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Abstract. Schiff base copper  (I I) complexes are 
known for their anticancer, antifungal, antiviral and 
anti‑inflammatory activities. The aim of the current study 
was to investigate biological effects of Schiff base Cu (II) 
complexes (0.001‑100  µmol/l)‑[Cu2(sal‑D, L‑glu)2(isoquin
oline)2]·2C2H5OH  (1), [Cu(sal‑5‑met‑L‑glu)(H2O)].H2O  (2), 
[Cu(ethanol)2(imidazole)4][Cu2(sal‑D, L‑glu)2(imidazole)2] (3), 
[Cu(sal‑D,L‑glu)(2‑methylimidazole)]  (4) on the human 
colon carcinoma cells HT‑29, the mouse noncancerous cell 
line NIH‑3T3 and the human noncancerous fibroblast cell 
line VH10. The results suggested that Cu  (II) complexes 
exhibit cytotoxic effects against the HT‑29 cell line, while 
complexes 3 and 4 were the most effective. Subsequent to 
72 h of incubation, apoptosis was observed in the HT‑29 cells 
induced by Cu (II) complexes 1 (0.1, 1, 10 and 50 µmol/l), 
2 (1, 10, 50 and 100 µmol/l), 3 (0.01, 1, 10 and 50 µmol/l) and 
4 (0.01, 0.1, 1 and 10 µmol/l). The apoptotic pathways acti-
vated by the Cu (II) complexes were identified. The results 
indicated that complexes 2, 3 and 4 were able to induce the 
mitochondria‑dependent pathway of apoptosis in HT‑29 cells, 
while complex 1 was obsered to activate the extrinsic pathway 
of apoptosis. The levels of the anti‑apoptotic protein Bcl‑2 were 
reduced and those of the pro‑apoptotic protein Bax increased 
following treatment with complexes 2, 3 and 4. Complex 1 had 
no effect on Bax protein expression. Complexes 2 and 3 induced 
elevation of cytochrome c (cyt c), while complex 4 induced a 
time‑dependent elevation of cyt c levels. No cyt c was detected 
in HT‑29 cells exposed to complex 1, suggesting that Cu (II) 

complexes activated the extrinsic pathway of apoptosis. The 
results from the current study in addition to previous studies 
suggest that Schiff base Cu (II) complexes have potential as 
novel anticancer drugs.

Introduction

Colorectal cancer (CRC) is the third most common type of 
cancer worldwide and is the fourth most common cause of 
cancer‑associated mortality (1). To treat cancer, multiple inter-
ventions are required, including surgery, chemotherapy and 
radiotherapy, with the goal to cure the disease or prolong and 
improve quality of life (2). Chemotherapy has been demon-
strated to be effective in cancer treatment, and has helped 
to save lives of millions of patients worldwide (3). There are 
numerous chemotherapeutic drugs that are commonly used, 
which can be effective in certain cancer types, however, 
chemotherapy does not specifically target cancer cells, there-
fore results in numerous side effects (4). The majority of drugs 
used for the treatment of cancer are cytotoxic drugs interfering 
with the operation of the cancer cells. Cytotoxic drugs can be 
harmful unless they are specific to cancer cells. Specificity is 
a challenge, due to the fact that the modifications required to 
convert a noncancerous cell into a cancerous cell are slight. To 
design novel selective drugs for cancer cells, with reduced side 
effects, is a key challenge (5). An important class of compounds 
with a variety of biological and clinical applications are Schiff 
bases (6). Copper is a metal long used for medicinal applica-
tions and its potential anticancer activity has been recently 
reported (7). Copper‑based complexes have become a focus, 
due to the assumption that endogenous metals may be less 
toxic for normal cells compared with cancer cells. Differential 
response between normal and tumor cells to copper in addi-
tion to the altered metabolism of cancer cells are the basis 
for development of copper complexes with antineoplastic 
characteristics (8). Salicylaldehyde‑derived copper (II) Schiff 
base complexes are promising anticancer agents as a result of 
their manifold properties such as anticancer and antifungal 
properties (9) antiviral, anti‑inflammatory, antimicrobial and 
antioxidant activities (10). In addition, their transition metal 
complexes exhibit enhanced pharmacological properties (11).
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In the current study, four different copper (II) complexes 
containing Schiff bases derived from salicylaldehyde and 
glutamic acid were used, in addition to molecular O‑or 
N‑donor ligands, in order to examine the anticancer activities.

