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We studied the antitumor properties of the dinuclear copper(Il) complex of L-carnitine [Cua(L-
carnitine),Cl,(H,0),]Cl,, as well as those of L-carnitine and copper chloride dihydrate, in human leukemic
cells. The complex was synthesized and characterized using EPR, '"H NMR,"3C NMR, IR, and UV—vis
analyses. Its cytotoxic effect on the human leukemia cell lines HL-60 and K562 was studied by assessing
the metabolic activity of cells (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT method),
the structural integrity of cell membrane using Trypan blue assay, and the proliferation capacity of cells
studying growth curves. Both leukemia cell lines showed a concentration-specific increased cytotoxicity of
the complex, compared to L-carnitine or copper chloride dihydrate, with distinct underlying mechanisms,
which were decreased proliferation efficiency for HL-60 cells and increased necrotic phenomena for K562
cells. Our results are indicative of a concentration-specific enhanced antileukemic effect of the complex,
implying its value as a tool in the implementation of leukemia.

Introduction

L-Carnitine, a trimethylated amino acid (f-hydroxy-y-buty-
robetaine) with a structure quite similar to that of choline, plays
an essential biological role in the transport of long-chain fatty
acids (after conversion to acylcarnitines) into mitochondria
where -oxidation takes place.'™ Its relevance to the long-chain
fatty acids degradation and the consequent energy production
makes it a widespread dietary supplement for athletic perfor-
mance as well as for weight loss.”’

L-Carnitine and its derivatives also exhibit a noticeable
antidiabetic activity because the long-chain free fatty acids
transport by carnitine is connected to the glucose metabolism.*"'
L-Carnitine is also an antioxidant resulting in satisfactory
protection against oxidative stress related diseases such as lipid
peroxidation,'? Down syndrome,'*'* heart failure,'>'¢ aging,'”
and HIV.'® Carnitine deficiency is connected to cardiac
symptoms'?® and anemia,?®*' and its supplementation has a
positive effect on these dysfunctions. The role of L-carnitine in
carcinogensis is evident by data that support its inhibitory role
on cancer development®*>* as well as its supportive role in
prevention or minimization of side effects from cisplatin induced
injury of kidney and intestine.*>

Copper has an important biological role in all living organisms
as an essential trace element. Because of the redox behavior of
the Cu(Il)=Cu(I) system and the interaction of copper com-
plexes with O,, biomimetic complexes of copper ions with
biologically interesting ligands have been investigated in detail.
Copper is involved in the activation and hydroxylation of various
substrates via free radical reactions.”*?” Copper(IT) complexes
with diverse drugs and their synergetic activity have been the
subject of a large number of research studies.”®>*
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Additionally, in HL-60 and Jurkat leukemia cell lines,
L-carnitine treatment prevented GP7 (4-[4"-(2",2",6",6"-tet-
ramethyl-1" -piperidinyloxy)amino]-4'-demethyl epipodophyllo-
toxin)-induced caspase-3 activation, with subsequent inhibition
of GP7-induced apoptotic internucleosomal DNA fragmentation
only in HL-60 cells.*> According to another study, L-carnitine
treatment of the same two cell lines prevented IDA (idarubicin)-
induced caspases 3 and 7 activation, without affecting IDA-
induced internucleosomal DNA fragmentation.36 Furthermore,
it has been found that L-carnitine promotes differentiation of a
certain fraction of HL-60 leukemic population, yielding a small
number of atypical cells for the myeloid lineage cells.” Such
an observation may account for the inhibitory effect of L-
carnitine over GP-7 and IDA-induced distinct apoptotic hall-
marks. What is more, the anticancer drug methylglyoxal
bis(guanylhydrazone) (mitoguazone) depresses carnitine-de-
pendent oxidation of long-chain fatty acids in cultured mouse
leukemia cells.*® Similarly, exposure of the leukemia cells to
the drug in the presence of carnitine abolished the inhibition of
fatty acid oxidation and prevented the drug-induced mitochon-
drial damage.*®

