C9
(IC50 values were 16.34 and 37.25 µM), and CYP2C19 (IC50 values were 61.21 and 77.07 µM).
Further, the analysis of mechanisms of action uncovered a non-competitive type of inhibition
for both the studied compounds. Consequent studies of pharmacokinetic properties proved
good stability of both the complexes in phosphate buffer saline (>96% stability) and human
plasma (>91% stability) after 2 h of incubation. Both compounds are moderately metabolised by
human liver microsomes (<30% after 1 h of incubation), and over 90% of the complexes bind
to plasma proteins. The obtained results showed the potential of complexes 1 and 2 to interact
with major metabolic pathways of drugs and, as a consequence of this finding, their apparent
incompatibility in combination therapy with most chemotherapeutic agents.

Keywords: copper(II) complexes; quinolinonato derivatives; cytochrome P450; isothermal titration
calorimetry

1. Introduction

Metal complexes are in the spotlight for many researchers worldwide due to
their interesting biological properties. This interest has been strongly encouraged
by the ground-breaking discovery of the antiproliferative properties of cisplatin [cis–
diamminedichloridoplatinum(II), CDDP] [1] and further fuelled by the following dis-
coveries of other platinum-based drugs, such as carboplatin, oxaliplatin, or satraplatin.
Unfortunately, the platinum-based drugs possess a number of adverse effects, lead-
ing to leukopenia and neutropenia, thrombocytopenia and anaemia, hepatotoxicity,
ototoxicity, cardiotoxicity, nausea and vomiting, diarrhoea, stomatitis, pain, alopecia,
and cachexia [2,3]. Therefore, the primary goal of the research in the field of novel
metal–based coordination compounds is to produce compounds with a better antitumor
activity profile than those used in clinics while having much fewer negative side effects
and, importantly, being able to overcome a considerable resistance of many types of
cancer cells towards the applied platinum-based drugs [4].

In the past decade, many transition metal-based compounds have been synthesised
and studied. Besides platinum-based complexes, the compounds containing iron, copper,
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cobalt, gold, ruthenium, or vanadium central atoms, e.g., Ferrocifen (for Fe) [5], Casiopeína
IIIia (for Cu) [6], Co(III) alkyne or Co(III) Schiff base complexes (for Co) [7], Auranofin (for
Au) [8], NAMI-A, KP1019, KP1339, and TLD 1433 (for Ru) [9], Vanadocenes (for V) [10]
have shown promising anticancer results in numerous preclinical or clinical studies [11,12].
Moreover, the potential of transition metal complexes related to various biological activities
has been reviewed in many papers up to now. The following papers belong among the
most current ones: e.g., a review regarding cobalt Schiff base complexes as anticancer
agents [13], N-heterocyclic carbene complexes of silver as anticancer agents [14], cytotoxic
activities of Pt, Pd, Ru, and Au complexes [15], and metal complexes of 8-hydroxyquinoline
with antileukemia activities [16].

Copper is one of the essential trace elements involved in cellular respiration, neuro-
transmission, and cellular metabolism [17–19]. Elevated levels of copper have been found
in many types of human cancers, including prostate, breast, colon, lung, and brain. An
overview of the chemistry, antitumor properties, and molecular targets of copper com-
plexes on different types of cancer cells is described in a review article by Balsa et al. [20].
Copper is also essential for the function of several enzymes and proteins involved in energy
metabolism, respiration, and DNA synthesis, notably cytochrome oxidase, superoxide dis-
mutase (SOD), ascorbate oxidase, and tyrosinase. In fact, several copper chelators, targeting
the copper ions in cancer cells, have been developed and are recently in the initial stages of
clinical trials [21]. Considering the positive effects of copper on human organisms, many
copper(II) complexes have been recently synthesised and tested on in vitro and in vivo
antitumor activity [22]. A new family of copper-chelating compounds was designed and
registered with the generic name Casiopeínas [23] (Figure 1a). The two general formu-
lae of such compounds are [Cu(N-N)(N-O)]NO3 or [Cu(N-N)(O-O)]NO3, where the N-N
donor ligand represents a polycyclic substituted diimine (e.g., 1,10-phenanthroline (phen)
or 2,2′-bipyridine (bpy)), N-O indicates α-aminoacidate or a peptide, and the O-O donor
ligand represents acetylacetonate (acac) or salicylaldehydate (salal) [24,25]. Several copper-
based compounds of this new family demonstrated a promisingly high antiproliferative
potency, compared with generally used cisplatin against human ovarian carcinoma, murine
leukaemia (L1210), and other cell lines [26]. This fact started an intensive investigation of
the anticancer properties of a wide range of copper complexes, and therefore, we have pre-
viously focused on the study of Casiopeínas®-like complexes containing bidentate N-donor
heterocyclic ligands, such as 1,10-phenanthroline (phen) or 2,2′-bipyridine (bpy) or their
derivatives herein abbreviated as N-N, and 2-phenyl-3-hydroxy-1H-quinolin-4-one and
its derivatives (Hqui) of the general composition [Cu(N-N)(qui)]X·H2O (where X = NO3

−

or BF4
−) [27–29] (Figure 1b,c). The set of complexes exhibited a significant cytotoxic ef-

fect (with the IC50 values lying in the micromolar and sub-micromolar concentrations)
against a broad spectrum of human cancer cell lines (A549, HeLa, G361, A2780, A2780cis,
LNCaP, and THP-1) as compared with cisplatin [29]. Moreover, the in vitro toxicity of
these complexes against healthy cells of primary human hepatocytes is significantly lower
than that for human cancer cells, pointing out the relative high selectivity and safety of
such complexes. This conclusion can also be supported by other findings related to the
Cu(II)-casiopeinas-like complexes with the {CuN2O2} chromophore in the vicinity of the
copper(II) atom originating from our group, which showed low in vitro toxicity against
normal human hepatocytes, with IC50 > 100 µM [30,31].