Materials and methods

Cell cultures. Human colon cancer cells (HT‑29), non‑cancerous 
human cells (VH10), human embryonal non‑cancerous cells 
(HEK‑293T), mouse cells (NIH‑3T3) and mouse leukemia 
cells (L1210) were purchased from the American Type Culture 
Collection (Manassas, VA, USA). Cells were maintained in 
Dulbecco's modified Eagle's medium (DMEM; Life Tech-
nologies; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
containing 10% fetal bovine serum, 100 µg/ml streptomycin 
and 100 U/ml penicillin G at 37˚C in a humidified atmosphere 
of 5% CO2/95% air.

Cu  (II) complexes. Complexes 1, [Cu2(sal‑D,L‑glu)
2(isoquinoline)2]·2C2H5OH; 2, [Cu(sal‑5‑met‑L‑glu)
(H2O)].H2O; 3, [Cu(ethanol)2(imidazole)4][Cu2(sal‑D, 
L‑glu)2(imidazole)2]; and 4, [Cu(sal‑D,L‑glu)(2‑methylimid-
azole)] were prepared, where (sal‑D,L‑glu) or (sal‑L‑glu) is 
N‑salicylidene‑D, L‑ or L‑glutamate and (sal‑5‑met‑L‑glu) is 
N‑salicylidene‑5‑methylester‑L‑glutamate. The synthesis and 
the structure of the complexes are described in Nakao et al (12), 
Krätsmár‑Šmogrovič et al (13) and Langer et al (14‑17).

Cytotoxicity analysis. The effects of Cu (II) complexes on 
viability of cancerous and noncancerous cells were determined 
by direct counting of viable cells by the trypan blue exclusion 
assay in addition to using the 3‑(4,5‑dimethylthiazol‑2‑yl) 
2,5‑diphenyltetrazolium bromide (MTT) colorimetric tech-
nique. Cells were placed (8x103 cells/200 µl well) in individual 
wells of 96‑multiwell plates. Each concentration was tested four 
times and all dye exclusion tests were performed in triplicate. 
Cu (II) complexes were diluted with distilled water and final 
concentrations of the complexes added to the cells were 0.001, 
0.01, 0.1, 1, 10, 50 and 100 µmol/l. Following 72 h exposure 
to 7 concentrations of Cu (II) complexes (37˚C, humidified 
atmosphere of 5% CO2/95% air), cells were treated with MTT 
solution [5 mg/ml in phosphate‑buffered saline (PBS), 20 µl] 
for 4 h. The dark crystals of formazan formed in intact cells 
were dissolved in dimethyl sulfoxide (200 µl). The plates were 
shaken for 15 min and the optical density was determined at 
595 nm using a MicroPlate Reader (Biotek Instruments, Inc., 
Winooski, VT, USA).

Staining of actin filaments. The cell suspension (2x103 cells/well) 
was seeded into 6‑well chamber slides. Cells were then 
treated with Cu (II) complexes (IC50 concentration) for 24 h. 
Non‑treated cells were set as the controls. For staining of the 
actin filaments, the following procedures were conducted at 
room temperature. Cells were washed with PBS and were fixed 
with 4% formaldehyde in PBS for 20 min, followed by washing 
with PBS. Cells were then stained with 40 µl/slide phalloidine 
(1 µg/ml) for 30 min in dark. Subsequent to incubation, cells 
were washed with distilled water. Actin fibers were visualized 
by fluorescence microscopy (Zeiss, Oberkochen, Germany) 
and images were captured under a magnification of x600.