Two binuclear copper(Il) complexes of L-carnitine were
synthesized and characterized, with the first reported X-ray
structural characterization of a Cu(Il) paddle-wheel complex.*°
In the intestine and kidney the L-carnitine transport is Na*-
dependent.*' The Ca?*-dependent mitochondrial damage is
mediated in the presence of L-carnitine.** Only a Zn>* complex
of L-carnitine has been isolated and characterized with infrared
spectroscopy and elemental analysis. This complex demonstrates
antidiabetic activity.*> The possible chelation of iron with
propionyl-L-carnitine explains the reduction of ischemic injury.**43

Recently, Chang et al. reported that oxidative stress elicited
from copper accumulation increases the amount of free fatty
acids, thereby inducing mitochondrial dysfunction. L-Carnitine
treatment can inhibit this mitochondrial injury.*® Therefore, the
investigation of copper and L-carnitine interaction is biologically
important.
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Figure 1. Proposed structure of the complex.
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Figure 2. Low-temperature (11 K) EPR spectrum of the complex in
aqueous solution.

In the present work, we examined the cytotoxic effect of the
dinuclear copper(Il) complex of L-carnitine, [Cuy(L-carni-
tine),Cl,(H,0),]Cl,, on two leukemia cell lines, HL-60 and
K562, against L-carnitine or copper chloride dihydrate
(CuCl,+2H,0). We found that this compound could sensitize
and potentiate the leukemia cells tested to cell death, in
comparison to L-carnitine or copper chloride dihydrate, alone.

Results

Preparation and Characterization of the Compound
[Cuz(L-carnitine);Cl,(H,0);]Cl,. The L-carnitinatocopper(II)
complex [Cuy(L-carnitine),Cly(H>0),]Cl, was prepared in etha-
nolic solution via the reaction of equimolar quantities of
copper(Il) chloride dehydrate and L-carnitine and resulted as a
green solid soluble in water and DMSO. The structure of the
dinuclear copper(Il) complex of L-carnitine is presented in
Figure 1. In the IR spectrum the most characteristic bands at
1619 and 1421 cm™ ' correspond to the asymmetric and
symmetric stretching vibrations of the carboxylate group,
respectively. The two bands at 561 and 431 cm ™! are indicative
of the Cu—O vibrations.*”*®

The complex dissolved in water is EPR silent at room
temperature. At lower temperatures (11 K) the spectrum reveals
two signals at g &~ 2, around 3100 G, and at g ~ 4, around
1500 G. The first one is an unsaturated signal without hyperfine
interactions, indicating a significant interdimer interaction
between the two copper(Il) ions (Figure 2). The appearance of
an additional very weak signal (Figure 2, inset) at lower field
(near half-field) is characteristic of binuclear copper complexes
due to a singlet—triplet transition of AM, = 2.*°

The electronic absorption spectrum of the complex in aqueous
solution demonstrates st — 7r* transitions within the ligands at
240 nm. A ligand-to-metal charge transfer band, through the
chloride ions, is observed at 300 nm. The complex exhibits also
a d—d transition as a weak and broad band at 790 nm, which is
typical of a distortion of a square pyramidal geometry toward
a equilibrium trigonal bipyramidal geometry.>*-"!
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Figure 3. Treatment of HL-60 and K562 cell lines with the dinuclear
copper(Il) complex of L-carnitine, [Cux(L-carnitine),Cl,(H20),]Cl,,
displayed enhanced cytotoxic effect compared to L-carnitine or copper
chloride dihydrate (CuCl,*2H,0). The cells were treated in the absence
(M) or presence of various doses of the complex (A) or of L-carnitine
(®) or copper chloride dihydrate (CuCl,-2H,0) (O), as individual
entities, for 24, 48, and 72 h, and the cell viability was measured by
the MTT assay. Each data point represents the mean of three separate
experiments (mean £ SD).

In the '"H NMR spectrum, it is shown that the ligand is
coordinated to the metal by a single-bonded carboxylate oxygen
atom and a hydroxylate one. The peaks at 1.29, 3.24, and 3.87
ppm correspond to the —CH,—COO ™, (CH;);N", and —CH—OH
protons, respectively. In the '*C NMR spectrum, the peaks at
19.6, 56.6, 59.8, and 81.7 ppm correspond to the —CH,—COO,
(CH3);N*, (CH3);sN*—CH,—, and —CH—OH carbon atoms,
respectively.