In the previous publications by Buchtík et al. [27,28], it has been shown that the stud-
ied copper(II) complexes possess besides the considerable cytotoxicity against cancer cells
also the ability to interact with DNA and human serum albumin in vitro and to promote
oxidative damage towards the DNA molecule in vitro. Additionally, the complexes were
able to interact with sulphur-containing biomolecules, such as reduced glutathione and
L-cysteine, and thus they might act as both oxidative stress-promoting and antioxidant-
depleting agents. The aforementioned molecular mechanisms have been associated with
the induction of several cellular pathways leading to autophagy, apoptosis, and necrosis in
cancer cells [32], or with a combination of these processes for which the new term “cuprop-
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tosis” [33] has been proposed. Recently, several molecular mechanisms of anticancer effects
of heteroleptic copper(II) complex involving a quinoline-derived ligand were described [34],
based on the induction of autophagy by activating the MAPK signaling pathway and in-
duction of apoptosis via mitochondrial/ROS/ER-stress responses, i.e., the disruption of
mitochondrial membrane potential, the induction of oxidative stress by overproduction
of ROS and overexpression of CCAAT-enhancer-binding homologous proteins (CHOP),
and the activation of eukaryotic initiation factor-2 (eIF2α) and protein kinase RNA-like
endoplasmic reticulum kinase (PERK) in the A549 cells. The induction of autophagy and
apoptosis through ROS generation and Jnk activation has also been described in the case
of the copper(II) complex Cas III-ia from the Casiopeínas® family, structurally similar to
the title complexes [35]. Moreover, another member of the Casiopeínas® family, known as
Cas II-gly, showed, in addition to the significant antitumor effects, the ability to inhibit the
activity of key energy metabolism enzymatic systems [36] (i.e., inhibited hexokinase and
glycolysis and caused diminution in the ATP content, indicating inhibition of oxidative
phosphorylation) in hepatocarcinoma AS-30D cells.

Figure 1. Structural formulas of one example from Casiopeínas® family (a) together with the herein
studied copper(II) complexes—complex 1 (b) and complex 2 (c).

Since their discovery, a variety of analogous compounds with copper as the central
atom have been synthesised, but there is still not enough information regarding their
pharmacology properties, including interactions with the family of cytochromes P450
(hence P450s or CYP). Cytochromes P450 constitute a superfamily of heme enzymes and
have been identified in single-cell organisms (such as bacteria) as well as higher organisms
(e.g., humans). There are more than 2700 known isoenzymes of CYPs, and many of them are
involved in the biotransformation of various natural compounds (e.g., fatty acids, steroids,
and vitamin D) and xenobiotics (drugs, environmental toxins, food preservatives, and other
foreign agents). Human drug-metabolising P450 enzymes are present in many sites in the
human body, including the liver, gastrointestinal tract, brain, lungs, kidneys, and heart [37].
The 57 human P450 genes are primarily associated with phase I of drug metabolism, where
the polar group is incorporated into the original substrate. The proteins of three CYP
families, namely CYP1, CYP2, and CYP3, have important and unique functions due to
their involvement in the first phase of biotransformation. In the current paper, we studied
the fundamental pharmacological properties of the two selected complexes (shown in
Figure 1b,c), including stability in plasma, chemical stability, binding affinity to proteins,
and transport over an artificial membrane. Moreover, we studied the influence of these
complexes on the enzymatic activity of nine human liver microsomal CYP forms, namely
CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A.
The main reason why these two copper(II) complexes were chosen for the present study
is related to the fact that they revealed positive cellular responses in human tumour cells
(A549, HeLa, G361, A2780, A2780R, LNCaP, THP-1, HOS, and MCF-7) and relatively low
cytotoxicity to healthy human hepatic cells [19–21]. One of the side goals of the study
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was also to discover if the presence of different counterions (i.e., NO3
− vs. BF4

−) within
the structures of the studied complexes could have any impact on the pharmacological,
pharmacokinetic, and enzymatic features.

The study of new mixed-ligand transition metal complexes in order to develop a more
efficient family of drugs able to fight threatening diseases, including cancer, is one of the
most demanding tasks of contemporary medicine. The study of their interactions with
cytochromes P450 presents one of the important steps in their development, especially due
to the key roles of cytochromes P450 in the metabolism of many xenobiotics, including
medications. That is one of the main reasons why we decided to realise this work.

2. Materials and Methods

The synthesis and thorough characterization of copper(II) mixed-ligand quinolinonato
complexes, [Cu(qui)(mphen)]Y·H2O, where Hqui = 2-phenyl-3-hydroxy-1H-quinolin-4-one,
mphen = 5-methyl-1,10-phenanthroline (bathophenanthroline), and Y = NO3 (1) (Figure 1b)
or BF4 (2) (Figure 1c), including the analytical data regarding the purity of the compounds,
were described previously in the literature [27,28]. The copper(II) complexes used in this
work were obtained from the same batch as described in the literature [27,28]. Thus, the
final formulas of the studied complexes were already confirmed and well known based on
thorough characterization of the compounds.

Free 5-methyl-1,10-phenanthroline ligand and copper(II) nitrate trihydrate, used in
this work for reference purposes, were purchased from Sigma-Aldrich (Prague, Czech
Republic), and used as received. Cryopreserved pooled human liver microsomes were
obtained from Xenotech (Lenexa, KS, USA), and human plasma was obtained from the
Transfusion Department of University Hospital Olomouc (Olomouc, Czech Republic).
Recombinant human cytochrome P450 3A4 was purchased from Sigma-Aldrich (Prague,
Czech Republic), bactosomes CYP1A2 and CYP2A6 were obtained from BD Biosciences
(Franklin Lakes, NJ, USA), and CYP3A4 from Cypex (Dundee, UK).

For the determination of CYP activities, ethoxyresorufin and 7-ethoxy-4-(trifluoromethyl)co-
umarin were purchased from Fluka (Buchs, Switzerland). Coumarin, testosterone, diclofenac,
bufuralol, and chlorzoxazone were obtained from Sigma-Aldrich (Prague, Czech Republic);
midazolam was purchased from Abcam (Cambridge, UK); paclitaxel was purchased from
Chemos CZ (Prague, Czech Republic); and (S)-mephenytoin was purchased from Santa Cruz
Biotechnology Inc. (Heidelberg, Germany).

Dimethyl sulfoxide (DMSO) and potassium dihydrogen phosphate were obtained
from Lach-Ner (Neratovice, Czech Republic); dichloromethane, methanol, and acetonitrile
were from VWR Prolabo (Fontenay-sous-Bois, France). All other chemicals were supplied
by Sigma Aldrich CZ (Prague, Czech Republic).