Detection of apoptosis. Untreated (control) and drug‑treated 
(0.1‑100 µmol/l) cancerous HT‑29 cells (1x105), and noncan-
cerous NIH‑3T3 (6x104) and VH10 (1x105) cells, were 
incubated for 24, 48 and 72 h, then harvested, washed in PBS, 
centrifuged at 1,500 x g for 10 min at 4˚C and lysed with 
50 µl of lysis solution (10 mmol/l Tris, 10 mmol/l ethylenedi-
aminetetraacetic acid and 0.5% Triton X‑100) supplemented 
with proteinase K (1 mg/ml). Samples were incubated at 37˚C 
for 1 h and then heated at 70˚C for 10 min. Following lysis, 
2.5 µl RNase (200 µg/ml) was added followed by repeated 
incubation at 37˚C for 1 h. The samples were subjected to elec-
trophoresis at 40 V for 2.5 h in 2% agarose gel with ethidium 
bromide. As a positive control, L1210 cells were incubated 
with 6 µmol/l cis‑platin (Sigma‑Aldrich, St. Louis, MO, USA) 
for 24 h and processed according to the protocol described 
above. Separated DNA fragments were visualized using an 
Ultra‑Lum Electronic UV transilluminator at 254 nm.

Caspase 3 activity. Caspase 3 activity was analyzed using 
Caspase 3 colorimetric assay kit (CaspACE™ Assay system 
Colorimetric; Promega Corporation, Madison, WI, USA). The 
cells were treated with Cu (II) complexes (1‑100 µmol/l) for 60 h. 
Cell lysates were isolated and caspase 3 activity was measured 
according to the manufacturer's protocol. Protein concentra-
tions were determined by the Bradford method as previously 
described by Buzdar et al (18). Samples were added to the 
reaction mixtures containing colorimetric substrate peptides 
specific for caspase 3 N‑acetyl‑Asp‑Glu‑Val‑Asp‑p‑nitroanilin 
(Ac‑DEVD‑pNA). The plate was incubated at 37˚C for 2, 4, 
6 and 8 h. Each sample containing 200 µg proteins was incu-
bated with caspase 3 substrate, Ac‑DEVD‑pNA, in the reaction 
buffer in a 96‑well flat bottomed microplates. Absorbance was 
read at 405 nm using a spectrophotometric microplate reader 
(Humareader; HUMAN Diagnostics Worldwide, Wiesbaden, 
Germany).

DNA constructs. The pCMVHA ubiquitin construct [ubiquitin 
DNA sequence ligated into pCMV‑hemagglutinin (Ha) vector; 
Clontech Laboratories, Inc., Mountain View, CA, USA] and 
pCMVcMyc ubiquitin construct (ubiquitin DNA sequence 
ligated into the pCMV‑Myc vector; Clontech Laboratories, 
Inc.) were prepared at the Institute of Chemical Technology 
(Prague, Czech  Republic) by Dr  Markéta  Landová and 
Dr Anna Lounková,. They were allowed to express ubiquitin 
fused to either the c‑Myc or HA epitope tag for detection with 
the appropriate antibodies: mouse monoclonal anti‑HA tag 
antibody (cat. no. ab18181); mouse monoclonal anti‑c‑myc 
antibody (cat. no. ab11917); dilutions 1:5,000; purchased from 
Abcam (Cambridge, UK). The pRK5‑HA ubiquitin construct 
was provided by Addgene, Inc. (Cambridge, MA, USA), 
used according to previous studies by Chung et al (19) and 
Lim et al (20). c‑Myc and HA have been previously charac-
terized and are highly immunoreactive tags, thus are easily 
detected via western blotting.

Spectrophotometric measurement of caspase 8/9 activities. The 
Caspase Glo 8/9 Assay kit was used to measure caspase 8 and 9 
activities according to the manufacturer's protocol (Promega 
Corporation). Cells were incubated with complexes 1‑4 
(1‑100 µmol/l) for 60 h. Briefly, 100 µl Caspase Glo™ 8 reagent 
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for measuring caspase 8 activity, containing specific substrate 
Ac‑LETD‑pNA (N‑acetyl‑Leu‑Glu‑Thr‑Asp‑p‑nitroanilin) 
and 100 µl Caspase Glo™ 9 reagent for measuring caspase 9 
activity, containing the specific substrate Ac‑LEHD‑pNA 
(N‑acetyl‑Leu‑Glu‑His‑Asp‑p‑nitroanilin), were added to the 
test tube with 100 µl cell suspension containing 50,000 cells. 
The cells were then mixed, and the luminescent signal was 
measured after 0, 10, 30, 60, 90 and 120 min in the GloMax®‑96 
Luminometer (Turner Biosystems, Sunnyvale, CA, USA).