Effect of [Cuy(L-carnitine),Cl,(H>0);]Cl, on Growth
and Viability of Leukemia Cells. To compare the effect of
the compound [Cuy(L-carnitine)>Cl,(H20),]Cl, in relation to that
of L-carnitine or copper chloride dihydrate (CuCl,*2H,0), on
HL-60 and K562 leukemia cell lines, the cells were exposed to
increasing doses of [Cuy(L-carnitine),Cly(H,0),]Cl, or L-car-
nitine or copper chloride dihydrate (CuCl,+2H,0), as individual
entities (1.25, 2.5, 5, and 10 uM), for increasing periods of time
(24, 48, and 72 h), and cell viability was measured by the MTT*
assay. As shown in Figure 3, treatment of both cell lines with
either the complex [Cux(L-carnitine),Cl,(H,0),]Cl, or copper
chloride dihydrate at =5 uM led to almost 0% cell viability
since 24 h of treatment, whereas L-carnitine alone caused a more
restricted time-dependent down-regulation of cell viability.
Exposure of the cell to concentrations of <2.5 uM led to a time-

“ Abbreviations: MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide; BCL2, B cell lymphoma gene 2; FBS, fetal bovine serum;
DMSO, dimethyl sulfoxide; SDS, sodium dodecyl sulfate; PBS, phosphate-
buffered saline.
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dependent negative regulation of cell viability by all three
compounds under study, with a more pronounced effect
compared with that of the compound [Cuy(L-carnitine);Cl,-
(H20),]Cl,, or of copper chloride dihydrate compared to
L-carnitine as individual entity (Figure 3). At the median
concentration of 2.5 uM only, there was a more predominant
effect of the complex compound [Cuy(L-carnitine)>Cl,(H20),]Cl,
compared to the effect of both copper chloride dihydrate and
L-carnitine as individual entities, in both cell lines, still being
more evident in the HL-60 cell line (Figure 3). Such observation
could indicate concentration dependence. Furthermore, the
sensitivity of both cell lines to L-carnitine alone, in terms of
cell viability as assayed by the MTT assay, was mainly time-
dependent (Figure 3).

Apart from the MTT method, which assesses quantitatively
cell viability but cannot distinguish between growth arrest or
necrosis, the effect of the compounds under study on cell growth
and the percentage (%) of Trypan blue +ve cells (necrosis) in
the cell lines mentioned above were evaluated. The cell growth
curves exhibited mainly a concentration-dependent and to a
lesser extent a time-dependent inhibition of cell proliferation,
with important differences among the complex and L-carnitine
or copper chloride dihydrate (CuCl,*2H,0) at 2.5 uM in the
HL-60 cell line. Yet more evident and enhanced decrease in
cell number appeared in the presence of the complex and copper
chloride dihydrate at concentrations of =5 uM, in relation to
L-carnitine alone, in both cell lines examined (Figure 4), whereas
at the smallest concentration of 1.25 uM all three compounds
had similar effects (Figure 4).

The Trypan blue staining revealed that in HL-60 cells the
complex displayed similar necrotic effects as copper chloride
dihydrate (CuCl,+2H,0), still higher than L-carnitine at 5 uM,
in some cases causing even 100% necrosis of the cells (Figure
5, Tables 1 and 2). In the K562 cell line, the complex displayed
enhanced necrotic effects compared to copper chloride dihydrate
and L-carnitine, only at the 2.5 #M concentration. Concentrations
of =5 uM presented extensive toxicity for both the complex
compound under study and the copper chloride dihydrate
(CuCl,*2H50) in both cell lines under study, whereas the
concentration of 1.25 uM caused almost no necrotic phenomena
(Figures 3-5, Tables 1 and 2).

Discussion

L-Carnitine has been well-known for its protective action over
ischemia/reperfusion injury of the heart,”” its beneficial effect
against Alzheimer’s disease™ and AIDS,>* and its antiapoptotic
action.”> Mutomba™® showed that L-carnitine protected Jurkat
leukemia cells against Fas-mediated apoptosis, yet without
inhibiting IDA-induced apoptotic DNA fragmentation.

In the past few years a lot of action has taken place concerning
more successful confrontation of distinct types of leukemia,
mainly with new chemotherapeutic regimens®®>’ for better
therapeutic interventions and more accurate prognostic bio-
markers.’® > An important parameter in the evaluation of
chemotherapeutic agents is cancer cell growth inhibition and
cancer cell death, with fewer possible side effects for the patient.
The unsuccessful action of many chemotherapeutic drugs
reflects, at cellular level, the inability of specific drugs to induce
cell growth arrest and cell death.®*"!

