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Abstract: Anthracycline antibiotics, e.g., doxorubicin, daunomycin, and other anthraquinones,
are an important family of antitumor agents widely used in chemotherapy, which is currently
the principal method for treating many malignancies. Thus, development of improved antitu-
mor drugs with enhanced efficacy remains a high priority. Interaction of anthraquinone-based
anticancer drugs with cell membranes attracts significant attention due to its importance in the
eventual overcoming of multidrug resistance (MDR). The use of drugs able to accumulate in the
cell membrane is one of the possible ways of overcoming MDR. In the present work, the aspects of
interaction of anthraquinone 2-phenyl-4-(butylamino)naphtho[2,3-h]quinoline-7,12-dione) (Q1)
with a model membrane were studied by means of NMR and molecular dynamics simulations.
A fundamental shortcoming of anthracycline antibiotics is their high cardiotoxicity caused by
reactive oxygen species (ROS). The important feature of Q1 is its ability to chelate transition metal
ions responsible for ROS generation in vivo. In the present study, we have shown that Q1 and its
chelating complexes penetrated into the lipid membrane and were located in the hydrophobic
part of the bilayer near the bilayer surface. The chelate complex formation of Q1 with metal ions
increased its penetration ability. In addition, it was found that the interaction of Q1 with lipid
molecules could influence lipid mobility in the bilayer. The obtained results have an impact on the
understanding of molecular mechanisms of Q1 biological activity.

Keywords: anthraquinones; NMR; molecular dynamics; lipid membranes

1. Introduction

One of the major problems of chemotherapy is cellular resistance to the drug,
which appears after repeated treatments. The multidrug-resistance (MDR) phenotype is
frequently associated with a decreased intracellular accumulation of drug that appears
to be mediated by a membrane glycoprotein called P-glycoprotein [1,2]. This problem
could be overcome by using antitumor drugs which can be concentrated inside cells
owing to specific molecular properties [1].

Substituted anthraquinones known as anthracycline antibiotics (doxorubicin, dauno-
mycin, emodin, etc.; Figure 1) are widely used in cancer therapy [3]. Two mechanisms
are proposed by which these quinones act in cancer cells. The first is the intercalation
into DNA duplexes, and the second is generation of reactive oxygen species (ROS) which
destroy cellular membranes by stimulation of lipid peroxidation [4–6]. Thus, natural an-
thraquinone derivatives have been shown to be able to induce apoptosis in colon cancer
cells by activation of the c-Jun N-terminal kinase pathway via ROS generation [7]. In
addition, anthraquinone could cause the loss of mitochondrial membrane potential and
changes of the mitochondrial permeability [8]. Another anthraquinone, physcion, was
shown to promote both apoptotic and autophagic cell death by modulating transcription
factor Sp1 via generation of ROS. Due to the important role of mitochondria in ROS
generation and the lipophilic chemical structure of physcion, which allows diffusion
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of physcion across the mitochondrial membrane, it is supposed that physcion predomi-
nantly targets the mitochondria to activate the anti-tumor cascade [9]. Anthracycline are
able to influence the cell membrane properties [10]. They could influence glycoprotein
synthesis and the transport of small molecules and ions through the cellular membrane
and affect the membrane fluidity [11]. In addition, it is suggested that the lipophilic
properties of anthraquinones emodin and barbaloin underly their wide biological activ-
ity, in particular antimicrobial activity [12]. Several studies have shown that the entry of
anthracyclines into tumor cells takes place via passive diffusion [13]. These observations
stimulated studies of aspects of drug−membrane interaction for anthraquinones includ-
ing overcoming MDR [2,14,15]. Additionally, a recent computational study has shown
the correlation between anthraquinone activity and its ability to diffuse at a faster rate
into bilayers [2].
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Figure 1. The chemical structures of some anticancer anthraquinones: (a) emodin; (b) mitoxantrone;
(c) doxorubicin; and (d) anthraquinone Q1 (2-phenyl- 4-(butylamino)naphtho[2,3-h]quinoline-7,12-
dione) studied in this work.

On the other hand, it is important that especially the damage of the cell membranes as
a result of lipid peroxidation is commonly considered as the main mechanism of cardiotoxi-
city of some anthracycline anticancer compounds widely used in medical practice [16,17]. It
was shown, in particular, that doxorubicin could induce ferroptosis in cardiomyocytes [18].
The mechanism of quinone-induced ROS production is shown in Equations (1)–(6):

Q + e→ Q•− (1)

Q•− + O2 ↔ Q + O2
•− (2)

O2
•− + O2

•− +2H+

→ H2O2 + O2 (3)

O2
•− + H2O2 → O2 + HO− + HO• (4)

Q•− + Me(n) → Q + Me(n−1) (5)

H2O2 + Me(n−1) → HO− + HO• + Me(n) (6)

Quinones mediate the production of ROS by one-electron reduction of a quinone, e.g., by
ascorbic acid, by reduced glutathione, or by nicotinamide adenine dinucleotide phosphate
(NAD(P)H), yielding the semiquinone radical anion (Equation (1)). Under aerobic condi-
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tions, semiquinone radical anions initiate the formation of ROS via the series of reactions
shown in Equations (2)–(6) [19,20].

The reaction of ROS generation can be accelerated by the presence of trace amounts
of transition metal ions such as iron and copper. Copper is an essential trace metal for
a number of important biological processes [21]. In particular, the redox cycle between
reduced Cu(I) and oxidized Cu(II) states is important for copper catalytic activity as co-
factor in enzymes. Copper also contributes to ATP production in mitochondria and ROS
detoxification [22]. On the other hand, while copper plays an important role in healthy
organisms, enhanced copper levels in tumors lead to cancer progression [21]. Indeed, it has
been shown that high copper levels in serum and tissue of cancer patients promote tumor
growth and metastasis [23].

