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Emodin, a hydroxy-9,10-anthraquinone, resembles anthracycline anticancer drugs at the core and possesses
anticancer activities. A Cu" complex of emodin [Cu'(emod),]~ was synthesized and its crystal structure was
determined by Rietveld refinement of the PXRD data by using an appropriate structural model based on
spectroscopy. This is the third report on the crystal structure of a hydroxy-9,10-anthraquinone with a 3d-
transition metal ion. Since the formation of reactive oxygen species (ROS) by anthracycline-based anticancer
drugs is important for antitumor activity and given the fact that the generation of ROS is responsible for
cardiotoxic side effects, it is essential to be able to control their formation. Complex formation decreases ROS
generation and could thereby lead to a decrease in cardiotoxic side effects. However, in an attempt to
decrease complications, there is also the possibility of compromising the therapeutic efficacy. For this reason,
the activities of emodin and its modified form [Cu(i) complex] were studied on the carcinoma cell lines Hela
and Hep G2 to see how they compared with each other in terms of performance. Studies were also
performed on WI 38 lung fibroblast normal cells. The studies revealed that, in spite of the decreased ROS
formation, followed by the DCFDA assay, the Cu(i) complex showed better activity on carcinoma cell lines. This
suggests that the complex has other attributes that enable it to perform better than emodin. Consequently,
one such attribute, namely DNA binding, was thoroughly investigated by varying the ionic strength and the
temperature of the medium. It was found that the complex was able to bind DNA better than emodin, and,
more importantly, since both generate a good amount of anionic species in solution under increased ionic
strength of the medium, both bind DNA better; the increase in binding with increase in ionic strength being
higher for the complex. The study suggests that with a substantial decrease in ROS generation by the complex,
there are likely to be less toxic side effects, which is a key advantage of the complex, leading to an
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rsc.li/rsc-advances improvement in the therapeutic index. The complex showed almost no activity on WI 38 normal cells.

to different aspects of the life cycle of a cell.** In cancer, for
example, both Cu(u) and Cu(i) compounds are reported to

1. Introduction

Cu is a key essential trace element in biological systems.'* Both
monovalent and divalent forms of Cu are important with regard
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influence the functioning in cells to a much greater extent than
other metal ions.®™ Cancer cells desperately try to procure
copper, with copper being intricately involved in several
processes that help such cells to proliferate and survive.**® For
this reason, studies on a contemporary approach to cancer
chemotherapy tend to observe, learn, and utilize the hints or
clues provided by cancer cells with regard to their likes and
dislikes, in order to be able to use the information against such
cells in the treatment of the disease.**'* Decreasing the bio-
availability of copper for example, has been used as an anti-
angiogenic and anticancer strategy with very impressive
results.' Most often, the full potential of an anticancer agent is
not realized owing to problems related to cellular uptake.*™*
When this is addressed, the molecule is known to play havoc
and could increase its efficacy many times higher. An inter-
esting approach therefore is to link an established anticancer
agent with a copper ion by forming an inorganic complex.® By
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this, the cellular uptake could be increased since cancer cells
interested in procuring copper ions prepare to take the
compound in by developing an affinity for it.>** In the process,
the anticancer agent linked to the metal ion is able to enter the
cancer cell much more easily than on its own and can then
initiate cell damage, thus showing anticancer activity.'**® Once
within the cell, this happens for the anticancer agent in a state
bound to the metal ion or by dissociating from it inside the
cell.’ Thus, by using a copper complex of an anticancer agent,
the cell can be tempted to procure copper ions, thereby in the
process assimilating the anticancer agent that will eventually
kill it by disturbing one or more of the cellular pathways that
help these cells to survive.'*'®*° Besides, the complexes have
various other attributes that are most often not known for the
ligand (the anticancer agent). Owing to this, their efficacy far
exceeds that of the anticancer agent itself.'*>° This is one of the
major reasons why copper complexes of anticancer agents have
been so successful and shown superior anticancer activity to the
anticancer agent itself, the one from which the complex was
prepared.®**1¢1%20 In the majority of cases, once inside the cell,
it is the anticancer agent present in the complex that is bene-
ficial for the anticancer action. However, its increased presence
in the cell, an important criterion for efficacy, is because the
copper complex has enhanced its cellular uptake.***

Emodin, a hydroxy-9,10-anthraquinone, is an effective anti-
cancer agent, which closely resembles the core of anthracyclines
(doxorubicin, daunorubicin, carminomycin, nogalamycin, to
name a few).>'2* As part of our continuing effort to simplify
anthracyclines and to improve their established anticancer
activity, we decided to prepare a Cu(u) complex of emodin for
the reasons mentioned above.'®'#2%2433 Complexes of emodin
have been prepared before but few researchers attempted to see
if the metal-bound emodin was able to improve upon its exist-
ing attributes as an anticancer agent.** This study tries to show
by comparison that the complex formation of emodin is bene-
ficial, as well as discusses aspects related to the structure,
structure-activity relationships, biophysical interactions with
DNA that were performed at different ionic strengths and
temperatures, and a probable mechanism of action for emodin
and its Cu(u) complex on cancer cells pertaining to the gener-
ation of reactive oxygen species (ROS).