2.1. In Vitro Pharmacological Properties

Pharmacological properties of the complexes 1 and 2, including stability in plasma,
microsomal stability, binding to plasma proteins, and permeability through an artificial
membrane, were tested under in vitro conditions and according to methods described in
previous reports [38,39]. Analysis of the samples was performed using Agilent RapidFire
300 High-Throughput Mass Spectrometry System (Agilent Technologies, Wakefield, MA,
USA) with subsequent detection using the mass spectrometer Qtrap 5500 (AB Sciex, Con-
cord, Toronto, ON, Canada), abbreviation RF-MS. The samples were aspirated directly from
the plates into a 10 µL sample loop and passed through a C4 cartridge with solvent A (5%
acetonitrile, 95% water, 0.1% formic acid) at a flow rate of 1.5 mL/min for 3 s. After the
desalting step, analytes retained on the cartridge were eluted with solvent B (95% acetoni-
trile, 5% water, 0.1% formic acid) in the mass spectrometer at a flow rate of 0.4 mL/min for
5 s. The mass spectrometry of the samples was carried out using electrospray ionisation
in the positive ion mode. Daughter ion peaks were identified using a multiple-reaction
monitoring protocol.
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2.2. Chemical Stability (Stability in PBS) and Stability in Human Plasma

The studied compounds (final incubation concentrations of 7.4 µM or 3.3 µM, respec-
tively; DMSO did not exceed 0.1%) were incubated with 1 × PBS, pH 7.4, or preheated
human plasma, respectively, at five different time points (0, 15, 30, 60, and 120 min) at
37 ◦C. The reaction was terminated by ice-cold methanol (chemical stability) or acetoni-
trile:methanol (2:1), and samples were left at −80 ◦C overnight (plasma stability). The
solution was mixed and centrifuged (4000 rpm, 9 min, 4 ◦C). After lyophilization of super-
natant, samples were dissolved in mobile phase with internal standard and analysed by
RF/MS analysis.

2.3. Microsomal Stability Assay

According to the protocol, reaction mixtures included tested compound (5.74 µM),
human liver microsomes, NADPH-generating system consisting of NADP+, isocitrate
dehydrogenase, isocitric acid, and MgSO4 in 100 mM K/PO4 buffer [40]. Assay was
performed at 0, 15, 30, and 60 min. Reactions were terminated using acetonitrile–methanol
(2:1) mixture. After centrifugation, the supernatant was lyophilized and analysed by RF-MS.
The values of intrinsic clearance were calculated using the formula: CLint = 0.693/t1/2/mg
microsome protein per mL of reaction.

2.4. Plasma Protein Binding (PPB)

The fraction bound value was determined using the semipermeable membrane that
separates a protein-containing compartment (R chamber) from a protein-free compartment
(W chamber) (Rapid Equilibrium Dialysis, Thermo Scientific™, Rockford, IL, USA) [41].
Into the chamber R was added 10 µM solution of the test compound in 50% plasma, and
into the chamber W was added PBS buffer. After incubation (37 ◦C, 4 h), to the protein-free
solution was added the same amount of 50% plasma, and to the protein-containing solution
was added the buffer. The reaction was terminated by the addition of acetonitrile and
methanol (2:1). Following centrifugation, the supernatant was lyophilized. Samples were
dissolved in mobile phase containing internal standard and analysed on the RF/MS.

2.5. Parallel Artificial Membrane Permeability Assay (PAMPA)

PAMPA was performed with the Millipore MultiScreen filter MultiScreen-IP Durapore
0.45-µm plates and receiver plates (Merck Millipore, Burlington, MA, USA). The test com-
pounds (20 µM in PBS) were added to the donor compartments, and the acceptor wells were
filled with PBS (pH 7.4). The permeation of compounds across a filter membrane (activation
by 10% lecithin in dodecane) was quantified by RF/MS after 18 h incubation at room tem-
perature [42]. The apparent permeability, logPe, was calculated from the following equation:
logPe = log{C× − ln(1 − drugA/drugE)}; C = (VA × VD)/{(VD + VA) × A × T}, where VD
and VA are the volumes of the donor and acceptor compartments, respectively; A is the active
surface area of the membrane; T is the time of the incubation in seconds; and drugA or drugE
represents the concentration of the tested compounds in the acceptor compartment and in the
solution in theoretical equilibrium.

2.6. Cytochrome P450 Activities

For each enzyme assay, the preliminary experiments to determine Michaelis constant
(Km) and limiting velocity (Vmax) were performed to calculate the time of incubation (the
specified time for which the reaction is still linear) and the values of substrate concentration
(in the range corresponding to the value of Km). The amount of human liver microsomes
(HLM; expressed as the amount of CYP in pmol and the concentration of HLM protein in
mg/mL in the reaction vessel) in the reaction was determined using previously established
protocols [40].

The reaction mixtures were buffered by 0.1 M potassium phosphate buffer (pH 7.4)
and contained a NADPH-generating system consisting of the isocitrate dehydrogenase
(6 U/mL), NADP+ (0.5 mM), isocitric acid (4 mM), and MgSO4 (5 mM). The amounts of
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human liver microsomes and concentrations of individual substrates in reaction mixtures
are shown in Table 1. The final concentration levels of complexes were obtained by diluting
a 10 mM solution with dimethyl sulfoxide (DMSO). It is known that DMSO can in some
cases inhibit P450; the following measures were thus applied: (a) control samples containing
organic solvent without the tested compounds were prepared and used as references;
(b) DMSO levels were maintained below 0.1% to minimise the inhibition. Inhibition
experiments were performed using five concentration levels of the tested compounds in
the range of 10–100 µM. The maximum concentration was chosen so that in the case of
inhibition, it would be possible to determine the inhibitory effect of the complexes and
characterise them by determining the IC50 value. Additionally, an inhibitor-free control
was used as a reference. Incubations were executed in two independent batches, and the
samples were prepared and measured in triplicate at 37 ◦C. Analyses of the metabolites
formed from the specific substrates were performed by HPLC using the Prominence
system (Shimadzu, Kyoto, Japan) equipped with a LiChroCART 250-4 LiChrospher 100 RP-
18 column, Chromolith® HighResolution RP-18 end-capped column (Merck, Darmstadt,
Germany), or Kinetex Biphenyl column (Phenomenex, Torrace, CA, USA).

Table 1. Summary of the cytochrome P450 enzyme assay conditions.