In the present research, the responses of two leukemia cell
lines (HL-60 and K562) to the compound [Cuy(L-carni-
tine),Cl,(H,0),]Cl; and to L-carnitine or copper chloride dihy-
drate (CuCl,+2H;0), as individual entities, were studied and
evaluated. The selection of these two leukemia cell lines was
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Figure 4. Treatment of HL-60 and K562 cell lines with the dinuclear
copper(Il) complex of L-carnitine, [Cux(L-carnitine)>Clo(H20),]Cl,,
L-carnitine, or copper chloride dihydrate (CuCl,*2H,0) displayed
antiproliferative effect in both cell lines. The cells were treated in the
absence (M) or presence of various doses of the complex (A) or of
L-carnitine () or copper chloride dihydrate (CuCl,-2H,0) (O), as
individual entities, for 24, 48, and 72 h, and total cell concentration
was measured using a hemeocytometer. The results were expressed as
the total cell concentration of cells. Each data point represents the mean
of three separate experiments (mean + SD).

not accidental, since they cover a wide range of cell responses
to chemotherapy, from the endogenous predisposition to cell
death (HL-60) to the resistance to it (K562).

Compound [Cu,(L-carnitine),Cl,(H,0),]Cl, was synthesized
and consisted of two subunits, L-carnitine and copper chloride
dihydrate (CuCl,*2H,0). Our results revealed that a specific
concentration of the compound, which was estimated as 2.5 uM,
could sensitize both HL-60 and K562 human leukemia cells to
a more pronounced decrease of cell viability, as assayed by
MTT, in comparison to L-carnitine and copper chloride dehy-
drate alone, accompanied by increased necrotic phenomena in
the case of K562 cells and yet with more extensive decreased
cell proliferation in the case of HL-60 cells. The effect of this
concentration will be discussed, since the distinctive effect of
the complex in comparison to the metal ion and the ligand was
more evident.

The enhanced decrease in cell viability in HL-60 cells, after
treatment with 2.5 uM [Cuy(L-carnitine),Cl,(H,0),]Cl,, in
comparison to treatment with either L-carnitine or copper
chloride dihydrate as individual entities, was mainly due to
decreased cell proliferation efficiency (Figure 4), whereas in
the case of K562 cells only, increased necrotic phenomena
appeared along with decrease in cell proliferation (Figure 5,
Tables 1 and 2). Therefore, this overall intense cytotoxic activity
of the complex (2.5 uM) in HL-60 cells seems to be due to its
enhanced cell proliferation inhibitory activity as a possible
synergistic effect of the compounds that exists in the complex
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Figure 5. Treatment of HL-60 and K562 cell lines with the dinuclear
copper(Il) complex of L-carnitine, [Cuy(L-carnitine),Cl,(H,0),]Cly,
displayed enhanced necrotic phenomena compared to L-carnitine or
copper chloride dihydrate (CuCl,*2H,0) in K562 cells but not in
HL-60 cells. The cells were treated in the absence (M) or presence
of various doses of the complex (A) or of L-carnitine (®) or copper
chloride dihydrate (CuCl,*2H,0) (O), as individual entities, for 24,
48, and 72 h, and necrotic phenomena were detected by Trypan
blue staining. The results were expressed as the concentration of
trypan blue +ve cells. Each data point represents the mean of three
separate experiments (mean &+ SD).

and to a much lesser extent due to necrotic phenomena, which
are quite limited. Such a cell proliferation inhibitory effect of
the compound and to a lesser extent of L-carnitine may be
considered to be more due to the previously reported differentia-
tion action of L-carnitine on HL-60 cells®” than on DNA or a
consequence of cell death, since L-carnitine possesses an
inhibitory effect over apoptosis hallmarks induced by distinct
drugs (GP-7 and IDA), such as DNA fragmentation, mitochon-
drial damage, and caspase activation.>>*%