Taking into account the effects of copper on tumor growth and progression, chelate-
based therapy is intensively developed now as a novel anti-cancer strategy. For example,
a class of thiosemicarbazone compounds that effectively bind copper have shown high
anti-cancer activity [24]. Thiosemicarbazones have a unique mechanism of action, as they
form redox active copper complexes in the lysosomes of cancer cells [24].

Since some anthracycline antibiotics also are able to form metal complexes, they
have already demonstrated anticancer activity [17,25]. In addition, metal−anthracycline
complexes are able to destroy the cell membrane and DNA via oxidative stress [26,27].
Copper plays an important role in anthraquinone anticancer activity. ROS generation
via reduction of Cu(II) to Cu(I) mediated by natural reductants has been assumed as
the major mechanism underlying the anticancer activity of copper complexes. Thus, it
was shown that doxorubicin induces oxidative DNA damage in the presence of Cu(II)
through oxidation of its p-hydroquinone moiety by copper ion [28]. The similar results
were obtained for influence of copper on DNA damage by pirarubicin [29]. Another
example is the effect of the Cu(II)−mitoxantrone complex on the DNA synthesis of HL-60
human leukemia cells [30]. It was demonstrated that the copper complex shows a stronger
ability to inhibit DNA synthesis of the tumor cells than free drug. It is suggested that
Cu(II)-mediated oxidative DNA damage may be a common mechanism for the antitumor
effects of anthracyclines [28,31]. In addition, Cu(II)−doxorubicin complexes demonstrate
lower cardiotoxicity than free doxorubicin [32].

In this study, we focused our attention on the anthraquinone that possess anti-
cancer activity, namely 2-phenyl-4-(butylamino)naphtho[2,3-h]quinoline-7,12-dione,
(Q1; Figure 1) [20,33]. Earlier, it was demonstrated that quinone-chelator Q1 can be
effectively reduced by ascorbic acid, glutathione, and NADH with the formation of free
semiquinone radical as well as ROS [20,33]. For some cancer cell lines, Q1 showed higher
activity in ROS generation than doxorubicin [20]. In addition, it has been shown that
Q1 forms chelate complexes with Fe(II) and Cu(II) ions which are redox-active in the
linoleic acid micelles oxidation [34].

In the present work, the interaction of Q1 and its chelate complex with Cu2+ ions
with lipid membranes were studied by means of NMR spectroscopy in the model systems,
1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-3-phosphocholine bi-
celles, and linoleic acid micelles (Figure 2) widely used as the models of living cell membranes
in the NMR experiments [35,36]. In addition, the molecular dynamics simulation of the Q1
interaction with 1,2-dimyristoyl-sn-glycero-3-phosphocholine bilayer was performed.
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Figure 2. Schematic representation of the micelle and the bicelle and structures of linoleic acid (LA),
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), and DHPC (1,2-diheptanoyl-sn-glycero-3-
phosphocholine).

2. Materials and Methods
2.1. Materials

Quinone-chelator, 2-phenyl-4-(butylamino)naphtho[2,3-h]quinoline-7,12-dione (Q1;
Figure 1) was synthesized according to the procedure described by Dikalov et al. [37].
Linoleic acid with a >99.0% purity was purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd., Shanghai, China. A deuterated solvent D2O (99.9%D, Sigma Aldrich)
were used as received. Bicelles were formed from DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) and DHPC (1,2-diheptanoyl-sn-glycero-3-phosphocholine, purity > 99%;
Avanti Polar Lipids; Figure 2). Powdered components (lipids, Q1) were dissolved in
chloroform, the solvent was dried, and the resulting film was hydrated with D2O. DCl was
added to enable the solution to have the pH of 4. To accelerate the formation of bicelles,
three freeze-thaw cycles were performed. The DMPC:DHPC molar ratio was 1:2, with the
total lipid concentration being 12 mM, Q1 concentration was 1 mM, the Q1−Cu(II) complex
concentration was 0.5mM. For experiments in linoleic acid micelles, LA concentration was
12 mM, and samples were prepared in PBS (pH = 7.4). All experiments were conducted at
the natural oxygen level.

2.2. NMR Study
1H NMR and selective NOESY spectra were recorded on a Bruker Avance HD III NMR

spectrometer (500 MHz 1H operating frequency). T1 relaxation times were measured using
a standard inversion-recovery pulse sequence. All experiments were conducted at 303 K.
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2.3. Molecular Dynamics Simulations

Molecular dynamics simulations were performed to understand the interactions of
Q1 with phospholipid-containing membranes using the GROMACS 2018.4 package and
GROMOS54a7 force field. The topology of Q1 was built using the Automated Topology
Builder [38]. For lipid simulations, the model lipid DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) introduced by Poger and Mark was utilized [39]. The simple point charge
(SPC) model of water molecules was used.

The simulation was performed in an NPT ensemble with a constant pressure (1 bar)
and a constant temperature T of 303 K, which were maintained by the semi-isotropic
Parrinello–Rahman barostat [40] and the Nose–Hoover thermostat [41]. For electrostatic
interactions, the PME method with the fourth-order cubic interpolation and a grid of 0.16
was used [42]. The initial configuration of the system contained the bilayer consisting of 128
lipid molecules surrounded by water (~10,000 water molecules) and Q1 molecule located
in water outside the bilayer. One production run of a 500 ns duration was performed.