Detection of anti‑ and proapoptotic proteins by western 
blotting. Cells were grown in 6‑well microplates and treated 
with Cu  (II) complexes (IC50 concentration) for different 
time periods (24, 48  and  72  h). Subsequent to treatment, 
cells were resuspended in lysis buffer and boiled for 3 min 
at 100˚C. Proteins in the cell lysates were separated using 
10% SDS‑PAGE and blotted onto nitrocellulose membranes 
(Bio‑Rad Laboratories, Inc.). Subsequent to blocking over-
night in 5% milk, the membranes were incubated with mouse 
monoclonal anti‑cytochrome c (cyt c; 1:500; cat. no. sc‑13560), 
mouse monoclonal anti‑Bax (1:500; cat. no. sc‑7480) or rabbit 
polyclonal Bcl‑2 (1:500; cat. no. sc‑492) antibodies (Santa 
Cruz Biotechnologies, Inc., Dallas, TX, USA) for 3 h at 4˚C. 
The membranes were then washed and incubated for 1 h with 
the appropriate anti‑mouse (cat. no. sc‑2005) or anti‑rabbit 
(cat.  no.  sc‑2004) horseradish peroxidase‑conjugated 
secondary antibody (1:4,000 or 1:5,000 respectively; Santa 
Cruz Biotechnology, Inc.). Immunoreactive bands were visual-
ized with SuperSignal West Femto and images were captured 
using the Alliance 4.7 UVITEC Imaging system.

Transfection and the proteasome activity. HT‑29 human 
colon cancer cells and human healthy HEK‑293T cells were 
seeded into a single 6‑well cell culture plate. Transfection 
with the aforementioned plasmids was conducted using 
FuGene HD reagent (Promega Corporation) according to 
manufacturer's instructions. After 4‑5 h, the medium was 
changed and Cu  (II) complexes were added to the final 
concentration of the IC50. After 24 h, cells were washed with 
PBS. Non‑treated cells were used as a negative control and 
cells treated with the commercially available inhibitor of 
proteasome MG132 (2.5 mol/l; Sigma‑Aldrich) were used as 
a positive control.

Statistical analysis. Results are expressed as the mean ± stan-
dard deviation three separate experiments (each experiment 
was performed with five replicates). GraphPad Prism 6.0 
(GraphPad Software, Inc., La  Jolla, CA, USA). The data 
without deviation from normality were evaluated using 
two‑way analysis of variance with Tukey test (for caspase 3) or 
Dunnett ś T3 (for caspases 8 and 9) as post‑hoc tests. P<0.05 
was considered to indicate a statistically significant difference.

Results

Cytotoxicity analysis. Effect of tested Cu (II) complexes (1‑4) 
on the HT‑29 human colon carcinoma, NIH‑3T3 mouse 
noncancerous and the VH10 human noncancerous fibroblast 
cell lines was evaluated using the MTT assay and a direct 
counting of viable cells by the trypan blue exclusion assay 

during 72 h of treatment. The concentration range of the 
complexes was 0.001‑100 µmol/l.

Table  I presents the effects of different concentrations 
of Cu (II) complexes on the tested cell lines. The results of 
the current study indicate the cytotoxic effects of Cu  (II) 
complexes on the HT‑29 cell line. IC50 values were reduced 
with treatment duration. Complexes 3 and 4 exhibited the 
highest efficacy against HT‑29 cells.

Of the healthy cell lines (Table I) the most sensitive noncan-
cerous cells were identified to be NIH‑3T3 when compared 
with VH10. VH10 cells were sensitive only following 48 h of 
exposure (complexes 1 and 4).

In order to ascertain the influence of Cu (II) ions and free 
ligands on cell proliferation, CuSO4.5H2O, salicylaldehyde 
and L‑glutamic acid (0.001‑100 µmol/l) were additionally 
tested. All tested compounds exhibited an IC50>100 µmol/l.