OH O OH
HsC ‘ ' ‘ OH
o)

Emodin(3-methyl-1,6,8-trihydroxyanthraquinone)

A novel aspect of the present study was also to assess the
structure of the complex obtained from powder X-ray diffrac-
tion data and to evaluate thermodynamic parameters related to
the interaction of emodin and its Cu(u) complex with calf
thymus DNA and the lack of stimulated ROS generation by the
complex. The structure is novel since structures of metal
complexes of hydroxy-9,10-anthraquinones are rare; there
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being only one report so far from a single crystal X-ray
diffraction study.*® This one is the third structure of a metal
complex of a hydroxy-9,10-anthraquinone with a 3d transition
metal ion.’**¢ A thermodynamic study was carried out to allow
us to explain the trends observed in the binding of emodin and
the complex with calf thymus DNA, which enables us to put our
results in a proper perspective with that of established
anthracyclines and their complexes. The reported decrease in
ROS generation by the complex is important as it indicates that
the complex might be less cardiotoxic.>”**

2. Experimental
2.1 Materials and instruments

Emodin (3-methyl-1,6,8-trihydroxyanthraquinone) was
purchased from Sigma-Aldrich, USA, and purified by re-
crystallization from methanol. Copper(u) nitrate, sodium
bicarbonate, sodium chloride, methanol, and dimethyl sulf-
oxide were purchased from E. Merck, India. Tris buffer [tris(h-
ydroxy methyl)Jamino methane] was obtained from Spectro
Chem. (India) Pvt. Ltd. Calf thymus DNA was purchased from
Sisco Research Laboratory, India. The calf thymus DNA was
dissolved in triple distilled water and allowed to stand for 24 h.
A molar extinction coefficient of 6600 M~' em™" at 260 nm was
used to determine the concentration of the DNA in solution.
Absorbance was also measured at 280 nm and the ratio A,¢0/4550
was found to be in the range 1.8 to 1.9. This indicated that no
further purification for protein removal was required and that
the DNA could be used as such. The quality of calf thymus DNA
was also verified from the circular dichroism (CD) spectrum
recorded at 260 nm using a CD spectropolarimeter (J815,
JASCO, Japan). Tris buffer was prepared in triple distilled water.

2.2 Methods

2.2.1 Synthesis of the Cu" complex of emodin. The stoi-
chiometry of complex formation between Cu" and emodin was
determined with the help of the mole-ratio and Job's method of
continuous variation (Fig. S1a and b in the ESI). The complex
was prepared by mixing Cu(u) nitrate (in water) and emodin (in
methanol) in the ratio 1 : 2, with adjusting the pH to approxi-
mately 6.0 using sodium bicarbonate. The mixture was stirred
for 1 h at 40 °C and then allowed to stand overnight. A reddish
brown solid was formed, which was filtered and washed with
a 10% hot methanol-water mixture. The product was dried in
a vacuum dessicator. Changes in the UV-Vis spectrum (Fig. S2,
ESI{) were recorded on a JASCO V-630 spectrophotometer. IR
spectra [Fig. S3, emodin; Fig. S4, the Cu(u) complex, ESIT] were
recorded on a Perkin Elmer Spectrum Two FTIR spectropho-
tometer that suggested complex formation. Mass spectra
(Fig. S5, ESIT) were recorded on a Micromass Q-Tofmicro™,
Waters Corporation, while TGA (Fig. S6, ESIT) was performed
using a MettlerToledo TGA/SDTA 851e, which provided further
evidence in favor of complex formation. Magnetic susceptibility
measurements of the powdered samples at room temperature
(298 K) were recorded by the Gouy method using a Magway MSB
MK1, Sherwood Scientific Ltd. The EPR spectrum of the
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complex (Fig. S7, ESIT) showing a g value of 2.058 was recorded
on a JEOL JES-FA 200 ESR. Specifically for the analyses: UV-Vis
spectra: Apay at 536 nm; MS (m/z): 600.9 considering **Cu and
601.48 considering **Cu [M]".

2.2.2 Physicochemical studies on emodin and the forma-
tion of the Cu(un) complex. The pH-metric titration of emodin
was performed in the pH range 3.0 to 12.0 in the absence and
presence of Cu'’. For titrations performed in the presence of
cu", the metal ion and emodin were taken in the ratio 1: 2 as
determined earlier by experiments on the stoichiometry
(Fig. S1a and b, ESIf). Changes in absorbance at 525 nm for
emodin alone (Fig. S8, ESIT) and at 536 nm in the presence of
Ccu" (Fig. 1) were fitted to eqn (1) below.

Aops = A1/(1 + 10PHPKr 4 1oPHPK 4 1gPH—PKS)
+ Apl(1 + 10PKPH 4 1oPH PR 4 1gPH-PKS)
+ As/(1 + 10PK7PH 4 [oP&arPH 4 1 PH-PKS)
+ A/(1 + 10PK7PH 4 [opRaPH 4 qop&a—pH) 1)
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Fig. 1 Absorption spectra of emodin in aqueous solution in the
presence of Cu(i) at different pH. The pH of each solution is shown in
the inset of the figure. Emodin = 10 uM; Cu(NOs3), = 5 uM; NaNOz =
0.01 M; temperature = 300 K.
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Considering emodin as LH3, A4, A,, 43, and A, represent the
absorbance due to LH; LH,”, LH>", and L*~, respectively.
Fitting the experimental data according to eqn (1), pK;, pK,, and
pK; were 7.11 £+ 0.08, 10.37 £ 0.50, and 10.85 + 0.89, respec-
tively (Fig. 2a) for emodin when titrated alone and 5.73 + 0.38,
7.39 + 0.19, and 10.87 + 0.74, respectively (Fig. 2b), when
titrated in the presence of Cu'. The sharp decrease in pkK, for
emodin from 10.37 when titrated alone to 7.39 in the presence
of Cu(u), corresponding to the dissociation of phenolic -OH at
C,, suggests complex formation.> The third pK of emodin
remained unchanged, even in the presence of Cu(u).

When emodin interacts with Cu" following deprotonation of
the phenolic -OH at C,; and the carbonyl at Cy, as the phenolic
-OH at C, is already deprotonated, emodin interacts with Cu'" in
the form LH?>". Using the pK, of emodin obtained in the
absence and presence of Cu", the formation constants * and
6 were determined for the complex in solution.***®

Cu®" + 2LH; = [Cu(LH),}*~ + 2H" 2)
[{cuun), ] mep

*= 2+ 2 (3)
[Cu®*][LH;]

Cu®" + 2LH™ = {Cu(LH),}*~ (4)
Cu(LH),}*

B = —{{ u(LHD:} 2] (5)
[Cu“] [LH]

5= 1 (6)

Using eqn (2)-(6), the effective stability constant (8) was
found to be 1.0 x 10"® (log 8 = 16.0).