CYP450 Form CYP450 Activity Assays CYP (pmol) Substrate Km (µM) Incubation Time
(min)

CYP1A2 7-Ethoxyresorufin
O-deethylation 35 Ethoxyresorufin 1.56 15

CYP2A6 Coumarin 7-hydroxylation 35 Coumarin 14.00 15

CYP2B6
7-Ethoxy-4-

trifluoromethylcoumarin
7-deethylation

35 7-Ethoxy-4-
trifluoromethylcoumarin 15.25 15

CYP2C8 Paclitaxel 6-hydroxylation 70 Paclitaxel 18.41 15
CYP2C9 Diclofenac 4′-hydroxylation 35 Diclofenac 16.00 25

CYP2C19 (S)-Mephenytoin
4′-hydroxylation 50 (S)-Mephenytoin 28.00 25

CYP2D6 Bufuralol 1′-hydroxylation 70 Bufuralol 14.30 20

CYP2E1 Chlorzoxazone
6-hydroxylation 160 Chlorzoxazone 56.00 20

CYP3A4/5 Testosterone
6β-hydroxylation 100 Testosterone 100.00 20

CYP3A4 Midazolam 1′-hydroxylation 13 Midazolam 2.20 8

Inhibition of individual activities of selected CYPs by the studied complexes, free
ligands Hqui and mphen, and copper(II) nitrate trihydrate were in all cases evaluated
by plotting the respective remaining activity against the concentration of the inhibitor.
The apparent Ki values were determined by additional measurements using substrate
concentrations corresponding to 1/2 Km, Km, 2 Km, and 4 Km in the case of inhibition.
The type of model was selected on the basis of the Lineweaver–Burk and Dixon plots. The
values of IC50 were obtained by analysing the plot of the percentage of activity remaining
after inhibition versus the logarithm of the inhibitor concentration using the GraphPad
Prism 6 software (La Jolla, CA, USA).

In addition to the above-described inhibition studies, a series of Single Point Assays was
performed in order to uncover possible slow-binding or irreversible inhibition, which might
be associated with the oxidative damage of the proteins. One half of the samples, containing
the HLMs (in a 10-fold higher concentration as compared with normal activity experiments)
and 25 µM concentration of the corresponding complex, or 1% DMSO representing the
solvent control sample, were preincubated together with the NADPH-generating system
(consisting of the isocitrate dehydrogenase (6 U/mL), NADP+ (0.5 mM), isocitric acid (4 mM),
and MgSO4 (5 mM)) at 37 ◦C for 30 min. In the second half of the samples, only HLMs
and corresponding complexes, or 1% DMSO, representing the solvent control sample, were
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preincubated at 37 ◦C for 30 min, and afterwards, the NADPH was added to the samples.
Subsequently, an aliquot of each sample was taken, diluted 10-fold, and a specific substrate
(at 5 km concentration) was added. The residual microsomal activity was measured as
described above and compared with the activity of uninhibited microsomes. If the time-
dependent inhibition occurs, then a decrease in activity should be visible only in the samples
where the NADPH-generating system was present during the preincubation. To exclude the
possible inhibitory effects of the solvent, the appropriate solvent reference samples were
analysed, and no significant differences in the inhibition of the microsomal activities were
observed among the two systems or the control (uninhibited) samples.

2.7. Spectroscopic Study of Interactions of the Studied Complexes with Human Liver Microsomes

Difference spectra analyses of the studied complexes, free ligands Hqui and mphen,
and copper(II) nitrate trihydrate with human liver microsomes were performed according
to a previously established protocol [43]. The cuvette contained microsomes diluted to final
concentration of CYP 1 µM in 50 mM potassium phosphate buffer (pH 7.4). The tested
compounds were dissolved in the same buffer, and their concentrations in the experiments
ranged from 0.002 to 33.310 µM. The UV-Visible spectra were recorded at room temperature
by repetitive scanning between 300 and 700 nm using Varian 500 UV/VIS spectrophotometer
(Agilent Technologies, Wakefield, MA, USA). Changes of absorbance in the range of the
Soret’s region (380–450 nm) were plotted against the concentration of the studied compounds.
Data were analysed using GraphPad Prism 6 software (La Jolla, CA, USA).

2.8. Isothermal Titration Calorimetry (ITC)

The interactions of the compounds with selected forms of cytochrome P450, i.e., hu-
man bactosomes CYP1A2, CYP2A6, CYP3A4, and recombinant human CYP3A4, were
studied using isothermal titration calorimetry (ITC). ITC experiments were performed
at 25 ◦C with a Nano ITC Low Volume (TA Instruments, New Castle, DE, USA). During
all measurements, 20 injections of 16µM of the studied compound (2.5 µL each) were
titrated into 250 µL of protein (2 µM) with time intervals of 300 s and a stirring speed of
250 rpm. All ITC experiments were conducted with degassed buffered solutions (100 mM
phosphate buffer, pH 7.4) in the presence of 1% DMSO. Control experiments included the
titration of each complex solution into a buffer. The corrected data refer to experimental
data after subtraction of the buffer control data from the compounds data. The resulting
thermograms were analysed using the “Independent” model within the NanoAnalyze
software (TA Instruments, New Castle, DE, USA).

2.9. DFT Geometry Optimisation (Computational Details)

Geometry optimisations of the [Cu(mphen)(qui)]+ complex cation were performed
with the Spartan’14 (ver. 1.1.4) software package [44] using the density functional the-
ory (DFT) with different functionals (B3LYP, BP, or $B97X-D) and in combination with
LANZ2DZ, LACVP, or LACVP** basis sets. The calculations were performed in a vacuum.

3. Results and Discussion
3.1. Geometry Optimisation of the [Cu(mphen)(qui)]+ Cation

Based on the fact that single crystal X-ray data are lacking for the studied complexes,
we decided to predict the geometry of the complex cations of complexes 1 and 2 by means of
quantum chemical calculations related to the geometry following from the X-ray structure
of [Cu(qui)(phen)]NO3·H2O, which revealed the ionic nature of the nitrate anion, and the
water molecule stays uncoordinated and behaves as a crystal solvent molecule [27]. The
geometry of the [Cu(mphen)(qui)]+ species was optimised with the help of the Spartan’14
(Ver. 1.1.4) software [44] using density functional theory (DFT) involving different hybrid
(B3LYP, BP, and $B97X-D) functionals with the LANL2DZ, LACVP, or LACVP** basis
sets. The optimised geometry of the cation is shown in Figure 2. The copper(II) atom is
coordinated by two nitrogen atoms from the mphen ligand and by two oxygen atoms from
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the qui ligand in a distorted square-planar geometry. With the aim of finding a proper
combination of the method and basis sets to determine geometry that would give realistic
information regarding the geometry and interatomic parameters around the vicinity of the
central copper(II) atom, combinations of different functionals and basis sets were employed.
The results are summarised in Table 2, and they revealed that the$B97X-D/LACVP and
$B97X-D/LACVP** levels of theory provided meaningful data with minimal discrepancies
between calculated and experimentally determined data associated with the known X-ray
structure for [Cu(phen)(qui)]NO3. The coordinates for the best-optimised geometry of the
complex cation are given in Supplementary Materials (see Table S1) in the XMol XYZ format.