2.4. Relative Lipophilicity (log P) Determination

Relative lipophilicity values of Q1 and the Q1−Cu(II) complex were measured
using UV-Vis spectroscopy. Q1 and the Q1−Cu(II) complex in concentrations of 0.01mM,
0.02 mM, 0.04 mM were dissolved in deionized water and were stirred for 2 h. Then,
the same volume of 1-Octanol was added and samples were stirred for 24 h to reach
equilibrium. After that, concentrations of Q1 and the Q1−Cu(II) complex in 1-Octanol
were measured using optical absorption spectroscopy.

3. Results and Discussion
3.1. Q1 and Q1−Cu(II) Interaction with Linoleic Acid Micells

Interaction of drug molecules with lipid membranes and the exact knowledge of
their binding site and distribution in lipid bilayers is of great importance for novel drug
development. Many factors influence the interaction of drugs with the cell membrane,
such as lipophilicity, size, solubility, and charge [43]. Lipophilicity and charge are key
aspects of pharmacopoeia that determine their biological activity [43–45]. The measured
relative lipophilicity (log P) of Q1 was 1.4 ± 0.1, and log P of the Q1−Cu(II) complex
was 1.3 ± 0.1. It is comparable with log P values for doxorubicin (log P = 1.3 [46]), and
emodin (log P = 1.74 [47]) and higher than the value for mitoxantrone (log P = 0.79 [48]).
Therefore, all mentioned anthraquinones were quite lipophilic, but lipophilicity is
not the single factor affecting membrane permeability. Therefore, for another chela-
tor, thiosemicarbazone Dp44mT which is even more lipophilic than anthraquinones
(log P = 2.19 [49,50]), it was shown that it cannot penetrate deeply into the lipid bilayer,
remaining bound to the surface and staying outside the bilayer for a significant part of
the time [47]. For anthraquinone emodin, it was shown that it is bonded to the surface of
the lipid bilayer and oriented parallel to it [47,51].

The 1H NMR NOESY technique allows measuring localization and distribution of
drug molecules in membranes. The cross-peaks intensities are proportional to the contact
probability between corresponding protons and therefore an ideal tool to study intermolec-
ular interactions in membranes. In the present study, we have applied this technique to
study the interaction of Q1 and the Q1−Cu(II) complex with linoleic acid micelles. Selective
1D NOESY spectra of Q1 and the Q1−Cu(II) complex in micelles are given in Figure 3.
Selective excitation of aromatic Q1 protons was performed.
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Figure 3. 1D NOESY spectra of Q1 (red line) and the Q1−Cu(II) complex (blue line) and 1H NMR
spectra (gray line) of Q1 in LA micelles. pH = 7.4. Q1 concentration was 1mM.

The cross-peak of the signals of aromatic protons of Q1 with LA signals of (CH2)
groups was observed. Cross-peaks of NOESY spectra were observed, when the distance
between the nuclei was less than 0.5 nm. The obtained result means that Q1 molecule was
able to penetrate into LA micelles. It should be noticed that additional cross-peaks appeared
for the Q1−Cu(II) complex. This is especially interesting in light of the fact that the values
of log P for Q1 and the Q1−Cu(II) complex were practically the same. The appearance of
the cross-peaks between Q1 aromatic protons and LA –HC=CH−, =HC−CH2−CH=, and
−CH3− protons means that the Q1−Cu(II) complex was located deeper in the hydrophobic
part of the micelle.

To make sure that the Q1−Cu(II) complex was present in this system, additional
experiments were performed using optical spectroscopy. The absorption spectra of Q1
and the Q1−Cu(II) mixture in linoleic acid micelles are shown in Figure 4. When copper
was added, changes in the spectrum characteristic of Q1−Cu(II) complexes were observed
(changes of the optical density at 340 and 450 nm) [34]. The same result was obtained for
the Q1−Cu(II) complex in bicelles.

These results could explain the influence of Q1 metal complexes on the rate of LA
peroxidation [34]. Q1−Cu(II) complexes are able to penetrate into LA micelles and enhance
ROS formation near the hydrophobic “tail” of lipid, where the target of the initiation stage
of the lipid peroxidation is placed [52–54]. Recall that the quinone-induced peroxidation of
LA is initiated by bis-allylic hydrogen abstraction followed by the reaction with molecular
oxygen and the formation of peroxyl radicals of lipids [47].



Membranes 2023, 13, 61 7 of 13Membranes 2022, 12, x FOR PEER REVIEW 7 of 14 
 

 

 

Figure 4. Optical absorption spectra of Q1 and the Q1−Cu(II) complex in LA micelles. pH = 7.4. Q1 

concentration was 0.02mM. CuCl2 concentration was 0.01 mM. 

These results could explain the influence of Q1 metal complexes on the rate of LA 

peroxidation [34]. Q1−Cu(II) complexes are able to penetrate into LA micelles and enhance 

ROS formation near the hydrophobic “tail” of lipid, where the target of the initiation stage 

of the lipid peroxidation is placed [52–54]. Recall that the quinone-induced peroxidation 

of LA is initiated by bis-allylic hydrogen abstraction followed by the reaction with molec-

ular oxygen and the formation of peroxyl radicals of lipids [47]. 