2.3 X-ray powder diffraction measurements and the crystal
structure of Cu”(emod),

Powder X-ray diffraction (PXRD) data were collected at an
ambient temperature of 20 °C on a Bruker D8 Advance
diffractometer operating in reflection mode with Cu Ka

04 m—TT T T T T T T T T

Absorbance

®)

Fig.2 pH-metric titration of emodin in the absence (A) and presence of Cu" (B) as shown by the variation of absorbance at 525 nm and 536 nm,
respectively. Emodin = 10 uM; Cu(i) = 5 pM; NaNOz = 0.01 M; temperature = 300 K. The solid line is the fitted data according to egn (1).
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radiation of wavelength 1.5418 A. The generator was set at
40 kV and 40 mA. Data were collected in the 26 range of 4-50°
(step size 0.02°) at a scan speed of 5 s per step. Indexing of the
PXRD pattern was carried out using the NTREOR program of
EXPO 2014.* The indexing revealed that the complex crystal-
lizes in a triclinic system with a = 14.394 A b=11.9864, c =
7.044 A and «, B8, v being 93.01°, 100.75°, and 73.93°,
respectively.

The space group was obtained from statistical analysis of
the powder patterns using the find space module of the EXPO
2014 software package.*® Statistical analysis showed that the
most probable space group is P1. For this unit cell and space
group, full pattern decompositions were performed using the
Le Bail method, which gave a good fit between the calculated
and experimental powder X-ray patterns. Structure solutions
from the PXRD data were carried out using the simulated
annealing technique (parallel tempering mode) as imple-
mented in the program FOX,* a Monte Carlo-based software
package. The initial molecular structural model was first
drawn using ACD/Chem Sketch. The geometry of the structure
was then optimized with the help of MOPAC 2016 to arrive at
the reference structural model for FOX.** After going through
a large number of successful cycles, we obtained the atomic
coordinates from FOX. These were used as the input for the
starting model for Rietveld structure refinement through the
program GSAS** with the EXPGUI* interface. Peak shapes were
described as pseudo-Voigt functions, while the backgrounds
were fitted by the shifted Chebyshev function of the first kind
with 36 points regularly distributed over the entire 26 range.
Initially the lattice parameters, the profile parameters, and the
background coefficients were refined. After applying the soft
constraints on the bond lengths and bond angles and planar
restraints on the aromatic rings, the positions of the atoms
were refined. Fixed isotropic displacement parameters of
0.04 A% for non-hydrogen atoms and 0.06 A* for hydrogen
atoms were maintained. At the final stage of refinement, the
preferred orientation correction was applied using a general-
ized spherical harmonic model. The final Rietveld plot is
shown in Fig. 3.

T T T T T
ol _
[N
-+
=)
al _
—
ol _
—
fo] _
o
3
. . o
B O A ettt e A At s e i S S st |
Zo
o
o 1 1 1 1 1
10.0 20.0 30.0 40.0 50.0
20, deg

Fig. 3 Final Rietveld plot, where the red curve denotes the experi-
mental pattern, green denotes the simulated pattern, and pink denotes
the difference between the two.
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2.4 Titration of emodin and the Cu"™ complex with calf
thymus DNA

2.4.1 At different ionic strengths of the medium. Both
emodin and the complex were titrated with calf thymus DNA at
different ionic strengths and the results were followed with the
help of UV-visible spectroscopy. Compounds dissolved in
DMSO were taken in a quartz cuvette containing 120 mM NaCl
and Tris buffer with or without a definite concentration of DNA
such that during the course of the titration the final volume of
the solution was always 2000 pL. Concentration of the
compounds was kept constant at 50 uM, while the content of
calf thymus DNA was gradually increased (using a stock of
strength 14 500 pM) till saturation was reached. The results
were analyzed using eqn (S1)-(S5), ESIL.{¢2%2933

2.4.2 At different temperatures for evaluation of the ther-
modynamic parameters. Titration of the compounds with DNA
was performed at four different temperatures at a constant pH
(~7.87) and ionic strength of the medium. The temperature was
controlled with the help of a Peltier TCC controller, Shimadzu,
connected to a UV 1800 Shimadzu UV-Vis spectrophotometer
(Model TCC-240A). The thermodynamic parameters, AH® (van't
Hoff enthalpy), AS® (entropy), and AG® (free energy) were
determined using eqn (7)-(9).

In K,pp = (—AH’IRT) + (AS°/R) (7)
AG’ = —RTIn K,pp (8)
AG’ = AH® — TAS® (9)

where R and T are the universal gas constant and absolute
temperature, respectively. The apparent binding constant [K,pp,
= K4 '] was determined at different temperatures using eqn
(S1)~(S5) (ESIT). A van't Hoff plot of In K, vs. 1/T gave a straight
line, with AH® and AS° determined from the slope and inter-
cept, respectively (eqn (7)). AG® was obtained from eqn (8) and
(9).** It needs mentioning here that since we did not have access
to an isothermal titration calorimeter (ITC), this prevented us
from determining thermodynamic parameters that are model
independent.

2.5 Estimation of ROS by the DCFDA assay

The cell permeant reagent 2',7'-dichlorofluorescin diacetate
(DCFDA) is a fluorogenic dye capable of measuring the activities
of hydroxyl, peroxyl, and other reactive oxygen species (ROS)
inside a cell.**** Upon diffusion in to the cell, DCFDA is de-
acetylated by cellular esterases present to a non-fluorescent
compound, which is later oxidized by ROS to 2',7'-dichloro-
fluorescein (DCF) (another highly fluorescent compound),
showing green fluorescence. This was detected using fluores-
cence spectroscopy. Excitation was done at 504 nm and the
emission was measured at 529 nm using a spectrofluorimeter
(Hitachi, Japan). A stock solution of DCFDA (10 mM) was
prepared in methanol and diluted further with culture medium
to a working concentration of 100 pM. Cells were seeded for 24 h
prior to the start of the experiment and treated with 1x PBS

This journal is © The Royal Society of Chemistry 2017
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(500 pL). Subsequently, ROS was induced by the free radical
generator H,0, (10 uM), incubating treated cells with it for
a further 50 min. Cells treated in this manner were then treated
with 25 uM emodin, [Cu”(emodin),]*”, and N-acetyl cysteine
(NAC) (used as a positive control in the experiment) in a time-
dependent manner starting with the well in which the
compound was to be incubated for 60 min and finishing with
the one in which compounds were to interact with cells for only
5 min. Compound addition was done in this manner to even-
tually record the fluorescence due to DCF at one time. After
compound addition was over, 1x PBS was discarded. At this
stage, DCFDA (100 uM) was added to the cells in all the wells,
which were allowed to stand for 45 min in the dark at 37 °C.
Subsequently, the cells were lysed with an alkaline solution and
the fluorescence was recorded.