Fluorescence microscopy. Analysis of the morphological 
alterations of individual actin filaments was conducted using 
fluorescence microscopy to identify a correlation with filament 
bending mechanics. In order to investigate the structural altera-
tions of the F‑actin filaments making up the actin cytoskeleton, 
fluorescent phalloidine was used to mark the F‑actin filaments 
of the HT‑29 human colon carcinoma cells, NIH‑3T3 mouse 
noncancerous fibroblast cells and VH10 human noncancerous 
fibroblast cells treated with Cu (II) complexes at concentra-
tions of IC50 for 24 h (Fig. 1).

In the control non‑treated cells, actin filaments were 
without morphological changes. On the other hand, subsequent 
to treatment with Cu (II) complexes, cytoskeletal alterations 
were observed, with breakdown of the actin network. These 
results suggested that an IC50 concentration of the Cu (II) 
complexes resulted in damage to the cytoskeletal network 
of cancer cells and may be associated with a reduction in 
mobility. However, the actin fibers of noncancerous cells 
(NIH‑3T3 and VH10) were comparable with those of control 
cells (without complexes), exhibiting no cytoskeletal morpho-
logical alterations.

Detection of apoptosis in HT‑29 cells. In order to distinguish 
the type of cell death induced by Cu (II)‑complexes in HT‑29 
human colon carcinoma cells, in NIH‑3T3 mouse noncan-
cerous fibroblast cells and in VH10 human noncancerous 
fibroblast cells (Fig. 2), electrophoretic analysis was used. A 
total of 4 concentrations of the complexes were incubated 
with the cells for 72 h. Cell nuclei of HT‑29 cells collapsed 
and disintegrated, indicating that apoptosis was induced by 
Cu (II) complexes. In samples exposed to complexes 1 (0.1, 
1, 10 and 50 µmol/l), 2 (1, 10, 50 and 100 µmol/l), 3 (0.01, 1, 
10 and 50 µmol/l) and 4 (0.01, 0.1, 1 and 10 µmol/l), apoptosis 
was identified following 72 h of incubation.

To validate the apoptotic type of death induced by 
Cu (II) complexes (0.1‑100 µmol/l) in HT‑29 human colon 
carcinoma cells, caspase 3 activity was examined following 
60 h of exposure. The activity of caspase 3 was measured 
every 2 h during 8 h incubation with the complex. It was 
identified that the Cu (II) complexes induced an increase in 
activity of caspase 3 (Fig. 3). As a positive control, L1210 
murine leukemia cells influenced with cis‑platin were used 
(6 µmol/l).
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Apoptosis can be triggered through two signaling 
pathways, the extrinsic (with active caspase 8) and intrinsic 
mitochondria‑dependent (with active caspase 9) pathways (21). 
The aim of the curent study was to identify which of these 
pathways is activated by the Cu (II) complexes. Therefore, the 
activity of caspase 8/9 was monitored.

Activity of caspase 8/9 in HT‑29 cells. HT‑29 human colon 
carcinoma cells were treated with Cu  (II) complexes 
(0.1‑100 µmol/l) for 60 h. To detect caspase 8/9 activities, 
a luminometric assay was used. Activation of caspase  9 
observed with exposure to complexes 2, 3 and 4 (Fig. 4) and 
activation of caspase 8 with exposure to complex 1 (Fig. 4). 
The results indicate that complexes 2, 3 and 4 are able to 
induce the mitochondria‑dependent pathway of apoptosis in 

HT‑29 cells, while complex 1 activates the extrinsic pathway 
of apoptosis.