Figure 2. The geometry of the [Cu(mphen)(qui)]+ complex cation optimised at the $B97X-
D/LACVP** level of theory.

Table 2. A comparison of the selected interatomic parameters (in Å, ◦) within the [Cu(mphen)(qui)]+

complex cation obtained using DFT calculations at different levels of theory with those determined
using a single crystal X-ray analysis of [Cu(phen)(qui)]NO3*.

B3LYP BP $B97X-D

LANL2DZ LACVP LANL2DZ LACVP LANL2DZ LACVP LACVP** X-ray *

Cu–O1 1.912 1.918 1.955 1.960 1.894 1.901 1.879 1.892(2)
Cu–O2 1.944 1.949 1.976 1.982 1.935 1.941 1.923 1.916(2)
Cu–N2 2.024 2.017 2.022 2.015 2.011 2.003 2.024 1.978(2)
Cu–N3 2.021 2.014 2.022 2.015 2.013 2.005 2.025 1.988(2)

O1–Cu–N3 175.76 175.86 166.48 166.66 176.00 176.10 175.52 176.22(8)
O2–Cu–N2 175.57 175.70 166.19 166.34 177.95 177.93 177.50 177.98(8)

* Data adopted from Buchtik et al. [27].

3.2. Pharmacokinetic Properties of the Studied Compounds

The study of absorption, distribution, metabolism, and excretion (ADME) presents
an important stepping stone for the evaluation of the application potential of new phar-
maceutical substances. At first, the chemical stability of the investigated copper-based
complexes in human plasma, their binding to plasma proteins, their microsomal stability,
and their permeability through an artificial membrane (PAMPA) were studied. All the
tested compounds were found to be stable in PBS and human plasma after incubation for
2 h, where more than 91% of the original substances were detected in the intact forms. For
more information, see Table 3. Additional experiments were performed in which the com-
pounds were incubated in PBS and human plasma for 72 h, as is the case for the assessment
of toxicity in cancer cell lines. Both complexes showed stability of about 95% of the control
even after such a long time (see Figure S1 in Supplementary Materials). Metabolic stability
in human liver microsomes was measured for 60 min. The remaining percentages of the
intact forms were 78% for complex 1 and 70% for complex 2, respectively. According to
the tabulated values, these complexes fall into the category of having a medium metabolic
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rate, according to Nassar [45]. The binding of the studied compounds to plasma proteins
influences primarily the distribution of the drug in the organism. The percentages of
complex 1 and complex 2 binding to plasma proteins were 95% and 93%, respectively. The
passive diffusion mechanism for both compounds through the artificial membrane was
classified as low compared with the control compounds, propranolol and atenolol [46].

Table 3. Pharmacological parameters of the complexes 1 and 2.

% Compound Remaining

Chemical Stability Plasma Stability

Compound 15 min 30 60 120 15 min 30 60 120

complex 1 99.6 ± 3.6 99.9 ± 1.5 97.8 ± 3.4 96.6 ± 3.4 98.9 ± 2.5 94.0 ± 3.3 94.2 ± 2.3 91.2 ± 1.2
complex 2 99.6 ± 3.0 96.8 ± 2.4 94.0 ± 3.3 96.6 ± 2.4 98.3 ± 2.4 94.1 ± 2.4 96.6 ± 3.4 92.6 ± 2.2

% Compound remaining

Microsomal stability Plasma protein binding PAMPA

Compound 15 min 30 60 % Fraction bound log Papp Category a

complex 1 99.4 ± 3.5 80.7 ± 2.8 78.1 ± 1.7 95.1 ± 1.0 −8.93 ± 0.58 Low
complex 2 76.5 ± 2.7 76.2 ± 2.7 69.7 ± 2.4 92.9 ± 1.5 −8.69 ± 0.66 Low

a According to the log Papp obtained from the reference drugs, compounds with log Papp > −5 were categorised
as highly permeable, while those with log Papp < −5 were considered poorly permeable [46].

3.3. Effects of the Complexes and Free Hqui and mphen Ligands on Catalytic Activities Cytochrome
P450 in Human Liver Microsomes

Next, we studied the influence of the complexes and the free Hqui (2-phenyl-3-
hydroxy-1H-quinolin-4-one) and mphen (5-methyl-1,10-phenanthroline) ligands on the
enzymatic activities of the nine isoforms of cytochrome P450, present in human liver mi-
crosomes. Specifically, the inhibition of activities of CYP1A2, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A were evaluated. The tested compounds
were studied at concentration levels of 0, 10, 25, 50, 75, and 100 µM. The activity of all
the tested isoforms of P450 was found to be considerably influenced at the maximum con-
centration of the studied compounds (the detailed comparison is shown in Figure 3). The
control experiments using the Hqui ligand (2-phenyl-3-hydroxy-1H-quinolin-4-one) and
mphen ligand alone were elaborated in order to further evaluate the possible mechanism
of action. Interestingly, only negligible interaction of the free ligands with CYP isoenzymes
was detected, even at concentration levels approaching 100 µM. To some extent, the activity
of CYP3A4/5 (which decreased to ca. 60%) was affected by the Hqui ligand. Moreover,
both complexes clearly inhibited the enzymatic activities of all the studied isoforms of CYP,
albeit with varying degrees of power, ranging from 10% inhibition for CYP2C8 to 99%
inhibition for CYP3A4/5.