2.6 Cell culture and cell viability assay

Different carcinoma cell lines (HeLa and Hep G2) and
a normal cell line (WI 38 lung fibroblast) procured from the
National Centre for Cell Science located at Pune in India were
cultured in DMEM medium (GIBCO, Invitrogen, Carlsbad, CA,
US), supplemented with 10% fetal bovine serum (GIBCO) and
an antibiotic mixture (1X). Cells were incubated in a humidi-
fied CO, incubator at 37 °C and seeded in 96-well plates for
24 h prior to treatment with the compounds. After 24 h, each
cell line was treated with emodin and [Cu'(emod),]*”,
which were earlier dissolved in DMSO. The concentration
of DMSO was less than 0.5%. Cell viability was checked
48 h after treatment with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) in an assay named after
it. Briefly, cells were washed with 1 x PBS and treated with MTT
for 4 h at 37 °C. Precipitates were dissolved in DMSO and the
plates were analyzed on a Thermo MULTISKAN EX plate reader
at 595 nm.

Table 1 Crystallographic data and Rietveld refinement parameters
from the PXRD data analysis

Formula C30H;15Cu0;¢
Formula weight 601.99
Crystal system Triclinic
Space group P1

alA 14.394(9)
b/A 11.986(6)
c/A 7.044(16)
af 93.01(19)
BI° 100.75(16)
% 73.93(5)
VIA® 1147.2(27)
zZ 2

Pealelg cm™? 1.743
Temperature/K 293
Radiation/A 1.54184
26 range/° 4-50

Rup 0.0463

R, 0.0345

X 2.20

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 Description of the X-ray crystal structure of C3oH;30,0 Cu

Structural analysis using PXRD data indicated that the Cu"
complex crystallizes in a monoclinic P1 space group and that
the asymmetric unit of the complex contains one Cu" and two
monoanionic LH,  units. The final crystallographic data and
Rietveld refinement parameters are depicted in Table 1 and the
asymmetric unit of the complex is presented in Fig. 4.

Each Cu" center showed a planar geometry having a coordi-
nation number of four. The coordination environment of Cu"
was satisfied by two deprotonated phenolic -OH groups (017
and 022) of two different LH; units and two carbonyl oxygen
atoms (016 and 023).

Selected bond lengths and bond angles are provided in
Table 2. In the absence of a single crystal, we were forced to
arrive at the structure of the Cu(u) complex of emodin from the
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Fig. 4 A perspective view of Cu'(emod), determined from the X-ray
powder diffraction data.

Table 2 Selected bond lengths and bond angles of Cu'(emod),

Bond lengths (A)

Cu21-016 1.735(4)
Cu21-017 1.767(4)
Cu21-022 1.767(4)
Cu21-023 1.730(4)

Bond angles (°)

016-Cu21-017 91.61(19)
016-Cu21-022 88.40(19)
016-Cu21-023 178.39(19)
017-Cu21-022 176.22(19)
017-Cu21-023 88.38(19)
022-Cu21-023 91.72(19)
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Fig. 5 Absorption spectra of emodin in the absence (1) and presence of calf thymus DNA. Spectra were recorded at different ionic strengths of
the medium, showing a gradual decrease in absorbance upon adding DNA to an aqueous solution of the compound. Emodin = LHz = 50 pM;
NaCl = 120 mM; Tris buffer = 20 mM; T = 298 K.
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X-ray powder diffraction data (CCDC number 1516190).'¢3%3¢
We also performed thermo-gravimetric analysis, which indi-
cated the absence of any water molecule in the structure. With
the ligand itself having a planar geometry, all the evidence leads
us to a planar structure, as established from the PXRD data.

3.2 Interaction of the compounds with calf thymus DNA

3.2.1 Binding of emodin and [Cu"(LH),]>~ with calf
thymus DNA at different ionic strengths of the medium.
The titration of emodin and [Cu"(LH),]>~ with calf thymus DNA
was performed at five different ionic strengths of the medium to
ascertain if there were any observable changes in the affinity of
the compounds toward calf thymus DNA. The titration data was
analyzed with the help of eqn (S1)-(S5) (ESIf).****** The
titration results indicated a gradual decrease in absorbance
upon the addition of calf thymus DNA to emodin (Fig. 5) and
Cu"(LH),>~ (Fig. S91). Note, the absorbance recorded at
a particular point of the titration is a measure of the free form of
the compound (Cy) in solution, while the change in absorbance
is indicative of the compound bound to DNA (Cy,).

Eqn (S2) (ESIT) was used to provide values for Kq and AA .,
i.e.,, the dissociation constant and the maximum change in
absorbance, respectively, at each ionic strength of the medium
(Fig. 6A being that for ionic strength = 0.12 M). The ratios of the
changes in absorbance AA to AA ., for different ionic strengths
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were plotted against Cp, (the total concentration of calf thymus
DNA in solution) and fitted to eqn (54),T providing another set
of values for K4 (Fig. 6B being a representative plot for ionic
strength = 0.12 M). The inverse of K4 provides values for the
apparent binding constant (K,pp) (Table 3). Cp indicates the
concentration of either emodin or its Cu(u) complex in solution.