3.2. Q1 and Q1−Cu(II) Interaction with DMPC/DHPC Bicelles 

At the next stage, experiments were performed at the more relevant membrane 

model, DMPC/DHPC bicelles. Selective 1D NOESY spectra of Q1 and the Q1−Cu(II) com-

plex in bicelles are shown in Figure 5. Due to the low solubility of Q1 at neutral pH, ex-

periments were performed at pH = 4. DMPC/DHPC bicelles are stable at a pH range of 

4−7 [55]. The cross-peaks of the signals of aromatic protons of Q1 with phospholipid sig-

nals of acyl (CH2) groups, N+(CH3)3 groups and 1, 2, and 3 protons (Figure 5) were ob-

served. It means that same as in the case of LA micelles Q1 penetrated into the lipid bi-

layer. The absence of the cross-peak with the terminal CH3 group means that Q1 did not 

reach the middle of the bilayer and was located inside the hydrophobic part of the bilayer 

but near its surface. The same results were observed for Q1 and the Q1−Cu(II) complex. 

Figure 4. Optical absorption spectra of Q1 and the Q1−Cu(II) complex in LA micelles. pH = 7.4. Q1
concentration was 0.02 mM. CuCl2 concentration was 0.01 mM.

3.2. Q1 and Q1−Cu(II) Interaction with DMPC/DHPC Bicelles

At the next stage, experiments were performed at the more relevant membrane model,
DMPC/DHPC bicelles. Selective 1D NOESY spectra of Q1 and the Q1−Cu(II) complex in
bicelles are shown in Figure 5. Due to the low solubility of Q1 at neutral pH, experiments
were performed at pH = 4. DMPC/DHPC bicelles are stable at a pH range of 4−7 [55].
The cross-peaks of the signals of aromatic protons of Q1 with phospholipid signals of acyl
(CH2) groups, N+(CH3)3 groups and 1, 2, and 3 protons (Figure 5) were observed. It means
that same as in the case of LA micelles Q1 penetrated into the lipid bilayer. The absence of
the cross-peak with the terminal CH3 group means that Q1 did not reach the middle of the
bilayer and was located inside the hydrophobic part of the bilayer but near its surface. The
same results were observed for Q1 and the Q1−Cu(II) complex.
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In addition, spin-lattice (T1) relaxation times of lipid protons in the absence and in
the presence of Q1 were measured. Nuclear relaxation times T1 and T2 are very sensitive
to molecular mobility and intermolecular interactions. This is why relaxation times could
be used to study drug−membrane interactions [56,57]. Spin-lattice relaxation times T1 of
lipids are determined by high-frequency vibrations of the acyl chain [58,59]. T1 relaxation
times of lipids in the absence and in the presence of Q1 are given at the Table 1.

Table 1. Spin-lattice (T1) relaxation times of lipids in the absence and in the presence of 1 mM Q1.

N+(CH3)3 CH2 CH3

w/o Q1 0.81 ± 0.06 s 1.120 ± 0.04 s 1.370 ± 0.07 s
with Q1 0.7 ± 0.07 s 0.8 ± 0.08 s 1.170 ± 0.1 s

It could be seen from Table 1 that the mobility of phospholipid CH2 groups were the
most affected by the presence of Q1. The mobility of membrane lipids could affect the
activity of membrane-associated proteins [60]; therefore, attention should be paid to this
aspect of Q1 activity. In addition, the changes of the lipid mobility could be the reason of
the membrane permeability changes observed for other anthracycline antibiotics [8].

These experimental results were confirmed by MD simulations. Figure 6 illustrates
the localization of Q1 in the membrane. Q1 molecule quickly (~6 ns) penetrated into the
lipid bilayer. Figure 7a shows the calculated density profiles of the selected H and O atoms
(see Figure 7b) across the box. The lipid bilayer was centered at the center of the box.
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Figure 6. Snapshot of the MD trajectory of Q1 in the box with DMPC bilayer. Water molecules are
not shown.

The maximum of density of O-atom was located at 2.6 nm, and the bilayer center was
located at 3.7 nm. It means that the aromatic part of Q1 was located near the phospholipid
acyl chain and did not contact with terminal CH3 groups. Additional maxima at 0.5 nm and
1.8 nm means that the aromatic part of Q1 could leave the hydrophobic part of the bilayer
and contact with N+(CH3)3 groups of lipids. These results differed from the data obtained
earlier for another anthraquinone, emodin. Emodin could form hydrogen bonds with lipid
bilayer surface groups and is located predominantly on the membrane surface [51].

Q1 molecule could freely rotate in the bilayer, but the angle between the tricyclic ring
(containing quinoid groups) vector and the bilayer normal was predominantly about 100◦

(Figure 8). The orientation of Q1 in the lipid bilayer is similar to other anthraquinones,
which is oriented perpendicular to the bilayer normal [2]. Such an orientation could result
in significant changes in lipid packing, which could, in turn, influence lipid mobility.
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To estimate the rate of membrane insertion of the anthraquinone, we used the protocol
described in [2,61]. The equilibrium constant of the insertion could be obtained from the
following equation:

D + M Kmem↔ DM

where D is the drug, M is the membrane, DM is the drug bound to the membrane, Kmem is
the equilibrium constant of reaction:

Kmem =
kin
kout

where kin is the rate constant of the drug insertion into the membrane, kout is the rate
constant of the drug release from the membrane. The association constant kin for a ligand in
the box, to reach the absorbing surface, is inversely related to the average mean first-passage
time for the ligand to hit the surface [2,61]:

kin =
ALz

〈W〉

where A is the size of the phospholipid surface, Lz is the thickness of the water layer
in which the drug diffuses, and <W> is the average mean first-passage time for the
drug to hit the surface. kin could be used as a metric to quantify the membrane insertion
propensity of the anthraquinone [2]. The calculated kin for Q1 was 2.6 × 109 s−1. It was
higher than values obtained for doxorubicin (2 × 109 s−1), epirubicin (1.4 × 109 s−1),
idarubicin (1.5 × 109 s−1), and daunorubicin (1.77 × 109 s−1) in [2].