Both complexes considerably influence the enzymatic activities of CYP2C9 and CYPC19,
which could potentially result in an unwanted alteration in the metabolism of several drugs,
including warfarin [47,48]. Warfarin is metabolised by CYP2C9, where the inhibition by both
compounds is around 90%. The CYP3A4/5 isoforms are a crucial endpoint in the evaluation
of the inhibitory properties of potential drug candidates because they metabolise over 50% of
all the drugs used in clinics. The severe inhibitions to 1% of the basal activity were observed
in the case of the CYP3A4 isoenzymes in both the testosterone 6β-hydroxylation and
midazolam-1′-hydroxylation assays. The mechanism of the action is still under investigation;
however, it could be related to the specific structure of the active site. For more information,
the impact of complex 1 on the activity of the selected and most important three drug-
metabolising P450s is shown in more detail in Figure 4a. The effect of the studied compounds
on the enzymatic activities of all isoforms of cytochrome P450 can be seen in detail in
Figure S2 in Supplementary Materials.
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Figure 3. Overview of inhibition rates of CYP activities with specific substrates by the copper(II)
complexes 1 and 2, free Hqui and mphen ligands, and Cu(NO3)2·3H2O at 100 µM concentration. The
results represent the amount of residual activity of CYPs expressed as a percentage of the activity of
an uninhibited enzyme.

The IC50 values for the studied P450s were: 16.34± 1.15µM for CYP2C9, 61.21± 0.74µM
for CYP2C19, 2.46 ± 1.14 µM for CYP3A4/5 (using the testosterone 6β-hydroxylation assay),
and 28.79 ± 2.55 µM for CYP3A4 (using the midazolam-1′-hydroxylation assay). A compari-
son of the IC50 of the complexes of the selected forms of cytochrome P450 is shown in Figure
S3 in Supplementary Materials. Consequently, several experiments were performed to study
the mechanism of inhibition and the influence of both complexes on the resulting Ki values.
The Dixon and Lineweaver–Burk plots with four substrate concentrations (corresponding
to 1/2 Km, Km, 2 Km and 4 Km) were constructed, and the results of the calculations are
shown in Figure 4b,c. Complex 1 revealed a non-competitive type of inhibition for all three
studied forms of cytochromes P450, with Ki values of 2.56± 0.37 µM for CYP2C9, 4.15± 0.71
µM for CYP2C19, and 3.60 ± 0.67 µM for CYP3A4/5 (testosterone 6β-hydroxylation assay).
This finding can be interpreted as an inhibition of the product formation by the presence
of an inhibitor. The inhibitor is bound to a site in close proximity to the substrate; however,
the inhibition is not conditioned by a conformational change of the active site because of
the previous binding of a substrate. In the case of complex 2, at 100 µM concentration,
the CYP2C9 activity was inhibited down to 7% of the control, with the IC50 calculated as
37.25± 1.26 µM. Activity of the CYP2C19 form was inhibited to 36% of the basal activity (IC50
was 77.07 ± 0.74 µM). The activity of the isoforms CYP3A4/5 was also significantly reduced
to 1%, while the IC50 was calculated as 4.88 ± 1.05 µM for the testosterone 6β-hydroxylation
assay and 32.98 ± 1.13 µM for the midazolam 1′-hydroxylation assay. Experimental data
obtained with complex 2 were analogically analysed by Dixon and Lineweaver–Burk plots to
evaluate the possible mechanisms of enzyme inhibition. The course of these plots indicates a
fully non-competitive inhibition for forms CYP2C9, CYP2C19, and CYP3A4/5 with Ki values
of 0.92 ± 0.25 µM, 9.14 ± 0.80 µM, and 3.94 ± 0.60 µM, respectively.

Interestingly, inhibition by the CYP activities of CYP2C9 and CYP3A4 enzymes is the
most prominent, which is in line with earlier results on the properties of their active sites.
CYP3A4 and CYP2C9 have been shown by molecular dynamics studies and absorption
spectroscopy at high pressure to possess the most flexible active sites able to accommodate
bulky ligands, as both the complexes exhibiting extensive inhibition of these forms of
cytochrome P450 activities are [49].
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Figure 4. (a) The effect of complex 1 on the enzymatic activity of CYP2C9, CYP2C19, and CYP3A4/5
with the specific substrates of testosterone and midazolam in HLMs. The inhibition of activity is
determined as the mean of the two independent experiments performed in triplicates ± SD and
is expressed as a percentage of activity remaining relative to the control (set to 100%, without the
addition of the studied compounds). Concentrations of complex 1 in reaction mixtures were 0, 10, 25,
50, 75, and 100 µM. (b) Dixon plot for inhibition of CYP3A4/5 (testosterone 6β-hydroxylation) by
complex 1, and (c) Lineweaver–Burk plot for inhibition of CYP3A4/5 (testosterone 6β-hydroxylation)
enzymatic activity by complex 1 at four substrate concentrations (50, 100, 200, 400 µM) for eight
concentrations of complex 1 (0, 0.8, 1.6, 3.2, 6.4, 12.8, 25 and 50 µM).

In additional experiments, the effect of the Cu2+ ions (in the form of the solution of
copper(II) nitrate trihydrate) on cytochrome P450 activities was determined with the aim to
compare the degree of inhibition among the complexes, the free ligands (Hqui and mphen),
and Cu(NO3)2·3H2O (see Figure 3). The results showed that Cu(NO3)2·3H2O has a greater
effect on the activity of the CYP3A forms for both specific substrates (testosterone and
midazolam). Subsequently, we determined the type of inhibition for these two forms by
Dixon and Lineweaver–Burk plots with four substrate concentrations (corresponding to
1/2 km, km, 2 km, and 4 km) (see Figure S4 in Supplementary Materials). The copper(II)
nitrate trihydrate revealed a non-competitive type of inhibition for both the studied forms
of cytochromes P450, with Ki values of 1.56 ± 0.25 µM (testosterone 6β-hydroxylation
assay) and 8.25 ± 1.64 µM (midazolam 1′-hydroxylation assay).

The obtained data indicate that the nitrate (NO3
−) complex has a slightly higher

effect on CYP450 activity compared with the tetrafluoroborate (BF4
−) complex. This effect
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is more pronounced, especially in the most affected forms of cytochrome P450, namely
CYP2C9, CYP2C19, and CYP3A4/5. The free Hqui ligand influenced the CYP3A activity,
but its effect was not as significant as in the case of the individual studied complexes. It
could also have had a slight effect on CYP2C19 activity, with a 66% decrease in activity.
Although for almost every isoform of cytochrome P450, complex 1 showed slightly stronger
inhibition than complex 2 (as evidenced by the comparison of IC50 values; see Figure S3
in Supplementary Materials), the impact of the presence of different counterions (NO3

−

and BF4
−) within the structures of the studied complexes was not significant. As com-

pared with a structurally similar compound, Cas III-Ea, and [Cu(acac)(4,7-dimethyl-1,10-
phenanthroline)(H2O)](NO3)2 with IC50 values around 10 µM [50], the studied complexes
1 and 2 were weaker inhibitors of cytochrome P450, The studied complexes differed also
in the mode of inhibition, i.e., the studied complexes showed non-competitive types of
inhibition, while the previously mentioned members of the Casiopeínas® family showed
strong irreversible competitive inhibition of cytochrome P450. The difference in the degree
of inhibition when taking into account the counterions (i.e., between the complexes 1 and 2)
was at most 12% for CYP2C19, but for the other isoforms the differences were at most about
5%. In all cases, however, these differences were not statistically significant. No differences
were observed between the effects of both studied complexes on the activities of CYP2A6,
CYP2B6, and CYP2E1.