In addition, the enhanced decrease in cell number caused by
the complex (2.5 uM), due to necrotic phenomena in the K562
cell line, could be interpreted by the more resistant nature of
K562 cells to drug-induced programmed cell death mechanisms,
which resulted in the cell selection of a distinct and more adverse
type of cell death, necrosis. Cells under stress have to choose
among distinct fates according to complicated biochemical
pathways. For K562 cells and the compound concentration of
2.5 uM, necrosis was the fate pathway possibly because
L-carnitine possesses a known apoptosis inhibitory activity.
However, at 1.25 uM, although there were no important
differences in the degree of decrease in cell viability among
the compounds L-carnitine and copper chloride dehydrate, such
a decrease was due to decreased cell proliferation efficiency
and not due to necrotic phenomena. Such a result revealed that
the concentration of the complex above a certain limit is
deleterious for K562 cells, ultimately leading to necrosis,
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whereas at lower concentrations where its effect is due to
decreased cell proliferation efficiency (like in HL-60 cells)
almost to the same extent as L-carnitine and copper chloride
dehydrate, differentiation may be the underlying mechanism.

Distinct results were observed in the case of cell treatment
with L-carnitine (2.5 uM) as an individual entity, where HL-60
and not K562 cells responded with the appearance of limited
necrotic phenomena, with both cell lines showing decreased
proliferation efficiency, probably due to induction of differentia-
tion. Additionally, copper chloride dihydrate (2.5 uM) alone
caused the same effect on both cell lines as L-carnitine but to a
different extent.

Taken together, these data indicate that in HL-60 cells the
complex augmented the decrease in cell proliferation efficiency
caused by both L-carnitine and copper chloride dihydrate, as
individual entities. However, in K562 cells, the complex at 2.5
uM but not at 1.25 uM induced necrotic phenomena, which
did not appear after cell treatment with L-carnitine or copper
chloride dihydrate alone.

Overall, the compound [Cuy(L-carnitine),Cl,(H20),]Cl, showed
mainly a concentration-specific mode of antileukemic action that
was enhanced compared to L-carnitine or copper chloride
dihydrate, as individual entities, providing valuable information
about its potential as a tool in cancer chemotherapy, although
further work is required.

Experimental Section

Chemistry. The reagents L-carnitine, CuCl,*2H,0, and the
solvent ethanol were purchased from Aldrich Chemical Co. and
used without purification. All the reactions took place under aerobic
conditions and room temperature.

Synthesis of the L-Carnitinatocopper(I) Complex [Cuy(L-car-
nitine),CL(H0),;]CL. A green solid of [Cuy(L-carnitine),Cl,-
(H20),]Cl, was prepared after the addition of CuCl,*2H,0 (90.0
mg, 0.5 mmol) to an ethanolic solution of L-carnitine (80.0 mg,
0.5 mmol) and was filtered and dried overnight in vacuum over
CaClz.‘“’ Anal. (C14H3408N2C14CUZ) C, H, N.

IR Analysis. The infrared spectral data were recorded on a
Perkin-Elmer 880 IR spectrophotometer. The solid was in a KBr
pellet, and the frequency range was 4000—250 cm™'. IR data (v,
cm™'): 3418, 3021, 2955, 2918, 1619, 1421, 561, 431.

EPR Analysis. EPR spectra in aqueous solution (298 and 11
K) were recorded on a Bruker ER-200D-SRC X-band spectrometer
interfaced to a personal computer and equipped with an Oxford
EPR 900 cryostat, an Anritsu MF76A frequency counter, and a
Bruker 035N NMR gauss meter.

UV—Visible Analysis. The UV —vis spectrum was recorded on
a Hitachi U-2000 spectrophotometer. The complex was dissolved
in water and was transferred to a 1 cm cuvette. UV—vis data (Aax,
nm): 240, 400, 790.

NMR Analysis. 'H and '*C NMR spectra were recorded on a
Varian UNITYplus spectrometer operating at 300 MHz in D,O with
TSP as an internal reference (0.0 ppm). 'H NMR (8 values in ppm):
1.29, 3.24, 3.87. "*C NMR (9 values in ppm): 19.6, 56.6, 59.8,
81.7.