Fig. 6C indicates the site size for the interaction (n,) of
emodin with calf thymus DNA at an ionic strength of 0.12 M. n;,
values for emodin interacting with calf thymus DNA at other
ionic strengths of the medium were also evaluated (Table 3).
The titration data were fitted to a modified form of the
Scatchard equation (eqn (S5), ESIT), providing values for the
overall binding constant (K*) at different ionic strengths.*
Fig. 6D present the case when the ionic strength was 0.12 M. K*
for emodin interacting with calf thymus DNA was also obtained
at other ionic strengths of the medium by multiplying K, with
ny, (Table 3).

Fig. 7A-D are the corresponding plots for the Cu" complex of
emodin interacting with calf thymus DNA at an ionic strength of
0.08 M, similar to Fig. 6 (for emodin). A comparison of the
binding constant values for emodin and its Cu(i) complex with
calf thymus DNA indicated that at all ionic strengths of the
medium, the complex was significantly stronger in binding
DNA than emodin alone (Table 3). Note, the values obtained for
emodin were also in good agreement with those determined
earlier.”
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Fig. 6 (A) A double-reciprocal plot for the interaction of emodin with calf thymus DNA, leading to the evaluation of K,p,; reduced chi squared:
19. (B) Non-linear curve fitting analysis showing a plot of the normalized increase in the change of absorbance against the input concentration of
DNA to evaluate the dissociation constant for the association of emodin with calf thymus DNA; reduced chi squared: 0.0006925. (C) Mole-ratio
plot for the relative change in absorbance against the ratio of DNA to emodin; reduced chi squared: 0.0008547 and 0.0006546, respectively. (D)
Scatchard plot for the interaction of emodin with calf thymus DNA; reduced chi squared: 1.798 x 1078 at pH 7.87 (20 mM Tris—HCl buffer) at an

ionic strength of 0.12 M. Emodin = LHz = 50 uM; T = 298 K.
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Table 3 Results of the binding parameters of emodin and [Cu'(LH)

studied with the help of UV-Vis spectroscopy

N
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with calf thymus DNA at different ionic strengths of the medium as

Kapp X 1072 (M) Kypp x 107 (M)

Experimental from double- from non-linear  n, from mole K x 10°* (M ") = K x 10~ * (M) n, Scatchard
Method Compounds ionic strength reciprocal plot curve fitting ratio plot Kapp X 1p Scatchard plot  plot
UV-Vis Emodin 0.08 1.28 £0.03 1.32 £0.13 8 1.04 2.40 £ 0.6 8.0
0.12 1.69 + 0.10 1.67 £ 0.05 9 1.51 1.89 £+ 0.3 9.0
0.16 2.24 £ 0.08 2.22 £ 0.17 8 1.86 2.03 £ 04 8.0
0.24 4.33 + 0.04 3.00 + 0.33 8 3.58 3.70 £ 1.5 8.0
0.30 7.20 £ 06 6.18 £ 0.12 8 6.69 5.20 = 0.43 8.0
Cu(emodin), 0.08 3.30 £ 0.08 4.04 £0.33 20 7.42 14.32 £ 2.26 18.0
0.12 4.65 £ 0.10 5.49 £ 0.45 16 8.11 11.77 £ 5.58 14.0
0.20 7.53 £ 0.32 9.50 + 1.74 14 11.92 12.13 £ 4.72 17.0
0.30 9.66 £ 1.03 6.75 + 0.51 20 16.41 14.93 £ 4.19 10.0
0.50 11.25 £ 0.173 18.53 £ 0.001 18 26.80 25.98 £+ 2.87 11.0

A comparison of the site size of the interaction (np) of
emodin and its Cu™ complex with calf thymus DNA (Table 3)
revealed that the values obtained for the complex at different
ionic strengths of the medium were approximately double that
obtained for emodin binding to calf thymus DNA, thus
providing further evidence that two molecules of emodin are
bound to Cu" in the complex.’**>? If the mode of binding of
a molecule and its metal complex with DNA is by intercalation,
then it has been seen that the stoichiometry of complex
formation can be realized from the number of nucleotides ()

associated with the concerned molecule and its corresponding
complex. In other words, if the number of nucleotides (ny)
associated with a compound (ligand) and its metal complex
during interaction with DNA is found, then from these two
values one can have an idea of the number of ligands bound to
the metal ion in the complex. Several earlier studies have indi-
cated this to hold quite true, particularly when the complex is
square planar.'®3>3¢

Since both compounds have a substantial amount of an
anionic form present at physiological pH, as indicated by their
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Fig. 7 (A) A double-reciprocal plot for the interaction of [Cu'(LH),]?~ with calf thymus DNA, which enables the calculation of Kapp: reduced chi
squared: 9.259. (B) Non-linear curve fitting of the plot of the normalized increase in the change in absorbance against the input concentration of
DNA, which helped to calculate the dissociation constant for the association of [Cu'(LH),12~ with calf thymus DNA; reduced chi squared:
0.004466. (C) Mole-ratio plot for the relative change in absorbance against the ratio of DNA to [Cu'(LH),]>~; reduced chi squared: 0.000512,
0.001546. (D) Scatchard plot for the interaction of [Cu"(LH),]>~ with calf thymus DNA at pH 7.87 (20 mM Tris—HCl buffer) at an ionic strength of
0.08 M. {Cu"(LH),}?>~ = 50 uM; T = 298 K. Reduced chi squared: 1.111 x 107"
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respective pK, values, a marked increase observed in the
binding constant values with DNA upon a gradual increase in
the ionic strength of the medium would be significant.*® In the
case of the complex, this trend in increase in the binding
constant value corresponding to an increase in the ionic
strength of the medium was much greater than that observed
for emodin (Fig. 8).