Further experiments were performed in order to exclude possible redox reactions or
the formation of hydroxyl radicals due to the presence of NADPH. We analysed the studied
complexes in individual time periods during 1 h in the presence of the NADPH-generating
system (see Figure S5 in Supplementary Materials). The complexes show stability through-
out the incubation, so it can be assumed that during the study of cytochrome P450 activity
there is no reduction of compounds, formation of hydroxyl radicals, or other changes in
the structure of the complexes.

As part of the basic testing of potential inhibitors, we also checked if there was no time-
dependent inhibition, i.e., that the inhibitory potential of the compounds did not increase
with increasing preincubation time, e.g., by the formation of an enzyme-binding product.
The studied complexes were subjected to a Single Point Assay to investigate a possible
time-dependent mechanism in which the test compound is preincubated in the presence
and absence of NADPH with microsomes. The data showed that no time-dependent or
irreversible inhibition was caused by the complexes or by the used solvent (see Figure S6
in Supplementary Materials).

3.4. Spectral Interaction Studies of the Complexes, Free Hqui and mphen Ligands, and Copper(II)
Nitrate Trihydrate with Human Liver Microsomal CYPs

In the next stage of the study, the interactions of the complexes with human liver
microsomal CYPs were studied by means of UV-visible spectral titrations. The central atom
of iron in the CYP heme enzymes could exist in two different spin states. The high-spin
state is characterised by an absorption maximum at a wavelength of about 394 nm, and the
low-spin state is characterised by an absorption maximum at a wavelength of about 417 nm
in the UV-visible spectrum. Therefore, if the absorption maximum arises in the range of
410–420 nm, this indicates a direct interaction of the tested compound with the heme centre.
On the other hand, the absorption maximum in the 380–400 nm region indicates the binding
of the tested compound to other parts of the CYP protein. The binding of the studied
compounds is characterised by the formation of an altered spectra with an absorption
maximum shifted to 380–390 nm, which indicates binding of the tested complexes near the
active site of CYP proteins. At the same time, the decreased absorption at about 417 nm
occurred. The obtained results are shown in Figure 5a,b. The determined Ks constant
expresses the substrate concentration, which forms half of the maximum spectroscopic
change upon titration of CYP with a substrate. The Ks expresses the relative affinity of
the substrates for the microsomal cytochromes P450 [51]. This value was determined
from the hyperbolic yield curve constructed from the respective spectral differences at
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386 nm versus the complex concentration. The Ks values for complex 1 and complex 2 were
7.59± 1.80 µM, and 8.56± 1.00 µM, respectively. The progress of the spectral changes in the
absorption spectra in the maxima at 386 nm versus complex concentration is illustrated in
the inserts in Figure 5. In contrast, no significant changes were observed in spectral binding
studies involving the free ligands Hqui and mphen when interacting with microsomal
CYPs (see Figure 5c–e, respectively). On the other hand, the copper nitrate trihydrate
induced upon interaction with the CYP protein changes the differential spectra with an
absorption maximum in the range of 380–390 nm and a minimum at 417 nm. The Ks value
for Cu(NO3)2·3H2O was 9.81 ± 0.6 µM. There are no significant differences between the
Ks values for both complexes 1 and 2 of copper nitrate trihydrate. These findings are in
agreement with the results of inhibition studies of cytochrome P450 activities.

Figure 5. Difference spectra demonstrating the interaction of human liver microsomal cytochrome
P450s with complex 1 (a), complex 2 (b), free Hqui ligand (c), free mphen ligand (d), and
Cu(NO3)2·3H2O (e). CYPs concentration was 1 µM, and the concentrations of the tested complexes
varied from 0.002 to 33.310 µM. Insets: plots of the absorbance changes at 386 nm vs. concentration
of the respective compound.

3.5. Thermodynamic Characterization of Interaction between Complexes and Cytochrome P450
Using Isothermal Titration Calorimetry (ITC)

Finally, we utilised the ITC to analyse key thermodynamic parameters with relevance
to the binding process of the complexes to cytochrome P450. The respective isoforms,
namely human bactosomes CYP1A2, CYP2A6, CYP3A4, and recombinant human CYP3A4,
were selected based on their susceptibility to inhibition by the studied complexes. Titration
of all compounds into bactosomes containing CYP1A2 resulted in a weak exothermic
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effect, yet no significant complex-enzyme interaction was observed based on ITC titration
results as shown in Figure 6a for complex 1. The thermodynamic parameters for the
interaction of tested compounds with CYP2A6 obtained from ITC are listed in Table 4. The
obtained data indicate an exothermic reaction, as shown in Figure 6b. However, much
stronger interactions were identified between the complexes and CYP3A4, which further
supports our previous results based on the inhibition of CYP3A4 activity. The change in the
measured enthalpy is approximately three times higher compared with results obtained
on CYP2A6. Further, the thermodynamic parameters of the interaction with bactosomes
expressing CYP3A4 and the recombinant human CYP3A4 were compared. First, the
observed exothermicity of the calorimetry peaks originates from the strong interaction.
As the sites available on enzymes become progressively occupied during the titration,
the exothermicity of the peaks decreases and eventually saturates, similarly as previously
demonstrated by Kastritis [52]. The measured parameters for this form of cytochrome
P450 indicate that the interactions for both complexes are similar for bactosomes and the
recombinant human protein. The representative calorimetric titration profiles of complex
1 with CYP3A4 are shown in Figure 6c,d, where the solid smooth line for complex 1
represents the best fit of the experimental data using the independent binding sites model.
Summarised results can be seen in Table 4.