Cell Culture Conditions. HL-60 (peripheral blood human
promyelocytic leukemia) and K562 (human chronic myelogenous
leukemia) cell lines were maintained in an atmosphere of 95% air/
5% CO, with 100% humidity at 37 °C and cultured in RPMI 1640,
supplemented with 10% fetal bovine serum (FBS), 200 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, and 2 mM
NaHCOs. Cells were seeded at 4 x 10° cells/mL, a density that
allowed logarithmic growth of cells throughout the experiments.
They were incubated at 37° for 24 h and treated with the dinuclear
copper(Il) complex of L-carnitine, [Cuy(L-carnitine),Cl,(H,0),]Cl,,
L-carnitine, or copper chloride dihydrate (CuCl,*2H,0), as indi-
vidual entities, while in exponential growth phase, for the indicated
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Table 1. Percentage (%) of Trypan Blue + Cells versus Total Number of Cells, in the Cell Line HL-60

24 h 48 h 72 h
sample % SD¢ % SD¢ % SD¢
1.25 uM
control 0 0.003 0 0.002 0 0.001
dinuclear copper(Il) complex of L-carnitine 0 0.001 0 0.05 145 0.04
[Cuy(L-carnitine),Clo(H,0),]Cl,
L-carnitine 1.4 0.005 5.3 0.01 13.6 0.01
Copper chloride dihydrate (CuCl,+2H>0) 1.4 0.001 10.8 0.05 26.5 0.01
2.5 uM
control 0 0.003 0 0.002 0 0.001
dinuclear copper(Il) complex of L-carnitine 0 0.001 8.8 0.005 26.3 0.008
[Cua(L-carnitine)>Clo(H20):]Cl,

L-carnitine 0 0.002 7.8 0.08 28.4 0.05
copper chloride dihydrate (CuCl,+2H,0) 1.5 0.002 6.8 0.06 22.6 0.025
5 uM
control 0 0.003 0 0.002 0 0.001
dinuclear copper(Il) complex of L-carnitine 100 0.002 75 0.1 100 0.05

[Cuy(L-carnitine)>Cl>(H,0),]Cl,

L-carnitine 1.8 0.04 9.2 0.0001 25.6 0.03
copper chloride dihydrate (CuCl,+2H,0) 86.2 0.08 100 0.0001 100 0.025
10 uM
control 0 0.003 0 0.002 0 0.001
the dinuclear copper(Il) complex of L-carnitine 100 0.01 100 0.001 100 0.005

[Cuy(L-carnitine),Clo(H,0),]Cl,
L-carnitine 1.7 0.005 9.7 0.05 30 0.05
copper chloride dihydrate (CuCl,+2H,0) 100 0.002 100 0.001 100 0.005
“ SD, standard deviation.
Table 2. Percentage (%) of Trypan Blue + Cells versus Total Number of Cells, in the Cell Line K562
24 h 48 h 72 h
sample % SDh¢ % SDh¢ % SDh¢

1.25 uM
control 0 0.0005 0 0.001 0 0.0001
dinuclear copper(II) complex of L-carnitine 15.6 0.05 10.4 0.01 8.3 0.05
[Cuy(L-carnitine),Cl,(H,0),]Cl,
L-carnitine 0 0.001 2.5 0.025 4.7 0.025
copper chloride dihydrate (CuCl,+2H,0) 16.3 0.04 4.9 0.05 3 0.05

2.5 uM
control 0 0.0005 0 0.001 0 0.0001
dinuclear copper(Il) complex of L-carnitine 36.4 0.01 46.5 0.05 57.1 0.025
[Cua(L-carnitine)>Clx(H20),]Cl,
L-carnitine 2.4 0.01 0 0.001 4.7 0.05
copper chloride dihydrate (CuCl,+2H,0) 5.1 0.05 10.8 0.01 75 0.05

5 uM

control 0 0.0005 0 0.001 0 0.0001
dinuclear copper(I) complex of L-carnitine 100 0.02 100 0.03 100 0.01
[Cuz(L-carnitine),Clx(H20),]Cl,
L-carnitine 0 0.0008 8.9 0.01 143 0.02
copper chloride dihydrate (CuCl,*2H,0) 87.5 0.03 100 0.01 100 0.003

10 uM
control 0 0.0005 0 0.001 0 0.0001
dinuclear copper(I) complex of L-carnitine 100 0.05 100 0.01 100 0.01
[Cuy(L-carnitine),Cl,(H,0),]Cl,
L-carnitine 2.4 0.03 11.1 0.02 11.8 0.001
copper chloride dihydrate (CuCl,*2H,0) 100 0.05 100 0.01 100 0.01

“ SD, standard deviation.

time periods. The compounds were added to the cell medium, whose
pH was 7—7.2, where they remained constantly throughout the
experiments.