Levels of anti/pro‑apoptotic proteins in HT‑29 cells and 
release of cyt  c. To further investigate the mechanism of 
apoptosis, the expression levels of Bcl‑2 and Bax proteins 
were measured, and the release of cyt  c was analyzed by 
western blotting subsequent to exposure of cells to the Cu (II) 
complexes (IC50) for 60 h (Fig. 5). The anti‑apoptotic protein 
Bcl‑2 was not detected in HT‑29 cells. In contrast, the quantity 
of the pro‑apoptotic protein Bax was increased following 
treatment with complexes 2, 3 and 4, and this increase was 
time‑dependent, with the maximum at 6 h (complexes 2 and 3) 
and 60 h (complex 4). Complex 1 alone did not induce Bax 
protein expression. The release of cyt c from mitochondria was 

Table I. Inhibitory effects of Cu(II) complexes on the proliferation of human cancer (HT‑29) and noncancerous cells (NIH‑3T3 
and VH10).

	 HT‑29 (IC50)	 NIH‑3T3 (IC50)	 VH10 (IC50)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Complex	 24 h	 48 h	 72 h	 24 h	 48 h	 72 h	 24 h	 48 h	 72 h

1	 10.00±0.32	 4.00±0.12	 1.00±0.05	 10.00±0.25	 25.00±0.34	 0.550±0.001	 >100	 10.00±0.36	 18.5±0.10
2	 31.00±0.28	 25±0.42	 6.00±0.11	 50.00±0.48	 >100	 1.00±0.06	 >100	 >100	 10.00±0.35
3	 0.17±0.06	 13.00±0.25	 0.007±0.002	 >100	 5.50±0.34	 1.50±0.02	 >100	 >100	 30.50±0.21
4	 0.57±0.01	 0.07±0.01	 0.17±0.01	 0.075±0.009	 30.00±0.48	 1.50±0.07	 >100	 34.5±0.24	 40.0±0.33

Cells were treated with copper complexes (1‑4) at the concentration of IC50 (µmol/ml) for 24, 48 and 72 h and the cell death was detected by 
the trypan blue assay and the 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide test. Results are expressed as the mean ± standard 
deviation from three independent experiments.
 

Figure 1. HT‑29, NIH‑3T3 and VH10 cells treated with the Cu (II) complexes (1, 2, 3 and 4) at IC50 concentrations for 24 h. The green color indicates the 
actin filaments stained with fluorescent phalloidin. In the control cells (without complexes) there were no morphological alterations observed in the fibers. A 
indicates intact fibers and B indicates damaged fibers.
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also investigated. The elevation of cyt c levels by complex 4 
was time‑dependent with the maximum at 60 h. By contrast, 
complexes  2 and  3 induced the maximal cyt  c release at 
3 h‑incubation. No cyt c was detected in HT‑29 cells influ-
enced with complex 1, suggesting that this Cu (II) complex 
activated the extrinsic pathway of apoptosis.

Effect of Cu  (II) complexes on proteasome activity. The 
ubiquitin‑proteasome system serves an important role in cell 
growth and apoptosis and has been demonstrated as a novel 
target for cancer therapy (22). The inhibition of the tumor 
proteasomal activity results in the accumulation of ubiquiti-
nated proteins, the proteasome target proteins p27 and Bax and 
ubiquitinated form of inhibitor of κB‑α, a natural proteasome 
substrate, followed by the induction of apoptosis. The ability of 
Cu (II) complexes to inhibit the proteasome was investigated. 
Proteasome inhibition was detected by western blot analysis in 
HT‑29 human colon carcinoma cells (Fig. 6A) and HEK‑293T 

human healthy embryonal cells (Fig. 6B). Cells were trans-
fected with plasmid DNA (pCMVHA ubiquitin) and treated 
with the Cu (II) complexes at the IC50 concentration (µmol/l) 
for 24 h. No ubiquitin bands (10 kDa) were detected in the 
samples, and were not detected in the sample containing the 
commercially used inhibitor of proteasome MG132 (Fig. 6A). 
Therefore, alternative DNA plasmids (pCMVcMyc ubiquitin 
and pRK‑5HA Ubiquitin) were used, however the results were 
the same. In order to examine whether the plasmid DNAs used 
were correct, healthy embryonic HEK‑293T were transfected 
with the first plasmid DNA construct (pCMVHA ubiquitin) 
and these cells were treated with Cu (II) complexes under the 
same conditions as for the HT‑29 cells. Fig. 6B indicates that 
Cu (II) complexes inhibited the proteasome, and a ubiquitin 
band (10 kDa) was detecte in all samples (1‑4) containing 
Cu (II) complexes. Ubiquitin levels in the HEK‑293T cells 
were comparable with cells incubated with the commercially 
used inhibitor of proteasome MG132 (line C2). The results 