4. Conclusions

In this study, it was shown that substituted anthraquinone Q1 (2-phenyl-4-(butylamino)
naphtho[2,3-h]quinoline-7,12-dione) and Q1−Cu(II) complexes could penetrate into lipid
bilayers and linoleic acid micelles in model systems. It was also found that Q1 could influence
the lipid mobility. Lipids play an important role in membrane-associated protein folding and
functioning [62], and therefore, lipid mobility could influence the properties of membrane-
associated proteins. This may contribute both to the activity of anthraquinones and to
their side effects. The possibility of the penetration of different anthraquinones into lipid
bilayers was studied previously, and it was noticed that the higher success of membrane
insertion of anthraquinone correlates with the higher anticancer activity [2,63,64]. Although
anticancer activity of anthraquinones is mainly due to direct interaction with nucleic acids,
their interaction with cell membranes plays a significant role in its activity [65]. Even if the
main mechanism of the drug activity is the interaction with nucleic acids, the drug must pass
through a variety of other organelles to reach the DNA. Since anthraquinones are known
to cross the cell membrane by passive diffusion, interaction with lipid membranes is an
unavoidable step in their activity [13]. In addition, the correlation was found between the
cytotoxicity of anthracycline antibiotics and their lipophilicity and ability to penetrate into the
lipid bilayer [2]. The obtained results makes an impact on the understanding of molecular
mechanisms of Q1 action. The important feature of Q1 is its ability to chelate metal ions,
especially transition metal ions, Fe and Cu, responsible for ROS generation in vivo [20,34].
The present study demonstrated the increase of penetration ability of Q1 in chelate complexes
into linoleic acid micelles. Copper plays an important role in the anticancer activity of
anthracycline antibiotics [28,32]. Copper−anthraquinone complex formation could reduce
cardiotoxic effects of anthracycline antibiotics, but the mechanism of its effect is unclear.
The obtained results allow a better understanding of the molecular mechanism of action of
anthracycline antibiotics and their copper complexes.

Clinical use of anthracycline antibiotics is often limited by the appearance of drug
resistance of tumors cells during treatment. Moreover, such cell lines become resistant
to other drugs [15]. Multidrug resistance is associated with low penetration of drug into
the cell. Several studies indicate that this could be overcome by the use of drugs which
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could accumulate in the cell membrane [14,15]. In addition, different studies show that
anthracycline antibiotics demonstrate antitumor activity even in the case when they do
not penetrate into the cell and, consequently, do not reach DNA [14,65]. Therefore, the
interaction of anthracycline antibiotics with cell membrane and its accumulation in the lipid
bilayer plays an important role in its antitumor activity. One of the possible mechanisms
of activity in the cell membrane could be ROS generation inside the cell membrane, lipid
peroxidation with subsequent damage of the cell membrane. In the previous work, we
have demonstrated that Q1−Cu(II) complexes could enhance lipid peroxidation in model
systems (linoleic acid micelles) [34]. In the present work, we have demonstrated that
the Q1−Cu(II) complex penetrated deeper into the lipophilic environment. Taking into
account obtained results, this Q1−Cu(II) complex should be further studied as a promising
anticancer agent.
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17. Jabłońska-Trypuć, A.; Świderski, G.; Krętowski, R.; Lewandowski, W. Newly Synthesized Doxorubicin Complexes with Selected
Metals-Synthesis, Structure and Anti-Breast Cancer Activity. Molecules 2017, 22, 1106. [CrossRef]

18. Christidi, E.; Brunham, L.R. Regulated cell death pathways in doxorubicin-induced cardiotoxicity. Cell Death Dis. 2021, 12, 339.
[CrossRef]

19. Rahimipour, S.; Gescheidt, G.; Bilkis, I.; Fridkin, M.; Weiner, L. Towards the Efficiency of Pharmacologically Active Quinoid
Compounds: Electron Transfer and Formation of Reactive Oxygen Species. Appl. Magn. Reson. 2009, 37, 629–648. [CrossRef]

20. Polyakov, N.; Leshina, T.; Fedenok, L.; Slepneva, I.; Kirilyuk, I.; Furso, J.; Olchawa, M.; Sarna, T.; Elas, M.; Bilkis, I.; et al.
Redox-Active Quinone Chelators: Properties, Mechanisms of Action, Cell Delivery, and Cell Toxicity. Antioxid. Redox Signal. 2018,
28, 1394–1403. [CrossRef]

21. Denoyer, D.; Masaldan, S.; La Fontaine, S.; Cater, M.A. Targeting copper in cancer therapy: “Copper That Cancer”. Metallomics
2015, 7, 1459–1476. [CrossRef] [PubMed]

22. Fukai, T.; Ushio-Fukai, M. Superoxide dismutases: Role in redox signaling, vascular function, and diseases. Antioxid. Redox Signal.
2011, 15, 1583–1606. [CrossRef] [PubMed]

23. Gupte, A.; Mumper, R.J. Elevated copper and oxidative stress in cancer cells as a target for cancer treatment. Cancer Treat. Rev.
2009, 35, 32–46. [CrossRef] [PubMed]