With the help of an earlier study on the physicochemical
attributes of purpurin (another hydroxy-9,10-anthraquinone)
that we performed at an increased ionic strength of the
medium, we showed that the pK, of the molecule increased,
implying that its dissociation is suppressed.*® Similarly in the
case of emodin, we also observed a gradual increase in pK, with
increase in the ionic strength of the medium (Fig. S10, ESIT),
suggesting a significant decrease in the presence of anionic
species at pH 7.87. The same should also happen for the
complex as well. Therefore, under such conditions of increased
ionic strength of the medium, neutral forms of both
compounds (emodin and Cu" complex) are likely to predomi-
nate, resulting in an increase in binding constant values.*® In
this regard, a prior knowledge of the interaction of NaCl with
a negative polymer (DNA) is important to analyze the results
obtained.*>* Going by the pK, values of emodin obtained either
in the absence or in the presence of Cu" at different ionic
strengths of the medium, it was seen that both emodin and the
complex exist in two different forms in solution (neutral and
anionic).’®'#* Both forms interact independently with DNA.
The anionic forms, owing to their negative charge, experience
repulsion from DNA, while the neutral forms bind relatively
better.”®*> Through earlier studies on hydroxy-9,10-
anthraquinones, we showed that the tendency of the neutral
form to bind to DNA is much greater than the anionic form,
clearly suggesting that if the presence of the anionic form
decreases following an increase in the ionic strength of the
medium, the binding of hydroxy-9,10-anthraquinones to DNA
improves substantially.*>****%*> Hence, under the experimental
conditions in which the DNA binding experiments were per-
formed, the binding of emodin and its complex to DNA were
quite naturally expected to be better. In fact, the same was
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Fig. 8 Variation of the intrinsic binding constant of emodin (@) and
Cu''(emod),2~ (M) interacting with calf thymus DNA at different ionic
strengths of the medium as represented by the concentration of Na*.
Emodin = [{Cu"(emod),}>7] = 50 pM; pH = 7.87 [Tris buffer] = 20 mM;
T=298K.
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found through experiments (Table 3). The dependence of the
binding constants of the molecules with DNA on [Na'] is
therefore an important aspect for these interactions.”>** While
the binding of cationic substances with DNA decreases with an
increase in [Na'] (i.e., with the increase in the ionic strength of
the medium), anionic substances tend to bind better. This is
a consequence of the mutual relationship between the number
and charge of counter cations immediately surrounding DNA
and the number and charge of species that are to bind to it.
Manning, in his pioneering work, suggested that cations, in
order to partially neutralize the negative charge on the DNA
phosphate backbone, are condensed around nucleic acids, i.e.,
confined close to the poly-anion backbone, but are not bound to
a particular site.** As a molecule intercalates, the lengthening of
DNA is observed, with the result that the phosphates move
further apart, requiring fewer screening counter ions for
generating a stable system. For this reason, intercalation is re-
ported to initiate the release of a certain number of condensed
cations; here, dependence of the binding constant of
a compound with DNA on [Na'] is well realized with eqn (10)
(Friedman and Manning).**

(dlog Kldlog[Na™]) = —2np(@ — ¢*) — zo* (10)

As NaCl concentration increases, two things happen simul-
taneously. Dissociation of the first proton on emodin both in
the free state and in the form bound to Cu" in the complex
decrease, from which there is much fewer anionic species in
solution, thus having a huge impact on the binding of the
compounds to DNA (Fig. 8).* The other aspect is that repulsion
between the anionic forms of the compounds and DNA decrease
enormously following an effective shielding of negative charges
on phosphates present in DNA by Na'. The result is that there is
better interaction between the compounds and the DNA,
leading to an increase in the binding constant values (Fig. 8).
Our findings on the binding constants for emodin and the
complex with calf thymus DNA corresponding to an increase in
the ionic strength of the medium clearly demonstrate that both
factors mentioned above were operative, and as such the
compounds showed such enhanced binding to calf thymus DNA
(Fig. 8).5*%% It may therefore be said that emodin and the Cu"
complex are potential candidates for the development of good
DNA binding agents that could be used to target and modify
DNA so that processes like replication and RNA transcription
are a lot restricted, consequently helping to retard the growth of
rapidly multiplying cancer cells. Since emodin is known to
possess anticancer activity and is also a simpler analog of
anthracyclines, it remains to be seen if complex formation of
emodin by Cu" leads us to the generation of a better anticancer
agent.”*?*

3.2.2 Interaction of emodin and its Cu™ complex with calf
thymus DNA at different temperatures. The titration of emodin
and its Cu" complex with calf thymus DNA (Fig. 9) was also
performed at different temperatures. Fig. 10 presents a repre-
sentation of a non-linear curve fitting analysis for each
compound for titrations performed at 298 K. The binding

RSC Adv., 2017, 7, 41403-41418 | 41411
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Fig.9 Absorption spectra of emodin and [Cu'(emod),]2~ in the absence and presence of calf thymus DNA recorded at 298 K at a constant pH
and a constant ionic strength of the medium. A gradual decrease in absorbance was observed when calf thymus DNA was added to aqueous
solutions of each compound at different temperatures, which was utilized to calculate the binding isotherms. Emodin = {CU"(LH),¥>~ = 50 uM;

NaCl = 120 mM; Tris buffer = 20 mM; pH ~ 7.87.
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Fig. 10 Binding isotherms for the interaction of emodin and [Cu"(emod),]2~ with calf thymus DNA at different temperatures, where AA/AA .y is
plotted against the concentration of calf thymus DNA. The dark line is the fitted data obeying eqn (S4).1 Inset: Plots for the normalized increase in
absorbance as a function of the mole-ratio of calf thymus DNA to compounds at different temperatures. Emodin = {Cu"(emod),}2~ = 50 uM;

NaCl = 120 mM; Tris buffer = 20 mM, pH ~ 7.87.

constant and site size of the interaction were evaluated using
eqn (S3) and (S4)T (Table 4).
Logs of the apparent binding constant (In K,,) for emodin
and its Cu(i) complex were plotted against 1/T (Fig. 11).
Representative van't Hoff plots for each compound (Fig. 11)
clearly indicated in the case of emodin that the binding affinity

41412 | RSC Adv., 2017, 7, 41403-41418

decreases with the increase in temperature, while for the
complex, a very slight increase was observed. Therefore,
following complex formation, there is a subtle difference in the
interaction of the compounds with calf thymus DNA as man-
ifested in the thermodynamics of the two interactions. This
could be due to the considerable difference in the size of