Figure 3. Activity of caspase 3 in HT‑29 human colon carcinoma cells exposed to Cu (II) complexes (A) 1, (B) 2, (C) 3 and (D) 4 (1‑100 µmol/l). As the PC, 
cis‑platin was used in L1210 cells (6 µmol/l). The concentrations of Cu (II) used were 1, 10, 50 and 100 µmol/l. All data are presented as the mean ± standard 
deviation of triplicate results. *P<0.05 vs. PC. pNA, para‑nitroaniline; PC, positive control. 

  A   B

  C   D

Figure 2. Apoptotic DNA fragmentation, visualised by the DNA laddering assay of HT‑29 cells treated with Cu (II) complexes (1‑4) for 24, 48 and 72 h. PC 
cells (L1210 cells treated with 6 µmol/l cis‑platin) and C cells (non‑treated) were included for comparison. The concentrations of Cu (II) used were 0.1, 1, 
10 and 50 µmol/l. PC, positive control; C, control.
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 KOŇARIKOVÁ et al:  APOPTOSIS INDUCED BY Cu(II) COMPLEXES IN HT-29 CELLS 4441

suggest that HT‑29 cells are not suitable for transfection with 
the DNA constructs used in the current experiment.

Discussion

A total of 4 Schiff base Cu (II) complexes were investigated in 
HT‑29 human colon carcinoma cells and VH10 and NIH‑3T3 
noncancerous cells. The most effective Cu  (II) complex 
against HT‑29 cells (with an imidazole ligand in its structure) 
had an IC50 of 0.007 µmol/l (0.008 µg/ml) subsequent to 72 h 
incubation with cells. In order to improve understanding of 
the biological effects of novel potential anticancer drugs, it is 
important to study the molecular mechanisms involved. Two 
types of caspases have been reported to serve key roles in medi-
ating apoptosis: Initiator caspases, caspases 2, 8, 9 and 10; and 

effector caspases, caspases 3, 6 and 7. Activation of initiator 
caspases is required to activate specific effector caspases that 
subsequently proteolytically degrade a host of intracellular 
proteins to mediate the cell death program/apoptosis. In the 
current study, the types of apoptotic pathway activated by tested 
Schiff base Cu (II) complexes were reported. The only complex 
inducing the extrinsic apoptotic pathway was complex 1, which 
contains isoquinoline as a ligand. The remaining complexes 
activated the intrinsic (mitochondrial) pathway of apoptosis.

Rajalakshmi et al (23) tested two copper (II) complexes 
([Cu(bitpy)2](ClO4)2•2H2O; [Cu(bitpy)(phen)](NO3)2•3H2O). 
It was identified that these two complexes (10 µmol/l) acti-
vated the intrinsic pathway of apoptosis in NIH‑3T3 and 
MG63 cells. Thati et al (24) additionally identified that the 
intrinsic pathway of apoptosis was activated in A498 and 

Figure 4. Activities of caspase 8/9 in HT‑29 human colon carcinoma cells exposed to Cu (II) complexes (1‑100 µmol/l). As the PC, cis‑platin was used in L1210 
cells (6 µmol/l) and the C HT‑29 human carcinoma cells were not treated with the Cu (II) complexes. The concentrations of Cu (II) used were 1, 10, 50 and 
100 µmol/l. All data are presented as the mean ± standard deviation of triplicate results. *P<0.05 vs. C. RLU, relative luminescent units; PC, positive control; 
C, control.
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HepG2 cells as a result of exposure to the Cu (II) complex 
bis [phenanthroline‑4‑methylcoumarin‑6,7‑dioxacetatocopper 
(II)] at concentrations of 12.5 and 25 µmol/l, however not 
at the lower concentration (6.25  µmol/l). They detected 
increased activities of caspase 3 and 9 following 24 h incuba-
tion (24).