24. Lovejoy, D.B.; Jansson, P.J.; Brunk, U.T.; Wong, J.; Ponka, P.; Richardson, D.R. Antitumor activity of metal-chelating compound
Dp44mT is mediated by formation of a redox-active copper complex that accumulates in lysosomes. Cancer Res. 2011, 71,
5871–5880. [CrossRef] [PubMed]

25. Fiallo, M.M.L.; Garnier-Suillerot, A. Metal Anthracycline Complexes as a New Class of Anthracycline Derivatives. Pd(II)-
Adriamycin and Pd(II)-Daunorubicin Complexes: Physicochemical Characteristics and Antitumor Activity. Biochemistry 1986, 25,
924–930. [CrossRef]

26. Eliot, H.; Gianni, L.; Myers, C. Oxidative Destruction of DNA by the Adriamycin-iron Complex. Biochemistry 1984, 23, 928–936.
[CrossRef]

27. Myers, C.E.; Gianni, L.; Simone, C.B.; Klecker, R.; Greene, R. Oxidative destruction of erythrocyte ghost membranes catalyzed by
the doxorubicin-iron complex. Biochemistry 1982, 21, 1707–1713. [CrossRef]

28. Mizutani, H.; Oikawa, S.; Hiraku, Y.; Murata, M.; Kojima, M.; Kawanishi, S. Distinct mechanisms of site-specific oxidative DNA
damage by doxorubicin in the presence of copper(II) and NADPH-cytochrome P450 reductase. Cancer Sci. 2003, 94, 686–691.
[CrossRef]

29. Mizutani, H.; Nishimoto, A.; Hotta, S.; Ikemura, K.; Imai, M.; Miyazawa, D.; Ohta, K.; Ikeda, Y.; Maeda, T.; Yoshikawa, M.; et al.
Oxidative DNA Damage Induced by Pirarubicin, an Anthracycline Anticancer Agent, in the Presence of Copper(II). Anticancer
Res. 2018, 38, 2643–2648. [CrossRef]

30. Yang, P.; Wang, H.; Gao, F.; Yang, B. Antitumor activity of the Cu(II)-mitoxantrone complex and its interaction with deoxyribonu-
cleic acid. J. Inorg. Biochem. 1996, 62, 137–145. [CrossRef]

31. Rao, V.A. Iron Chelators with Topoisomerase-Inhibitory Activity and Their Anticancer Applications. Antioxid. Redox Signal. 2013,
18, 930. [CrossRef] [PubMed]

32. Monti, E.; Paracchini, L.; Piccinini, F.; Malatesta, V.; Morazzoni, F.; Supino, R. Cardiotoxicity and antitumor activity of a
copper(II)-doxorubicin chelate. Cancer Chemother. Pharmacol. 1990, 25, 333–336. [CrossRef] [PubMed]

33. Dikalov, S.; Alov, P.; Rangelova, D. Role of Iron Ion Chelation by Quinones in Their Reduction, OH-Radical Generation, and Lipid
Peroxidation. Biochem. Biophys. Res. Commun. 1993, 195, 113–119. [CrossRef] [PubMed]

34. Selyutina, O.Y.; Kononova, P.A.; Koshman, V.E.; Fedenok, L.G.; Polyakov, N.E. The Interplay of Ascorbic Acid with Quinones-
Chelators—Influence on Lipid Peroxidation: Insight into Anticancer Activity. Antioxidants 2022, 11, 376. [CrossRef] [PubMed]

35. Sanders, C.R.; Prosser, R.S. Bicelles: A model membrane system for all seasons? Structure 1998, 6, 1227–1234. [CrossRef] [PubMed]
36. Hutchison, J.M.; Shih, K.C.; Scheidt, H.A.; Fantin, S.M.; Parson, K.F.; Pantelopulos, G.A.; Harrington, H.R.; Mittendorf, K.F.; Qian,

S.; Stein, R.A.; et al. Bicelles Rich in both Sphingolipids and Cholesterol and Their Use in Studies of Membrane Proteins. J. Am.
Chem. Soc. 2020, 142, 12715–12729. [CrossRef] [PubMed]

37. Dikalov, S.I.; Rumyantseva, G.V.; Piskunov, A.V.; Weiner, L.M. Role of Quinone-Iron(III) Interaction in NADPH-Dependent
Enzymatic Generation of Hydroxyl Radicals. Biochemistry 1992, 31, 8947–8953. [CrossRef]

38. Stroet, M.; Caron, B.; Visscher, K.M.; Geerke, D.P.; Malde, A.K.; Mark, A.E. Automated Topology Builder Version 3.0: Prediction
of Solvation Free Enthalpies in Water and Hexane. J. Chem. Theory Comput. 2018, 14, 5834–5845. [CrossRef]

39. Poger, D.; Mark, A.E. On the validation of molecular dynamics simulations of saturated and cis-monounsaturated phosphatidyl-
choline lipid bilayers: A comparison with experiment. J. Chem. Theory Comput. 2010, 6, 325–336. [CrossRef]

40. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,
7182–7190. [CrossRef]

41. Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 1985, 31, 1695–1697. [CrossRef] [PubMed]

http://doi.org/10.1021/bi00483a017
http://www.ncbi.nlm.nih.gov/pubmed/2207106
http://doi.org/10.1039/C7RA06696A
http://doi.org/10.3390/molecules22071106
http://doi.org/10.1038/s41419-021-03614-x
http://doi.org/10.1007/s00723-009-0099-y
http://doi.org/10.1089/ars.2017.7406
http://doi.org/10.1039/C5MT00149H
http://www.ncbi.nlm.nih.gov/pubmed/26313539
http://doi.org/10.1089/ars.2011.3999
http://www.ncbi.nlm.nih.gov/pubmed/21473702
http://doi.org/10.1016/j.ctrv.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18774652
http://doi.org/10.1158/0008-5472.CAN-11-1218
http://www.ncbi.nlm.nih.gov/pubmed/21750178
http://doi.org/10.1021/bi00352a028
http://doi.org/10.1021/bi00300a021
http://doi.org/10.1021/bi00537a001
http://doi.org/10.1111/j.1349-7006.2003.tb01503.x
http://doi.org/10.21873/ANTICANRES.12506
http://doi.org/10.1016/0162-0134(95)00130-1
http://doi.org/10.1089/ars.2012.4877
http://www.ncbi.nlm.nih.gov/pubmed/22900902
http://doi.org/10.1007/BF00686232
http://www.ncbi.nlm.nih.gov/pubmed/2155062
http://doi.org/10.1006/bbrc.1993.2017
http://www.ncbi.nlm.nih.gov/pubmed/8395821
http://doi.org/10.3390/antiox11020376
http://www.ncbi.nlm.nih.gov/pubmed/35204258
http://doi.org/10.1016/S0969-2126(98)00123-3
http://www.ncbi.nlm.nih.gov/pubmed/9782059
http://doi.org/10.1021/jacs.0c04669
http://www.ncbi.nlm.nih.gov/pubmed/32575981
http://doi.org/10.1021/bi00152a034
http://doi.org/10.1021/acs.jctc.8b00768
http://doi.org/10.1021/ct900487a
http://doi.org/10.1063/1.328693
http://doi.org/10.1103/PhysRevA.31.1695
http://www.ncbi.nlm.nih.gov/pubmed/9895674


Membranes 2023, 13, 61 13 of 13

42. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald method. J. Chem.
Phys. 1995, 103, 8577–8593. [CrossRef]

43. da Cunha, A.R.; Duarte, E.L.; Stassen, H.; Lamy, M.T.; Coutinho, K. Experimental and theoretical studies of emodin interacting
with a lipid bilayer of DMPC. Biophys. Rev. 2017, 9, 729–745. [CrossRef] [PubMed]

44. Richardson, D.R.; Wis Vitolo, L.M.; Hefter, G.T.; May, P.M.; Clare, B.W.; Webb, J.; Wilairat, P. Iron chelators of the pyridoxal
isonicotinoyl hydrazone class Part I. Ionisation characteristics of the ligands and their relevance to biological properties. Inorg.
Chim. Acta 1990, 170, 165–170. [CrossRef]

45. Richardson, D.R.; Tran, E.H.; Ponka, P. The potential of iron chelators of the pyridoxal isonicotinoyl hydrazone class as effective
antiproliferative agents. Blood 1995, 86, 4295–4306. [CrossRef]

46. Alrushaid, S.; Sayre, C.L.; Yáñez, J.A.; Forrest, M.L.; Senadheera, S.N.; Burczynski, F.J.; Löbenberg, R.; Davies, N.M. Pharmacoki-
netic and Toxicodynamic Characterization of a Novel Doxorubicin Derivative. Pharmaceutics 2017, 9, 35. [CrossRef]

47. Selyutina, O.Y.; Kononova, P.A.; Koshman, V.E.; Shelepova, E.A.; Azad, M.G.; Afroz, R.; Dharmasivam, M.; Bernhardt, P.V.;
Polyakov, N.E.; Richardson, D.R. Ascorbate-and iron-driven redox activity of Dp44mT and Emodin facilitates peroxidation of
micelles and bicelles. Biochim. Biophys. Acta—Gen. Subj. 2022, 1866, 130078. [CrossRef]

48. Burns, C.P.; Haugstad, B.N.; Mossman, C.J.; North, J.A.; Ingraham, L.M. Membrane lipid alteration: Effect on cellular uptake of
mitoxantrone. Lipids 1988, 23, 393–397. [CrossRef]

49. Stefani, C.; Jansson, P.J.; Gutierrez, E.; Bernhardt, P.V.; Richardson, D.R.; Kalinowski, D.S. Alkyl substituted 2′-benzoylpyridine
thiosemicarbazone chelators with potent and selective anti-neoplastic activity: Novel ligands that limit methemoglobin formation.
J. Med. Chem. 2013, 56, 357–370. [CrossRef]

50. Stefani, C.; Punnia-Moorthy, G.; Lovejoy, D.B.; Jansson, P.J.; Kalinowski, D.S.; Sharpe, P.C.; Bernhardt, P.V.; Richardson, D.R. Halo-
genated 2′-benzoylpyridine thiosemicarbazone (XBpT) chelators with potent and selective anti-neoplastic activity: Relationship
to intracellular redox activity. J. Med. Chem. 2011, 54, 6936–6948. [CrossRef]

51. Selyutina, O.Y.; Kononova, P.A.; Polyakov, N.E. Experimental and Theoretical Study of Emodin Interaction with Phospholipid
Bilayer and Linoleic Acid. Appl. Magn. Reson. 2020, 51, 951–960. [CrossRef]

52. Spiteller, G. Linoleic acid peroxidation—The dominant lipid peroxidation process in low density lipoprotein—And its relationship
to chronic diseases. Chem. Phys. Lipids 1998, 95, 105–162. [CrossRef] [PubMed]

53. Schneider, C. An update on products and mechanisms of lipid peroxidation. Mol. Nutr. Food Res. 2009, 53, 315–321. [CrossRef]
[PubMed]