This journal is © The Royal Society of Chemistry 2017
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Table 4 Results of the binding parameters of emodin (LHz) and [Cu"(LH),1?~ with calf thymus DNA at different temperatures studied with the

help of UV-Vis spectroscopy

Apparent binding constants
Kapp X 1073 (M7)

Overall binding

Site size (nyp,)

constant

Overall binding
constant

Monitoring Temp From double-  From non-  from mole Kfx10'M ") K x10* M Site size (1)
technique Compounds (in K) reciprocal plot linear fit ratio plot [K* = Kapp x np]  (from Scatchard plot) ~ Scatchard plot
UV-Vis LH; 293 2.17 £ 0.01 2.19 £ 0.05 8.0 1.74 3.01 £ 0.5 9.0
298 2.07 £ 0.01 2.09 £+ 0.06 8.5 1.77 4.36 + 1.19 8.0
300 1.83 £ 0.10 1.69 £ 0.09 8.0 1.41 1.89 £ 0.14 8.0
303 1.71 £ 0.80 1.70 £ 0.05 10.0 1.70 1.94 +£ 0.34 8.0
308 0.57 £ 0.11 0.58 £+ 0.01 9.0 0.52 1.49 £ 0.71 10.0
Cu"(LH,),>~ 293 0.79 + 0.02 0.80 £+ 0.02  20.0 1.60 1.15 + 0.40 13.0
298 0.66 £ 0.24 0.76 £ 0.05 16.0 1.24 1.27 £+ 1.00 14.0
303 1.02 £+ 0.03 1.00 £ 0.03 18.0 1.81 1.39 +1.39 10.0
308 1.17 + 0.03 1.24 £ 0.05 16.0 1.21 1.64 + 0.58 11.0
16 T T T T T T 12 T T T T T
12 = -
L 4 8 ]
o e
£ £
4} 4
4k -
0 N [ I [] A [ 0 X 1 X 1 :
0.0031 0.0032 0.0033 0.0034 0.003 0.0032 0.0034 0.0036
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emodin [Cu™(emod),]*

Fig.11 Representative van't Hoff plots for the interaction of emodin and
7.87; reduced chi squared: 0.09867 (emodin), 0.02141 ([Cu'(emod),]?").

emodin and its Cu" complex. Although the overall change in
free energy of binding was negative and almost comparable,
individual parameters like AH and AS, as evaluated from
Fig. 11, have a completely opposite character (Table 5). The
binding of emodin to DNA was characterized by a negative
change in enthalpy, implying the association is enthalpy driven.
In the case of the complex, however, the interaction with DNA
was characterized by a positive enthalpy change, indicating the
association was entropy driven, i.e., an increase in enthalpy
tending to retard the process is compensated by an increase in
entropy making it favorable.

In entropy-driven molecular interactions, the association
leads to the release of minor groove-bound water from the
hydration region as well as the release of counter ions from the
bound surface of the interacting partners following intercala-
tion (discussed earlier), leading to a gain in entropy.***® The
positive change in enthalpy may be due to an energetically
unfavorable distortion of the DNA backbone due to the
breaking of hydrogen bonds and non-covalent interactions of
solvent molecules and counter ions that existed in the unbound
form of DNA. The binding site in some cases is characterized by
the widening of the minor grooves to accommodate the
complex.*** In entropy-driven DNA binding, hydrophobic

This journal is © The Royal Society of Chemistry 2017

its Cu" complex with calf thymus DNA in 20 mM Tris—HCl buffer at pH

interactions play a major role.®*®* For a small molecule like
emodin, since the interaction was found to be allowed due to
a change in enthalpy, i.e., AH < 0, AS < 0, van der Waals inter-
actions or hydrogen bonds are probably the main forces
involved in the binding of the molecule with calf thymus DNA,
with the mode of binding being intercalation. The reason for
the negative entropy change could be attributed to the fact
intercalation of emodin between DNA bases, accompanied by
a loss of translational and rotational degrees of freedom, and
that solvent molecules then get trapped in an ensemble that
involves DNA bases, solvent molecules, and emodin with
a slight reorganization of the hydrogen bonds among the
species.®”** It is generally seen that, while groove binding is

Table 5 Thermodynamic parameters for the interaction of emodin
(LHs) and the complex [Cu'(LH),]?~ with calf thymus DNA in 20 mM
Tris buffer at pH ~ 7.87 at 298 K

AG° AH°
Compounds (kecal per mole) (kcal per mole) AS° (e.u.)
LH; —4.463 —14.997 —35.35
[Cu"(LH),*~ —3.984 5.620 32.23

RSC Adv., 2017, 7, 41403-41418 | 41413
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predominantly entropy driven, intercalation is enthalpy
driven.® The evaluated thermodynamic parameters explain the
binding of the compounds when they separately interact with
calf thymus DNA.

3.3 Generation of ROS by the compounds as followed by the
DCFDA assay

Previous reports on emodin cover investigations of the molecule
on different carcinoma cell lines, including HeLa and Hep G2
cells, to identify different mechanisms by which the molecule is
active.”**” One such mechanism involves the generation of
reactive oxygen species (ROS) as a formidable pathway for
antitumor activity.>**” For this reason, we decided to induce
ROS in HeLa cells that were previously treated with emodin or
[Cu"(emod),]>~ or NAC (N-acetyl cysteine) using H,0,; NAC
being used in the experiment as a control. This was done as
mentioned in Section 2.5. In all cases, the concentration of the
compound used was 25 uM. We found that, with an increase in
the time of interaction between the compounds and HeLa cells,
the maximum ROS was generated in the case of emodin under
identical conditions (Fig. 12). Quite interestingly, the amount of
ROS generated in the presence of the complex was in between
that of emodin and NAC. The trend for ROS generation in cells
containing emodin and NAC were similar, i.e., a steady increase
up to an interaction time of 30 min, followed by a plateau
region. In the case of [Cu"(emod),]*”, however, the initial
increase in ROS corresponding to an increase in the interaction
time of the complex with HeLa cells was not seen. Rather, the
amount of ROS generated in these cells remained more or less
constant irrespective of the time of interaction of the complex
with the cells.