Assessment of Cell Viability by MTT. The sensitivity of the
two cell lines under study to the dinuclear copper(Il) complex of
L-carnitine, [Cu,(L-carnitine),Cly(H,0),]Cl,, L-carnitine, or copper
chloride dihydrate (CuCl,*2H,0), as individual entities, was
assessed using the MTT colorimetric assay, as described previ-
ously.”? Briefly, exponentially growing human leukemia cells were
seeded at a density of 4 x 10° cells/mL in triplicate, and 24 h later

they were treated with the dinuclear copper(Il) complex of
L-carnitine, [Cuy(L-carnitine),Cl,(H,0),]Cl,, L-carnitine, or copper
chloride dihydrate (CuCl,*2H,0), as individual entities, at 37 °C
in a humidified 5% CO, atmosphere for the indicated time periods.
This was followed by addition of 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT; Sigma Chemical Co, St. Louis,
MO) at a final concentration of 0.5 mg/mL in the presence of which
they were further incubated for 4 h at 37 °C in a humidified 5%
CO, atmosphere to allow MTT to form formazan crystals in
metabolically active cells. Following the solubilization of formazan
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crystals overnight at 37 °C, in a solution containing 12.5% SDS
(Sigma Chemical Co, St. Louis, MO) and 45% (v/v) formamide
(ACROS Organics, Geel, Belgium), the absorbance of each cell
lysate solution was measured at 545 nm, with a reference
wavelength of 690 nm. The results were expressed as the percentage
(%) of treated cells versus untreated cells.

Determination of Necrotic Phenomena by Trypan Blue
Staining. Exponentially growing human leukemia cells were
seeded at a density of 4 x 10° cells/mL in triplicate, and 24 h
later they were treated with the dinuclear copper(Il) complex of
L-carnitine, [Cuy(L-carnitine),Cl»(H,0),]Cl,, L-carnitine, or cop-
per chloride dihydrate (CuCl,*2H,0), as individual entities, at
37 °C in a humidified 5% CO, atmosphere for the indicated time
periods. An amount of 50 L from each sample was then diluted
10x in PBS (1x), and an amount of 2 L. of 0.4% (w/v) Trypan
blue stain (Sigma Chemical Co., St. Louis, MO) was added to
18 uL of 10x diluted cell suspension. They were mixed
thoroughly and allowed to stand for 5 min at room temperature.
The total number of cells and the number of blue-stained cells
were counted on a hemocytometer, using a microscope. The
determination of necrotic or secondary necrotic (late apoptotic)
cell populations is based on the interaction of the negatively
charged Trypan blue dye with only damaged cellular mem-
branes, resulting in their penetration by the blue-colored dye
and the staining of the cells.”®> The results were expressed as
the concentration of Trypan blue stained cells (cells/mL) and as
the percentage of the total cell number of cells. Each data point
represents the mean of three separate experiments (mean £ SD).

Cell Growth Assay. The effect of the compounds under study
on the proliferative capacity of leukemia cells was studied, which
concerned the determination of the number of cells that were divided
in the culture in the presence or absence of the compounds under
study, as well as the creation of growth curves. For that purpose,
exponentially growing human leukemia cells were seeded at a
density of 4 x 10° cells/mL in triplicate, and 24 h later they were
treated with the dinuclear copper(Il) complex of L-carnitine, [Cuy(L-
carnitine),Cl,(H,0),]Cl,, L-carnitine, or copper chloride dihydrate
(CuCl,+2H,0), as individual entities, at 37 °C in a humidified 5%
CO, atmosphere for the indicated time periods. Then a 50 uL aliquot
from each sample was mixed thoroughly with 450 uL of complete
medium without serum (10x dilution) and total cell number was
determined manually under a light microscope, using a hemocy-
tometer. The results were expressed as the total cell concentration
of cells, with each data point representing the mean of three separate
experiments (mean £ SD).

Supporting Information Available: Results from elemental
analysis. This material is available free of charge via the Internet
at http://pubs.acs.org.
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