54. Cotticelli, M.G.; Crabbe, A.M.; Wilson, R.B.; Shchepinov, M.S. Insights into the role of oxidative stress in the pathology of
Friedreich ataxia using peroxidation resistant polyunsaturated fatty acids. Redox Biol. 2013, 1, 398–404. [CrossRef]

55. Struppe, J.; Whiles, J.A.; Void, R.R. Acidic Phospholipid Bicelles: A Versatile Model Membrane System. Biophys. J. 2000, 78,
281–289. [CrossRef]

56. Mastova, A.V.; Selyutina, O.Y.; Evseenko, V.I.; Polyakov, N.E. Photoinduced Oxidation of Lipid Membranes in the Presence of the
Nonsteroidal Anti-Inflammatory Drug Ketoprofen. Membranes 2022, 12, 251. [CrossRef]

57. Selyutina, O.Y.; Kononova, P.A.; Polyakov, N.E. Effect of glycyrrhizic acid on phospholipid membranes in media with different
pH. Russ. Chem. Bull. 2022, 70, 2434–2439. [CrossRef]

58. Ellena, J.F.; Lepore, L.S.; Cafiso, D.S. Estimating lipid lateral diffusion in phospholipid vesicles from carbon-13 spin-spin relaxation.
J. Phys. Chem. 1993, 97, 2952–2957. [CrossRef]

59. Lepore, L.S.; Ellena, J.F.; Cafiso, D.S. Comparison of the lipid acyl chain dynamics between small and large unilamellar vesicles.
Biophys. J. 1992, 61, 767–775. [CrossRef]

60. Richards, M.J.; Hsia, C.Y.; Singh, R.R.; Haider, H.; Kumpf, J.; Kawate, T.; Daniel, S. Membrane Protein Mobility and Orientation
Preserved in Supported Bilayers Created Directly from Cell Plasma Membrane Blebs. Langmuir 2016, 32, 2963–2974. [CrossRef]

61. Tian, J.; Sethi, A.; Swanson, B.I.; Goldstein, B.; Gnanakaran, S. Taste of Sugar at the Membrane: Thermodynamics and Kinetics of
the Interaction of a Disaccharide with Lipid Bilayers. Biophys. J. 2013, 104, 622. [CrossRef] [PubMed]

62. Bogdanov, M.; Mileykovskaya, E.; Dowhan, W. Lipids in the Assembly of Membrane Proteins and Organization of Protein
Supercomplexes: Implications for Lipid-Linked Disorders. Subcell. Biochem. 2008, 49, 197. [CrossRef] [PubMed]

63. Alves, A.C.; Magarkar, A.; Horta, M.; Lima, J.L.F.C.; Bunker, A.; Nunes, C.; Reis, S. Influence of doxorubicin on model cell
membrane properties: Insights from in vitro and in silico studies. Sci. Rep. 2017, 7, 6343. [CrossRef] [PubMed]

64. Van Hell, A.J.; Melo, M.N.; Van Blitterswijk, W.J.; Gueth, D.M.; Braumuller, T.M.; Pedrosa, L.R.C.; Song, J.Y.; Marrink, S.J.; Koning,
G.A.; Jonkers, J.; et al. Defined lipid analogues induce transient channels to facilitate drug-membrane traversal and circumvent
cancer therapy resistance. Sci. Rep. 2013, 3, 1949. [CrossRef]

65. Tritton, T.R.; Yee, G. The Anticancer Agent Adriamycin Can Be Actively Cytotoxic Without Entering Cells. Science 1982, 217,
248–250. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1063/1.470117
http://doi.org/10.1007/s12551-017-0323-1
http://www.ncbi.nlm.nih.gov/pubmed/28940105
http://doi.org/10.1016/S0020-1693(00)80471-5
http://doi.org/10.1182/blood.V86.11.4295.bloodjournal86114295
http://doi.org/10.3390/pharmaceutics9030035
http://doi.org/10.1016/j.bbagen.2021.130078
http://doi.org/10.1007/BF02535508
http://doi.org/10.1021/jm301691s
http://doi.org/10.1021/jm200924c
http://doi.org/10.1007/s00723-020-01233-x
http://doi.org/10.1016/S0009-3084(98)00091-7
http://www.ncbi.nlm.nih.gov/pubmed/9853364
http://doi.org/10.1002/mnfr.200800131
http://www.ncbi.nlm.nih.gov/pubmed/19006094
http://doi.org/10.1016/j.redox.2013.06.004
http://doi.org/10.1016/S0006-3495(00)76591-X
http://doi.org/10.3390/membranes12030251
http://doi.org/10.1007/s11172-021-3364-3
http://doi.org/10.1021/j100114a021
http://doi.org/10.1016/S0006-3495(92)81881-7
http://doi.org/10.1021/acs.langmuir.5b03415
http://doi.org/10.1016/j.bpj.2012.12.011
http://www.ncbi.nlm.nih.gov/pubmed/23442913
http://doi.org/10.1007/978-1-4020-8831-5_8
http://www.ncbi.nlm.nih.gov/pubmed/18751913
http://doi.org/10.1038/s41598-017-06445-z
http://www.ncbi.nlm.nih.gov/pubmed/28740256
http://doi.org/10.1038/srep01949
http://doi.org/10.1126/science.7089561

	Introduction 
	Materials and Methods 
	Materials 
	NMR Study 
	Molecular Dynamics Simulations 
	Relative Lipophilicity (log P) Determination 

	Results and Discussion 
	Q1 and Q1-Cu(II) Interaction with Linoleic Acid Micells 
	Q1 and Q1-Cu(II) Interaction with DMPC/DHPC Bicelles 

	Conclusions 
	References