It was also seen that the ROS-quenching efficiency of the
complex was comparatively lower than the established ROS
quencher NAC, with the difference between them gradually
decreasing as the time of interaction of the compounds with
HelLa cells increased to 60 min (Fig. 12). At all interaction times,
ROS formation in HeLa cells containing [Cu”(emod),]>~ was

4000 — T
3600
3200

2800

2400 [~ -

Fluorescence intensity of 2°, 7’
dichlorofluorescein (DCF)

2000 1 | 1 1 1 |
0 20 40 60

Time in minutes

Fig. 12 Effect of emodin (M), [Cu'"(emod),]?~ (@), and NAC (A) on
ROS generation in Hela cells induced with the help of H,O, and
thereafter followed by the DCFDA assay using fluorescence spec-
troscopy at pH 7.4. Concentration of each compound used in the
experiment was 25 pM. NAC was used as the controlin the experiment.
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lower than cells containing emodin and the difference got larger
as the time of interaction of the compounds with cells
increased, which served as evidence that the complex formation
of emodin by Cu(u) was able to modulate the generation of
reactive intermediates (semiquinone, etc.) on emodin. Hence,
formation of the superoxide radical anion in solution would be
lower in case of the complex. Since semiquinones and super-
oxide radical anions are essential for cytotoxic action on cancer
cells it would be essential to see whether the efficacy of emodin
as an anticancer agent is compromised due to complex forma-
tion following the substantial decrease in ROS generation. On
the other hand, since semiquinone and superoxide radical
anion formation decreases, the complex is likely to have a lot
less toxic side effects, of which cardiotoxicity is of a major
concern.’”*® Consequently, we tested the compounds [emodin
and its Cu" complex] on two distinctly different carcinoma cell
lines: a cervical cancer cell line (HeLa) and a human liver tissue
(hepatocellular carcinoma) Hep G2 cells. These were chosen
since there were previous studies on emodin on these cell lines
and our reports could thus be compared.>*>”

3.4 Activity of the compounds on HeLa cells and Hep G2
cells followed by the MTT assay

The cell viability assay with emodin (LH;) and [Cu"(LH),]>~ on
both cell lines indicated that the complex is actually much more
effective. This goes to show that, although there is a remarkable
decrease in ROS generation due to the complex, it does not
affect the efficacy of emodin; rather the complex formation
enhances cell killing, as demonstrated by the MTT assay
(Fig. 13). This is particularly important because the formation of
ROS by emodin, shown to be of immense importance in the
different mechanisms concerning the action of the compound
on different cancer cell lines, decreases upon complex forma-
tion.>*” The complex probably has several other attributes or is
able to improve upon the existing qualities of emodin as an
anticancer agent, such as it being a kinase inhibitor (of protein
kinases CK2, p56lck, Her-2/neu, and Janus-activated kinase
2).2?% Emodin was reported to inhibit several signaling path-
ways as well; the complex could perhaps do even better.>**® We
showed earlier with some metal complexes of hydroxy-9,10-
anthraquinones that they inhibit human DNA topoisomerase
enzymes.'®'® This complex of Cu" with emodin, being an
example of the type reported earlier, is likely to inhibit topo-
isomerase as well, which could be responsible for its showing
such enhanced anticancer activity.'**®

3.5 Activity of the compounds on WI 38 lung fibroblast
(normal) cells followed by MTT assay

We performed a cell viability assay with emodin (LH3) and
[Cu"(LH),]>~ on WI 38 lung fibroblast (normal) cells and found
that the complex was not active on the chosen normal cell line.
In fact, the results showed that its activity was almost compa-
rable to the control experiment performed where no compound
was added to the cells (Fig. 14). However, emodin was more
active on the chosen normal cells than the Cu(u) complex
(Fig. 14). Therefore, going by the data on WI 38 lung fibroblast

This journal is © The Royal Society of Chemistry 2017
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48 h and then the MTT assay was performed.

cells, we can say that the complex should not affect normal cells
to a significant extent. This may be considered a huge gain in
favor of complex formation. Since the complex produces rela-
tively less ROS, exerts a greater efficacy than emodin on cancer
cells, and is almost inactive on normal cells, it could be devel-
oped as a useful less costly alternative of anthracycline drugs
with decreased toxic side effects.

4. Conclusions

A mononuclear complex of Cu™ with emodin [Cu"(LH),]*~ was
characterized with the help of physicochemical and spectro-
scopic techniques. The structure of the complex was solved
from powder XRD data after an initial molecular structural
model was created on the basis of spectroscopic evidence. The
interaction of emodin and the complex with calf thymus DNA
under different conditions of ionic strength of the medium
indicated both compounds showed enhanced binding with an
increase in the ionic strength of the medium; the effect being
greater for the complex. Such an increase in binding constant
values with the increase in ionic strength indicates that for both
compounds, the anionic species present in solution decrease
with the increase in the ionic strength of the medium. This is

This journal is © The Royal Society of Chemistry 2017

significant because the compounds may be used on cancer
patients even in the presence of high electrolyte concentrations
in body fluids; a situation cancer patients are usually in during
chemotherapy. The thermodynamic parameters investigated on
the interaction of emodin and the complex with calf thymus
DNA justified the trends observed in the binding. The DCFDA
assay for ROS formation by the compounds revealed low values
for [Cu™(LH),]*>~ with respect to emodin. The study showed that
despite the low values for ROS for [Cu"(LH),]>", the complex
was more potent in killing HeLa and Hep G2 cells compared to
emodin. This is probably because the complex has other attri-
butes too, such as increased cellular uptake, increased affinity
for DNA, or the ability to affect one or more cellular mecha-
nisms operating inside a cell, over that of emodin. A study on
a normal cell line (WI 38) revealed that the complex was almost
inactive on it. Since decreased ROS formation is often correlated
to such molecules being less cardiotoxic, the complex formation
of emodin with Cu™ may be viewed in that perspective as well.
Hence, there is a very high possibility that [Cu"(LH),]*>~ might
be active on cancer cells and yet have less toxic side effects.
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