An additional Cu (II) complex [Cu(BMA)Cl2]•(CH3OH) 
[BMA=N, N'‑bis (benzimidazol‑2‑yl‑methyl) amine] also acti-
vated apoptosis through the intrinsic (mitochondrial) pathway 
by activation of caspases 9 and 3 subsequent to its 48 h incuba-
tion with HeLa cells. Enzyme activities were increased in a 
dose‑dependent manner (25).

Figure 5. Western blot analysis of the anti‑apoptotic Bcl‑2 protein, pro‑apoptotic Bax protein and cyt c following 60‑h exposure to Cu (II) complexes at IC50 
concentrations. As the PC, cis‑platin was used in L1210 cells (6 µmol/l) and the C HT‑29 human carcinoma cells were not treated with the Cu (II) complexes. 
Cyt c, cytochrome c; PC, positive control; C, control.

Figure 6. Detection of proteasome inhibition in (A) HT‑29 and (B) HEK‑293T cells by western blot analysis subsequent to treatment with Cu (II) complexes 
at the IC50 concentration for 24 h. The cell groupings were as follows: C, no transfection, not treated with the commercial inhibitor MG123 or with Cu (II) 
complexes; C1, underwent transfection, not treated with the commercial inhibitor MG123 or with Cu (II) complexes; C2, underwent transfection, treated 
commercial inhibitor MG123, not treated with Cu (II) complexes; C3, cells without transfection, treated with the commercial inhibitor MG123, not treated with 
Cu (II) complexes; 1, 2, 3 and 4, underwent transfection, treated with Cu (II) complexes at the IC50 concentration for 24 h.
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The current study identifed that complex 1 alone, with the 
isoquinoline ligand, activated the extrinsic pathway of apop-
tosis. All other Cu (II) complexes tested in the present study 
activated the intrinsic pathway of apoptosis. The intrinsic 
pathway of apoptosis results in mitochondrial dysfunction, 
and mitochondria are semi‑autonomous organelles that serve 
essential roles in cellular metabolism and programmed cell 
death pathways (26).

Major resistance mechanisms of mitochondria that are 
regulated by Bcl‑2 family proteins and potential strate-
gies to circumvent the resistance have additionally been 
examined (27). In the current study, it was identified that 
Cu (II) complexes inhibited the release of Bcl‑2 (antiapop-
totic) protein and induced the release of Bax (proapoptotic) 
protein. Liu et al (28) exposed GBM cells to disulfiran plus 
Cu (II) (1  µmol/l) for 48 h and observed the release of Bax 
protein.

Proliferation and apoptosis pathways are tightly regulated 
in a cell by the ubiquitin‑proteasome system (UPS). Alterations 
in the UPS may result in cellular transformation or additional 
pathological conditions. A previous study suggested that 
Cu (II) complexes can inhibit proteasome activity and induce 
apoptosis in certain human cancer cells (29). However, using 
the cancer cell line HT‑29, the current study was unable to 
confirm these results.

Schiff base Cu  (II) complexes were able to suppress 
tumor cell growth via the direct inhibition of proteosomal 
activity. Zhang et al (30) studied the complex [Cu(tssb)(phen)
H2O]•C2H5OH•0.5H2O (H2tssb=Schiff base derived from 
salicylaldehyde and taurine, phen=1,10‑phenanthroline) and 
confirmed that it inhibits the activity of purified 20S and 
26S proteasome in human breast cancer MDA‑MB‑231 and 
leukemia Jurkat T cells. 

A study by Xiao  et  al  (31) used a newly synthe-
s i ze d  L ‑g lut a m i ne ‑ cont a i n i ng  copp er  complex 
(L‑glutamine‑o‑vanillin‑copper) on tumor cells. This copper 
complex had proteasome‑inhibitory activity in human breast 
cancer and leukemia cells (31).

With an increased understanding of the intrinsic and 
extrinsic pathways of apoptosis in recent years, novel 
approaches of targeting the apoptotic pathways have been 
tested in pre‑clinical and clinical models (32). The results of 
the current study, together with those from previous studies 
suggest that Cu (II) complexes containing Schiff bases have 
potential as novel anticancer drugs.
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