Figure 6. Representative ITC data for complex 1 binding to bactosomes CYP1A2 (a), bactosomes
CYP2A6 (b), bactosomes CYP3A4 (c), and recombinant human CYP3A4 (d). (Top) Raw data plot
of heat flow against time for the titration of CYP with complex 1. (Bottom) Plot of molar enthalpy
change against the complex 1/cytochrome P450 molar ratio.
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Table 4. Thermodynamic parameters defining the interactions of complexes 1 and 2 with CYPs based
on ITC titrations.

Ka ∆H
n

Kd ∆S ∆G

(1/M) (kJ/mol) (nM) (J/mol.K) (J/mol)

complex 1

CYP1A2B no interaction
CYP2A6B 1.04 × 106 −31.81 0.801 962.0 27.64 −40,050.9
CYP3A4B 1.92 × 107 −80.02 0.911 52.1 −129 −41,558.7
CYP3A4 1.30 × 107 −88.06 1.171 76.9 −178.3 −34,899.9

complex 2

CYP1A2B no interaction
CYP2A6B 3.12 × 106 −23.04 1.071 321.0 47.06 −37,070.9
CYP3A4B 2.17 × 107 −62.71 0.859 46.1 −69.86 −41,881.2
CYP3A4 1.59 × 107 −51.77 1.095 62.9 −154.9 −5586.6

Both the studied compounds showed a binding ratio of complex enzymes (stoichiom-
etry n) of approximately 1:1. The association constants Ka between the tested compounds
and individual isoforms of cytochrome P450 were in the range of 106–107 M−1. The ob-
tained values of ∆H were in all cases negative, showing that binding was exothermic. The
change in the entropy level for the interaction with CYP2A6 was positive, which suggests a
hydrophobic interaction on the surface of the protein. On the other hand, changes in the
entropy levels were negative in the case of CYP3A4. This further suggests the presence of
conformational changes and indicates that water molecules were released from the complex
surface during the study, as proposed earlier by Jelesarov [53]. The negative ∆G values for
all studied interactions suggest their spontaneous nature.

4. Conclusions

We investigated the basic pharmacological properties and possible effects on the
activity of key isoforms of cytochrome P450 by two heteroleptic copper(II) complexes
differing in the counterions (NO3

− versus BF4
−), i.e., [Cu(qui)(mphen)]Y·H2O, where

Y = NO3 (complex 1) or BF4 (complex 2). Both complexes significantly inhibited the
activities of CYP2C9 (93% inhibition), CYP2C19 (70% inhibition), and more than 95%
inhibition of CYP3A4 activity at a 100 µM concentration level. The presence of different
counterions (NO3

− versus BF4
−) within the structures of the studied complexes had no

considerable impact on the activity of cytochrome P450. These findings correlate with the
previously reported in vitro cytotoxicity against human cancer cells, where the differences
between the complexes containing NO3

− and BF4
− counterions were negligible. Complex

2 has generally slightly lower inhibition effects towards the studied CYP isoenzymes, apart
from CYP1A2 and CYP2D6. The results following from differential spectroscopy techniques
show direct binding of both complexes to proteins. Finally, these studied compounds show
several similarities in their pharmacokinetic behaviour. Both are moderately metabolised by
human microsomes and are stable in plasma, where they also show high binding to plasma
proteins. The transcellular permeation of the complexes was classified as low compared
with other commonly used drugs in the parallel artificial membrane permeability assay
(PAMPA), used as an in vitro model of passive diffusion.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics15041314/s1, Table S1: The coordinates for the optimised
geometry of the [Cu(mphen)(qui)]+ complex cation using the$B97X-D/LACVP level of theory in the
XMol XYZ format; Figure S1: Stability of the tested complexes with plasma (a) and PBS (b). The stability
was determined as the mean of the two independent experiments performed in triplicates ± SD and is
expressed as a percentage of time remaining relative to the control (time 0). The studied compounds
(final incubation concentration: 10 µM) were incubated with plasma and PBS at seven different time
points (0, 30 min, 1, 2, 24, 48, 72 h) at 37 ◦C; Figure S2: The effect of complex 1 (a), complex 2 (b), free
ligand Hqui (c) on enzymatic activity of all forms of cytochrome P450. Complementary experiments

https://www.mdpi.com/article/10.3390/pharmaceutics15041314/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15041314/s1
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showing the effect of ligand mphen (d) and copper nitrate trihydrate (e) on enzymatic activity of CYP2C9,
CYP2C19, and CYP3A with the specific substrates (Table 1 in the main text) in HLMs were performed.
The inhibition of activity is determined as the mean of the two independent experiments performed
in triplicates ± SD and is expressed as a percentage of activity remaining relative to the control (set to
100%, without the addition of the studied compounds). Concentrations of the complexes and ligands in
reaction mixtures were 0, 10, 25, 50, 75, and 100 µM. TST = testosterone, MDZ = midazolam; Figure S3:
Comparison of IC50 (a) and Ki (b) of the complexes 1 and 2 for inhibition of the selected forms of
cytochrome P450; Figure S4: (a) Dixon plot for inhibition of CYP3A4/5 (testosterone 6β-hydroxylation)
by Cu(NO3)2·3H2O and (c) for inhibition of CYP3A4 (midazolam 1′-hydroxylation) by Cu(NO3)2·3H2O,
(b) Lineweaver–Burk plot for inhibition of CYP3A4/5 (testosterone 6β-hydroxylation) enzymatic activity
by Cu(NO3)2·3H2O at four substrate concentrations (50, 100, 200, 400 µM) and (d) for inhibition of
CYP3A4 (midazolam 1’-hydroxylation) by Cu(NO3)2·3H2O at four concentrations (1.1, 2.2, 4.4, 8.8 µM)
for eight concentrations of Cu(NO3)2·3H2O (0, 0.8, 1.6, 3.2, 6.4, 12.8, 25 and 50 µM); Figure S5: Stability of
the tested complexes with NADPH-generating system. The stability is determined as the mean of the two
independent experiments performed in triplicate ± SD and is expressed as a percentage of remaining
relative to the control (time 0). The studied compounds (the final incubation concentration was 10 µM)
were incubated with NADPH-generating system at ten different time points (0, 5, 10, 15, 20, 25, 30, 35,
45, and 60 min.) at 37 ◦C; Figure S6: Single Point Assay of complexes 1 and 2, and DMSO as a vehicle
solvent in the presence or absence of NADPH. In one case, the tested complexes were preincubated
in the presence of NADPH and microsomes at a concentration 10 times higher than in conventional
activity testing. In the second case, NADPH was added to the sample containing microsomes and the
compounds only after preincubation.
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